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ABSTRACT 

Nanoscale architectures/heterostructures integrated with multiple functional 

components with controlled morphology, interface, and phase purity hold great potential for 

fabrication of photocatalysts with high efficiency, stimuli-responsive drug delivery system, 

and sensitive and selective chemical/biological sensor. The most urgent tasks are fundamental 

studies on growth, interface development, and surface of different types of heterostructures. 

This comprehensive knowledge could directly contribute to rational selection of building 

components and design of heterostructures with improved properties and/or 

multifunctionality. In this dissertation, we selected three types of heterostructures: copper 

oxide (CuO) – cobalt oxide (Co3O4), carbon nanotubes (CNTs)-noble metal nanoparticles, 

and zinc oxide (ZnO)-noble metal nanoparticles-graphene. Growth mechanisms, interfacial 

development and interaction, as well as surface chemistry of three systems were studied. 

Their applications in different directions were also evaluated. 

In chapters 2 and 3, oxides heterostructures based on CuO nanowires were grown 

from direct oxidation of copper substrate decorated/coated with Co3O4 using surfactant-free 

methods. Aligned CuO nanowires were coated with cobalt nitrate and then annealed at high 

temperature. Tuning of annealing conditions (temperature, duration, and atmosphere) could 

lead to Co3O4 nanoparticles with controlled distribution density and morphologies on CuO 

nanowires. Alternative complete dry method combining scalable sputtering of cobalt and 

annealing of core-shell nanowires was also demonstrated. Effect of sputtering duration on the 

morphologies and thickness of cobalt shell, mechanical properties of core-shell nanowires, 

and photocatalytic activity of annealed nanowires were studied. For both methods, 
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heterostructures combined with CuO and Co3O4 showed enhanced photodegradation activity 

under a low power lamp with visible light illumination. This is mainly due to the improved 

charge separation at the interface.  

In chapters 4 and 5, growth of carbon nanotubes (CNTs) by chemical vapor deposition 

were optimized through an efficient statistic method (Taguchi method). Several important 

parameters with multiple levels were considered to achieve an optimal condition. Ternary 

plots incorporating three most important parameters for different catalysts were attained, 

which provide direct information on effects of each parameter on the final quality of CNTs. 

The as-prepared CNTs were decorated with noble metal nanoparticles by a direct nucleation 

method, and then incorporated inside a temperature sensitive hydrogel, poly N-

isopropylacrylamide (PNIPAAm). Due to the plasmonic properties of noble metal 

nanoparticles and good thermal conductivity of carbon nanotubes, nanocomposite hydrogel 

appeared to be light sensitive and hold potential for stimuli-response releasing. Model 

molecules (methyl orange, MO and methylene blue, MO) were loaded on nanocomposite 

hydrogel and released in controllable and programmable manner stimulated by both 

temperature and visible light.  

In chapters 6 to 8, mechanism of simultaneous growth of ZnO nanowires of Zn 

nanostructures was firstly studied. ZnO nanowires were decorated with noble metal 

nanoparticles (Au, Pt, and Pd) with tunable distribution density to form nanowire-

nanoparticles heterostructures and utilized for surface enhanced Raman scattering (SERS). 

The sensitivity of SERS could also be improved by adjusting distance of adjacent ZnO 

nanowires decorated with gold nanoparticles by shrinking of a polymer substrate induced by 

local laser. In order to improve the selectivity of SERS, growth mechanism of graphene on 

plasma oxidized gold nanoparticles was fundamentally studied. The same condition was 

applied to grow tubular graphene shell embedded with noble nanoparticles by using 
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nanowire-nanoparticles as a sacrificial template. Acid treatment was used to remove 

amorphous carbon from tubular structures and introduce extra carboxyl functional groups for 

specific linking and sensing. A proof-of-concept experiment was performed by linking biotin 

with graphene surface and then conjugating with streptavidin. Both fluorescence and Raman 

spectroscopies confirmed the successful linking, which suggests this could be further utilized 

for fabrication of sensitive and selective chemical/biological sensor.   
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CHAPTER 1                                                                                                               

INTRODUCTION 

 By definition, “hetero-structure” means combination of different structures as one 

entity. This concept was first introduced to describe the heterojunction/interface between two 

layers of dissimilar crystalline materials, which were widely used in optoelectronic field. 

Figure 1.1 shows the number of publication per year as retrieved from Web of Knowledge 

database using key word “heterostructures”. As shown, heterostructures were first studied in 

1960s and then gained great interest starting at 1990s due to the development of lasers, light 

emitting diode (LED), and integrated circuits using heterostructures. In 2001, Noble prize in 

physics was awarded to Dr. Herbert Kroemer and Dr. Zhores I. Alferov for "developing 

semiconductor heterostructures used in high-speed and opto-electronics". The initial research 

on heterostructures mainly focused on multi-layered structures (thin films) on substrates 

prepared by chemical or physical deposition techniques. Nevertheless, nanoscale objects such 

as nanoparticles, nanowires, and nanotubes showed superior electronic, magnetic, optical, 

and catalytic properties [ 1 ]. With the development of synthetic and characterization 

techniques, heterostructures comprised of rationally designed nano-objects through self-

assembly, direct nucleation, and others attracted much attention [2]. It is believed that 

nanoscale heterostructures with multiple compositions and phases are promising to meet the 

requirements of materials with stability at extreme environment, enhanced properties, and 

multi-functionality. They are beneficial for fabrication miniaturized devices with low cost [3-

5], photocatalysts for direct water splitting from solar illumination, solar cells with high 

efficiency, sensors with low detection limit, and so on [2,4,5]. This is accounting for the 
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soaring of publications on heterostructures staring from 2003. This part of dissertation is 

intended to briefly introduce heterostructures with different dimensionality, and mainly 

concentrate on superiority of nanoscale heterostructures for various applications.  

 

Figure 1.1 Number of publications per year for “heterostructures”. 

1.1 What are heterostructures? 

Due to involvement of multiple different building components for heterostructures, 

classification of heterostructures could be difficult. Here we categorized heterostructures 

based on the dimensionalities (zero dimensional, one dimensional, two dimensional, and 

three dimensional). We deliberately focused on 0D, 1D, and 3D heterostructures. Details 

about 2D thin film heterostructures and heterostructures based on two dimensional materials 

(graphene) could be found in other review articles [6-9]. 

1.1.1 Zero dimensional nanoscale heterostructures 
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Figure 1.2 (A) Concentric graphene-copper nanoparticles. Reprinted from ref. 12, Copyright 

(2012), with permission from Elsevier. (B) Pd-Au-Pd multiple layered core-shell 

nanoparticles. Reprinted from ref. 13. Copyright (2007) American Chemical Society. 

(C)Fe2O3-Ag dimer covered with silica. Reprinted from ref. 14. Copyright (2011) American 

Chemical Society. (D) Moveable Au nanoparticles covered with silica shell. Reproduced 

from ref. 15 with copyright permission (Wiley).  
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Zero dimensional nanoscale heterostructures generally indicates that a layer or 

multiple layers of materials (shells) is/are covered on another type of materials (core). The 

advantages of doing this could be extensive, such as multiple functionalities from several 

materials, thermal/chemical stability from the protection of the shell, dispersibility from 

surface modification of shell [14], reduced consumption of costly core materials, and other 

enhanced properties due to the interaction between core and shell [10 ]. The synthetic 

techniques usually involve with heterogeneous nucleation using core as template or selective 

grafting/linking of precursors on the desired surface. Several important aspects for designing 

core-shell materials need to be addressed: (a) rational selection of comprising components, (b) 

proper composition, (c) suitable spatial arrangement and dimension of each component.  

Depending on the morphologies of core and shell, as well as their arrangement, 

several different types of core-shell materials could be prepared as shown in Figure 1.2. 

Figure 1.2A shows copper nanoparticles covered with graphene layers [11,12]. These hybrid 

nanoparticles have good chemical/thermal stability due to the protection from graphene and 

excellent conductivity, and could be alternatives for the expensive Ag and Au nanoparticles 

for ink-jet printable electronics [11]. Besides single shell, nanoparticles with multiple shells 

could also be prepared as shown in Figure 1.2B [13]. Unlike the random distribution of Au-

Pd alloy, this pre-designed Pd-Au-Pd three layered nanoparticles could further increase the 

catalytic ability and provide a good platform to study the enhancement mechanism of alloy. 

Nanoparticles with multiple cores and single shell are also possible as demonstrating as 

Fe2O3/Ag/SiO2 in Figure 1.2C [14]. Fe2O3/Ag dimer could be both magnetic and plasmonic, 

which indicate multifunctionality. Furthermore, a layer of silica was introduced to (a) 

maintain the dimer structure by providing an intact shell; (b) minimize the release of toxic 

Ag+ ions; (c) provide sites for surface modification to increase the dispersion in common 

biological buffer solutions. Moveable nanoparticles inside big hollow shells could also be 
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prepared (Figure 1.2D). Tang et al. synthesized Au nanoparticles inside the shell through 

chemical functionalization and then utilized this complex heterostructure as nanoreactor for 

catalytic reduction of 2-nitroaniline [15]. This essentially facilitates the study of the catalytic 

effect of single nanoparticles in a confined vessel. Another significant implication for these 

hollow shells is for stimuli-responsive drug delivery system. The hollow shells provide large 

space for drug storage and the nanoparticles inside could be utilized as releasing triggers [16].  

The above-mentioned examples clearly demonstrated advantages of core-shell 

nanomaterials. Nevertheless, several other points must be considered for wider applications 

of these materials. (a) Structural integrity and uniformity. The core-shell nanomaterials are 

generally prepared by bottom-up methods, which mean one component was synthesized 

separately and then another layer material was introduced afterward. This will require a 

complete understanding of the interaction force or linking mechanism between the core and 

shell for uniform coverage of shell on the core. (b) Interfacial structures and properties. It is 

commonly known that the interface between two materials could be extremely important, 

especially for charge transfer in the catalysis field. Thus, enhanced properties from 

synergistic effects due to interfaces must be properly studied.  

1.1.2 One dimensional nanoscale heterostructures 

Another important family of heterostructures is based on heterostructuring of 1-D 

nanowires. This could include several different situations depending on how another type of 

materials is combined. Figure 1.3A shows Au nanoparticles were uniformly decorated onto 

ZnO nanowires [17]. This type of configuration could effectively reduce the aggregation of 

nanoparticles, which is a big obstacle for the stable performance of nanoparticles based 

devices. This configuration also showed great potential in chemical sensing such as surface 

enhanced Raman spectroscopy substrates, or gas sensor based on change of electrical 

resistance when materials were exposed to different gases [18]. It has been widely proved that 
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noble metal nanoparticles could increase the sensitivity and stability of gas sensor due to the 

catalytic effect of noble metal nanoparticles [18,19]. Similar to core-shell nanoparticles, core-

shell nanowires could also be fabricated [20]. They could adopt all possible advantages of 

core-shell nanoparticles at the same time maintain the original properties of nanowires, such 

as electron transportation along the nanowire and confinement across the nanowires. It has 

been showing that core-shell nanowires are also capable of fabrication of single nanowire 

transistor and solar cell. Heterostructuring along the 1-D materials axis could provide multi-

segment heterostructures. Figure 1.3C shows a nanowire comprised of Ni, Ag, Au, and Pt 

segments [ 21 ]. This nanowire was utilized as a hybrid nanomotor, which combines 

chemically powered propulsion (decomposition of H2O2 on Au-Pt segments) and 

magnetically driven locomotion (Ni segment). Meanwhile, doping/modification of different 

segment of nanowires turned to be an efficient method for high-speed devices. The addition 

of nanoparticles as seeds on nanowires could also lead to branches on nanowire trunks 

prepared from the well-established vapor-liquid-solid (VLS) mechanism or heterogeneous 

nucleation [22]. Figure 1.3D demonstrates the GaP branches coming from the residual Au 

catalysts distributed on GaP trunk [23]. Another important type of 1-D nanostructure is 

hollow nanotubular structures such as carbon nanotubes (CNTs). Beside the decoration of 

nanoparticles on the outside of CNTs (similar to Figure 1.3A), decoration of nanoparticles 

inside the core of CNTs is also possible [24]. The prepared materials with Pd nanoparticles 

decorated on the inner walls of CNTs exhibited a high selectivity towards the C=C bond 

catalytic hydrogenation, which could be attributed to the peculiar morphology of the support. 
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Figure 1.3 (A) ZnO nanowire decorated with Au nanoparticles for SERS substrate. Reprinted 

from ref. 17. Copyright (2010) American Chemical Society. (B) Silicon nanowire coated with 

Si/Ge shell Reprinted from ref. 20. Copyright (2009) American Chemical Society. (C) Multi-

segmented nanowires comprised of Ni, Ag, Au, and Pt for nanomotor. Reproduced from ref. 

21 with copyright permission (Wiley). (C) Branched GaP nanowires. Reprinted by 

permission from Macmillan Publishers Ltd: [Nature Material] ref. 23, copyright (2004). (D) 

Impregnation of Pd nanoparticles inside CNTs. Reprinted from ref. 24, Copyright (2005), 

with permission from Elsevier.  
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Overall, heterostructures derived from 1-D nanomaterials could show either improved 

properties or multifunctionality. Numerous synthetic techniques including multi-step 

deposition (chemical vapor deposition, sputtering, electrodeposition), chemical 

functionalization and linking, hydrothermal, impregnation were widely studied [3,4,5]. 

Nevertheless, further exploration of site-selective deposition, optimization of ratio and 

dimensions of constituting elements, and understanding of interfacial interaction are of great 

importance and could stimulate a new research area.  

1.1.3 Three dimensional, large scale arrangement of nanoscale heterostructures 

For the real time application of nanoscale heterostructures, it is crucial to construct 

them into macro scale at the same time maintain the nanoscale structural integrity and size-

dependent properties. However, this is contradictory to the fact that nanomaterials tended to 

combine with others to reduce the enormous surface area and achieve a lower energy state. In 

this regard, the arrangement of nanoscale heterostructures into 3-D fashion is extremely 

important. The current approach is generally based on loading/impregnation onto porous 

substrates, including porous metal foam, carbon fiber, activated carbon, or well-organized 

metal meshes. However, this method has limited control toward the site-specific loading and 

morphological control. Thus, alternative method that could solve these problems must be 

explored. One of the optimistic techniques is to arrange different components systematically 

on a highly porous pre-defined substrate in a controlled manner. These techniques could be 

widely utilized for fabrication of devices as supercapacitors and solar cells.  

Figure 1.4A-C show the construction of a 3-D heterostructure utilized for 

supercapacitor. Carbon nanotubes were uniformly grown on porous nickel foam (Figure 1.4B) 

and then Ni(OH)2 was electro-deposited onto carbon nanotubes [25]. Due to the excellent 

capacitance properties of Ni(OH)2, their uniform distribution on highly conductive CNTs, and 

nickel foam with large surface area as current collector, an exceptional high specific 
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capacitance of 3300 F/g was achieved at a high mass loading of 4.85 mg/cm2. Not only 

porous metal foams, flexible carbon fibers could also allow construction of 3-D nanoscale 

heterostructures by providing a strong and flexible substrate [ 26 ]. Similarly, Zn2SnO4 

nanowires were synthesized on carbon fibers and a rough layer of MnO2 were then deposited 

onto nanowires. This heterostructure also showed great capacitance and good cyclability. 

Besides application in supercapacitors, solar cell and photocatalyst could also adopt this kind 

of structures to mimic the multiple branches and leaves of trees. Lee et al. synthesized well-

arranged ZnO nanowires on silicon microrods and utilized them for photodegradation of 

methyl red [27]. These branched materials could accelerate the degradation twice faster than 

planar substrate. 
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Figure 1.4 (A) Photograph of a 2 cm×2 cm Ni foam (NF), a 2 cm×2 cm CNT/NF substrate, 

and a 2 cm× 2 cm Ni(OH)2/CNT/NF electrode; (B) CNTs grown on NF; (C) Ni(OH)2 

deposited on CNT/NF. Reproduced from ref. 25 with copyright permission (Wiley). (D)-(G) 

SEM images of Zn2SnO4 nanowires grown radially on the woven carbon microfibers. (H)-(I) 

MnO2 coating on Zn2SnO4 nanowires. Reprinted from ref. 26. Copyright (2011) American 

Chemical Society. (J) Schematic diagram of the fabrication processes of the 3D Radial 

ZnO/Si microrod Arrays. (K)-(N) SEM images of ZnO nanowires on Si microrod arrays. 

Reprinted from ref. 27. Copyright (2011) American Chemical Society. 
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1.2 Why heterostructures are superior?  

From the above-described heterostructures, it is quite clear the heterostructuring of 

nano-objects could possess multiple advantages such as stability, multifunctionality, 

improved properties. Herein, the author intends to generalize the advantages of different 

heterostructures compared with their individual counterpart. This part is divided into two 

sections focusing on interfacial interaction and surface chemistry.  

1.2.1 Charge transfer mechanisms for nanoscale heterostructures 

When heterostructures were initially studied, major focus was made on 

semiconductors involving band aligning and off-setting of conduction (CB) and valance 

bands (VB) for opto-electronics [ 28 ]. Based on relative locations of CB and VB, 

heterostructures could be categorized into three kinds: type I (straddling gap), type II 

(staggered gap), and type III (broken gap). An illustration about locations of bands is showing 

in Figure 1.5. Typically, when heterostructures are involving with photocatalytic reaction, 

type II is the most common one because this kind of heterostructures could effectively assist 

the charge transfer and extend lifetime of carriers. Besides conjugation between two 

semiconductors, metals are also heterostructured with semiconductors to form a metal-

semiconductor junction. Due to the high conductivity of metals, charge carriers could migrate 

along the conductive path and cause the separation of charge carriers. There are several 

mechanisms for charge transfer as demonstrated in Table 1-1.  

 

Figure 1.5 Locations of band locations for different types of heterostructures. 
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Table 1-1 Charge transfer/separation mechanism for heterostructures.

Schematics Notes Examples 
 
(a) 
 
 
 
 
 

When semiconductors are illuminated, charge pairs 
were formed. Electrons/holes could transport through 
highly conductive path, which cause effective charge 

separation. 

Ag/Ag3PO4[29], Ag/ZnO [30], Graphene/TiO2 [31-
33], ITO/TiO2 [34], RGO-BiVO4 [35], CNT-TiO2 
[36,37], CNT-Titanium silicate [38], CNT-P3HT 

[39]. 

(b) (a) Plasmonic properties of meal nanoparticles could 
be used to extend the absorption of heterostructures 

into visible range and assist charge transfer; (b) 
Metallic nanoparticles work as electrons sink due to 

low Fermi level compared with CB of semiconductor; 
(c) Metal nanoparticles provide active sites for 

chemical reactions (gas evolution). 

TiO2-Au [40,41], TiO2-Ag [42,43], WO3-Au [44], 
WO3-Pt [45], Nb2O5-Ag [46], Cu2O-Au [47], CdS-

Au [48], Sb2S3-Ag [49]. 

(c) 
 
 
 
 
 

Semiconductors/molecules with narrow band gap could 
be photoexcited and inject photogenerated electrons 

into conduction band of wide band gap semiconductor. 

Ag2O-TiO2 [50], DSSC [51], TiO2-CdS [52,53], 
PbS, CdS, Ag2S, Sb2S3, Bi2S3 for TiO2, ZnO, 

Nb2O5, SnO2 [54]. 

(d) 

Both semiconductors are photoexcited and pairs of 
electrons and holes are generated into both 

semiconductors. (a) Electrons migrate toward the lower 
conduction band; (b) Holes migrate toward the higher 
conduction band; (c) Electrons at lower conduction 
band combine with holes at higher conduction band. 

 

ZnO-CdS [55], NiOx-SrTiO3 [56], NiO-CdS [57], 
ZnO-C3N4 [58], BiPO4-C3N4 [59], NiO-TiO2 [60], 

Fe2O3-ZnFe2O4 [61], CuO-BiVO4 [62], CuO-
Co3O4 [63,64], BiOI-TiO2 [65], Cu2O-TiO2,[66], 

Bi2WO6-TiO2 [67], SnO2-TiO2 [68]. 
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1.2.1.1 Charge transportation though conductive path  

One of the biggest issues for photodegradation and photoelectrochemical water splitting 

is the rapid recombination of active charge carriers within crystals when electrons/holes migrate 

toward the surface. This part converts optical energy to thermal energy, which accounts for the 

low efficiency [69]. In order to hinder this unwanted recombination, it is critical to separate 

charge carriers and extend life time of carriers by quickly transporting electrons or holes towards 

semiconductor/electrolyte interface [ 70 ]. Typically, semiconductor nanomaterials could be 

heterostructured with another type of materials such as graphene [31,32], reduced graphene 

oxides [35], metal nanowires [29], carbon nanotubes [36,37] and others. When choice of 

semiconductor is correct, pairs of electrons and holes are generated and electron could quickly 

dissipate along the conductive path due to lower Fermi level of metals/graphene/CNT compared 

with conduction band of semiconductor [29,31,32,36,37]. This could result into separation of 

charge carriers and improve the efficiency of photocatalytic reactions. Dholam et al. reported 

fabrication of multi-layered ITO/V-doped TiO2 thin film through radio frequency magnetron 

sputtering [34]. The total film thickness of TiO2 is maintained as constant but number of layers 

(number of ITO conductive paths) were tuned. Each ITO conductive layer had contact with 

electrolyte and was connected to the counter electrode [34]. Pairs of charge carriers were 

generated inside TiO2 and migrated inside the TiO2 crystals. Portion of these carriers went 

through bulk recombination while others entered space charge region and then transported 

through conductive ITO driven by build-in electric field from energy level difference [34]. One 

of the issues here is to optimize the number of layers. It is possible that when number of layers is 

small, TiO2 layers are too thick and thickness of space charge region is small. In this regard, 

charge carriers recombined inside the crystal instead of reaching the space charge region [34]. It 
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has been observed that photocurrent of electrode increased linearly with number of layers until 6, 

which could be attributed to better charge separation. However, when number of layers increased 

to 7, the photocurrent decreased abruptly. The author proposed this could be due to the 

deterioration of crystalline of TiO2 when film is too thin. Graphitic materials such as graphene 

and carbon nanotubes also possess good electronic conductivity. Chen et al. wrapped reduced 

graphene oxide (RGO) onto the surface of TiO2 [33]. RGO could capture photoinduced electrons 

at the same time dye molecules due to π-π stacking [71]. In order to maintain superior electrons 

transportation, intimate contact between graphene and TiO2 is critical. Results showed that 

physical mixing of graphene and TiO2 could only improve the efficiency to a very limited extent 

[33]. Only when graphene is tightly wrapped around TiO2, maximum efficiency of 

photodegradation could be attained. Besides graphene, one-dimensional carbon nanotubes also 

represent perfect transporting path for charge carriers. Figure 1.6B and C show a schematic 

illustration of methylene blue photodegradation process with pristine TiO2 nanorods and TiO2 

nanorods decorated on graphene [72]. It is also very critical to maintain the optimal weight ratio 

and spatial arrangement to achieve favorable interphase contact and hinder the charge 

recombination rates as shown in Figure 1.6D [37]. Three types of arrangements: random mixture, 

coated with small TiO2 nanoparticles, and CNTs wrapped around large TiO2 nanoparticles could 

be possible [37]. The results showed that when ratio between TiO2 and CNTs is 20, the best 

degradation efficiency could be achieved [37]. It must be noted that facile fabrication routes of 

these heterostructures with well-defined interfaces are highly desirable to avoid the tedious 

functionalization with loose contact or hindered charge transfer path from linking agents or 

surfactants [29]. Ye et al. synthesized necklace like heterostructures composed of Ag3PO4 cubes 

directly decorated on Ag nanowire [29]. By changing the concentration of precursor, density of 
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cubes on Ag nanowires and interfaces could be tuned. When this type of heterostructures is 

illuminated with light, electrons quickly migrated and accumulated in Ag nanowires and holes 

remained on the surface of Ag3PO4 cubes for photocatalytic reactions. Overall, if conductive 

band gap of a semiconductor is higher than Fermi level of conductors, a built-in electric field 

could evolve at the interface, which drives the migration of photo-generated electrons and results 

into effective charge separation and consequent efficient photodegradation. By tuning the ratio of 

semiconductors and conductors as well as modifying the spatial arrangement, it is possible to 

achieve high efficiency.  

1.2.1.2 Charge separation through decorated nanoparticles 

For mechanism (b) in Table 1-1, particulate components are linked with semiconductors 

(core-shell, decoration, Janus) and play roles as components for (1) visible light absorption and 

charge transfer induced by surface plasmon [73], (2) electron sink [74], (3) active sites for 

chemical reactions (hydrogen evolution is active on Pt surface due to favorable over-

potential/reduced barrier) [75]. When metal nanoparticles are exposed to light, due to the 

oscillation of surface electrons, light with certain wavelength are confined at the surface [73]. 

Meanwhile, scattering of light on the surface of metal nanoparticles could also increase the 

interaction path between semiconductor and light and reduce the reflection of lights from surface 

of semiconductor [73]. Metal nanoparticles also work as electron sink (when Fermi level of 

nanoparticles is lower than conduction band of semiconductor) and active sites for chemical 

reaction. Besides metal nanoparticles, other nanoparticles such as oxides, sulfides, and nitrides 

are also widely used as co-catalyst for gas evolution by reducing the energy barrier [76,77].  
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Figure 1.6 (A) Schematic representation of charge transfer mechanism for 5-bilayers of ITO/V-

doped TiO2. (B, C) Illustration of graphene conjugated with TiO2 for capture of molecules and 

charge transfer. Reprinted from ref. 72. Copyright (2012), with permission from Elsevier. (D) 

Schematics of TiO2/CNT composite structures and charge transfer mechanism: (a) a composite 

made up of a random mixture of nanoparticulate TiO2 and CNTs, (b) CNTs coated with small 

TiO2 nanoparticles, and (c) CNTs wrapped around large TiO2 nanoparticles. Reprinted with 

permission from ref. 37. Copyright (2008) American Chemical Society. 
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Figure 1.7A shows the volume of hydrogen generated under visible light irradiation from 

four types of catalysts: Janus Au-TiO2, core shell Au-TiO2, amorphous TiO2, and bare gold 

nanoparticles [40]. The results clearly showed that compared with individual TiO2 and Au 

nanoparticles, heterostructures (Janus and core-shell) generated nearly 40 to 100 times of 

hydrogen [40]. Interestingly, amount of gas from Janus Au-TiO2 nanoparticles is also doubled 

compared with core-shell Au-TiO2 nanoparticles [40]. In order to elucidate the underlying 

mechanism, wavelengths of plasmonic peaks and near field distributions were computerized 

using discrete dipole approximation [78]. Due to large refractive index of TiO2, intensity of 

electric near field increased sharply at the interface of TiO2 and Au. The absorption of 

amorphous TiO2 in Janus Au-TiO2 around Localized Surface Plasmon Resonance (LSPR) 

wavelength is also proven to be two orders larger than amorphous TiO2 itself. This is mainly 

from the interaction between Au nanoparticles and localized electronic states inside amorphous 

TiO2 from structural disorder. Compared with symmetric electric field in core-shell nanoparticles, 

Janus nanoparticles had a concentrated field within the interface and absorbed higher power, 

which caused the fast electron migration [40]. Besides nanoparticles, semiconductors nanowires 

with ballistic charge transport characteristics could also be decorated with multiple active 

nanoparticles as shown in Figure 1.7C [44,46]. Silver nanoparticles were decorated onto Nb2O5 

nanowires to facilitate the charge transfer and boost the efficiency for photodegradation and 

antibacterial properties [46]. Silver nanoparticles could assist and host photo-induced electrons 

[46]. Issues such as intimate contact as mentioned in mechanism (a) are also applied here. Tight 

and direct junction/interface is highly desired. Thus, direct decoration of metal nanoparticles 

without contamination from surfactants/linking agents is highly preferred [44]. Noble metal 

nanoparticles could be fabricated through photo-reduction of metal ions assisted by 
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semiconductors themselves [ 79 , 80 ]. Meanwhile, in-situ redox deposition from non-

stoichiometric treatment of semiconductor nanowires also provides a pathway for fast and 

effective decoration. Wang et al. synthesized WO2.70 urchin-like nanowires [44]. These non-

stoichiometric oxide nanowires are generally reductive due to low valance states. When 

nanowires are mixed with oxidative noble metal precursors such as H2PtCl6, H2AuCl5, AgNO3, 

and RhCl3, noble metal nanoparticles could be directly nucleated on nanowires though in-situ 

redox reactions as shown in Figure 1.7E-H. The size of nanoparticles could be tuned by changing 

the total amount of precursor [44]. These synthesized heterostructures showed superior 

photodegradation efficiency based on localized plasmonic resonance effect and multi-electron 

transfer mechanism. Besides plasmonic properties and charge transfer, metal nanoparticles (Pt 

[81], Co [82], Rh [83], Ru [83], and Pd [83]), metal oxide (NiO [84], RuO2 [85]), and metal 

sulfides (MoS2 [86], WS2 [87]) are also widely considered as co-catalyst promoting gas evolution 

by lowering the activation energy [88]. Shen et al. studied the effect of sub-nm Au clusters and 

other noble metal nanoparticles loading on hydrogen evolution of CdS (Figure 1.7I) [89]. Results 

showed that gas evolution rate for Au modified CdS is 35 times higher than unmodified sample 

[89]. The type and size of noble nanoparticles also played a crucial role. Large nanoparticles 

showed much worse activity compared with sub-nm clusters [89]. In general, these decorated 

nanoparticles could promote efficiency through multiple mechanisms when heterostructures are 

properly designed.  
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Figure 1.7 (A) Volume of hydrogen generated (VH2) for Janus Au-TiO2, core shell Au-TiO2, 

amorphous TiO2, and bare gold nanoparticles under visible light irradiation. (B) Plasmonic near 

field (|E|/|E0|)
2 modeling using discrete dipole approximation and wavelength of plasmonic 

resonance peaks for Janus, core shell Au-TiO2 nanoparticles, and bar gold nanoparticles. 

Reproduced from ref. 40 with copyright permission (Wiley). (C-D) TEM images of Nb2O5 

nanowire decorated with multiple Ag nanoparticles and band gap energy diagram showing 

charges generation and separation. Reproduced from ref. 46 with copyright permission (Wiley). 

(E-H) TEM images of WO3 heterostructures loaded with metal nanoparticles: (E) Pt/WO3 (1.7 

wt%, 3.5 nm); (F) Pt/WO3 (2.1 wt%, 5nm); (G) Ag/WO3 (1.8 wt%, 3 nm); (H) Au/WO3 (2.6 

wt%, 5 nm). Reprinted with permission from ref. 44. Copyright (2012) American Chemical 

Society. (I) TEM image showing 3 nm Au loaded on CdS. (J) Rate of H2 evolution on sub-nm 
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Au/CdS with different amount of Au loading. Reprinted from ref. 89. Copyright (2012), with 

permission from Elsevier. 



21 

 

1.2.1.3 Sensitization through dye or semiconductor with narrow band gap 

For mechanism (c) in Table 1-1, a semiconductor with narrow band gap is combined with 

a semiconductor with wide band gap (sensitization). Pairs of carriers are only formed inside the 

semiconductor with narrow band gap under certain wavelength illumination (visible light). 

However, since the conduction band of the semiconductor with wide band gap is lower than 

conduction band of another semiconductor, photoexcited electrons could be quickly transferred 

with extended lifetime. Besides semiconductors with narrow band gap, molecules such as 

organic dyes which could be photoexcited through transition from highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), could also be absorbed on 

wide band gap semiconductors, which is the critical step for fabrication of dye sensitized solar 

cell (DSSC) [90,91]. Mallouk et al. designed a heteroleptic ruthenium dye as shown in Figure 

1.8A as a sensitizer and a molecular bridge to connect IrO2·nH2O particles (water oxidation 

catalyst) [92]. These dye molecules also assisted the stable dispersion of particles with ~2 nm 

diameter [93]. The charge transfer characteristics of IrO2·nH2O nanoparticles absorbed with dye 

was firstly studied inside 1 M solution of Na2S2O8 [93]. When particles were illuminated with 

pulsed laser, dye 1 got excited to energy level 1*. The electron transferred from 1* to S2O8
2- and 

followed by electron transfer from IrO2·nH2O to the photo-oxidized dye with a first-order 

lifetime of 2.2 ms (Figure 1.8A) [93]. If S2O8
2- ions were absent, photo-induced electrons 

(lifetime ~0.30 µs) could be transferred to IrO2·nH2O within 30 ns. When dye- IrO2·nH2O 

colloids were absorbed on TiO2 nanoparticles, electrons were rapidly injected into conduction 

band of TiO2 followed by back electron transfer (~0.37 ms), which is around 6 times faster than 

forward electron (from IrO2·nH2O to oxidized dye) [93]. Dye sensitized water splitting 

photoelectrochemical cell was built as shown in Figure 1.8B. Compared with conventional dye 
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sensitized solar cell, dyle-IrO2·nH2O colloids worked as sensitizer and water instead of iodide as 

electron donors. It must be noticed that a small bias is needed to assist electrons in trap states 

below the TiO2 conduction band edge for hydrogen generation. Using 450 nm light at 7.8 

mW/cm2 intensity, photocurrent of 12.7 µA/cm2 was observed from this sensitized working 

electrode, corresponding to an internal quantum yield of ~0.9%. The current efficiency for 

photoanodic oxygen generation was roughly 20% [93]. Nevertheless, stability and long-term 

performance of this type of electrodes might be an issue due to the slow degradation of dye 

molecules. In this regard, narrow band gap semiconductors are also used to substitute organic 

dyes as shown in Figure 1.8C. The band gap of semiconductor should be around 1.5 eV for the 

absorption of visible light and the conduction band should be higher than conduction band of 

wide band gap semiconductor such as TiO2 or ZnO [94]. The selection mainly includes CdS, 

CdSe, PbS, WS2, MoS2, and others [94]. Integration of multiple sensitizers is also possible when 

the sequence of decoration is well controlled [95]. Liu et al. studied the photodegradation of 

methyl orange using co-sensitized ZnO nanorods photocatalyst [95]. The results showed that 

efficiency of photodegradation is in the following order: ZnO/CdS/PbS > ZnO/CdS > 

ZnO/PbS/CdS > ZnO/PbS. The major reason for the highest efficiency of ZnO/CdS/PbS is the 

formation of stepwise band gap, which assisted the flow of electrons toward ZnO nanorod [95].   
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Figure 1.8 (A) Measured time constants for forward and back electron transfer reactions of 1-

stabilized IrO2·nH2O nanoparticles adsorbed on a TiO2 nanoparticle film. Number “1” stands for 

the heteroleptic ruthenium dye .Dashed line represents trap states below the CB edge (B) 

Schematic of the water splitting dye sensitized solar cell. Reprinted with permission from ref. 93. 

Copyright (2009) American Chemical Society. (C) Energy diagram illustrate the electron 

injection from excited narrow band gap semiconductor to conduction band of TiO2 nanoparticles. 

Reprinted from ref. 94. Copyright (2007), with permission from Elsevier. (D) Relative Fermi 

level alignment due to contact of CdS and PbS (1), (2) and the proposed band edges structures 

for ZnO/CdS/PbS (3) and ZnO/PbS/CdS (4). Reprinted from ref. 95. Copyright (2012), with 

permission from Elsevier. 
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1.2.1.4 Staggered band gaps 

The most common charge transfer caused by heterostructures is showing in Table 1-1(d). 

Both semiconductors are illuminated and photoexcited, electrons and holes could flow into (i) 

lower conduction band, (ii) higher valence band. Electrons at lower conduction band could be 

annihilated with holes at the center (iii). This will leave other electrons and holes for chemical 

reactions.  

Chopra et al. studied the synthesis and photodegradation activity of CuO/Co3O4 systems 

[63,64]. Decoration of Co3O4 nanoparticles were achieved by soaking CuO nanowires with 

cobalt nitrate precursor and then annealing at high temperature for conversion [63]. Dense 

nanoparticles could be formed on CuO nanowires and morphologies ranging from faceted 

nanoparticles to branched short nanorods could be tuned by changing annealing duration, 

temperature, and atmosphere [63]. The photodegradation of methyl orange from CuO nanowires 

decorated with Co3O4 nanoparticles was 17% higher than pure CuO nanowires under a visible 

light illumination with low power (8 W) [63]. These authors also applied complete dry method 

(sputtering and annealing) to tune the composition ratio of CuO and Co3O4 [64]. A layer of 

cobalt was deposited though sputtering and then core-shell nanowires were annealed at high 

temperature. CuO/Co3O4 core shell nanowires with different shell thickness, as well as Co3O4 

nanotubes from etching of CuO core were prepared. The photodegradation of phenol under both 

visible light and UV light showed that the interface between CuO and Co3O4 contributed 

significantly to the charge transfer [64]. When the shell thickness is thick enough for charge 

separation and thin enough to be accessible for light, efficiency of photodegradation could be 

improved as shown in Figure 1.9 [64].  
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Figure 1.9 (A) Three possible charge transfer mechanisms for heterostructures with staggered 

band gap. (B) TEM image of CuO nanowire decorated with Co3O4 nanoparticles. Reprinted with 

kind permission from ref. 63, originally published on Springer Science and Business Media. (C) 

TEM image of CuO nanowires coated with Co3O4 shell. (D) Illustration showing possible 

mechanism for improvement of photodegradation efficiency. Reprinted with permission from ref. 

64. Copyright (2012) American Chemical Society.  
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In a short summary, charge separation, which extend the lifetime of charge carriers and 

reduce the unwanted bulk recombination, is feasible through heterostructuring of different 

nanomaterials and highly favorable for photocatalytic reactor and photoelectrochemical cell with 

enhanced efficiency. Separated charge carriers could participate chemical reactions at the surface 

of heterostructures, which boost the efficiency. However, it is well known that band gap energies 

and locations are highly depending on preparation methods, phase, exposed facets, and others 

[96-98]. Therefore, it is recommended that the band gap energies and edges, Fermi level of 

conductive components (metal, graphene, ITO) should be well studied before the 

heterostructuring. Meanwhile, the advantages of heterostructures could only be attained through 

carefully tuning the composition ratio and spatial arrangement, which create active interfaces 

with intimate linking for light absorption and consequent charge separation. It has been well 

established that charge separation/transfer is affected by ratio of components, dimensions and 

distributions [37]. Idriss et al. studied the effects of gold loading and particle size on 

photocatalytic hydrogen production over Au/TiO2 nanoparticles [99]. Their data showed that 

Au/TiO2 anatase is about 100 times more active than rutile, and Au nanoparticles between 3 to 30 

nm are very active in hydrogen production from ethanol. When nanoparticles are in 3-12 nm 

range, particles size does not affect the photoreaction rate. With larger Au nanoparticles, 

normalized reaction rate decreased due to geometric effect. This directly implied the importance 

of composition and dimension in heterostructures for charge transfer.  

1.2.2 Heterostructures with multiple components  

Even though all mechanisms in Table 1-1 could effectively be applied for charge transfer 

and extend the lifetime of carriers, sometimes multiple mechanisms could be cooperative to 

further increase the efficiency of photocatalytic reactions. Thus, utilization of ternary system or 
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even more components is necessary and quite promising for achieving maximum photocatalytic 

efficiency [100]. Zamkov et al. reported the design of a ternary nano-heterostructures composed 

of a platinum-tipped CdS rod with an embedded CdSe seed. When this kind of architectures is 

exposed to light, holes are confined to the CdSe and electrons are delocalized at the platinum tip. 

By tuning the length and dimension of nanorod and nanoparticles, stable hydrogen evolution 

could be achieved [101]. Photoactive systems with four components were also studied. Thimsen 

et al. deposited a layer of Cu2O with desired band gap and band locations onto gold electrode 

and protected it from photocorrosion using layers of stable ZnO-Al and TiO2. Platinum 

nanoparticles were then deposited onto electrodes and worked as sites for gas evolution [102]. 

Due to this intelligent design, previously unstable Cu2O electrodes could now perform 

photoelectrochemical water reduction for long time and the Faradaic efficiency was estimated to 

be close to 100% [102]. Besides accumulation of charge and improved stability, some component 

was also used for other purposes [103-105]. For instance, H2 and O2 are evolved simultaneously 

for the stoichiometric water splitting. These noble metal nanoparticles could also catalyze the 

backward reaction to form water. In order to solve these issues, porous oxide layers (Cr2O3) were 

coated on noble metal nanoparticles (Figure 1.10C) [105,106]. The porous shell allowed the 

evolution of hydrogen and worked as barriers for diffusion of O2 onto surface of metal 

nanoparticles for backward reaction (Figure 1.10C) [103]. Catalysts with this configuration could 

produce stoichiometric H2 and O2 as shown in Figure 1.10D. 

As for more complex system (numbers of components > 3), sometimes it is highly 

required for these configurations due to the strict requirements of photocatalysts (facile 

fabrication, right band gaps and edges, stability, and low cost). However, the design of this kind 

of architectures must be based on the full understanding of each components and their interaction 
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for precise selection of materials and sequences without compromising with unnecessary 

complexity.  
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Figure 1.10 (A) Teneray heterostructures comprised of CdS rod capped with Pt and ZnSe 

nanoparticles; Reprinted with permission from ref. 101. Copyright (2008) American Chemical 

Society. (B) Highly active oxide photocathode for photoelectrochemical water reduction 

comprised of Cu2O, ZnO:Al, TiO2, and Pt. Reprinted by permission from Macmillan Publishers 

Ltd: [Nature Materials] (reference 102), copyright (2011). (C) Illustration showing Rh-Cr2O3 

core shell nanoparticles decorated onto GaN nanowires for stoichiometric water splitting, (D) 

Experimental overall photocatalytic water splitting on Rh/Cr2O3 core–shell nanostructure 

deposited GaN nanowires, under a 300 W full arc xenon lamp irradiation for a duration of 18 h. 

No degradation of the photocatalytic activity was observed during the course of two cycles of 

reaction. Reprinted with permission from ref 104. Copyright (2011) American Chemical Society. 
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Figure 1.11(A) Schematic description of branched TiO2 nanowires on conductive FTO glass. 

Reprinted with permission from ref. 104. Copyright (2011) American Chemical Society. (B) 

TEM image of branched TiO2 nanowire, (C) Photoelectrochemical properties (Chopped J-V 

curves under Xenon lamp) of TiO2 branched nanorods (B-NRs), nanorods (NRs), and 

nanoparticles (NPs), (D) Growth of ZnO nanowires forest on FTO glass and (E) J-V curves of 

dye-sensitized solar cells prepared using different ZnO NW forest. LG stands for length growth 

of ZnO nanowires and BG stands for branch growth of ZnO forest. Reprinted with permission 

from ref. 110. Copyright (2011) American Chemical Society. 
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1.2.3 Heterostructures with large surface area 

One of the challenging tasks for fabrication of photoelectrochemical cells, solar cells, and 

photocatalytic reactor is to increase the effective surface area between active materials and 

electrolytes/liquid/light. Materials at nanoscale are generally considered as candidates for these 

applications. However, dilemma occurred for increasing the surface area without aggregation. 

Fortunately, Mother Nature gives great examples. Plants could utilize carbon dioxide, water, and 

solar slight for photosynthesis. In order to maximize the absorption of sun light, plants extend 

their branches into 3D fashion and each branch is covered with numbers of leaves. Similar 

strategy could be applied for fabrication of nanoscale heterostructures [106]. Branches were 

grown from seeds and then anchored on trunk [106], through controlled phase transformation 

[107], or driven by edge dislocations [108]. Figure 1.11(A-C) show schematic descriptions and 

TEM images of branched TiO2 nanorods by sequential growth technique. Length and diameter of 

branches could be easily tuned by changing reactants concentration and growth duration [109]. 

Photoelectrochemical characterization (J-V) curves of branched nanorods, plain nanorods, and 

nanoparticles were conducted inside 1 M KOH solution using standard three-electrode 

configuration under Xeon lamp illumination [109]. Figure 1.11C shows that current density of 

branched nanowires is the highest followed by plain nanorods electrodes. Nanoparticles appeared 

to be inefficient compared with nanorods. The major reason is the increase of surface area (4-

fold), which assists the charge transfer at interface. Besides PEC cells, similar technique is also 

used for fabrication of DSSC, which could be utilized for water splitting as well (Figure 1.8D) 

[93]. Branched ZnO nanowires could be synthesized using seeding method and both the length 

of trunks and number of branches could be controlled [110]. The large surface area from 

branching not only increased the dye loading and light harvesting, but also reduced charge 
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recombination. The optimal hierarchical morphology was established to be twice branched nano-

forest with efficiency of 2.63% and filling factor of 0.53 [110].  

1.2.4 Heterostructures with multifunctionality  

Since multiple materials are integrated in heterostructures, it is also possible to create 

materials with multifunctionality. As for the photocatalytic reaction and water splitting, one of 

the biggest concerns is the separation of photocatalysts and cleaned solution [111,112]. Current 

methods are based on the expensive and energy-consuming liquid-solid separation techniques 

such as filtering or centrifuging. It is possible to incorporate a magnetic component in 

heterostructures to make it multifunctional as shown in Figure 1.12A-C [111,112]. After the 

photodegradation, catalysts could be collected using a magnet and purified/cleaned water could 

be discharged through gravity. This could effectively minimize the energy consumption for 

separation. Another reason to introduce of multifunctionality is for the purpose of selectively 

photodegradation, which is especially important in biological field. These materials should have 

the ability to target certain biomolecules (proteins, virus, and oligosaccharides), absorb them, and 

degrade them in the proximity of active materials upon light illumination, at the same time 

remain harmful for other biomolecules. Toshima et al. designed a fullerene-sugar hybrid (Figure 

1.12D, molecule 1) and utilized for photodegradation of human immunodeficiency virus-1 (HIV-

1) [113]. This selective attraction is based on the high affinity between fullerene moiety and 

HIV-1 protease [113]. Nonetheless, fullerene-sugar hybrid 1 cannot be applied to biological 

studies due to its low solubility in aqueous media. In this regard, fullerene-sugar hybrid 2 

composed of extra carboxylate moieties was designed as shown in Figure 1.12D [114]. Besides 

the hydrophobic interaction between protease and fullerene, hydrophilic hydroxyl and/or 

carboxylate groups could further enhance the interaction with HIV-1 protease because of 
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formation of hydrogen bonds and increase of solubility at the same time. Inhibition of HIV-1 

protease from irradiation with both UV and visible light were achieved [114]. Even though the 

same activity was not observed in living cells probably due to a low cellular uptake, this method 

still holds great potential for designing photodegradation system for selectively degradation of 

biomolecules. Meanwhile, molecular studies on photodegradation mechanisms and kinetics 

might be possible when combined with highly sensitive characterization techniques [115].  
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Figure 1.12 (A) Dispersion of multifunctional photocatalysts composed of photoactive 

component and magnetic nanoparticles inside hazardous solution with light irradiation. (B) 

Complete photodegradation of hazardous molecules. (C) Separation and recycling of 

photocatalysts from mixture through a magnet. (D) Chemical structure of fullerene-sugar hybrids 

1 and 2, and model structure of HIV-1 protease. Reproduced from ref. 114 with copyright 

permission (Wiley). 
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1.2.5 Heterostructures with improved stability 

The major advantage of nanomaterials compared with their bulk counterparts is large 

surface area. However, this makes nanomaterials highly active and they tend to aggregate to 

reduce the enormous surface energy. What’s more, activity of nanomaterials toward chemical 

reaction or high temperature also dramatically increased as evidenced by excellent catalytic 

effects and reduced melting points of metal nanoparticles [116]. Thus, nanomaterials utilized at 

harsh environment such as at elevated temperature or in chemically corrosive environment could 

slowly degenerate by themselves or even be impossible to perform their functions. 

Heterostructuring of materials could effectively solve this issue without comprising their original 

properties. In this regard, a thin layer of inert material could cover the core materials, which 

protects core from corrosion, high temperature oxidation, unwanted chemical reaction at the 

same time maintain the original magnetic, catalytic, plasmonic, conductive, and biocompatible 

properties [12,117-120]. As for the selection of shell materials, amorphous carbon, graphene, 

polymer, silica, and others are widely used for their chemical/mechanical stability, conductivity, 

suitable dielectric constant. Table 1-2 listed several examples about the improved stability from 

heterostructuring.  
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Table 1-2 Examples of heterostructures with improved stability. (A) Reproduced from ref. 12 

with copyright permission (Wiley). (B) Reproduced from ref. 117 with copyright permission 

(Wiley). (C) Reprinted from ref. 118. Copyright (2008) with permission from Elsevier. (D) 

Reprinted with permission from ref. 119. Copyright (2005) American Chemical Society. (D) 

Reprinted with permission from ref. 120. Copyright (2012) American Chemical Society.  

Heterostructures Microscopic images Improved properties Ref. 

Graphene/Cu 

 

• Excellent oxidation resistance; 
• Replace expensive noble metal nanoparticles 

for conductive inks. 

[12] 

Silica/Ag 

 

• Minimal toxicity; 
• Lowest plasmonic loss from SiO2 layer; 

• Used for plasmonic biosensors. 

[117] 

Ligands/Cu 

 

• Increased oxidation resistance. [118] 

Polymer/Fe3O4 

 

• Stable in high salt concentrations (> 5M 
NaCl); 

• Necessary cluster size for efficient magnetic 
recovery.  

[119] 

Graphene/Ag 

 

• Prevent the loss of plasmonic properties due 
to sulfidation; 

• Used for surface enhanced Raman substrate 
with stable performance. 

[120] 
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1.3 Characterization techniques for heterostructures 

Besides the successful preparation of heterostructures, characterization of 

heterostructured materials and identification of mechanisms for enhancements are equally, if not 

more important. This section describes several most common characterization techniques utilized 

for uncovering the essences of heterostructures.  

1.3.1 Ultraviolet–visible spectroscopy 

The most common method to identify the optical properties of materials is to obtain the 

absorption/reflectance spectra of samples within ultraviolent and visible regions. In general, 

absorption of heterostructures could be extended since each component could absorb light with 

certain wavelength. Based on the conversion of reflectance spectra (Kubelka–Munk), band gap 

energies of heterostructures could also be determined [63,64]. Figure 1.13A shows absorbance 

spectrum and converted Tauc curves of both ZnO and ZnO-CdS heterostructures [121]. Pure 

ZnO showed a sharp absorption below 400 nm. After heterostructures, another absorption 

peak/shoulder emerged, which extended the absorbance into 500 nm. The band gapes of both 

components were also determined as 3.15 eV and 2.37 eV. Nevertheless, UV-vis spectra only 

considered the absorption of lights, the efficiency of the optical energy converted into chemical 

energy through photocatalytic reaction is impossible to know through this method.  

1.3.2 Electrochemical impedance spectra (EIS) 

When heterostructures were utilized as electrodes for photoelectrochemical cell, it is 

possible to use EIS to identify the impedance of charge transfer, which could gain direct insights 

on charge transport and recombination. Feng et al. reported synthesis of α-Fe2O3 

nanorod/graphene/BiV1-xMoxO4 core shell heterostructures and utilized this heterostructure for 

efficient photoelectrochemical water splitting under visible light illumination [122 ]. Figure 
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1.13B shows EIS Nyquist plots of Fe2O3 nanorod, Fe2O3 nanorod with graphene, and Fe2O3 

nanorod/RGO/BiV1-xMoxO4 heterostructures. EIS spectra for all samples in dark appeared to be 

similar with a minor semicircle at high frequencies and a major straight line at low frequencies 

[122]. The semicircles represent charge transfer resistance where straight lines at low frequencies 

correspond to mass transfer. Where electrodes are in dark, straight regions dominates, which 

shows mass transfer is the major contribution to resistance. When electrodes are illuminated, 

semicircles emerged, which indicates charge transfer process is happening. The decrease of radii 

of semicircles represents the drop of charge transfer resistance (good transport properties). The 

order of size of semicircles is Fe2O3 > Fe2O3/RGO > Fe2O3/RGO/BiV1-xMoxO4. The RGO has 

superior conductivity could easily dissipate photoexcited electrons, which accounts for the 

decrease of radii of semicircles. With both RGO and BiV1-xMoxO4, charge transfer could be 

further enhanced based on mechanism d (Table 1-1).  

1.3.3 Surface photovoltage technique 

The surface photovoltage (SPV) method, which is widely used for characterization of 

heterostructures, is a contactless method for analysis of illumination-induced change of surface 

voltage [123,124]. When semiconductor is illuminated with light of suitable wavelength and 

intensity, generation of excess carriers could change the electrochemical potential in the space-

charge region of a semiconductor. SPV could directly identify the efficiency of charge separation 

based on the magnitude of surface photovoltage. When electrons and holes recombined quickly 

and converted into thermal energy, there is no built-in filed at SCR, which caused zero surface 

photovoltage. A typical SPV spectrum is presented in Figure 1.13C [125]. Since ZnO is a wide 

band gap semiconductor, the pure ZnO only showed small photovoltage at ~320 nm. Ag2S 

showed a continuous photovoltage ranging from UV to visible light, but due to ineffective charge 
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separation, the photovoltage is still low [125]. When ZnO is combined with Ag2S to form 

ZnO/Ag2S heterostructures, the photovoltage increased sharply, which means the interface 

assisted the charge separation and extended the lifetime of charge carrier. As for the transient 

photovoltage (TPV) measurement, a pulse of laser at certain wavelength is illuminated on the 

sample. The change of surface photovoltage was quickly tracked [125]. A typical spectrum is 

showed in Figure 1.13D. It is clear that for pure ZnO, there is no photovoltage for the entire 

region due to unfavorable light wavelength. The Ag2S showed photovoltage and had a peak at 

around 3E-7 s for 1.8 mV. For ZnO/Ag2S heterostructures, both time and peak voltage increased, 

which indicated the effective charge separation and extended charge carrier lifetime. The positive 

TPV also indicated that photo-generated electrons were injected into ZnO and holes stayed in 

Ag2S shell. The direction of electric filed at the interface is from ZnO to Ag2S [ 125].  

1.3.4 Single molecule mapping of charge transfer site 

Direct imaging of charge transfer interfacial sites is also possible using a redox-

responsive fluorescent dye. Majima et al. utilized 3,4-dinitrophenyl-BODIPY as a marker for 

identification of charge transfer characteristics in TiO2-Au interface [126,127]. When TiO2-Au 

heterostructures were illuminated, charge transfer was conducted in the interface. This could 

trigger the transition of certain organic molecules from non-fluorescent state to highly 

fluorescent state, which provides direct imaging of charge transfer process. The efficiency of 

charge transfer could also be detected through density of fluorescent points. At the same time, 

direct image could reveal the location for charge transfer [126,127]. 
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Figure 1.13 (A) UV-vis absorption spectra of ZnO and ZnO-CdS. Inset shows Tauc plot with 

derivation of band gap. Reprinted from ref. 121. Copyright (2011), with permission from 

Elsevier. (B) EIS Nyquist plots of the Fe2O3–NA (1-red, 4-blue), Fe2O3–NA/RGO (2-black, 5-

magenta), and Fe2O3–NA/RGO/BiV1–xMoxO4 heterojunction (3-green, 6-cyan) at a bias of 0.3 V 

(0.9 V vs. RHE) under dark and visible light irradiation (λ > 420 nm, I0 = 64 mW/cm2). 

Reprinted with permission from ref. 122 Copyright (2012) American Chemical Society. (C) SPV 

of ZnO microspheres, ZnO/Ag2S core/shell microspheres, and Ag2S hollow microspheres. (D) 

TPV of ZnO microspheres, ZnO/Ag2S core/shell microspheres, and Ag2S hollow microspheres. 
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The excitation level used in this measurement is 30 µJ pulse−1. The wavelength of laser pulse is 

532 nm. Reprinted from ref. 125. Copyright (2011), with permission from Elsevier (E) 

Schematic showing generation of charge carrier and fluorescence. (F) Spatial distributions of 

fluorescence spots (red dots, >50 spots) collected from 14 nm Au/TiO2 particles. The SEM 

images of the particles analyzed are shown. Scale bars are 100 nm. The locations of the reactive 

sites and Au nanoparticle are surrounded with dashed lines in red and blue, respectively. 

Reprinted with permission from ref. 126. Copyright (2013) American Chemical Society. 



42 

 

1.4 Motivations and objectives 

Materials with better properties and multiple functionalities are necessary for the 

advancement of future chemical sensing and energy devices. In this regard, heterostructures 

comprised of several components are promising for these requirements. The major obstacle for 

fabrication and application of heterostructures is the incomplete understanding of their surface 

chemistry and hetero-interface. In this dissertation, three types of nanoscale heterostructures 

based on CuO nanowires, ZnO nanowires, and nanostructured carbon materials will be 

synthesized and characterized to explore the above-mentioned issues. This will necessitate the 

following aspects: 

� Understanding of growth mechanism, surface chemistry, and interfacial interactions 

� Tuning of materials and compositions of components toward different properties and 

functionalities  

� Exploration of applications in chemical sensing and photocatalysis  

These research results could provide a universal understanding about principles for 

designing nanoscale heterostructures and their successful applications as chemical sensor and 

photocatalyst.  
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Figure 1.14 Structure of this dissertation. 
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CHAPTER 2                                                                                                

SURFACTANT-FREE SYNTHESIS OF NOVEL COPPER OXIDE (CuO) NANOWIRE-
COBALT OXIDE (Co3O4) NANOPARTICLE HETEROSTRUCTURES AND THEIR 

MORPHOLOGICAL CONTROL 
High surface-to-volume ratio and unique size-dependent properties of nanostructures 

make them useful for devices, heterogeneous catalysts, and nanocomposites [128-132]. The key 

challenge is to attain ultra-high density of stable, defect-free, and multi-functional nanostructures. 

In this regard, carbon nanotubes (CNTs) and semiconducting nanowires have shown immense 

potential [128,132]. The desire to achieve multi-functionality has recently led to heterostructured 

CNTs or nanowires [128,133-136]. For example, core/shell or axial nanowire heterostructures 

have demonstrated improved electronic and optical properties [132]. Heterostructures comprised 

of nanorods or CNTs coated with nanoparticles have also emerged [133,137,138]. With only a 

few reports and potential applications in energy and photocatalysis, research in nanowire-

nanoparticle heterostructures has just begun and requires greater understanding as well as finding 

novel material systems [139-142]. Although not well controlled and not completely understood, 

these heterostructures can be synthesized using photodeposition and physical/chemical vapor 

deposition methods [139,143]. It is highly desirable that the synthetic approach selected results 

in non-contaminated and large yields of heterostructures with minimal nanoparticle aggregation 

on the nanowire surface. Thus, fundamental understanding of nucleation and unidirectional 

growth of crystal facets, ability to realize innovative and simple growth methods, and 

manipulation of the chemical composition and morphology in such heterostructures is critical. 



45 

 

Moreover, a systematic study to understand the morphological evolution of nanoparticles on the 

nanowire surface is warranted. To the authors’ knowledge, all the above-mentioned aspects of 

nanowire-nanoparticle heterostructures have remained elusive until now.  

Herein, we report a simple and surfactant-free synthesis of novel CuO nanowire-Co3O4 

nanoparticle heterostructures in a thermal growth technique. CuO nanowires were coated with 

cobalt salt and various important parameters (cobalt salt concentration and annealing duration, 

temperature, and atmosphere) affecting Co3O4 nanoparticle morphology, diameter, surface 

migration, and their spatial density were studied. The systematic studies reported here also 

provide a unique handle to control the morphology of the Co3O4 nanoparticles on CuO 

nanowires. The absorbance characteristics and band gap energies for the heterostructures were 

evaluated using UV-vis-NIR spectroscopy. Finally, CuO nanowire-Co3O4 nanoparticle 

heterostructures showed improved organic dye photodegradation under low-powered visible-

light illumination.   

2.1 Experimental section 

2.1.1 Materials and methods 

 Copper TEM grids were purchased from Ted Pella, Inc. (Redding, CA). Cobalt nitrate 

hexahydrate (Co(NO3)2 · 6H2O) was obtained from Alfa Aesar (Ward Hill, MA). Nitric Acid 

(HNO3, 69.5%) and ethyl alcohol were purchased from Fisher Scientific (Pittsburg, PA). All 

chemicals were used without further purification. De-ionized (DI) water (18.1 MΩ-cm) was 

obtained using a Barnstead International DI water system (E-pure D4641). The microscopic 

characterization and Energy-dispersive X-ray (EDX) spectroscopy were performed using Field 

Emission Scanning Electron Microscope (FE-SEM, JEOL-7000, equipped with Oxford EDX 

detector) and transmission electron microscopy (HR-TEM, Tecnai FEI-20). X-ray diffraction 
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(XRD) data of samples was recorded with a Philips diffractometer (XRG 3100, Cu Ka radiation, 

35 mA and 40 kV). The UV-Vis-NIR spectroscopy was performed using Cary 5G UV-vis-NIR 

spectrometer.  

2.1.2 Growth of CuO nanowires 

Copper TEM grids were cleaned with diluted HNO3 aqueous solution (23%, v/v) to 

remove surface oxide layer. The grids were rinsed thoroughly with DI water and dried in N2. The 

grids were then placed in a quartz boat and immediately heated to 410 °C in a tube furnace 

(LindBerg/Blue) at ambient pressure. After 6 hours, the furnace was turned off and the grids 

were cooled down naturally. The previous metallic luster of copper grid disappeared turning 

blackish-grey. The CuO nanowires [144] were characterized using SEM, TEM, and XRD and the 

diameter distribution was obtained.  

2.1.3 Synthesis of CuO nanowire-Co3O4 nanoparticle heterostructures 

As-prepared CuO nanowires grown on copper TEM grid were soaked in cobalt salt (1 M 

Co(NO3)2·6H2O aqueous solution), placed in a vacuum oven (VWR Scientific, Model No. 1430), 

and dried at 80 °C for 6 hours. The dried samples were air-annealed in a tube furnace 

(LindBerg/Blue) at 450 °C for 4 hours to result in CuO nanowire-Co3O4 nanoparticles 

heterostructures. Heterostructures were characterized by TEM, SEM, and XRD for their crystal 

structures, morphologies, interfaces, and phases. Systematic studies were performed as indicated 

in Table 0-1 and the effects on heterostructure formation and morphological evolution of 

nanoparticles were observed as a function of cobalt salt concentration (Co(NO3)2·6H2O), 

annealing temperature, time, and atmosphere (Air, O2, Ar) and O2 flow rate. For a particular 

experiment, only one variable was considered at a time while keeping all other experimental 

conditions fixed. 
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2.1.4 UV-Vis-NIR spectroscopy of CuO nanowire-Co3O4 nanoparticle heterostructures 

CuO nanowires and CuO nanowire-Co3O4 nanoparticle heterostructures (Table 0-1, 

sample 4) were dispersed in ethyl alcohol by sonicating for 2 min. A quartz cuvette filled with 

ethanol was used to subtract baseline. The scan range and speed were set at 175 nm to 1250 nm 

and 600 nm/min, respectively. The observed absorbance vs. wavelength plots were converted 

into Tauc plots to evaluate band gap energies using the following equation [145]: 

Ahν = K(hν – Eg)
n/2         (0-1) 

where A is the absorbance, K is a constant, and n equals 1 for a direct transition. Tauc plot 

represents (Ahν)2 vs. (hν) relationship and the slopes of the curves represent band gap energies of 

the heterostructures.  

2.1.5 Photodegradation of Rhodamine B (RhB) solution under visible light illumination 

As prepared CuO nanowire-Co3O4 nanoparticle heterostructures (~3 mg) were dispersed 

in 5 mL of 10 mg/L RhB (Acros organics, VWR International, Inc. West Chester, PA) solution 

in a quartz vial. Magnetic stir bar was used to continuously mix the solution. The solution was 

kept in dark for 10 min to eliminate the effect of molecules surface absorption [146]. This 

followed by illumination under an 8 W lamp (wavelength ~580 nm). Absorption curves (UV-vis-

NIR spectroscopy) of RhB solution were recorded at an interval of 1 hour and degradation 

efficiencies (η) was determined using [146]: 

η = [1 – C/Co] × 100         (0-2) 
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Table 0-1 Parameters for understanding the morphological evolution of Co3O4 nanoparticles on 

CuO nanowires. SLM indicates standard liter per minute for the flowing gas. The sample 4, 11, 

and 15 are italicized as these conditions correspond to the baseline sample. 

Sample 
No. 

Growth parameters 
Concentration  

(M) 
Annealing 

 temperature (°C) 
Annealing  

time (hours) 
Annealing 

Atmosphere 
1 0.005 450 4 Air  
2 0.05 450 4 Air  
3 0.5 450 4 Air  
4 1 450 4 Air 
5 1.5 450 4 Air  
6 3 450 4 Air  
7 1 450 0.5 Air  
8 1 450 1 Air  
9 1 450 2 Air  
10 1 450 3 Air  
11 1 450 4 Air 
12 1 450 5 Air  
13 1 450 7 Air  
14 1 250 4 Air  
15 1 450 4 Air 
16 1 650 4 Air  
17 1 450 1 Ar(1 SLM) 
18 1 450 2 Ar(1 SLM) 
19 1 450 3 Ar(1 SLM) 
20 1 450 4 Ar(1 SLM) 
21 1 450 4 O2(0.5 SLM) 
22 1 450 4 O2(1.0SLM) 
23 1 450 4 O2(1.5 SLM) 
24 1 450 4 O2(2.0 SLM) 
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2.2 Results and discussion 

Contrary to porous substrates, nanowires offer an effective, smooth, and high curvature 

substrate for loading nanoparticles [147]. A facile, surfactant-free, and well-controlled synthetic 

method for the formation of novel CuO nanowire-Co3O4 nanoparticle heterostructures is reported 

here. Detailed systematic studies explaining the morphological evolution of Co3O4 

nanostructures on CuO nanowire surface are an important focus of this research. In addition, 

optical properties of heterostructures using UV-vis-NIR spectroscopy and their application in 

photocatalysis have been demonstrated.  

2.2.1 Growth of CuO nanowires 

  Dense and aligned CuO nanowires (average diameter ~68.4±20.5 nm and length ~5 µm, 

Figure 0.1) were directly grown on copper TEM grids in a VS growth process [144]. This 

involved CuO nanowire growth on CuO/Cu2O film as confirmed by EDX of the front and 

backside of the nanowire film. As identified in XRD (Figure 0.1C), CuO (JCPDS: 48-1548) was 

base-centered monoclinic with a = 0.46837 nm, b = 0.34226 nm, c = 0.51288 nm and α = 90o, β 

= 99.5o, γ = 90o. Cu2O (JCPDS: 65-3288) was body-centered cubic with a = b = c = 0.42690 nm 

and α = β = γ = 90o. 
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Figure 0.1(A) SEM image of as-prepared CuO nanowires growing radially outwards on the TEM 

grid (scale bar is 1 µm), (B) Diameter distribution for CuO nanowires, and (C) XRD pattern for 

CuO nanowires. Note the Cu2O peaks due to the presence of Cu2O+CuO thin film on the grid 

substrate. 
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2.2.2 Synthesis of CuO nanowire-Co3O4 nanoparticles 

Air annealing of cobalt salt coated CuO nanowires resulted in uniformly dispersed Co3O4 

nanoparticles (average diameter ~7.0±1.4 nm, Figure 0.2). The growth conditions utilized 

corresponded to sample 4 as mentioned in Table 0-1. The use of copper TEM grid as a substrate 

allowed for direct observation of nanowires and heterostructures. Interplanar spacing (Figure 

0.3) of 0.230 nm corresponding to (200) planes of monoclinic CuO nanowire growing in [111] 

direction was observed. The crystal structure of CuO consists of Cu2+ ions present at the center 

of inversion symmetry (single fourfold site 4c (1/4, 1/4, 0)) and the oxygen ions present in a 

fourfold set 4e (0, y, 1/4) [ 148 ]. The Co3O4 nanoparticles on CuO nanowires exhibited 

interplanar spacing of 0.467 nm corresponding to (111) plane of spinel structure (Figure 0.3), 

where oxygen ions (O2-) were arranged as a cubic close-packed structure with Co2+ ions in 

tetrahedral sites and Co3+ ions in octahedral sites (a=b=c=0.8089 nm and α=β=γ= 90°) [149]. 

This interplanar spacing was approximately double that of the (200) planes of CuO nanowires as 

shown in Figure 0.3. Such a lattice relationship at the interface explains the growth of many 

hemispherical nanoparticles on the nanowire surface and could be responsible for the 

significantly reduced nanoparticle aggregation [150,151]. However, Co3O4 nanoparticles with 

interplanar spacing of 0.283 nm corresponding to (220) plane were also observed (Figure 0.3A 

and Figure 0.4). XRD confirmed the absence of copper-cobalt-based mixed compounds in these 

heterostructures. This indicates the purity of the heterostructures and the contamination-free 

nature of the growth approach reported here. However, the step of cobalt salt air annealing 

resulted in the growth of a very limited number of new CuO nanowires that were uncoated with 

Co3O4 nanoparticles. 
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Figure 0.2 (A) TEM image of CuO nanowire-Co3O4 nanoparticle heterostructures formed 

directly onto the grid substrates (scale bar: 0.2 µm). The nanoparticles are uniformly coating 

nanowires as shown in (B, scale bar: 20 nm), and (C) diameter distributions of Co3O4 

nanoparticles present on the surface of CuO nanowires. 
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Figure 0.3 (A) High resolution TEM image of interfacial relationship between CuO nanowire 

and Co3O4 nanoparticles. The nanowire growth direction is [111]. There are a few Co3O4 

nanoparticles that exhibit interplanar spacing of 0.283 nm corresponding to (200) plane. Dotted 

rectangle indicates the interface between the CuO nanowire and Co3O4 nanoparticle. Scale bar is 

2 nm. (B) Software (Carine Crystallography) derived crystal structure and planar arrangement 

and lattice relationship between the CuO nanowire and Co3O4 nanoparticle. 
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Figure 0.4 XRD pattern of CuO nanowire-Co3O4 nanoparticle heterostructures indicating all the 

components present. VS growth of nanowires also results in Cu2O film underneath CuO film and 

nanowires. 
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2.2.3 Morphological evolution of Co3O4 nanoparticle on CuO nanowire surface 

Morphological evolution of nanoparticles on high curvature nanowires is different from 

that on a flat substrate or in solution [137,147,152,153]. As compared to flat substrates, high 

curvature substrates can have different surface energies, surface tension forces, and lattice 

relationships between substrate and the loaded nanoparticles, affecting nucleation, growth, and 

surface mobility of the nanoparticles under a given growth condition [151,154]. Systematic 

studies (Table 0-1) reported here, for the first time, explain the morphological evolution of 

Co3O4 nanoparticles on CuO nanowires as a function of cobalt salt concentration, growth 

temperature of the Co3O4 nanoparticles on nanowires, the nanoparticle growth duration, and 

different annealing atmospheres.  

It was observed that air-annealing (Figure 0.5) of CuO nanowires soaked in 0.005 and 

0.05 M cobalt salt solution did not result in Co3O4 nanoparticles but a coating-like morphology 

(Figure 0.5A and B). This can be attributed to lower salt concentrations that do not aid in 

supersaturated conditions necessary for particle nucleation and growth [155]. On the other hand, 

CuO nanowires soaked in 0.5 M cobalt salt solution resulted in rectangular blocks (~ 20 nm in 

length) of Co3O4 uniformly dispersed over the nanowire surface (Figure 0.5C). Uniformly 

dispersed Co3O4 nanoparticles (average diameter ~29.3±1.2 nm and 12.7±3.1 nm apart) were 

observed for air-annealing of CuO nanowires soaked in 1 M cobalt salt (Figure 0.5D) and further 

increase in the concentration did not affect the size and shape of nanoparticles as shown in 

Figure 0.5E and F. Moreover, it was observed that CuO nanowires soaked in different cobalt salt 

concentrations (1M ≤ cobalt salt concentration ≤ 3 M), smaller diameter CuO nanowires were 

coated with a greater number of Co3O4 nanoparticles (Table 0-2) indicating that the higher 

curvature substrates can facilitate higher density of non-aggregated and uniformly spaced 
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nanoparticles. This part of study also indicated that 1 M cobalt salt concentration is the optimal 

condition for the growth of CuO nanowire-Co3O4 nanoparticle heterostructures. Thus, beyond 

this point, systematic studies were performed with CuO nanowires coated with a fixed cobalt salt 

concentration (1 M, sample 4, Table 0-1). 

Duration of air annealing of CuO nanowires soaked in 1 M cobalt salt also affected the 

morphology and surface migration of Co3O4 nanoparticles (Figure 0.6). It was observed that 

Co3O4 nanoparticles were first formed on nanowire roots and as the annealing duration was 

increased, nanoparticles surface migrated and dispersed along the length of the nanowires 

(Figure 0.6H). The results are summarized in the Table 0-3. It is proposed that the tapered shape 

of the nanowire and surface tension aids in the surface migration of Co3O4 nanoparticles [156]. It 

can be easily seen that 4 hours (sample 4, Table 0-1) was the most optimal air-annealing duration 

to form uniformly dispersed Co3O4 nanoparticles on CuO nanowires surface. As the annealing 

duration is increased to 5 hours, different shapes of Co3O4 nanoparticles were observed (Figure 

0.6F, inset). Since no surfactants or capping agents are involved in the process, this shape 

evolution can be due to the imbalance in surface tension forces and greater nanoparticle surface 

migration tendency on the CuO nanowire surface that allows the formation of non-spherical 

nanoparticles [157,158]. Higher air-annealing duration (7 hours) allows for greater surface 

migration of Co3O4 nanoparticles and results in their irregular clustering as shown in Figure 

0.6G. 
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Figure 0.5 TEM images indicating the morphological evolution of Co3O4 nanoparticles on CuO 

nanowires as a function of cobalt salt (Co(NO3)2·4H2O, sample 1-6, Table 0-1) concentration. (A) 

0.005 M, (B) 0.05 M, (C) 0.5 M, (D) 1.0 M, (E) 1.5 M, and (F) 3.0 M. All the scale bars are 10 

nm. 
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Table 0-2 Population density of Co3O4 nanoparticles (per unit area) on CuO nanowire surface as 

a function of CuO nanowire diameter. 

Cobalt salt concentration 
(M) 

CuO nanowire diameter 
(nm) 

# of Co3O4 nanoparticles/cm2 

1 
31 1.00 × 1012 
39 7.15 × 1011 

1.5 
30 1.45 × 1012 

33 1.31 × 1012 

3 
28 1.13 × 1012 
48 8.38 × 1011 
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Figure 0.6 TEM images indicating the morphological evolution of Co3O4 nanoparticles on CuO 

nanowires as a function of air-annealing duration (sample 7-13, Table 0-1). (A) 0.5 hour, (B) 1 

hour, (C) 2 hours, (D) 3 hours, (E) 4 hours, (F) 5 hours (with different shapes of Co3O4), (G) 7 

hours, and (H) schematic illustrating the growth mechanism of Co3O4 nanoparticles. All scale 

bars without labels are 50 nm. The arrows show the direction of nanoparticle surface migration 

along the nanowire length.  
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Table 0-3 Morphological evolution and surface migration of Co3O4 nanoparticles on the CuO 

nanowire surface as a function of air-annealing duration. 

Air-annealing 
time (hours) 

Average diameter of Co3O4 
nanoparticles (nm) 

Effects on Co3O4 nanoparticle 
morphology and surface migration 

0.5 12.0±2.9 
Nanoparticles aggregate on nanowire 
roots and migrate ~200-240 nm along 

the nanowire length  

1 14.2±2.8 

Nanoparticles aggregate on nanowire 
roots and migrate ~200-240 nm along 

the nanowire length. Some 
hemispherical Co3O4 nanoparticles were 

observed distributed along greater 
length of the nanowires. 

2 4.3±1.0 
Nanoparticles aggregate on the 

nanowire surface. 

3 
On nanowire surface: 7.8±1.0  
On nanowire root: 10.9±2.7 

Nanoparticles aggregated over the 
nanowire surface and roots. 

4 7.0±1.4 
Larger diameters of uniformly spaced 

(12.7±3.1 nm apart) Co3O4 
nanoparticles.  

5 8.3±1.5 

Spherical Co3O4 nanoparticles mixed 
with triangular, rectangular, cubical, and 

hexagonal-shaped Co3O4 
nanostructures. Note: The diameter is 

averaged by measuring length of cluster 
in two perpendicular directions. 

7 30.8±8.0 

Significant surface migration of 
nanoparticles results in irregular shapes. 

Note: The diameter is averaged by 
measuring length of cluster in two 

perpendicular directions. 
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Oxidative decomposition of the cobalt-based salts is a complex endothermic process 

beginning between 80-180 oC (Equation 2-3) [159,160]. The decomposition temperatures can be 

lowered by varying the amount of O2 during the process [161]. Thus, air-annealing temperature 

and annealing atmosphere are critical factors determining the nucleation of Co3O4 nanoparticles. 

 

Co(NO3)2 . xH2O       Co(NO3)2 . 2H2O      Co(NO3)2     Co2O3        Co3O4   (0-3)  

 It was observed that (Figure 0.7A and B) lower annealing temperature (250 oC) resulted 

in highly aggregated Co3O4 nanoparticles (~3.1±0.5 nm) on CuO nanowires. Annealing 

temperature of 250 oC is slightly above the decomposition temperature of Co2O3 (210 oC, 

Equation 2-3), thus, the nucleation of Co3O4 nanoparticles had just started and these 

nanoparticles did not have sufficient surface migration velocities leading to higher aggregation as 

observed. Reduction in nanoparticle size with decreasing temperature has been observed for 

silica substrate with high surface area [159,162].  On the other hand, high temperature air-

annealing (650 oC, Figure 0.7C and D) resulted in damaged and rough (‘ridged structures’) CuO 

nanowire surface. There was no change in interplanar spacing of CuO nanowires and no 

intermediate compound formation or lattice straining was observed (Figure 0.7D). Although 

unresolved by surface and microscopic characterizations, these ‘ridged structures’ are expected 

to be composed of oxides of cobalt. Similar observations have been reported for porous silica 

substrate as nucleation sites [159]. Overall, annealing temperature of 450 oC was found to be the 

optimum temperature for the formation of CuO nanowire-Co3O4 nanoparticle heterostructures 

(sample 4, Table 0-1). 

To understand the role of annealing atmosphere, CuO nanowires soaked in 1 M cobalt 

salt were annealed under argon (Ar) flow for different durations (1, 2, 3, and 4 hours, Figure 0.8) 

80 oC 120 oC 180 OC 210 OC 
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as indicated in Table 0-4. The absence of oxygen in the growth reactor led to the formation of 

thin film or shell of Co3O4. The shell starts forming at the root of the nanowire and with time 

grows along the whole length of the nanowire, eventually forming CuO/Co3O4 core/shell 

nanowires (Figure 0.8A-D, J). However, after 4 hours of Ar-annealing, a few nanoparticles with 

irregular shapes were observed to be present inside the shell. This could be attributed to the 

oxygen content in the cobalt salt that assisted in the formation of Co3O4 nanoparticles. Thus, 

oxygen plays an important role in the formation of Co3O4 nanoparticles. Towards this end, CuO 

nanowires soaked in 1 M cobalt salt were annealed in pure oxygen and flow rate was varied 

(Figure 0.8E-I, J). The observations are listed in Table 0-4. Lower oxygen flow rate (0.5 SLM) 

resulted in a thick layer of Co3O4 shell with very few nanoparticles on the nanowire surface, 

thus, corroborating with the Ar-annealing studies. On increasing the oxygen flow rate to 1 SLM, 

Co3O4 nanostructures (nanorods and different-shaped nanoparticles, Figure 0.8F and G) were 

formed. This can be attributed to the availability of more oxygen in the environment leading to 

faster oxidation (Co2+ to Co3+, Equation 2-3) and decomposition of cobalt salt. Further increasing 

the oxygen flow rate to ~1.5 and 2.0 SLM (Figure 0.8H and I), CuO nanowires were covered 

with a film consisting of many small Co3O4 nanoparticles and irregular coating of Co3O4, 

respectively. Thus, morphological evolution of Co3O4 on CuO nanowires is also dependent on 

the oxygen flow rate or indirectly on the residence time of oxygen in the reactor. As observed, 

low and high oxygen flow rates resulted in a shell of Co3O4 with dispersed Co3O4 nanoparticles. 

Figure 0.8J schematically summarizes the effects of oxygen flow rate in this study. This study 

also demonstrates the unique approach to control of shape and form (e.g., nanorods) of Co3O4 on 

CuO nanowires without involving surface capping agents or surfactants.  
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Figure 0.7 TEM images indicating the morphological evolution of Co3O4 nanoparticles on CuO 

nanowires as a function of air-annealing temperature (sample 14-16, Table 0-1). (A) and (B) 

Co3O4 nanoparticle grown on CuO nanowires at 250 oC (scale bar is 0.2 µm and 50 nm, 

respectively). Inset in B is the high-resolution TEM image showing aggregated Co3O4 

nanoparticles, scale bar is 10 nm. (C) and (D) Co3O4 nanoparticle growth on CuO nanowires at 

650 oC (scale bar is 0.5 µm and 2 nm, respectively). Note: The formation of ‘ridged structures’ in 

(D). CuO nanowire interplaner spacing of 0.230 nm corresponding to (200) planes is indicated 

along with [111] growth direction in (D). 
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Figure 0.8 TEM images indicating the morphological evolution of Co3O4 nanoparticles on CuO 

nanowires as a function of annealing atmosphere (Ar and pure oxygen flow rate, sample 17-24, 

Table 0-1). (A) Ar 1hour, (B) Ar 2 hours, (C) Ar 3 hours, (D) Ar 4 hours, (E) O2 0.5 SLM, (F) 

O2 1.0 SLM, (G) O2 1.0 SLM, (H) O2 1.5 SLM, (I) O2 2.0 SLM, and (J) schematic illustrating 

the effects of increasing Ar-annealing duration and pure oxygen flow rate on the morphological 

evolution of Co3O4 nanoparticles. Lattice spacing in (B) inset indicate (220) planes of Co3O4. 

Insets show higher resolution image and all the scale bars without labels are 100 nm. 
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Table 0-4 Morphological evolution and surface migration of Co3O4 nanoparticles on the CuO 

nanowire surface as a function of annealing atmosphere and flow rate. 

Annealing 
time 

(hours) 

Annealing atmosphere 
(flow rate, standard 

liter per minute) 

Average diameter of 
Co3O4 nanoparticles 

(nm) 

Effects on Co3O4 
nanoparticle morphology 

and surface migration 

1 Ar(1 SLM) - 

A thick Co3O4 shell (~50 
nm) was formed and 

partially covered 
nanowires along their 

length.  

2 Ar(1 SLM) - 

A thick Co3O4 shell (~15 
nm) was formed and 

partially covered 
nanowires to a greater 

length.  

3 Ar(1 SLM) - 
A thick Co3O4 shell (~20 
nm) was formed and fully 

covered nanowires.  

4 Ar(1 SLM) 4.3±0.9 

A thick Co3O4 shell (~20 
nm) was formed and fully 
covered nanowires, a few 
Co3O4 nanoparticles were 

also observed.  

4 O2 (0.5 SLM) 5.2±1.0  

A thin Co3O4 shell (~15 
nm) was formed, a few 

Co3O4 nanoparticles were 
formed inside this shell. 

4 O2 (1 SLM) 
4.5±0.9 (for Co3O4 

nanoparticles)  

Two sets of situations: (1) 
Co3O4 nanoparticles (~2 
nm apart) covered CuO 
nanowires, (2) Co3O4 
nanostructures were 

formed on CuO 
nanowires. 

4 O2 (1.5 SLM) 6.0±1.6  

Numerous Co3O4 
nanoparticles with 

irregular sizes and shapes 
were formed within the 

shell of Co3O4 

4 O2 (2 SLM) - 
Severe aggregation of 
Co3O4 covering entire 

nanowire length. 
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2.2.4 UV-vis-NIR, band gap energy, and photodegradation studies  

Photocatalysis based on semiconductors and their band gap engineering is critical for 

achieving high photocatalytic activity in the visible region of the spectrum [163]. Cost-effective 

and stable precious metal substitutes that do not require a sacrificial agent during photocatalysis 

are highly desired [164]. For example, bulk Cu2O, CuO, and Co3O4 are p-type semiconductors 

with band gap energies of ~2.1, 1.8, 1.6 eV, respectively [145,165-169]. Nanostructuring of 

these oxides can modulate their band gap energies, improving their photocatalytic behavior 

[145]. In this regard, CuO nanowires (Figure 0.9A, blue line) showed an absorption edge at 1) 

~283 nm corresponding to Cu2O film underneath the CuO film on the substrate, 2) ~390 nm 

corresponding to that of CuO in the thin film, and 3) ~820 nm corresponding to CuO nanowires 

grown on CuO+Cu2O thin film. When CuO nanowires were loaded with Co3O4 nanoparticles, 

the optical absorbance in visible region increased sharply (Figure 0.9A, red line) with two new 

peaks generated at ~490 nm (visible region) and ~800 nm (near infrared region). The former can 

be assigned to O2- to Co2+ while the latter corresponds to O2− to Co3+ charge-transfer processes 

[170]. However, these peaks were shifted with respect to the previously reported absorbance of 

pure Co3O4 nanostructures [170,171] and the edge at ~820 nm for pure CuO nanowires had 

vanished. Obviously, the influence of size-scale, morphology, and interfacial relationship 

between Co3O4 nanoparticles and CuO nanowires cannot be overruled. By extrapolating linear 

portions of the Tauc plot, band gap energy was obtained as indicated in the Figure 0.9B. This 

plot, for both CuO nanowire and CuO nanowire-Co3O4 nanoparticle heterostructure, showed a 

band gap energy of ~3.78 eV due to the combined effect of CuO+Cu2O thin film on the 

substrate. A band gap tail [145,170] of ~1.57 eV was observed for CuO nanowires (Figure 0.9B, 
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blue line). In case of CuO nanowire-Co3O4 nanoparticle heterostructures (Figure 0.9B, red line), 

band gap energies of ~2.4 and 1.24 eV are in close agreement with the previously reported 

optical band gaps for nanostructured Co3O4 [171]. Further, band gap energy of ~1.75 eV (Figure 

0.9B, red line) can be attributed to CuO nanowires present in the heterostructures. This band gap 

modulation by heterostructuring of CuO nanowires with Co3O4 nanoparticles was further 

verified by utilizing them for the photodegradation of RhB dye under visible-light illumination 

(580 nm). In our initial studies, heterostructures showed promising visible light photocatalytic 

behavior than that of pure CuO nanowires with higher dye degradation efficiency (~17%) when 

illuminated under a low-powered visible-light lamp (8 W). It is expected that this efficiency will 

significantly improve with factors such as high power of the illumination source, choice of 

visible-light wavelength, and a greater amount of photocatalytic heterostructures.   

2.3 Conclusions 

Novel CuO nanowire-Co3O4 nanoparticle heterostructures were synthesized in a simple, 

highly reproducible, and surfactant-free method by coupling thermal growth with a wet-coating 

approach. Thorough microscopic and diffraction analyses revealed morphology, size, phase, 

composition, and interfaces. As observed, 4 h annealing duration at 450 oC for CuO nanowires 

coated with ≥1 M concentration of cobalt salt resulted in precisely controlled CuO nanowire-

Co3O4 nanoparticle heterostructures. A unique interfacial lattice relationship was also observed 

for Co3O4 nanoparticles with CuO nanowires that facilitated the formation of hemispherical 

nanoparticles. Systematic studies explained the effects of the cobalt salt concentration and 

annealing time, temperature, and atmosphere on the morphological evolution of Co3O4 

nanoparticles on CuO nanowire surface. It was observed that different shapes (spherical, 

triangular, rectangular, cubical, and hexagonal nanoparticles) and forms (shells and nanorods) of 



69 

 

Co3O4 nanoparticles formed on CuO nanowire surface. Surface migration, spatial density, and 

nucleation of Co3O4 nanoparticles on CuO nanowires indicated that smaller diameter nanowires 

allow for the nucleation of greater number of nanoparticles. Growth mechanisms regarding CuO 

nanowire-Co3O4 nanoparticle heterostructures were also understood. It was observed that, as a 

function of air-annealing time, nanoparticles migrate from the nanowire root and cover the entire 

length of the nanowire. In addition, oxygen and its flow rate played an important role in 

determining the morphology of the Co3O4 on the CuO nanowires. Finally, heterostructures were 

characterized for their absorbance and band gap energies. Unique to these heterostructures is the 

presence of strong peaks in the visible and near-IR region with band gap energies ranging from 

1.24 - 3.78 eV. Their photocatalytic behavior was studied under a low-powered visible-light 

illumination to degrade Rhodamine B and heterostructures showed improved dye degradation 

efficiency as compared to pure CuO nanowires. Thus, CuO nanowire-Co3O4 nanoparticle 

heterostructures hold great promise as efficient and cheap photocatalysts.  
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Figure 0.9 UV-vis-NIR absorption spectra of (A) CuO nanowires (blue) and CuO nanowire-

Co3O4 nanoparticles heterostructure (red). (B) Corresponding Tauc plots indicating the band gap 

energies of different components in nanowires and heterostructures. 
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Figure 0.10 Normalized concentration for RhB dye using pure CuO nanowires and CuO 

nanowire-Co3O4 nanoparticle heterostructures under low-powered (8 W) visible-light (580 nm) 

illumination. 
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CHAPTER 3   
 
A SIMPLE DRY PROCESSING ROUTE FOR CONTROLLED FABRICATION OF COPPER 

OXIDE (CuO)-COBALT OXIDE (Co3O4) NANOWIRE HETEROSTRUCTURES FOR AN 
EFFICIENT PHENOL PHOTODEGRADATION 

 
Bottom-up and/or top-down growth methods that allow easy manipulation of chemical 

composition and morphology of heterostructured 1-D nanostructures, such as core/shell 

nanowires, are a critical fabrication challenge [136, 172 - 179 ]. The interfaces in such 

heterostructured and semiconducting nanowires (e.g., oxides, nitrides, and phosphides) [145,180-

183] can lead to a rapid charge transport [184] and exhibit unique electronic and photonic 

properties [185]. For example, core/shell nanowire heterostructures can allow for multi-level 

light-matter interaction with charge transport directed across the thin shell (radially) and rapid 

charge conduction through the core (longitudinally) [173,178, 186 ]. Such interaction is 

impossible with single-component nanowires, which makes nanowire heterostructures attractive 

for water splitting [176], CO2 photocatalytic reduction [187 ], and solar energy harvesting 

[178,184,188-190]. 

Nanowire heterostructures composed of oxides are of interest for diverse applications and 

can be synthesized using various methods including solution synthesis, gas phase growth 

[physical vapor deposition (PVD) and chemical vapor deposition (CVD)], air oxidation, and 

flame synthesis [2, 191-196]. Typically, a core nanowire is coated with a layer of second 

component with specific thickness and composition [191-193,197]. The solution routes have 

their advantages; they are simple, cheap, and scalable [63, 197]. In this regard, dispersion of 
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metal salts onto nanowire and subsequent thermal decomposition has shown potential to result in 

nanowire heterostructures organized in vertical arrays or horizontally-suspended architectures 

[198]. Flame synthesis is a scalable approach for fabricating oxide nanowire heterostructures but 

provides less control over the growth of uniform and thin oxide shells around core nanowires 

[195]. Gas phase techniques are well suited but necessitate understanding materials-specific 

thermodynamics and processes to avoid formation of continuous films on the surfaces. Although 

atomic level control of stoichiometric ratio and perfect site-selective deposition can be obtained 

for nanowire heterostructures using CVD and pulsed laser deposition (PLD) [199,200], high cost 

and low throughput is a problem. Sputter deposition, on the other hand, is a conventional, 

scalable, and cost-effective technique for assembling oxide nanostructures (e.g., nanowires) on 

the substrate, without patterning or using templates [201,202].  

Among various oxides, photocatalysts comprised of CuO and Co3O4 are of particular 

interest [190,198,203]. These oxides are stable and can result in narrow to wide band gap 

energies depending on their dimensions/morphologies [180,190]. Such oxide-based 

photocatalysts are also seen as potential replacements for precious metals [205]. In addition, 

semiconducting CuO nanowires can be grown in a simple and environment-friendly method 

[206]. They can survive multiple processing steps and have the ability to combine with other 

material systems. All these characteristics make them interesting base materials for nanowire 

heterostructures [195, 206 , 207 ]. The authors recently reported that CuO nanowires-Co3O4 

nanoparticles heterostructures have unique photoactivity under low power (8 W) illumination 

lamp with organic dye degradation efficiencies as high as 17% compared to pristine CuO 

nanowires [63]. The synthesis approach for these heterostructures involved wet-chemical coating 

of CuO nanowires with cobalt salt and thermal decomposition of the latter to obtain Co3O4 
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nanoparticles [63]. However, this approach limited the growth of Co3O4 in the form of well-

dispersed nanoparticles or islands on the CuO nanowire surface. Furthermore, such a processing 

method does not necessarily allow for manipulation of Cu and Co content in the heterostructures. 

Thus, the promising photocatalytic behavior of CuO-Co3O4 system and the need for simpler 

synthesis routes make it critical to develop a completely dry processing method with excellent 

tunability of heterostructure morphology and composition. Correlation of the latter aspects with 

photocatalytic activity would allow systematic exploitation of quantum confinement and surface 

effects in these heterostructured nanowires [208]. Such knowledge will help improve and control 

photocatalytic performance of the heterostructures due to the synergistic effects of phases, 

material components, interfaces, and morphologies. 

Here, we study the morphological and structural evolution of CuO-Co3O4 nanowire 

heterostructures in a surfactant-free and dry processing approach that combines line-of-sight 

sputter deposition method with thermal annealing process. This study emphasizes the growth 

mechanisms, morphological evolution, structural integrity, and nanomechanical aspects of 

nanowire heterostructures. In addition, the photocatalytic behavior of fabricated CuO-Co3O4 

nanowire heterostructures is studied for phenol photodegradation in UV and visible light 

illumination with or without sacrificial agent. To the best of the authors’ knowledge, such a 

fabrication route and detailed understanding of the formation, stability, and photoactivity of 

nanowire heterostructures comprised of oxides of copper and cobalt is not reported until now.  

3.1 Experimental section 

3.1.1 Materials, methods, and characterization 

Copper foil (0.254 mm thick, 99,9%), hydrogen peroxide (35%), and phenol (99+%) 

were purchased from Alfa Aesar (Ward Hill, MA). Nitric Acid (HNO3, 69.5%). Hydrochloric 
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acid (HCl, 37%) was purchased from Fisher Scientific (Pittsburg, PA. De-ionized (DI) water 

(18.1 MΩ cm) was obtained using a Barnstead International DI water system (E-pure D4641). 

Box furnace used for annealing process was purchased from MTI Inc. (Redmond, CA). 

Microscopic characterization and Energy-dispersive X-ray (EDX) were performed using Field 

Emission Scanning Electron Microscope (FE-SEM, JEOL-7000, equipped with Oxford EDX 

detector) and Transmission Electron Microscopy (TEM, Tecnai FEI-20). X-ray diffraction (XRD) 

patterns were collected with a Philips diffractometer (XRG 3100, Cu Kα radiation, 35 mA and 40 

kV). In order to eliminate copper substrate, all films were scratched and grounded into powder 

before loading into diffractometer. The Raman spectra and depth profiling were recorded using 

Senterra micro-Raman spectrometer equipped with a 785 nm laser and a motorized stage with 

0.1 µm positioning accuracy in z-direction. Laser power of 10 mW was utilized to minimize the 

thermal effect of laser. UV-vis-NIR spectroscopy was performed using Ocean Optics USB 4000 

spectrometer (Dunedin, FL) with a reflection/backscattering probe. The reference spectrum was 

collected using Polytetrafluoroethylene (PTFE) as a reflective standard. 

3.1.2 Synthesis of CuO-Co nanowire heterostructures, CuO-Co3O4 nanowire heterostructures, 

and Co3O4 nanotubes 

A copper foil (99.9%, 0.254 mm thick, 2×2 cm2) was immersed into diluted HNO3 

solution (1:2 v/v HNO3:H2O) for 15 sec to remove native oxide layer. The cleaned copper foil 

was washed with copious amounts of deionized (DI) water and dried. Subsequently, the substrate 

was placed in a ceramic crucible and heated at 410 oC in a box furnace in air. After 6 h, the 

furnace was cooled down naturally and a black film of vertically-aligned CuO nanowires was 

formed on the copper foil [203,206]. These nanowires were further sputtered with Co films using 

high purity Co target (99.99%, 3mm thickness, 2” diameter) to result in standing CuO-Co 
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nanowire heterostructures. The sputtering target-to-sample distance was kept constant at ~10 cm. 

The base pressure of chamber was lower than 2×10-7 torr and deposition pressure was maintained 

at 3 mTorr with 25.1 sccm Ar flow. Before opening the target shutter and actual deposition on the 

substrate, the target was pre-sputtered for at least 2 min to eliminate native oxide layers. In 

regard to manipulating the morphology of the coated Co on CuO nanowires, effect of sputtering 

time was studied (1 min to 50 min). After sputtering, the chamber was vented with dry N2 flow 

(~ 5 psi). A control sample was prepared by sputter deposition of Co film on the cleaned Si/SiO2 

wafer and this aided in estimating Co film thickness and sputter deposition rate/flux for 

calibration purposes. Film thickness of this control sample was measured by a profilometer 

(Veeco, Plainview, NY). The standing CuO-Co nanowire heterostructures were formed as a film 

(black film) on the base copper substrate and were slowly peeled off from the latter. This black 

film was loaded into a ceramic boat and air-annealed at 520 oC for different durations to study 

the formation of CuO-Co3O4 nanowire heterostructures. A detailed parametric study was 

conducted as listed in Table S1 to understand the role of sputtered Co morphology and thickness 

and the morphological evolution of Co3O4 on CuO nanowires as a function of both, Co 

sputtering time and annealing duration.  

Diluted HCl (2:5 v/v 35% HCl: H2O) was used to selectively remove CuO nanowires 

from the core. Approximately, 1 mL diluted acid solution was dropped into a cleaned watch glass 

containing CuO-Co3O4 nanowire heterostructures. The etching process was allowed for 2 min. 

After this duration, the remaining Co3O4 nanotubes were collected and rigorously washed with 

DI water several times using a centrifuge (~ 6000 rpm) for 1 min. The washing process was 

continued till the pH of the solution was neutral. 
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3.1.3 Phenol photodegradation study using CuO-Co3O4 nanowire heterostructures 

In order to test the photocatalytic abilities of the CuO-Co3O4 nanowire heterostructures, 

phenol photodegradation experiments were conducted and various parameters were studied. 

These include illumination wavelength (UV and visible), presence and absence of sacrificial 

agent (H2O2), and morphology of Co3O4 coating on CuO nanowires (Sample #1B-6B, Table 0-1). 

The degradation experiments were performed inside a quartz cuvette (1 cm×1cm× 4cm) and for 

all the experiments the ratio of catalyst amount to phenol volume is kept constant at ~ 1 g/L. 

Approximately, 3 mg catalyst (as-produced CuO nanowires, Co3O4 nanotubes, CuO-Co3O4 

nanowire heterostructures) was dispersed and briefly sonicated (1 min) in 3 mL 0.2 mM phenol. 

This was followed by addition of ~ 12 µL H2O2 (37%). An illumination lamp (UV source: 

centered at 254 nm, 8 W) was placed above the cuvette and the solution was gently stirred. UV-

vis spectroscopy was utilized to measure the concentration of phenol and the spectrum was 

collected every 2 minutes. Photocatalytic efficiency (η) was calculated using the following 

equation: 

η = [1-Ct/Co]×100         (0-1) 

Where C0 is the initial phenol concentration and Ct is the concentration of phenol at time t = t. 

Similar photocatalytic degradation experiments were conducted for white light illumination 

(centered at 580 nm, 8 W), with and without sacrificial agent (H2O2), where the catalyst/phenol 

solution ratio (1 g/L) was kept constant. It has to be noted that for visible light illumination 

experiments, the photodegradation with H2O2 was carried out in the phenol concentration of ~0.2 

mM. In case of photodegradation without H2O2, the phenol concentration was ~0.1 mM. The 

sampled solution for visible light experiments was analyzed every 30 or 60 minutes using UV-vis 

spectroscopy. The kinetics of phenol photodegradation was also studied. 



78 

 

3.1.4 Absorbance and band gap energy measurements 

The reflectance spectra for the samples (as-produced CuO nanowires, Co3O4 nanotubes, 

CuO-Co3O4 nanowire heterostructures) used for photodegradation studies were obtained using 

reflectance mode UV-vis spectroscopy. Band gap energies were derived using Kubelka-Munk (α) 

function as follows [209]:  

α= (1-R)2/2R = K/S          (0-2) 

Where R is the measured reflectance of sample (ratio between Rsample and Rstandard), K is the 

absorption coefficient, and S is the scattering coefficient. Assuming indirect band gap transition, 

(αhν)1/2 vs. hν was plotted, where h is the Planck’s constant and ν is the frequency (s-1). The 

intercept of the linear part of the plot on the x axis (or hν axis) indicates the band gap energy 

(eV).  
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Figure 0.1 (A, B) SEM image of vertically-aligned CuO nanowires on a large-area copper 

substrate and (C) SEM image of the vertically-aligned CuO-Co nanowire heterostructures. Note: 

The Co was sputtered on vertically-aligned CuO nanowires for 30 min at 100 watts under 3 

mTorr deposition pressure. Histogram showing (D) diameter distribution and average diameter 

and (E) length distribution and average length for the as-produced CuO nanowires, (F) Digital 

image of the sample showing CuO-Co nanowire heterostructure on a copper substrate, (G) 
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Distribution of tilting angles for CuO nanowires based on SEM image (inset) analysis. The black 

lines in the SEM image (inset, G) were drawn to estimate the tilt with respect to the base 

substrate. A total of 70 nanowires were counted for one SEM picture and the trend was observed 

repeatedly for several SEM pictures (or substrate location). 
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Table 0-1 Experimental conditions for sputter deposition of Co on CuO nanowires and their 

subsequent air annealing to result in CuO-Co3O4 nanowire heterostructures. Series A represents 

samples before air annealing and series B corresponds to samples after air annealing. Note: 

Annealing time indicates the duration for which CuO-Co nanowire heterostructures were 

annealed in air, sample #2 is the baseline fabrication conditions, and the chamber pressure 

during sputter deposition was kept constant at 3 mTorr. Two fabrication parameters, sputtering 

duration and annealing duration, are studied here. For example, for samples #1A-6A, only 

sputtering time was varied while all other sputtering conditions (power, pressure, and sample to 

target distance) were kept fixed. 

Deposition conditions for the formation 

CuO-Co nanowire heterostructures 

Air annealing conditions for the formation CuO-

Co3O4 nanowire heterostructures 

Sample 

number 

Sputtering 

time (min) 

Sputtering power 

(watts) 

Sample 

number 
Annealing time 

1A 1 100 1B 10 h 

2A 5 100 2B 10 h 

3A 10 100 3B 10 h 

4A 20 100 4B 10 h 

5A 30 100 5B 10 h 

6A 50 100 6B 10 h 

7A 5 100 7B 5 min 

8A 5 100 8B 10 min 

9A 5 100 9B 20 min 

10A 5 100 10B 60 min 

11A 5 100 11B 2.5 h 

12A 5 100 12B 5 h 

13A 5 100 13B 7.5 h 

2A 5 100 2B 10 h 
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Figure 0.2 SEM images of standing CuO-Co nanowire heterostructures fabricated after Co 

sputter deposition for (A) 1 min, (B) 5 min, (C) 10 min, (D) 20 min, (E) 30 min, and (F) 50 min 

(scale bar: 1 µm and samples were tilted at 20° in SEM).  
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Figure 0.3 SEM images of CuO-Co nanowires heterostructures after Co deposition for (a) 1min, 

(b) 5min, (c) 10 min, (d) 20 min, (e) 30 min, (f) 50 min. Note: All the SEM pictures are taken at 

the same magnification and the white dotted line indicates the base substrate position. 
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Figure 0.4 TEM images showing bending of CuO-Co nanowire heterostructures for (A, B) 20 

min sputtering duration (Sample #4A, Table 0-1) and (C, D) 50 min sputtering duration (Sample 

#6A, Table 0-1). 
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3.2 Results and discussion 

3.2.1 Fabrication of CuO-Co nanowire heterostructures and their growth mechanism and 

nanomechanics 

High aspect ratio and vertically-aligned CuO nanowires (Figure 0.1A and B) were grown 

by heating copper substrate in air with the growth governed by vapor-solid (VS) growth 

mechanism [144,206]. The diameter, length, spatial density, and inter-nanowire spacing for the 

as-prepared CuO nanowires were ~67.9±18.6 nm, ~5.0±1.5 µm, ~9.4 × 108 per cm2, and ~267 

nm, respectively. Majority (~90%) of as-produced CuO nanowires were observed to be at low 

tilting angles (< 10o) on the substrate and ~10% of the observed nanowires were tilted at angles 

between 10o and 70o (Figure 0.1G). Subsequently, CuO nanowires were sputter coated with Co 

(Figure 0.1C). In order to vary the thickness (or Co content), morphology, and crystallinity of the 

Co coating, the process of Co sputter deposition was studied as a function of deposition duration 

(Table 0-1, A-series samples). Standing CuO-Co nanowire heterostructures were observed at 

different Co sputtering durations (1 to 50 min, Figure 0.2). There were also some bent nanowires 

present at longer sputtering durations (> 20 min, Figure 0.3). The bending angle of the nanowire 

(typically near the tip) increased from ~12-39o for 20 min to ~23-78o for 50 min (Figure 0.4). 

This bending could be attributed to the force (or rate of change of momentum) with which 

incident Co species impinged onto nanowire tips and nearby regions [210]. Co loading and the 

stiffness of nanowire with time were critical and are evaluated later in this manuscript. The Co 

coating on CuO nanowires was dominantly amorphous with nanocrystalline domains of Co and 

its oxide (due to air exposure, Figure 0.5). This amorphous phase formation depends on the 

sputtering conditions and crystal structure difference between CuO and Co, which resulted in 

anomalously fast diffusion and surface migration of the Co on the nanowire surface [211]. After 
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a specific thickness of the amorphous Co deposited on the CuO nanowires, surface diffusion of 

the depositing Co species maybe suitably slow to allow for the formation of crystalline Co 

domains in the coating (Figure 0.5) [211]. The morphological evolution of the Co coating on 

CuO nanowires as a function of sputtering duration is schematically illustrated in Figure 0.5M. 

In first 10 min, the Co coating in the form of a thin shell with embedded nanoparticles (~7.6±2.1 

nm) evolved, which beyond 10 min resulted in ‘fir-tree’ like coating with columnar and semi-

crystalline Co grains (Figure 0.5G-L). These columnar grains were inclined at an angle (45-50o) 

with respect to the CuO nanowire axis and the former were tilted opposite to the direction of the 

incident depositing Co in the sputtering process (Figure 0.6).  

Based on SEM, TEM, and EDX analyses, it was possible to measure the Co content and 

diameter of the CuO-Co nanowire heterostructures as well as nanowire self-shadowing effects, 

all of which increase/enhance with Co sputtering duration (Figure 0.7). According to quantitative 

estimation, atomic ratio of Co to Cu on CuO nanowires (Figure 0.7A) increased with deposition 

time of 0.01 (for t = 1 min) to 1.124 (t = 50 min), indicating ~112.4 times increase and also 

demonstrates an ability to control the Co content on the nanowires. Average diameter of the 

nanowires after Co coating showed an increasing trend ranging from ~69.4±17.6 nm at 1 min to 

~261.1±39.2 nm at 50 min sputtering duration (Figure 0.7B, black color fit). Linear trend in the 

diameter was only observed till 10 min; beyond this a quadratic polynomial fit was observed. 

The rate at which diameter of nanowires increases as a function of sputtering duration is 

governed by two fundamental mechanisms [ 212 , 213 ]: 1) Stranski-Krastanov (SK) near-

equilibrium mode for first 10 min of sputter deposition at a rate of ~ 2.39 nm/min and 2) kinetic 

roughening of the nanowire surface at sputtering durations above 10 min leading to low surface 

diffusion rates and growth of columnar Co coatings. As shown in Figure 0.5C, the presence of 
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Co nanoparticles embedded within Co thin film on CuO nanowires (< 10 min) suggests that SK 

mode was the dominant Co coating mechanism [212,214] and was assisted by significant surface 

diffusion of Co onto CuO nanowires. In the latter regime (10-50 min), a negligible initial growth 

rate (10 min < t < 20 min) indicates the merging of clusters and grain boundary formation 

[211,212,215]. As the growth rate increased (t > 20 min), columnar grains emerged, indicative of 

low surface diffusion rates and dominating kinetic effects based on deposition and surface 

transport rates [212]. The average width of columnar grains increased from ~ 18 nm to ~ 25 nm 

for 20 min to 50 min sputter deposition. The voids between the columnar grains [216] grew 

smaller for longer sputtering duration (t = 50 min) as this involved kinetic roughening of surface 

and facilitated grain boundary grooving [212].  
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Figure 0.5 TEM images of CuO-Co nanowire heterostructures after sputter deposition of Co for 

(A, B) 1 min, (C, D) 5 min, (E, F) 10 min, (G, H) 20 min, (I, J) 30 min, (K, L) 50 min, and (M) 

schematic showing the morphological evolution of Co coating on CuO nanowires. Note: The 

dotted circles indicate the presence of Co nanoparticles embedded within Co thin film. The 

dotted line in (f) shows the interface between Co and CuO. 
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Figure 0.6 TEM images of ‘fir-tree’ like morphology of Co on CuO nanowires showing a fixed 

angle of columnar Co grains on the core nanowires and Co was sputtered for (A) 20 min, (B) 30 

min, (C) 50 min.  
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Figure 0.7 Plots showing (a) Co content, (b) nanowire heterostructures diameter, and (c) 

nanowire self-shadowing effects as a function of Co sputtering duration. Note: Co/Cu atomic 

ratio in (a) was estimated using EDX of CuO-Co nanowire heterostructures before and after air 

annealing. (c) shows the Co shell thickness difference (shadowing effect, ∆d as shown in 

schematic in the inset) between two sides of core CuO nanowires before and after air annealing 

as a function of Co sputtering duration. Linear fit (green color, control sample) in (b) shows the 

thickness of the Co film on a flat Si/SiO2 substrate as a function of Co sputtering duration.  
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The growth rates for Co coating around CuO nanowires were observed throughout to be 

significantly lower (~ 5 times) than that of the control sample (~11.85 nm/min, green color linear 

fit in Figure 0.7B), which was prepared by sputtering Co on a flat substrate (Si/SiO2 surface). 

This flat film deposition process exhibited a linear deposition trend as a function of deposition 

duration, which confirms that sputter deposition process on single crystalline substrates with 

high curvature (nanowires) is drastically different from that on a flat substrate. Another important 

observation in case of Co deposition on CuO nanowires was the shadowing effect due to the 

nanowires, which have been observed for other systems [217]. The shadowing effect was 

estimated based on the difference (∆d, Figure 0.7C and inset) of TEM-observed Co coating 

thickness on both sides of the nanowires. This ∆d value increased from 0 to ~41.8 nm within 5 to 

50 min of Co sputtering. This indicates that the nanowire surface facing the incident material 

captured more Co, making surface migration the dominant mechanism responsible for the 

complete diametrical and longitudinal coverage (Figure 0.2 and Figure 0.5). 

In regard to the uniformity of Co coating around nanowires, a possible argument could be 

that the mean free path of the incident Co species (~ 2.57 cm, Supporting Information) was 

significantly (~ 9.63 × 104 times) greater than the spacing between CuO nanowires (~ 267 nm), 

the latter acting like a nanopore. Thus, Co species entering this nanopore likely encountered 

large number of collisions with the adjacent nanowire surfaces mimicking Knudsen diffusion 

process [218]. This reasoning should indicate that only the tips and the nearby regions of the 

nanowires would be coated with Co. However, our microscopic observations contradicted this 

and showed uniform coating of nanowires with Co along its length (Figure 0.2 and Figure 0.5). 

Thus, other factors such as chemical potential of the nanowires and Co surface migration on 

nanowires must play a role here [63,219]. A possible mechanism could be that as soon as the Co 
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species impacts the nanowire, it gained significant momentum along the nanowire axis. In 

addition, nanowire surface (curved) had a higher chemical potential than base substrate (flat) 

[195], which enhanced surface migration and led to Co coating along the overall length of 

nanowires.  

To understand this, it is critical to evaluate the material surface migration on the nanowire 

surface. Thus, further theoretical analysis was conducted. Consider at time t = t, incident Co flux 

(or momentum vector, Pincident Co) was perpendicular to the Co target and had an angle of θ 

(nanowire tilting angle) with the longitudinal direction of CuO nanowire (Figure 0.8A). The 

following assumptions were made: 1) The mass of the nanowire at t = t was mCuO/Co and was a 

summation of mass of CuO nanowire and the deposited Co. 2) The mass of one unit of incident 

Co in the incoming flux (Φ = number of Co species per nanowire per second) was mCo and the 

sticking coefficient was α [220]. To simplify the calculations, average value of α for Co species 

throughout the sputter deposition process was considered to be ~ 0.75 [221]. 3) The incident Co 

flux was uniformly impinging on the nanowire surface into two components: First component is 

due to the sticking coefficient (α), which accounted for the fraction of actual Co species being 

absorbed/deposited. These Co species would still have a velocity Vsurface (surface migration 

velocity, situation (1) in Figure 0.8A) along the nanowire longitudinal axis (y’). The second 

component is due to the desorbing Co species, which is assumed to undergo a purely elastic 

collision on nanowire at an incident angle θ, same as nanowire tilting angle (pure reflection, 

situation (2) in Figure 0.8A). The fraction of these species corresponds to 1-α (reflecting 

coefficient). 4) The base of the CuO nanowire is assumed to be anchored on the substrate. Using 

flat film calibration data (green color linear fit in Figure 0.7B) and kinetic energy calculations, 

number of Co species per nanowire per second (Φ) was calculated to be ~7.14 × 104 and 
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impinging velocity of cobalt species (VCo) was estimated to be ~156 m/s.    

Based on all the above assumptions and calculations, the overall mass of Co species 

depositing on individual CuO nanowire was mCoαΦ (g/s) and the momentum of incident Co 

species per CuO nanowire was αΦ kCoEm2 . Thus, by conservation of momentum (Figure 

0.8A), the following equation is obtained (bold letters denote vectors, Equation 3-3): 

Pincident Co = PCo on CuO nanowire surface + PCo-coated CuO nanowire+ PCo desorbed    (0-3) 

Balancing components (Supporting Information) on x’-axis (nanowire transverse axis) and y’-

axis (nanowire longitudinal axis) shown in Figure 0.8A resulted in nanowire velocity 

components (Vx’ and Vy’) as follows (Equations 3-4 and 3-5): 
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This momentum conservation approach explains two aspects: a) displacement of 

nanowires like a hinged cantilever during the sputter deposition process, where Vx’ and Vy’ are the 

speeds at which this displacement takes place and b) migration of deposited Co species on the 

nanowire surface with velocity given by Vsurface on the x’-axis. Since we assume that the nanowire 

is anchored on the substrate, Vy’ ≈ 0 for a rigid nanowire (or nanowire is incompressible in y’-

axis). The following relationship using Equation 3-5 can be derived (Equation 3-6): 

Vsurface=VCocosθ         (0-6) 

Equation 3-6 indicates that if the nanowire was vertically aligned, then the surface migration 

velocity (Vsurface) was the highest (~VCo). Thus, as soon as the Co species impinged on the surface 

of the nanowire (at t = t), the former displayed a tendency to surface migrate along the nanowire 
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length. This also explains the uniform coating on majority of the CuO nanowires because they 

were tilted by small angles (θ < 5o, Figure 0.1and Figure 0.3) on the substrate. Thus, θ is a 

critical parameter determining the bending of nanowires and must be evaluated in detail. The 

authors propose that θ is also related to the nanowire motion (hinged cantilever-like bending or 

‘swaying’) in the x’ direction due to Vx’ velocity component (Equation 3-4). Knowing that the 

nanowire diameter is a function of the sputtering duration (t, Figure 3b), it is possible to estimate 

mCuO/Co (Supporting Information). This further result in Vx’ as a function of, both, t and θ are 

shown in Figure 0.8B and given below (Equations 3-7 and 3-8):  

For 0<t< 10 min (or 600 sec) 
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Figure 0.8B indicates that when θ is very high (> 60o), the nanowire velocity (Vx’) was the 

highest (~ 1.0 × 10-2 m/s) and this velocity decreased with Co sputtering duration. This velocity 

(Vx’) was very low (between 0 and ~2 × 10-3 m/s) throughout the sputtering process for low θ (< 

10o). Thus, nanowire vertical-alignment was the key in preventing nanowire bending and 

swaying (based on Vx’ dependence) as well as in-turn minimizing the self-shadowing effects. In 

addition, higher Vx’ at larger θ implies that nanowires have a greater tendency to bend or sway. 

This could be the reason for observing large nanowire bending angles (Figure 0.3 and Figure 0.4) 

and also suggest that the nanowires in our study were not 100% vertically-aligned and some 

nanowires were at greater tilt angles (>> 5o) on the substrate (Figure 0.1).  

Assuming that nanowire sways like a hinged cantilever during the sputtering process, 
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based on velocity, diameter, and mass estimations, it was possible to evaluate the stress 

distribution of the nanowires as a function of Co sputtering duration (t) and θ. The Young’s 

modulus for pure CuO nanowires and Co coating as well as Poisson’s ratio for CuO nanowires 

were assumed as ~150 GPa, ~100 GPa, and ~0.3, respectively [222,223]. Thus, Young’s modulus, 

based on effective flexural rigidity, of heterostructured nanowire is given as (Equation 3-9) 

[194,224]:  

EI=ECuOICuO+ECoICo         (0-9) 

Where E and I denote Young’s modulus and moment of inertia of individual component. The 

latter is given as: ICuO=(dCuO)4/12 and ICo=[(dCuO/Co)
4-(dCuO)4]/12, where dCuO is ~ 68 nm and 

dCuO/Co is given Equation 3-10.  
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Young’s modulus of nanowire heterostructures vs. t (Figure 0.8C) showed steep decline 

for the initial 10 min and showed a gradual decline beyond this duration with stabilization after 

40 min. This implies that the Young’s modulus of pure Co (~100 GPa) dominates the composite 

nanowire with thicker Co coating. This calculation is further utilized in finite element method 

(FEM) analysis as described next using ELMER® software [225]. 

The FEM mesh was created using GID 10.2® software with 0.15 mesh size. In order to 

evaluate nanomechanical aspects of CuO-Co nanowire heterostructures, the first step was to 

select suitable impinging force of the Co species during the sputtering process. FEM analysis 

resulted in linear relationship between the impinging force and nanowire displacement and 

swaying (Figure 0.8D). This also showed that at a constant force, higher θ resulted in larger 

nanowire displacements. Thus, selecting 1 µN impinging force simplified subsequent 
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calculations as higher forces would correspond to multiplying factors based on Figure 0.8D. This 

force value is also consistent with other nanowire systems [210]. A representative von Mises 

equivalent stress distribution in the pure CuO nanowire corresponding to 5o (= θ) nanowire tilt 

and 1 µN force is shown in Figure 0.8E. This force resulted in nanowire swaying angle (β, 

Figure 0.8D and Figure 0.9A). The maximum von Mises equivalent stress distribution near the 

hinged location was calculated to be as high as ~400 MPa. The Young’s modulus of CuO-Co 

nanowire heterostructures was obtained from Figure 0.8C. As the Co sputter deposition on CuO 

nanowires proceeded, FEM calculations (Figure 0.8F) indicated that this swaying angle (β) 

essentially remained the same throughout the sputtering process for small θ (< 15o) but showed 

an increasing trend, if the latter was greater than 15o. For example, CuO nanowire tilted at 45o 

would be further swayed and bent by 65o after 50 min of sputtering duration. This bending is also 

responsible for the enhanced shadowing effects confirming our observations (Figure 0.4C). At 

the same time, von Mises equivalent stress distribution intensified in the heterostructured 

nanowires with increasing sputtering duration and θ (Figure 0.9). It is estimated that the stress 

was concentrated at the root of nanowires [226], which might cause the failure/breaking of 

nanowires if the impinging force or θ is large enough and Co sputtering duration is low (thin Co 

coating, Figure 0.9B). However, it must be noted that the maximum von Mises equivalent stress 

was calculated to be as high as ~200 MPa (for θ = 45o and t = 50 min), which is two times lower 

than the pure CuO nanowire. This is also obvious as the CuO-Co nanowire heterostructures have 

lower Young’s modulus (lower stiffness) as compared to pure CuO nanowires (Figure 0.8C). 

Assuming that the plastic yielding stress for the nanowires is in gigapascal range [223], this 

stress distribution (Figure 0.9B) suggests that CuO-Co nanowire heterostructures will be difficult 

to yield as compared to pure CuO nanowires. Our microscopic observations also showed 
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negligible number of fractured nanowires and thus, strengthened this argument. Overall, these 

calculations and theoretical approach clearly show that perfect vertical alignment (θ = 0) in CuO 

nanowires is critical for minimizing the yielding and bending of nanowires as well as shadowing 

effects (Figure 0.8 and Figure 0.9) during the Co sputtering process. This will further allow for 

fabrication of stable CuO-Co nanowire heterostructures. 
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Figure 0.8 (A) Schematic illustrating Co species (green) impinging onto CuO nanowire (blue) in 

the sputter deposition process. (B) 3-D plot showing dependence of Vx’ with respect to Co 

sputtering duration and nanowire tilting angle (θ). (C) Young’s modulus of CuO-Co nanowire 

heterostructures as a function of sputtering duration. (D) FEM analysis plot of displacement of 

pure CuO nanowire vs. impinging force and the derived image showing (E) the bending and von 

Mises equivalent stress distribution in the nanowire. (F) FEM analysis plot for nanowire 

heterostructure swaying angle (bending) vs. Co sputtering duration. Note: The force in (F) was 

assumed to be 1 µN as shown by dotted rectangle in (D).  
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Figure 0.9 (A) Schematic indicating the bending or swaying angle of the CuO-Co nanowire 

heterostructures as the Co deposits on the nanowire surface. This is further simulated in (B) 

(derived from FEM analysis) and shows the von Mises equivalent stress distribution and bending 

(β) of nanowires as a function of nanowire tilting angle (θ) and Co sputter deposition duration. 

Note: Geometrical parameters could be visualized in schematics given in Figure 0.8A and E. 

Color coding/map is only applicable to (B). 
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Figure 0.10 (a) SEM image of standing CuO-Co3O4 nanowire heterostructures synthesized for 

conditions consistent with sample #3B. (b) and (c) TEM images showing that CuO nanowires 

coated with Co3O4 after air annealing process. (d) HRTEM image with dotted lines indicating 

grain boundary and FFT image for the Co3O4 coating. (e) A typical spot EDX analysis, (f) 

STEM-mode image, and (g) EDX line profile of the CuO-Co3O4 nanowire heterostructures. 
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Figure 0.11 (A) XRD patterns and (b) Raman spectra for CuO nanowires as well as CuO-Co and 

CuO-Co3O4 nanowire heterostructures (sample #3 and #5, Table 0-1). (B) Comparison of Raman 

spectra and (D) Raman peak locations for CuO (~ 294 cm-1, dotted box in (C)) and Co3O4 (~700 

cm-1, dotted box in (C)) for various CuO-Co3O4 nanowire heterostructures (Sample #1B-6B, 

Table 0-1) corresponding to different Co sputtering durations. 
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Figure 0.12 (A) Raman spectra collected at different depths of standing CuO-Co3O4 nanowire 

heterostructures (sample #3B, Table 0-1) using Raman depth profiling method. (B) Comparison 

of Co3O4 A1g Raman peak (centered at ~692 cm-1), (C) Comparison of Co3O4 A1g Raman peak 

intensity and locations.  
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Figure 0.13 SEM images of standing CuO-Co3O4 nanowire heterostructures fabricated after air-

annealing (for 10 h) and corresponding to Co sputter deposition for (A) 1 min, (B) 5 min, (C) 10 

min, (D) 20 min, (E) 30 min, (F) 50 min sputtering (scale bar: 1 µm). (G) Schematic illustrating 

morphogical evloution of Co3O4 on core CuO nanowires after annealing. 
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3.2.2 Fabrication of CuO-Co3O4 nanowire heterostructures and their morphological and 

structural evolution 

The abovementioned theoretical and experimental understanding for CuO-Co nanowire 

heterostructures is critical [227] for a uniform, mechanically stable, and controlled CuO-Co3O4 

nanowire heterostructures formation after air annealing process (Table 0-1, sample series B). Due 

to the relatively higher melting points of Co and CuO than the annealing temperature, no 

physical damage, fusion, and melting was observed [228]. As seen in the representative sample 

(Sample #3B, Table 0-1, Figure 0.10), nanowires were completely coated with a polycrystalline 

Co3O4 shell (lattice spacing in Figure 0.10D). Several STEM-mode EDX analysis and line 

profiles showed that both CuO and Co3O4 components were structurally and chemically intact 

within the nanowire heterostructures (Figure 0.10E-G). The shadowing effects with one side of 

CuO nanowire showing higher Co3O4 shell thickness than the other (∆d ~ 10 nm) was also 

identified using line profiles and followed a similar trend as non-annealed samples (Figure 0.7). 

XRD (Figure 0.11A) showed the phase and crystallinity of Co3O4 after air annealing process. 

Due to partially crystallized or amorphous Co coating and limitations in XRD resolution, it was 

not possible to observe Co in non-annealed samples (Figure 0.11A). Post-annealing XRD for the 

nanowire heterostructures showed (Figure 0.11A) several new peaks at 31.11o, 36.59o, 65.17o 

corresponding to (200), (311), and (400) planes of Co3O4 (JCPDS 65-3103). Raman spectra 

confirmed the phases present in the nanowires at various stages of processing (Figure 0.11B). In 

Figure 0.11B, peaks at 294 cm-1, 341 cm-1 and 633 cm-1 could be ascribed to Ag, Bg
1 and Bg

2 

modes of CuO nanowires [229]. After coating with Co, new Raman peaks corresponding to the 

oxides of Co (due to air exposure) emerged, consistent with the TEM observations (Figure 0.5). 

After air annealing, Raman peaks consistent with Co3O4 were observed at 288 cm-1 (F2g), 479 
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cm-1 (Eg), 518 cm-1 (F2g), 617 cm-1(F2g), 685 cm-1(A1g) [230]. The absence of peak centered 

around 600 cm-1 can also confirm the good crystallization of Co3O4 within the heterostructure 

[230]. Compared with the standard spectra, the Raman peaks were slightly shifted (~1-3 cm-1) 

and could be attributed to the nanostructured morphology, lattice strains, presence of 

heterojunctions, and/or sample variability (Figure 0.11C, and D) [231]. Raman depth profile 

(Figure 0.12A) on CuO-Co3O4 nanowire heterostructures showed Co3O4 peaks along the entire 

length of the nanowires (Figure 0.12A). A minor peak shift (~ 1.1 cm-1, Figure 0.12B) 

corresponding to the strongest Co3O4 (A1g) Raman peak could be due to the stresses in the 

polycrystalline Co3O4 shell along the nanowire length [231]. Raman peak intensity was lowered 

by ~ 250 units (Figure 0.12C) along the length of the nanowire. This lowering in peak intensity 

could be due to a sample-induced spherical aberration [232].  

The annealing of CuO-Co nanowire heterostructures corresponding to different sputtering 

duration (samples #1B-6B, Table 0-1, Figure 0.13) resulted in standing CuO-Co3O4 nanowire 

heterostructures with controlled Co content. Figure 0.13G shows the morphological evolution of 

Co3O4 on CuO nanowires. Sample #1B and #2B (Table 0-1) consistent with shortest Co 

sputtering duration of 1 min and 5 min, respectively, resulted in Co3O4 nanoparticles formation 

within a thin film of Co3O4 (< 1-2 nm). Interestingly, sample #1B showed Co3O4 nanoparticle 

decoration at the nanowire tip indicating that surface migration during annealing drove the 

material towards low chemical potential regions of the nanowires (flat tips) [63]. The nanowire 

heterostructures diameter vs. Co sputtering duration after air annealing process showed a linear 

trend (Figure 0.7B, red color fit). Theoretical estimation of this diameter, assuming that all the 

Co on the nanowires completely converted into Co3O4 shell, resulted in a trend (Figure 0.7B, 

blue dotted line) similar to before annealing. Therefore, the experimental observation of the 
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linear trend for CuO-Co3O4 nanowire heterostructures diameter with rate ~2 times faster as 

compared to theoretically calculated diameter suggests that the surface diffusion of the material 

was aided by the incorporation of extra Co content. The contribution of the latter must be 

attributed to the Co present at the roots of the nanowires (or on the substrate). It has been 

previously reported that the chemical potential effects of the nanowire surface as well as surface 

tension and surface charge of Co3O4 at the annealing temperatures play a dominant role. 

Furthermore, they also aid in migration of the material from the flat substrate to the nanowire 

surface when annealed for longer durations. It was observed that Co to Cu ratio (estimated using 

EDX, Figure 0.7) for CuO-Co3O4 nanowire heterostructures increased with Co content 

(sputtering duration) but was lower than non-annealed samples due to the oxidation of Co.  
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Figure 0.14 SEM images of standing CuO-Co3O4 nanowire heterostructures after air annealing of 

CuO-Co nanowire heterostructures (Sample #2A, #7A-13A,Table 0-1) for (A) 5 min, (B) 10 min, 

(C) 20 min, (D) 60 min, (E) 2.5 hrs, (F) 5 hrs, (G) 7.5 hrs, and (H) 10 hrs, respectively (Scale bar: 

200 nm). (I) Schematic representing morphological evolution of Co3O4 on core CuO nanowires 

as a function of air annealing duration. (J) Contour plot showing Co3O4 nanoparticle projection 

area as a function of annealing time and diameter of nanowire heterostructures. (K) Schematic 

illustrating the approach to calculate nanoparticles projection area.  
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Figure 0.15 (A, B) TEM images of sample #9B (5 min sputtering, 20 min annealing). (C, D) 

TEM images of sample #12B (5 min sputtering, 5 hrs annealing). (E, F) TEM images of sample 

#13B (5 min sputtering, 7.5 hrs annealing). All sample fabrication details are given in Table 0-1.  
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Table 0-2 An example data set showing CuO-Co3O4 nanowire heterostructures diameter as a 

function of annealing duration and corresponding Co3O4 projection area as indicated in Figure 

0.14J and K.  

Diameter of nanowires (nm) Annealing duration Projection area (nm2) 
46.97 5 min 860 
46.97 5 min 761.5 
48.42 5 min 1557 
48.42 5 min 1298 
85.98 10 min 5234 
58.01 10 min 5597.9 
63.58 20 min 12157 
64.08 20 min 9543 
73.86 20 min 6583 
75.23 20 min 5412 
54.46 60 min 10510 
58.17 60 min 4620 
66.1 60 min 4104 
55.4 2.5 h 13362 
61.78 2.5 h 10807 
66.76 2.5 h 8728 
83.82 2.5 h 8531.6 
56.16 5 h 17384 
59.35 5 h 15316 
77.46 5 h 7521 
75.48 7.5 h 24940 
81.96 7.5 h 19982 
140 7.5 h 17766 
67 10 h 21885 

79.5 10 h 21750 
86.12 10 h 13425 
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Table 0-3 Average diameter and standard deviation of CuO-Co3O4 nanowire heterostructures for 

different annealing durations. 

Time (min) Average Diameter (nm) Standard Deviation (nm) 

5 77.11 12.19 

10 71.7 12.06 

20 73.82 13.99 

60 72.05 12.71 

150 73.43 10.7 

300 72.59 21.7 

450 73.56 9.11 

600 71.89 10.93 
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Figure 0.14A-H show CuO-Co3O4 nanowire heterostructures after air annealing for 

different durations (Samples #2B, #7B-13B, Table 0-1). The Co sputtering duration for these 

experiments was fixed at 5 min as these conditions resulted in a thin film of Co with embedded 

nanoparticles of the same on CuO nanowires. Thus, the effect of the annealing duration on these 

samples was critical in understanding the interface development and morphological evolution of 

Co3O4 on the CuO nanowires [63]. As the annealing duration was increased (5 min to 10 hrs), 

Co3O4 evolved on CuO nanowires in the form of polycrystalline film coating with several 

faceted nanoparticles (Figure 0.14I and Figure 0.15). Annealing duration was plotted as a 

function of diameter of the nanowire heterostructures and the projection area of Co3O4 

nanoparticles (Figure 0.14J and Table 0-2). The latter implies a 2-D projection, which is a better 

indicator of size and shape of the nanoparticle (Figure 0.14K). The average nanowire diameter 

was estimated only for those regions of nanowires that did not have any faceted nanoparticle 

growth and is observed to be constant, irrespective of the annealing duration (Table 0-3). The 

estimated projection areas of the nanoparticles formed were lower at smaller annealing durations 

(< 2 hrs) than longer durations (Figure 0.14J). Only nanowires with diameters less than ~90 nm 

incorporated the largest possible sizes (or projection areas) of the nanoparticles. The nanowires 

with diameters greater than ~ 90 nm resulted in more uniform nanoparticle sizes after annealing. 

Furthermore, the nanoparticle size tended to stabilize at moderate annealing conditions and with 

larger diameters of nanowires. The formation of larger-sized faceted nanoparticles was also 

enhanced in longer annealing durations (6-10 hrs) and under these conditions smaller nanowire 

diameters (<73 nm) were observed (Table 0-3).  

Several factors must be responsible for the morphological evolution of Co3O4 on CuO 

nanowires in this study. These competing mechanisms include Ostwald’s ripening, 



112 

 

thermodynamic imbalance, surface tension, surface charge, and stresses in the evolving Co3O4 

morphologies. All these could explain the larger size and faceting of the nanoparticles with 

increasing annealing durations. In addition, the self-diffusion of Co (order of 10-5 cm2/sec) and 

Co3O4 (order of 10-12 cm2/sec) was negligibly small [233]. At the annealing temperatures in this 

study and thus, the abovementioned competing mechanisms become more critical to consider. In 

regard to thermodynamic imbalance, solid aggregate vapor pressure of Co3O4 around each 

nanowire must increase with annealing duration, which resulted in non-zero Gibb’s free energy 

(∆G), necessitated change in surface energy of Co3O4, and led to the faceted growth of Co3O4 

nanoparticles [Error! Bookmark not defined. 201]. The particle size further increased with the 

annealing durations due to the intensified Ostwald’s ripening effect. All these combined with 

chemical potential gradient [Error! Bookmark not defined. 201], the process facilitated material 

migration from nanowires (high curvature) towards the base (low curvature) or flat nanowire tips 

and resulted in tapered shape and material accumulation at the nanowire tip (bulb-shape 

morphology, Figure 0.14H). This caused the slight decrease in diameters of nanowires for longer 

annealing durations. The chemical potential gradient accounts for the stress on the oxidizing Co 

film, affecting the morphological evolution of Co3O4 on CuO nanowires. On the other hand, the 

surface charge of Co3O4 is strongly dependent on the surface energy and oxygen content in the 

annealing environment [Error! Bookmark not defined. 201]. With increasing annealing 

duration, greater Co3O4 content and faceted nanoparticles are formed in these nanowire 

heterostructures, which implies greater electrostatic repulsion for the Co3O4 grains due to surface 

charging. Finally, lattice compatibility at the interface of CuO and Co3O4 cannot be ruled out 

[Error! Bookmark not defined. 201,234]. 
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Figure 0.16 (A, B) TEM images of sample #7B (5 min sputtering, 5 min annealing). (C, D) TEM 

images of sample #8B (5 min sputtering, 10 min annealing). (E, F) FFT images corresponding to 

(C) and (D), respectively. (G) Carine crystallography ® generated image showing lattice 

relationship between CuO nanowire and Co3O4 shell. Note: The choice of short annealing 

duration ensured that interfaces are clearly visible. All sample fabrication details are given in 

Table 0-1. 
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Figure 0.17 (A, B) SEM, (C, D, E) TEM images, (F) electron diffraction of Co3O4 nanotubes 

after selective etching of CuO nanowire cores, and (G) HAADF-STEM image of Co3O4 

nanotubes and corresponding (H) EDX line profile. Note: The red line in (G) indicates the line 

profile scan path and the rectangular box indicates the drift correction. Co3O4 nanotubes were 

fabricated by selectively etching CuO nanowires from sample #3B (Table 0-1). 
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Figure 0.18 SEM images of Co3O4 nanotubes after selective etching of CuO nanowires. Note: 

The nanotubes are anchored onto the substrate even after the core CuO nanowire etching. Some 

nanotubes are broken along their lengths. 
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In regard to interfaces, CuO-Co3O4 nanowire heterostructure that were prepared after 

short air annealing durations (< 10 min) were analyzed (Figure 0.16). A good lattice match 

between the CuO and Co3O4 was observed at the interface. The lattice of monoclinic CuO 

nanowires with (200) planes matched well with lattice of (111) planes of spinel Co3O4 (Figure 

0.16C and G) [63]. Moreover for planes other than these, certain extent of lattice mismatch or 

distortion was observed at the interface (Figure 0.16D). This is further confirmed by FFT image 

(Figure 0.16E-F), where the dotted lines connecting diametrically opposite indices correspond to 

CuO (white) and Co3O4 (red). It has been observed earlier that as soon as a good lattice match is 

established during the annealing process, the surface migration of Co3O4 on CuO nanowires is 

severely limited and could be the reason for uniform Co3O4 coating in our study [63].  

To demonstrate that the nanowires were coated uniformly with Co3O4 and this shell is 

polycrystalline, the core CuO nanowires (using sample #3B, Table 0-1) were selectively etched 

in a dilute acid. This resulted in polycrystalline nanotubes of Co3O4 (Figure 0.17). However, 

several of these nanotubes were broken (grain detachment) at multiple locations along the length 

(arrows in Figure 0.17B). This could be due to the non-specific etching, imperfect packing of the 

coated Co3O4 shell, and high centrifuge speed (~6000 rpm) during the cleaning process. The 

average diameter of the Co3O4 (~113.5±23.3 nm) nanotubes was not significantly different from 

the CuO-Co3O4 nanowire heterostructures (~117.8±19.3 nm, sample #3B, Table 0-1). This 

confirms that there were negligible stresses within the Co3O4 coating on the CuO nanowires 

because otherwise, after the selective removal of core CuO nanowires, Co3O4 nanotubes would 

have had a significant diameter reduction or structural collapse. The majority of nanotubes 

remained anchored to the base substrate but bundled near the tip region due to capillary action 

and drying of the etchant solution (Figure 0.18). The shadowing effect by virtue of line-of-sight 
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Co sputter deposition could be clearly seen in the Co3O4 nanotubes, where the shell thickness 

difference between ~ 5-7 nm was observed (Figure 0.17D). Various crystal planes were observed 

(Figure 0.17E and F) for polycrystalline nanotubes with none corresponding to CuO. However, 

high-angle dark-field scanning transmission electron microscopy (HADDF-STEM) mode EDX 

line profiles (0.1 nm probe size) showed minor copper signal indicating that there was negligible 

CuO left at the inner walls of the nanotubes (Figure 0.17G and H). Pure and polycrystalline 

Co3O4 nanotubes would be obtained, if etching process and conditions were precisely controlled. 

This is a subject of further study in the authors’ laboratory.  
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Figure 0.19 (A) Absorbance vs. wavelength spectra for CuO nanowires and CuO-Co3O4 

nanowire heterostructures. (B-H) Tauc plots indicating band gap energies and tailing for the as-

prepared CuO nanowires and samples #1B-6B. Sample fabrication details are given in Table 0-1.  
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Table 0-4 Efficiencies (η) of phenol photodegradation corresponding to illumination source, 

degradation conditions, and type of photocatalyst. The phenol concentration for the 

photodegradation experiments performed in presence of H2O2 (sacrificial agent) was 0.2 mM and 

without H2O2 was 0.1 mM. It is to be noted that catalyst amount to phenol volume ratio was 

maintained constant for all the experiments (~1g/L). Note: The Co3O4 shell thicknesses 

corresponding to various nanowire heterostructures samples (sample # 1B-6B) are provided in 

the first column of this table. It must be noted that sample #1B and #2B have Co3O4 thin film 

morphology of the shell with embedded nanoparticles of the same. 

Sample 
Shell 

thickness 
(nm) 

UV light with H 2O2 
Visible light with 

H2O2 
Visible light 

without H 2O2 

  η 
Normalized 

η 
η 

Normalized 
η 

η 
Normalized 

η 
No catalyst 

with UV 
/ 0.281 0.321 0.028 0.055 0.063 0.093 

CuO 
nanowire 

/ 0.677 0.774 0.428 0.843 0.075 0.111 

Co3O4 
nanotube 

/ 0.766 0.875 0.339 0.667 0.008 0.011 

1B 2.46 0.786 0.898 0.433 0.852 0.136 0.202 

2B 5.60 0.827 0.945 0.436 0.858 0.675 1.000 

3B 24.91 0.747 0.854 0.489 0.963 0.016 0.023 

4B 50.80 0.875 1.000 0.508 1.000 0.016 0.024 

5B 73.00 0.818 0.935 0.398 0.783 0.023 0.034 

6B 129.36 0.822 0.939 0.43 0.846 0.045 0.066 

Dark with 
catalyst 
(CuO 

nanowire) 

/ 0.13 0.149 0.13 0.256 0.015 0.022 
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3.2.3 Band gap energy and phenol photodegradation studies using CuO-Co3O4 nanowire 

heterostructures as photocatalysts 

We evaluated the effects of morphology of CuO-Co3O4 nanowire heterostructures 

(Sample #1B-6B, Table 0-1) on their UV absorption characteristics and band gap energies. 

Multiple absorption edges for the as-produced CuO nanowires [63] and CuO-Co3O4 nanowire 

heterostructures were observed (Figure 0.19). Considering them as indirect band gap 

semiconductors, spectra were converted into Tauc plots (Figure 0.19 B-H) [63], where intercepts 

of the extrapolated linear region(s) on x axis corresponds to the band gap energy. The band gap 

tailing was observed due to the morphology and quantum confinement effects [63]. The as-

produced CuO nanowires exhibited a band gap of ~1.6 eV with a tailing of ~1.25 eV. However, 

careful analysis of absorbance of CuO nanowires also showed edges centered on ~280 nm, ~390 

nm, and ~500 nm (Figure 0.19A) [63]. The former two edges were attributed to the presence of 

CuO and Cu2O thin films, which emerged by virtue of the VS growth mechanism for CuO 

nanowires [206].  

Nanowire heterostructures exhibited band gap energies ranging from 1.1 eV - 3.0 eV 

(Figure 0.19B-G) [165], whereas bulk CuO and Co3O4 systems have band gap energies of ~1.5 

eV, and 2.0 eV, respectively, without any band gap tailing [170]. Absorbance vs. wavelength 

plots showed the development of new absorption edges in UV and visible range for each of the 

nanowire heterostructures sample (Figure 0.19A). Amongst all the samples, strongest edges 

emerged in samples #4B and #2B, with Co3O4 as thick polycrystalline shell (Figure 0.13D, shell 

thickness ~50.8 nm in) in the former and nanoparticles embedded in thin film (shell thickness 

~5.6 nm in Table 0-4) in the latter (Figure 0.13B and Figure 0.14H). The average size of the 

embedded nanoparticles was observed to be ~154.7+-16.9 nm. Interestingly, sample #2B 



121 

 

exhibited more discrete band gap tailing (Figure 0.19C-D) as compared to polycrystalline shell 

morphologies (Figure 0.19D-H). The former could also be attributed to interfacial charge transfer 

processes associated with O2- to Co2+ or Co3+ transitions coupled with core CuO nanowires [235]. 

Band gap energy of the nanoparticles is inversely proportional to their size [236]. For example, 

~5.7 nm and ~47 nm diameter Co3O4 nanoparticles exhibited band gap energy of ~1.82 eV and 

1.38 eV, respectively [237]. In addition, it has been demonstrated earlier that incorporation of 

Co3O4 nanoparticles on other inorganic nanoparticles and nanowires resulted in increases in their 

light absorption due to the narrow band gap of Co3O4 nanoparticles [238]. These arguments 

clearly support and explain discrete and narrow band gap energy and tailings observed for 

sample #2B (Figure 0.19D) having CuO nanowires coated with Co3O4 thin shell and embedded 

nanoparticles. On the other hand, in case of thicker and polycrystalline Co3O4 shells, the Co3O4 

grain size was most optimized for sample #4B and resulted in narrow band gap energy and 

tailings (Figure 0.19F). However, broadening of band gap energies were observed for samples 

#5B and #6B, which had very thick (> 70 nm) and polycrystalline Co3O4 shells. These shells 

could also be considered as comprising of aggregated or coalesced particles [237,238] of Co3O4 

and the reason for the band gap broadening and greater extent of band gap tailing. Overall, the 

shift of absorption edges (Figure 0.19A) as compared to bulk Co3O4 edges was observed due to 

heterostructuring and nanostructuring of CuO and Co3O4 system, morphology of Co3O4, and 

interfacial relationships between the core nanowire and the coated Co3O4 [238]. It is anticipated 

that these nanowire heterostructures will be multi-wavelength photoactive from UV to visible 

range.  
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Figure 0.20 Phenol photodegradation (conversion ratio) using CuO-Co3O4 nanowire 

heterostructures (Sample 1B-6B, Table 0-1) as a function of reaction time under (A) UV 

illumination (λ ~254 nm) and a sacrificial agent (H2O2), (B) visible light illumination (λ ~580 nm) 

and H2O2, and (C) visible light illumination (λ ~580 nm) and without H2O2.  
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Figure 0.21 (A) Comparison of phenol photodegradation efficiency (η) for different samples and 

reaction conditions, (B) schematic illustration of band gap energies of CuO-Co3O4 nanowire 

heterostructures and the proposed charge transfer or separation mechanism, and (C) possible 

chemical reactions for photodegradation with and without H2O2. Note: The schematic in (C) on 

the left corresponds to sample #2B and on the right is consistent with sample #4B.  
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Figure 0.22 Phenol photodegradation kinetics study. (a) First order kinetics (linear fitting) of 

photodegradation behavior for various photocatalysts and rate constants (b). Note: This data is 

obtained from Figure 0.20B and the photodegradation reaction was performed under visible 

illumination with H2O2. 
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 Table 0-5 Data set showing the fitted equations for the photodegradation kinetics corresponding 

to different photocatalysts and control conditions. First order chemical reaction kinetics is 

observed here.  

Sample 0~2 hours 3~6 hours 

 Fitted equation R2 Fitted equation R2 

No catalyst 

with UV 
y=-0.01x-8.52 1.000 y=-8.54x 1.000 

CuO nanowire y=-0.19x-8.52 0.997 y=-0.053x-8.76 0.978 

Co3O4 

nanotube 
y=-0.18x-8.51 0.996 y=-0.007x-8.89 0.400 

1B y=-0.22x-8.52 1.000 y=-0.035x-8.871 0.957 

2B y=-0.22x-8.56 0.786 y=-.036x-8.870 0.847 

3B y=-0.23x-8.57 0.717 y=-0.057x-8.847 0.995 

4B y=-0.24x-8.58 0.617 y=-0.063x-8.849 0.950 

5B y=-0.20x-8.56 0.733 y=-0.035x-8.820 0.987 

6B y=-0.19-8.57 0.631 y=-0.041-8.832 0.965 

Dark with 

catalyst 
y=-0.08x-8.52 0.993 y=-8.56 1.000 
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Phenol photodegradation in water using UV and visible light was conducted for the 

nanowire heterostructures (Samples #1B-6B, Table 0-1), as-produced CuO nanowires, and Co3O4 

nanotubes (Figure 0.17). The experiments were divided into three different sets based on 

illumination and degradation conditions: 1) under UV light (λ ~254 nm) with sacrificial agent 

(H2O2), 2) under visible light (λ ~580 nm) with H2O2, and 3) under visible light (λ ~580 nm) 

without H2O2. Four kinds of control experiments for photodegradation of phenol were performed: 

a) with catalyst (CuO nanowires) in dark and with or without H2O2, b) without any catalyst in 

UV light and with H2O2, c) without any catalyst in visible light and with or without H2O2, and d) 

with Co3O4 nanotubes under UV or visible light and with or without H2O2. Highest 

photodegradation efficiencies (η) were observed for UV illumination and in presence of H2O2 

(Figure 0.21A and Table 0-4). The photodegradation was observed to be rapid in case of UV 

illumination with H2O2 (Figure 0.20A) and slowest in visible light illumination with or without 

H2O2 (Figure 0.20B-C). This is also consistent with the absorbance behavior of the samples, 

which showed greater activity in UV region than in visible. Under UV illumination, phenol 

degradation without catalyst but with H2O2 was ~10 times higher (η ~28.1%) than in the case of 

visible light with or without H2O2 (Table 0-4). Without illumination and using CuO nanowires as 

catalysts, η was ~13%, in presence of H2O2 and was ~1.5% in the absence of H2O2, which 

indicates that phenol can self-degrade in the dark with the aid of H2O2. Using CuO nanowires as 

photocatalysts, it was possible to obtain η ~67.6%, ~42.8%, and ~8.9% with UV illumination and 

H2O2, visible illumination and H2O2, and visible illumination without H2O2, respectively. In 

regard to Co3O4 nanotubes, these efficiencies (Table 0-4) were increased (76.6%) in case of UV 

illumination with H2O2 degradation but decreased (~33.9%) for visible illumination with H2O2, 

and further to ~2.2% for visible illumination without H2O2. Thus, Co3O4 alone has low 
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photodegradation ability in visible light and necessitates a sacrificial agent to achieve higher η. 

CuO-Co3O4 nanowire heterostructures showed improved η as compared to control 

samples (Figure 0.20A-C). Table 0-4 shows the Co3O4 shell thickness corresponding to various 

nanowire heterostructure samples. For UV illumination with H2O2, η was greater than ~75% for 

all the samples during 30 min of degradation reaction, implying that the heterostructures’ 

photodegradation performance is better under these conditions. Sample #4B showed highest η 

(~87%) for UV illumination with H2O2, and this trend was followed (η ~50.8%) in visible 

illumination with H2O2. Notably, visible illumination without H2O2 showed anomalous 

photodegradation behavior for sample #2B (η ~69.6%) as compared to the other samples, where 

η never surpassed ~14% (Table 0-4). Sample #4B showed significantly low η (~1.6%) without 

H2O2, which indicated a strong dependence of the performance on the presence of H2O2. The 

dependence of η on the Co content is shown in Figure 0.21A, which also suggests that controlled 

nanowire heterostructure morphology can result in simple and non-contaminated 

photodegradation scheme that could eliminate the need of a sacrificial agent. A previous report 

on Co3O4 nanoparticles coated BiVO4 particles evaluated the role of Co content [238]. It was 

observed that the high Co content resulted in aggregated Co3O4 nanoparticles after calcination 

process, which significantly lowered the photocatalytic activity of the composite nanopowders 

[238]. This argument is relevant to the CuO-Co3O4 nanowire heterostructures with thicker Co3O4 

shells (Sample #4B, #5B, and #6B) in our study. This combined with our explanation of the 

broadening of band gaps (Figure 0.19G and H) explains why these samples showed high activity 

only under UV illumination and in the presence of sacrificial agent (H2O2). 

Consistent with our band gap energy results based on the Tauc plots (Figure 0.19), it 

could be clearly observed that nanowire heterostructures (Sample #2B and #4B) with narrow 
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band gap energies and tailings resulted in best photodegradation performance. A thick 

polycrystalline shell of Co3O4 on CuO nanowires (e.g., sample #4B, critical shell thickness ~50.8 

nm) made the latter optically opaque to incident light and resulted in charge transfer processes 

dominated by Co3O4. The visible light may not provide enough energy for suppressing the 

charge recombination and scattering due to Co3O4 shell thickness/polycrystallinity and could be 

the reason for the need of a sacrificial agent (H2O2) to achieve higher η for sample #4B. On the 

other hand, when the Co3O4 shell was very thin (e.g., sample #2B, critical shell thickness ~5.6 

nm) with nanoparticles embedded within, the following are proposed: 1) core CuO nanowires 

were also photoactive along with Co3O4 shell, 2) the narrow band gap due to embedded Co3O4 

nanoparticles within the shell allowed for greater light absorption, and 3) the above two aspects 

led to a rapid charge transfer at the interface between Co3O4 and CuO. Thus, with active 

interfaces and thin shell assisting in reduced charge scattering, the sample #2B is excited with 

visible light without H2O2 and resulted in charge carrier generation with less scattering and rapid 

separation, both responsible for higher η (~67.5%). However, this η was still lower than when the 

UV illumination was supplemented with H2O2. It must be noted that there exists a good lattice 

match between the CuO nanowire and Co3O4 shell at the interface of the nanowire 

heterostructures (Figure 0.16). However, in case of nanowire heterostructures with thick Co3O4 

shell, in addition to the good interfacial lattice relationship and assuming that charge transfer is 

occurring at the interface, the generated charge carriers will still undergo scattering and 

recombination in the thick Co3O4 shell. So, in regard to photodegradation using nanowire 

heterostructures comprised of thick Co3O4 shell, the dominant role must be played by Co3O4 

necessitating the use of sacrificial agent to aid in charge separation process.  

To explain these aspects, the band gap diagrams and electron-hole separation and 
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recombination in both the components (CuO and Co3O4) were analyzed. Considering that CuO 

has an average band gap energy of ~1.35 eV, it could exhibit transitions from valence band 

and/or from O2- band to conduction band. The latter is consistent with band gap energy of ~3.25 

eV [239]. For Co3O4, transitions from O2- to Co3+ and/or Co2+ are known with average band gaps 

of ~1.5 eV and ~2.0 eV [235]. By aligning the O2- band edge in CuO and Co3O4, relative band 

edge positions of CuO and Co3O4 were determined and a combined band energy diagram for 

CuO-Co3O4 nanowire heterostructures was derived in Figure 0.21. The interaction of 

semiconducting oxide components under illumination and H2O2 generated electron-hole pairs 

which assisted in carrying out phenol photodegradation (Figure 0.21C). These electrons and 

holes have a greater tendency to combine rather than participate in photochemical reaction in 

case of thick polycrystalline Co3O4 shell necessitating the use of H2O2 to achieve phenol 

photodegradation (Figure 0.21B, schematic on the right). It is proposed here that O2- to 

Co2+/Co3+ transitions were more dominant in samples with thick polycrystalline Co3O4 shell. 

This is also true as we observed that Co3O4 nanotubes showed comparable photocatalytic 

efficiencies with sample #4B (Table 0-4). On the other hand, the morphology of sample #2B has 

more active interfaces, where O2- to Co2+ transitions (within the Co3O4 shell and embedded 

nanoparticles) and CuO photoactivity couple together to result in anomalously high η (Figure 

0.21B, schematic on the left). Since the conduction band of Co3O4 (Co2+) is slightly higher than 

valence band of CuO, it is possible that, after illumination, this could effectively extend the 

lifetime of electrons in CuO and holes in Co3O4, which greatly increased the η.  

The degradation conditions of visible light illumination with H2O2 were selected further 

for photodegradation kinetics (Figure 0.22). A first order kinetics was observed as shown by 

linear relationship between lnC and t (‘C’ is the phenol concentration at time ‘t’, Figure 0.22A 
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and Table 0-5) [ 240 ]. For control as well as nanowire heterostructure samples, the 

photodegradation process was much faster (~20 to 50 times, Figure 0.22B) in the first 2 hrs and 

slowed down for the next 4 hrs. Considering only a small amount (0.02 mM, 12 µL) of sacrificial 

agent (H2O2) was added, the sharp decrease resulted from the depletion of H2O2, which assisted 

in absorbing photogenerated electrons and suppressed the recombination process [241]. Thus, it 

is necessary to divide the photodegradation process under these conditions into two parts; one 

between 0 to 2 hrs and other between 3 to 6 hrs. The region between 2 to 3 hrs could be 

considered as the transition zone, where H2O2 is nearly finished. The rate constants of reactions 

using different photocatalysts were compared in Figure 0.22B and showed that the nanowire 

heterostructures displayed better performance (with sample #4B ranking highest) than individual 

components (CuO nanowires and Co3O4 nanotubes).  

3.3 Conclusions 

Novel CuO-Co3O4 nanowire heterostructures were successfully fabricated in a dry 

processing route in a line-of-sight sputter deposition of Co onto standing CuO nanowires and 

subsequent thermal annealing. Three-fold fundamental understanding was developed in this 

study. In the first part of the study, morphological evolution, deposition kinetics, and 

nanomechanical aspects of the CuO-Co nanowire heterostructures were studied. The diameter of 

CuO-Co nanowire heterostructures showed a linear trend in the initial 10 min (Stranski-

Krastanov mode) and a quadratic fit beyond. The latter was attributed to low Co diffusion on the 

columnar grain surface because of kinetic roughening. Theoretical analysis revealed that the 

alignment of nanowire and Co surface migration played a dominant role in uniformly coating the 

CuO nanowires. Microscopic observation and FEM analysis proved that the vertical alignment of 

nanowires was critical for minimizing the von Mises equivalent stress distributions, bending of 
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nanowires, and self-shadowing effects. In the second part of the study, air annealing of CuO-Co 

nanowire heterostructures resulted in Co3O4 with different morphologies (from nanoparticles to 

polycrystalline shells) and controlled interfaces. This was studied as a function of sputtering and 

air annealing duration. Heterostructures remained standing on the substrate and faceted 

nanoparticles or islands of Co3O4 evolved with prolonged annealing. Core CuO nanowires were 

then selectively etched to result in polycrystalline Co3O4 nanotubes, which also confirmed 

uniform polycrystalline Co3O4 shell. In the third and final part of the study, standing CuO-Co3O4 

nanowire heterostructures exhibited multiple absorption edges (UV to visible range) and band 

gap energies ranging from ~1.1 eV to 3.0 eV. Photodegradation of phenol as a function of 

heterostructure morphology and composition, illumination wavelength, and presence/absence of 

sacrificial agent (H2O2) was studied. A thick polycrystalline Co3O4 shell (~50 nm) on CuO 

nanowires showed optimized photodegradation behavior (η ~50-90%) in a low-powered (8 W) 

UV or visible light illumination with H2O2. However, CuO nanowires coated with thin (< 10 nm) 

Co3O4 shell with embedded nanoparticles showed an anomalously high η (~67.5%) under visible 

light without H2O2. It is, therefore, proposed that the morphology and interfaces of CuO-Co3O4 

nanowire heterostructures strongly affect charge transfer or separation mechanisms allowing 

modulation of their photodegradation performance. Such unique nanowire heterostructures 

reflect the potential of these oxides with well-controlled morphologies as universal 

photocatalysts. 
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CHAPTER 4    
 
APPLICATION OF TAGUCHI METHOD IN OPTIMIZATION OF CARBON NANOTUBES 

GROWTH BY CHEMICAL VAPOR DEPOSITION 

 
Carbon nanotubes (CNTs) could be considered as layers of graphene sheets rolling in 

concentric cylinder shape. Depending on numbers of graphene layers, CNTs were categorized 

into single walled (SWCNT) and multi-walled carbon nanotubes (MWCNT). Since the first 

discovery by Iijima et al. in 1991 [242], CNTs have been extensively studied because of their 

unique mechanical, electrical, optical, chemical characteristics. Their applications in high 

strength composite materials [243], clean energy conversion and storage (solar cell [244], 

hydrogen storage [245], supercapacitor [246]), micro- and nano- electromechanical system [247], 

fast-response-low-detecting-limit sensors [248], biomedical devices for transporting fluids and 

performing optical and electrochemical diagnostics [249 ] have been developed. Numerous 

techniques have been developed to grow CNTs such as arc-charge [250], laser-ablation [251], 

and chemical vapor deposition (CVD) [252]. Among these, CVD, a technique where liquid or 

vaporized carbon source pyrolyzed at high temperature in the presence of transition metal 

catalysts (Ni [253], Co [254], Fe nanoparticles [255]) has many merits compared with others. (1) 

CVD is usually conducted at relatively decent temperature and produce products with less 

impurity. Although CVD process utilized metal nanoparticles as catalyst which become 

impurities in CNTs, impurities of CNTs by CVD is negligible and acceptable because of its 

limited amount and simple removal by post treatments (acid or water plasma oxidation [129]),. 
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(2) It has the capability to fabricate well-aligned [129], site-selective and length/diameter 

controllable CNTs [256], which is crucial for integration of CNTs for developing, fabricating and 

assembling nanoscale architectures and devices [257]. (3) Doping of carbon nanotubes could be 

easily achieved by introducing dopant gas [258] and properties could be manipulated based on 

type and concentration of dopants.   

In general, growth of CNTs by CVD was carried out inside a chamber at controlled 

atmosphere and suitable temperature with or without substrates (floating catalyst). If substrates 

were utilized, pre-synthesized nanoparticles or precursors for formation of nanoparticles were 

usually dispersed onto substrates. The growth process was initiated by decomposition of solid 

carbon sources preloaded inside chamber at high temperature, or injection of liquid carbon 

sources (Ethanol, Pyridine, Benzene, and Xylene) as well as gas carbon sources (C2H2, CH4). 

Carbon sources pyrolyze at the surface of nanoparticles catalysts based on catalytic effects of 

nanoparticles toward cracking of hydrocarbons, dissolve in nanoparticles until full saturation, 

and then precipitate as CNTs. Other enhancement procedures such as water vapor injection [259], 

plasma [260], and microwave [261] were frequently used to produce high quality CNTs at lower 

temperatures.  

It is well known that chemical vapor deposition involved with multiple important 

parameters, such as types of catalysts and carbon source, atmosphere, reaction temperature and 

feed temperature (if organometallic compound was used). Thus, for this multi-parameters 

controlled process, it is very critical to achieve an optimal state in order to produce high quality 

CNTs, and even other carbon nanostructures. On the other hands, optimal conditions might vary 

for different catalysts due to differences of carbon solubility, eutectic point, and catalytic effect 

for various catalysts. Enormous efforts and numbers of operations have to be performed if 
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combinations of all factors were considered. However, suitable statistical methods, which 

involve rational combination of various factors, could be utilized to significantly reduce the 

amount of work and quickly determine the optimal conditions. Taguchi method has been 

developed for evaluate different parameters on synthesis of ZnO, Ag, and TiO2 nanoparticles 

[ 262 , 263 ]. This method could optimize synthesis process and could determine the most 

important parameters in a highly efficient manner [264,265]. In this paper, we demonstrate the 

application of Taguchi method for optimization of CNTs growth by considering reaction 

temperature, type of catalysts, H2 concentration, tip temperatures of hydrocarbon, and location of 

substrates in the quartz tube. Besides the optimal conditions from Taguchi method, in-depth 

understanding about effects of hydrogen concentration, and nitrogen doping for carbon 

nanotubes growth are also important and rarely studied. Hydrogen works as oxygen scavenger, 

maintains reducing atmosphere and assists breaking-down of large hydrocarbon molecules into 

CH4 or other shorter-chain molecules. Nevertheless, the threshold hydrogen concentration for 

carbon nanotubes growth and effect of concentration on quality of nanotubes remain elusive. On 

the other hand, doping of carbon nanotubes is crucial for the modification of electronic 

properties of carbon nanotubes and as-received properties. Here we also considered to the effect 

of different nitrogen sources on the final quality of nitrogen doped carbon nanotubes.  

4.1 Experimental procedures 

4.1.1 Materials 

Ferrocene (Fe(C5H5)2 ,98%) was purchased from Sigmaaldrich (St. Louis, MO). Cobalt 

nitrate hexahydrate (Co(NO3)2·6H2O) and Cobalt acetate (Co(C2H3O2)2) were obtained from Alfa 

Aesar (Ward Hill, MA). Methanol (99%) was bought from Acros Organics (Springfield, NJ). 

Reagent Alcohol was purchased from VWR international (West Chester, PA). Imidazole was 
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purchased from TCI America (Tokyo, Japan).  
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Figure 0.1 (A) Schematics of chemical vapor deposition furnace for carbon nanotubes growth, (B) 

temperature profiles of furnace heated at different temperatures. 

 

A 
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Table 0-1 The range of five process parameters. 

Parameters Levels (1-2-3-4) 

Catalyst NiFe film-Cobalt acetate-Cobalt Nitrate-Ferrocene 

Main zone temprature (oC) 500-600-700-800 

H2 concentration (vol %) 5-10-15-20 

Tip temprature (oC) 150-185-220-250 

Location 1-2-3-4 
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Table 0-2 Parametric table for Taguchi method and its evaluation. The numbers (1-4) for 

different parameters are corresponding to Table 0-1. Evaluated of CNTs quality is based on SEM. 

TEM and Raman spectra ranging from 100 (the best from this study) to 1 (the worst). 

 

# Catalyst 
Main zone 

Temperature 
H2 

concentration 
Tip 

Temperature 
Location Ranking Evaluation 

1 1 1 1 1 1 16 1 

2 1 2 2 2 2 15 1 

3 1 3 3 3 3 9 40 

4 1 4 4 4 4 10 40 

5 2 1 2 3 4 5 70 

6 2 2 1 4 3 11 30 

7 2 3 4 1 2 12 30 

8 2 4 3 2 1 3 80 

9 3 1 3 4 2 7 50 

10 3 2 4 3 1 13 20 

11 3 3 1 2 4 14 20 

12 3 4 2 1 3 4 70 

13 4 1 4 2 3 8 50 

14 4 2 3 1 4 6 50 

15 4 3 2 4 1 2 80 

16 4 4 1 3 2 1 100 
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Table 0-3 Parametric table for effect of H2 concentration. 

# of run 
Main zone 

Temperature (oC) 

H2 composition 

(%) 

Tip Temperature 

(oC) 
Location 

17 675 1.0 220 Center 

18 675 2.0 220 Center 

19 675 5.0 220 Center 
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Table 0-4 Nitrogen doped carbon nanotubes prepared using different nitrogen source. 

# of 

run 

Main zone 

Temperature 

(oC) 

H2 

composition 

(%) 

Tip 

Temperature 

(oC) 

Location 
Feed 

source 

20 675 10.0 220 Center Pyridine/Ferrocene 

21 675 10.0 220 Center Imidazole/Ethanol/Ferrocene 

22 675 10.0 220 Center Imidazole/Methanol/Ferrocene 



142 

 

4.1.2 Configuration of carbon nanotube chemical vapor deposition furnace 

A chemical vapor deposition furnace configured for carbon nanotubes were built by 

authors. The detailed parts and schematic were demonstrated in Figure 0.1. Usually, steps for 

carbon nanotubes growth were carried out as the followings. Substrates (quartz slide or silicon 

wafer) were cleaned with acetone and DI water by ultrasonication for 10 min each, and then 

placed inside cleaned quartz tube (3” in diameter and 70” in length) at desired location. After that, 

temperature prolife of 3-zone furnace (Lindburg/Blue M) was programmed by temperature 

controller. The furnace was heated to the anticipated temperature under 0.5 SLM Ar gas as 

protection. When the temperature arrived at the set one, Ar gas was increased to needed based on 

the hydrogen concentration (Table 0-1 and Table 0-2). Then, liquid feed source was propelled at 

45 mL/h for 3 min. After that, immediately reduce the feed speed to 1mL/h and turn on the H2/Ar 

mixture. Typically, reaction last for 2 hours and the furnace was cooled down at 0.5 SLM Ar 

until temperature dropped to below 200 oC.  

4.1.3 Taguchi method 

Taguchi table was generated using MiniTab® 15 software by considering 5 different 

parameters (Catalyst, Main zone temperature, H2 concentration, Tip temperature and location). 

Four different catalysts (100 nm Ni-Fe film, Spin coated cobalt acetate, Spin coated cobalt nitrate 

and Ferrocene) were selected and marked as 1, 2, 3, 4 as shown in Table 0-1. Ni-Fe thin film was 

prepared by sputtering at 100 W, 3 mTorr using a DC sputtering system. The thickness of film 

was determined by Veeco profilometer. For spin coated sample, Cobalt acetate and nitrate were 

dissolved in methanol with 0.1 mol/L concentration. Then solution was dropped on pre-cleaned 

silicon wafer and spin at 3000 rpm for 20 s. The spin-coating process was repeated for 3 times to 

increase the spatial density. Ferrocence was directly dissolved into Xylene at 0.75% Fe:C ratio. 
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H2 concentration was tuned by changing ratio between Ar and H2 gases. Tip temperature was 

manipulated by moving the hanging steel feed tip toward and outward the heating zone. The 

center heating zone was divided into 4 sections and each labeled as 1, 2, 3, and 4 from gas 

upstream to downstream. In order to minimize the contamination from last set sample, each time 

quartz tube of CVD reactor was carefully cleaned and baked at 675 °C for at least 1 hour.  

4.1.4 Effects of low H2 concentration on CNTs growth 

The concentration of H2 will essentially decide the quality of as-prepared carbon 

nanotube. In order to understand the effect of H2 concentration and figure out the minimal H2 

concentration for as-built furnace, a set of experiments which using Ferrocene and Xylene as 

catalysts and carbon source respectively were conducted (listed in Table 0-3).  

4.1.5 Growth of nitrogen doped CNTs 

By doping carbon nanotubes with nitrogen, hexagon carbon rings were modified into 

pentagon and heptagon thus CNTs could possess novel and enhanced properties. In this report, 

nitrogen doping was performed by using nitrogen-containing chemicals (Pyridine, Imidazole) as 

shown in Table 0-4. For # 22, Ferrocene was directly dissolved into Imidazole+Enthanol solution, 

while for #23, Ferrocene was spin-coated onto quartz slide. For Nitrogen doping experiments, 

C:N ratios were set at 5:1 as the same in pristine Pyridine (C5H5N).  

4.1.6 Characterization 

As-prepared carbon nanotube samples were thoroughly characterized by SEM (JEOL-

7000, 20 kV) and TEM (TECNAI 200 kV). For vertical aligned sample on insulated quartz, a 

thin layer of Au was sputtered at 25 mA in a gold sputtering chamber for 15 seconds. Raman 

spectra were collected using Bruker Senterra Raman system equipped with a 785 nm laser. Laser 

power and integration time were set as 10 mW and 10 s to minimize the damage of carbon 
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nanotubes. All spectra were collected using 100 X lens and 50 µm aperture. XPS spectra were 

gathered by Kratos Axis 165 with Al mono-gun (10 mA, 12 kV, hν = 1486.7 eV). Double sided 

copper tape was stick to the substrate with carbon nanotubes and then slowly peeled off. The tape 

was turned upside down and stick to a conductive sample holder secured with a grounded copper 

bolt. Before data collection, XPS chamber was pumped down to below 10−8 Pa. Pass energy of 

the detector was set at 160 eV. The analysis spot was set as “Slot” with >20 µm aperture size and 

19.05 mm Iris setting. For survey spectra, step energy (eV), dwell time, and number of sweeps 

were set at 1 eV, 100 ms, and 1, respectively. For individual elemental spectrum (C 1s and N 1s), 

step eV, dwell time, and sweeps were set as 0.1 eV, 100 ms, and 3, respectively.  

4.2 Results and discussion 

Since the reveal of its superior properties and potential applications supported by 

theoretical prediction and preliminary experimental results, carbon nanotubes received enormous 

attention for fundamental understanding of this unique structure and technological consideration 

as building blocks for next generation miniaturized devices. Nevertheless, for nanotubes with 

different rolling vector, numbers of graphene walls, and degree of doping, properties such as 

electric conductivity could greatly diverge. Thus, one of the biggest obstacles for wide utilization 

of carbon nanotubes is to synthesize carbon nanotubes with desired configurations and expected 

properties. Another aspect is to grow carbon nanotubes selectively in pre-defined location, which 

is helpful for direct integration of carbon nanotubes into electrical circuit or even 3-D 

architecture. All above-mentioned points necessitate fundamentally understanding of growth 

process, identifying the influence of different parameters, and then optimizing the synthesized 

carbon nanotubes. In this paper, we utilized a statistical method for optimization of a home-built 

CVD furnace. This unique approach could allow the analysis of the most dominating parameters 
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and their optimal values. Based on the preliminary data, we can also predict the possible results 

for other conditions and plot a ternary diagram showing the effects of three parameters. Besides, 

we also considered the effect of low hydrogen concentration and doping nitrogen source for the 

morphologies of carbon nanotubes. This leads to the understanding of carbon nanotubes/fibers 

synthesized at extremely low hydrogen concentration and with nitrogen-containing molecules.    

Understanding the structure and properties of carbon nanotubes requires various 

characterizations. TEM characterization was firstly performed in this study. It is clearly 

demonstrated that different catalysts will result into different types of carbon materials. Thus, in 

this paper, we initially categorized all experiments at types of catalysts. Four different catalysts 

(Ni-Fe thin film, cobalt nitrate, cobalt acetate and ferrocence) were selected. It can be easily seen 

that all four catalysts involved with transition metals, which have proper catalytic effects for 

CNTs growth due to eutectic point formed in metal-carbon phase diagram. Ni and Fe were both 

demonstrated for carbon nanotube growth [253,255]. While for cobalt nitrate, cobalt acetate and 

Ferrocene, high temperature annealing in hydrogen could generate proper cobalt/iron 

nanoparticles according to the following chemical reaction equations[63,266,267], which could 

catalyze growth of carbon nanotubes.  

(1)  Co(NO3)2→CoOx+N2O6-x 

(2)  CoOx+xH2 → Co+xH2O 

(3)  Co(CH3COO)2·4H2O → Co(CH3COO)2+4H2O 

(4)  Co(CH3COO)2+H2O→Co(OH)(CH3COO)+ CH3COOH 

(5)  Co(OH)(CH3COO) → 0.5CoO+0.5CoCO3 +0.5H2O+0.5CH3COCH3 

(6)  CoO+H2 → Co+H2O 

(7)  CoCO3+H2 → Co+H2O+CO2 
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(8)  Fe(C5H5)2 → Fe+2C5H5 

4.2.1 Ni-Fe thin film as catalyst  

For the first group of experiments, Ni-Fe film was utilized for carbon nanotubes. It can be 

seen from Table 0-2 that hydrogen concentration and temperature increased from #1 to #4. 

However, we cannot obtain TEM images for #1. After reaction, there was no deposition form on 

substrate, only a shining yellowish thin film, which tightly sticks to the silicon wafer, was 

formed. This is reasonable by considering unfavorable growth conditions of both low 

temperature and low hydrogen concentration. With the increase of temperature and hydrogen, 

there are some amorphous carbon deposition on substrate as indicated in Figure 0.2A and B. 

When the hydrogen and temperature increased to 15% and 700 °C, some carbon nanotubes 

emerged (Figure 0.2C). Nevertheless, from TEM images (Figure 0.2D and 2E) and SEM image 

(Figure 0.2F), graphene shell encapsulated nanoparticles predominated in the sample. From 

contrast in SEM image (Figure 0.2F), it can be seen that the thickness of graphene shell could be 

as thick as ~200 nm. However, the further increasing of temperature and hydrogen could be 

harmful. From Figure 0.2H, 2I and 2J, even though some short CNTs were found (indicated by 

arrows in Figure 0.2J), TEM images showed the formation of graphene layers on Ni-Fe thin film. 

The aggregation of sheets in Figure 0.2H could be arising from scratching of TEM grids on 

substrate.  
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Figure 0.2 TEM and SEM images of samples using Ni-Fe film (NF) as catalysts. (A-B) sample 

#2, (C-F) sample #3, (H-J) sample #4. 
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4.2.2 Cobalt acetate as catalysts 

From Figure 0.3, it is clear that only #5 and #8 will result into carbon nanotubes with 

good qualities. When referred to Table 0-2, the conclusion is for cobalt acetate, 500 °C and 10% 

H2 could be sufficient to synthesize carbon nanotubes. However, for #6 and #7, only similar 

core-shell nanoparticles were formed. The comparison between them will produce several 

conclusions: (1) at different temperature, requirement of hydrogen concentration could be 

different for the formation of carbon nanotubes when cobalt acetate is utilized as catalyst. (2) 

When hydrogen concentration is low (#6), only core-shell nanoparticles could formed even at 

high temperature; (3) higher hydrogen concentration (#7) could have a negative effect on growth.  

4.2.3 Cobalt nitrate as catalysts 

When cobalt nitrate was utilized as catalysts, although there was some 1-D 

nanostructures formed for #9, most of nanostructures do not have well defined tubular structures. 

Graphene sheets stacked at layer by layer along the growth direction, which could only be 

categorized at nanofibers. Moreover, the interplanar distance is around 0.41 nm (Figure 0.4B), 

which is larger than the common c-axis interplanar distance (0.34 nm) and indicates the low 

quality of graphitic structure. For #10, similar as #9, nanoparticles were partially covered with 

graphene sheets. Carbon nanotubes were formed only at high temperature (800 °C) for #12. Even 

so, there are still large amount of aggregated nanoparticles as shown in Figure 0.4I. Another 

interesting thing is around these aggregated nanoparticles, there are some spiral nanotubes 

(Figure 0.4I inset). Overall, it is obvious cobalt nitrate is not as good as acetate for carbon 

nanotubes growth. This could be from the fact that there is some carbon in acetate, which could 

help deposit carbon on the surface of catalyst, and catalyze CNTs growth later. 
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Figure 0.3 TEM and SEM images of samples using cobalt acetate (CA) as catalysts. (A-B) 

sample #5, (C-E) sample #6, (F-G) sample #7, (H-J) sample #8. 
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Figure 0.4 TEM and SEM images of samples using cobalt nitrate (CN) as catalysts. (A-C) 

sample #9, (D-F) sample #10, (G-I) sample #12. Inset of I shows a spiral CNT. 
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4.2.4 Fe nanoparticles from Ferrocene as catalyst 

Ferrocene was widely used as catalyst for carbon nanotube growth [252] because of its 

suitable decomposition temperature and decent vapor pressure. There are some results showing 

that pure ferrocence could only result into carbon coated iron nanoparticles because of 

unfavorable C/Fe ratio [ 268 ]. When assisted with extra carbon sources (xylenes [252], 

anthracene [268], etc), vaporized Ferrocene could decompose at high temperature to form highly 

active Fe nanoparticles, which later could act as the catalytic spots for large amount, aligned 

carbon nanotubes [252]. For carbon nanotubes synthesis involved with Ferrocene, there are 

several competing steps. (1) Ferrocene must inject into chamber at right temperature (tip 

temperature), which could result into iron nanoparticles with uniform size and controlled 

morphology. (2) Temperature of the main zone should be decent, where pyrolysis of hydrocarbon 

(xylenes) could happen at proper rate. (3) Hydrogen concentration should be high enough to 

scavenge residual O2 and assisted the breaking down of xylenes into small molecules while low 

enough not to etch carbon nanotubes. With all above points, several conclusions could be derived 

from observation of TEM images. For #13(Figure 0.5A-C), even though there are some carbon 

nanotubes, graphene shell coated nanoparticles predominated. This could be from the low 

temperature, where decomposition rate of xylenes is not high enough, and high H2 concentration, 

which heavily etched graphitic shells. As for #14, TEM images indicated that there are both core-

shell nanoparticles and some short nanotubes. Compared with #13, it is clear that more 

nanotubes were formed. However, there are many big aggregated Fe nanoparticles (Figure 0.5E), 

which is from the low tip temperature. When comes to #15, there are large number of nanotubes 

coupled with hollow graphene sphere. It has been widely reported the formation of hollow 

graphene sphere resulted from the migration of metal nanoparticles from ruptured graphene shell 
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[269]. It is possible that small diameter Fe nanoparticles were formed because of high tip 

temperature. For #16, uniform diameter nanotubes were synthesized at high temperature and low 

hydrogen concentration.  

4.2.5 Raman spectra analysis 

Raman spectra were collected for all samples. Typically, there are three peaks centered at 

1312 cm-1, 1581 cm-1, and 2623 cm-1 as shown in Figure 0.6A, which were commonly labled as 

D band, G band and 2D band, which were widely known from disorder in sp2-hybridization and 

stretching of the C-C bond in graphene [270]. G/D band ratio was also used to determine the 

quality of carbon nanotubes, perfect carbon nanotubes should have high G band intensity and 

low D band intensity. Figure 0.6B showed the moving tendancy of G/D band ratio with respect to 

different sample. It shows that G/D band ratio remained almost the same except sample 1, where 

there was none carbon deposition, and sample 4, where high quality grapehene layers formed on 

Ni-Fe film. 
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Figure 0.5 TEM and SEM images of samples using Ferrocene as catalysts. (A-C) sample #13, 

(D-F) sample #14, (G-I) sample #15, (J-L) sample #16. 
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Figure 0.6 (A) A typical Raman spectrum for as-obtained sample. (B) Comparison of D/G band 

ratio with respect the number of run in Table 0-1. 
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4.2.6 Taguchi analysis 

Taguchi method is widely used to determined the optimized conditions for complex 

processes where multiple factors/paramaters are involved. The synthesis of carbon nanotubes 

depends on lots of parameteters, such as growth temprature, catalyst, gas environment, and other 

factors. Thus, it is required to determine the best condition for a particular built furnace. Five 

different parameters: type of catalys, main zone temperature, H2 concentration, tip temprature, 

and location of substrates were selected. After the complete expriements following Taguchi table, 

we first ranked the quality of CNTs based on SEM, TEM images and Raman spectrum by 

considering the amount, density on susbstrate, size uniformty of CNTs, defined empty core, and 

large crystalline (from Raman spectra). In order to better quantify the quality of CNTs, we 

defined the best CNTs we had in Taguchi method as 100 and the worst CNTs as 1 (must be non-

zero). Since we want to improve the quality of CNTs, the signal/noise ratio was defined as “the 

larger the better”, which means  
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In order to determine which parameter played the most important role, we applied analysis of 

variance (ANOVA). First of all, the total sum of the squared deviations SST was calculated based 

on Equation 4-2.  
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Where m is the number of experiment (m=16) and ηi is the mean S/N ratio for the ith experiment. 

The total sum of the squared deviation SST is decomposed into two sources: (1) the sum of the 

squared deviations SSP due to each parameter (We used C, M, H, Ti, and L short for catalyst, 
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main zone temperature, H2 concentration, tip temperature, and location). In addition, the sum of 

squared error SSe is. 
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Where p represents parameters (C, M, H, Ti, and L), j is the level of p parameter, t is the 

repetition of each level, sηi is the sum of the signal/noise ratio for parameter p at level j. The 

contribution of error could be derived from: 
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After calculation, the SSe in our case is near to be zero. Thus, the contribution of each parameter 

could be derived from 
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Table 0-5 and Figure 0.7 showed the signal/noise ratio for different paramters at different levels. 

When the paremeter is important, a slight change could generate large variation. Basond on the 

analysis of variance, contributions of each parameter are also listed as shown in Table 0-5. It is 

clear that type of catalyst is the most important factor for growth of high quality carbon 

nanotubes, while location of substrate remained least important. This indicats that growth of 

CNTs is quite uniform at the heating zone inside the furnace. We also predict the quality of 

carbon nanotubes from Minitab software for a full combination of different parameters, which 

allowed us to plot terneray phase digram like plots for different catalysts as shown in Figure 8. 

Almost all four ternary diagram showed the similar plateaulocation (lower part on right handed 

side) with high main zone temprature, low tip temprature, and decent hydrogen concentration. 
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Based on the number of color bar, it is clear that Ferrocene could produce the best carbon 

nanotubes and the optimal condition should be 650 oC, 11% H2, and 165 oC tip temprature 

(Figure 0.8). In order to confirm the validty of our Taguchi prediction, we perfored a test run at 

this particular condition derived from ternary diagram as shown in Figure 0.9. SEM images 

(Figure 0.9A-B) showed dense CNTs on the substrates with lots of nanoparticles at the tip. TEM 

images indicated that all one-dimensional objects appeared to be hollow inside (Figure 0.9C, E) 

and the growth appeared to be initiated by graphitic shell encapsulated nanoparticles (Figure 

0.9D). The CNTs had clean graphitic shell surface (no amorphous carbon, Figure 0.9F) and 

showed unform size distribution (59.7±13.7 nm). This test run confirmed us that the derived 

optimal condition indeed could produce high quality carbon nanotubes.  
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Table 0-5 Analysis of signal/noise ratio and contribution of different parameters based on 

analysis of variance. 

Parameters 
Mean signal/noise ratio 

Contribution (%) 
Level 1 Level 2 Level 3 Level 4 Max-min 

Catalyst 16.0 37.8 45.0 42.5 29 45 

Main zone 
temperature 

26.2 22.4 31.4 36.8 14.4 21 

H2 
concentration 

23.9 28.0 34.5 30.4 10.6 11 

Tip 
temperature 

25.1 24.5 33.7 33.4 9.2 14 

Location 25.5 32.9 23.4 26.9 9.5 9 
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Figure 0.7 Signal/noise ratio for different parameters at different levels. (A) Catalyst, (B) main 

zone temperature, (C) H2 concentration, (D) Tip temperature, (E) location. 
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Figure 0.8 Ternary contour plots for different catalysts using three important parameters (tip 

temperature, H2 concentration, and main zone temperature).  
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Figure 0.9 (A,B) SEM and (C-F)TEM images of CNTs prepared at the optimal conditions 

derived from phase diagram. (G) Interplaner spacing of graphitic walls of dotted line in Figure 

0.9F. (H) Diameter distribution of CNTs. 
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4.2.7 Hydrogen concentration and nitrogen doping 

It is commonly belived the concentration of hydroegn played a great role for the size, 

morphology, and areal density on the carbon nanotubes [271]. Meanwhile, the concentration also 

significantly affect the phases (Fe, Fe3C, Fe5C2) and shapes of catalyzing iron nanoparticles 

[128,271], where these parameters could affect the growth axis for either carbon fiber/carbon 

nanotubes. Presence of hydrogen could be benificial in several ways: (a) removal of possible 

trace of oxygen, (b) etching of amorphous carbon deposited on catalyst, which clean the 

obstracles for growth of carbon nanotubes, (c) assisting hydrogenolysis of xylenes[ 272 ]. 

Neverthless, when concentrated hydrogen was present, it was observed that hydrogen could etch 

previously formed graphitic layers, and also affect the phase of catalyzing particles [273]. Thus, 

from both the fundamental and technological points of view, it is crucial to understand the effect 

of hydrogen for Ferrocene/xyelene system, as well as determine the minimal hydrogen 

concentration for growth of carbon nanotubes with good qualities.  

Several experiments were conducted under low hydrogen concentration (1%, 2%, and 

5%). The observed TEM images were shown in Figure 0.10. When hydrogen was controlled at 

1%, large quantities of one-dimensional fiber like structures with diameter ranging from 100 nm 

to 300 nm were formed. These fibers appered to be solid and showed no clear evidence of hollow 

core, this indicated that c-axis of graphene shell is not perpendicular to growth direction. 

However, carbon nanotubes with small diameters (<30 nm) were also discovered even though 

high resoultion images showed that crystallized graphitc shells were mixed with some 

amorphous region in the single tubular structures. As for distribution of catalysts, nanoparticles 

with various shapes were mainly discoved at the tip/root of tubular structures in shape of perfect 

core-shell nanoparticles, or stucked inside the corner of kinked tubes. When the concentration 
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was doubled (2%), percentrage of fiber-like structures were greatly decreased and nanotubes 

appeared to be highly curved and twisted, which is evdent from the fact that lots of hollow turing 

points were found. The quality of carbon nanotubes was clearly improved since negligible 

amorphous region was discoved along the carbon nanotubes. The catalysts were manly discoved 

stucking the middle of tube, although particles at tip and root were also found. As for the 

alignment of carbon nanostructures for different hydrogen concentration, cross section SEM 

images were collected as shown in Figure 0.10. Sample prepared at 1% concentration showed 

slightly titled with length around 11.3 µm. The top layer was observed with lots of particles due 

to atomic contrast, which indicates tip-growth mechanism. When concentration increased to 2%, 

a layer comprised with curve/twisted nanotubes with 100 µm thickness was found. These 

nanotubes showed no clear evidence of alignment and were loosely packed on the substrate. 

Nanotubes synthesized at 5% hydrogen showed decent alignment with 12.7 µm length. Catalytic 

nanoparticles were found both at tip and root, which showed a mixed root and tip growth 

mechnism.  

Dopants inside lattice of carbon atoms could disrupt the integrity of electron distribution 

and further affect the charge carrier density inside the carbon nanotubes, which is critical for 

enhancement of thermal/electrical conductivity, and other properties. Enormouse efforts were 

conducated to dop carbon nanotubes with alkaline metals, boron, nitrogen, iodine. Nitrogen 

doped carbon nanotubes showed ehanced field emission properties [ 274 ], and good 

electrocatalytic abilities for fuel cell and NO2 conversion [275]. Typically, nitrogen doping was 

conducted by introducing a nitrogen source (NH3, pyridine, imidazole). In our expriments, we 

tried three type of nitrogen source as shown in Table 0-4. TEM characterization indicated that all 

three carbon source could produce carbon nanotubes.  
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4.3 Conclusions 

Indentification of the optimal conditions for carbon nanotubes is crucial. However, 

growth of carbon nanotubes involves with multiple factors, including type of catalysts, main 

zone temprature, tip temprature, hydrogen concentration, and location in the furnace. The 

common method requires a complete combination of different parameters, which could be highly 

inefficient. Thus, we applied Taguchi method to identify the optimal condition for carbon 

nanotubes growth. Based on the analysis of variance, we were also able to rank the importance of 

different factors. Tenerary diagram plots for each catalysts were also plot for the quickly 

indentification of the optimal conditions. In order to show the verstaility of this CVD furnace, 

carbon nanotubes were also prepared at low H2 concentration and with nitrogen doping. Results 

form this paper could be utlized to understand the growth mechanism of carbon nanotubes and 

could be applicable for other CVD furnaces.  
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Figure 0.10 SEM and TEM images of samples prepared at different hydrogen concentrations (A-

D) 1%, (E-H) 2%, (I-L) 5%. 
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Figure 0.11 Effect of different nitrogen source for nitrogen doped carbon nanotubes. (A-D) from 

pyridine, (E-H) from imidazole-ethanol, (I-L) from imidazole-methanol. 
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CHAPTER 5                  

 

NANOCOMPOSITE HYDROGELS WITH EMBEDDED CARBON NANOTUBES 
DECORATED WITH NOBLE METAL NANOPARTICLES FOR CONTROLLED 

MOLECULAR DELIVERY TRIGGERED BY VISIBLE LIGHT AND TEMPERATURE 

 

Due to the demands of materials with multifunctionality and improved properties, 

nanoscale heterostructures, which rationally integrate several nano-objects into one, are of 

particular interests [2]. Interfaces, morphologies, and phase purity within such heterostructures 

are critical [2]. Specifically, 1-D nanowires/nanotubes decorated with nanoparticles are attractive 

for chemical/biological sensors, heterogeneous catalysts, and nanodevices [256,276]. In this 

arrangement, minimally aggregated nanoparticles with largely exposed surface area and unique 

functionalities could be uniformly distributed on nanowires/nanotubes [276]. Suitable selection 

of materials and large yields of such heterostructures in a simple and cost-effective synthesis is 

of continued research interests. A major challenge is the introduction of second or even third 

type of nanoparticles for imparting greater multi-functionality to the system [277,278]. For 

example, carbon nanotubes (CNTs) coated with nanoparticles have advantages due to large 

surface area and superior mechanical, thermal, and electrical properties of CNTs [276-278]. 

Apart from diverse surface chemistry, CNTs are also good infrared (IR) light absorbers [279]. 

CNTs coated with metal nanoparticles inherit characteristics of the latter including Surface 

Enhanced Raman Effect, plasmonic/optical behavior, and light-sensitive heating [276,280 ]. 
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Embedding such heterostructures within a stimuli-responsive polymer (or hydrogel) will lead to 

truly multifunctional nanocomposites [279,281].  

Polymeric hydrogels have huge potential to impact areas of biomedicine, drug delivery, 

and bio/nanotechnology [281,282]. In this direction, either manipulating the hydrogel/polymer 

functionality by way of tedious synthesis could be of interest or embedding multifunctional 

nanostructures within a conventional non-toxic hydrogels could be an attractive option [282]. 

Encapsulating single component nanostructures within a hydrogel network such as temperature-

sensitive N-isopropylacrylamide (NIPAAm) has been reported [279,281,283]. In addition, the 

authors have recently demonstrated the selective separation, actuation, and protein concentration 

media utilizing poly vinyl alcohol (PVA) hydrogels encapsulating CNTs decorated with 

magnetic Ni/NiO core/shell nanoparticles [284]. However, incorporating multi-component (more 

than two material systems) nanoscale heterostructures within hydrogels has remained elusive. 

Fundamental understanding and development of such hydrogel could lead to design of 

multifunctional sensors and delivery devices that can function under multiple trigger 

mechanisms such as light, temperature, and chemical affinity.  



169 

 

 

 

 Figure 0.1 Approach for nanocomposites hydrogel fabrication and controlled molecular delivery.     
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5.1 Experimental section 

5.1.1 Materials and method 

Gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9%), Ferrocene (Fe(C5H5)2, 98%), and 

N-isopropylacrylamide (97%) were purchased from Sigma-Aldrich (St. Louis, MO). 

Chloroplatinic acid hexahydrate (H2PtCl6·6H2O), palladium(II) chloride (PdCl2), sodium 

metabisulfite (Na2S2O5, NaMBS, 97%), methyl orange (C14H14N3NaO3S), and methylene blue 

(C16H18N3SCl) were obtained from Alfa Aesar (Ward Hill, MA). Xylenes (C8H10) and 

ammonium persulfate ((NH4)2S2O8, APS, 99.1%) were purchased from Fisher Scientific 

(Suwanee, GA). Sodium borohydride (NaBH4, 98+%) and ammonium chloride (NH4Cl, 99.5%) 

were purchased from Acros organics (New Jersey). H2 (UHP grade, 40% balanced with Ar) and 

Ar (UHP grade) gas cylinders were purchased from Airgas South (Tuscaloosa, AL). Ethanol was 

purchased from BDH (West chester PA). DI water (18.1 MΩ cm) was obtained from a Barnstead 

International DI water system (E-pure D4641). Carbon nanotubes (CNTs) growth was performed 

in a quartz tube (3” diameter, ChemGlass, Vineland, NJ) lindberg blue three-zone furnace 

(Watertown, WI) A syringe injector was obtained from Fisher Scientific (Suwanee, GA) to 

control the flow of hydrocarbon. Gas flow rates were controlled by Teledyne Hasting powerpod 

400 mass flow controllers (Hampton, VA). Thermocouples and temperature controllers were 

bought from Omega Engineering (Stamford, CT). All the chemicals were utilized without further 

purification. 

5.1.2 Synthesis of carbon nanotubes 

 CNTs were synthesized using a floating catalyst chemical vapor deposition (CVD) 

furnace using Ferrocene as catalysts and xylenes as carbon source [256]. The reaction was 

conducted under ambient pressure in H2 atmosphere (H2:Ar 1:9, v/v) at 675 °C for 2 h. The total 
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flow rate was maintained at ~1.15 SLM with ~0.85 SLM pure Ar mixed with 0.3 SLM H2 (40% 

balanced with Ar). The as-prepared CNTs were mixed with ethanol (~50 µg/mL) without further 

purification and ultrasonicated for 1 h. This led to the formation of a black suspension denoted as 

‘CNT solution’ hereafter.  

5.1.3 Nucleation of individual nanoparticles onto carbon nanotubes 

Gold (Au), Platinum (Pt), and Palladium (Pd) nanoparticles were directly nucleated onto 

CNTs using HAuCl4, H2PtCl6, and PdCl2 as metal sources and NaBH4 as reducing agent. 

Typically, ~1 mL metal salt solution (5×10-3 M) was added to ~10 mL well-dispersed CNT 

solution, and then stirred for 1 min for complete mixing. This was immediately followed by 

addition of ~100 µL NaBH4 solution (0.12 M). The reduction reaction occurred instantaneously 

with a color change (from light yellow to light black). The reaction duration was 5 min and the 

samples were centrifuged and washed with ethanol prior to storing in a dessicator. TEM samples 

were prepared by dropping solution onto lacey carbon coated Cu grids. The samples obtained 

were denoted as CNT-Au nanoparticle heterostructures, CNT-Pd nanoparticles heterostructures, 

and CNT-Pt nanoparticles heterostructures. 

5.1.4 Nucleation of multiple nanoparticles onto carbon nanotubes 

Sequential nucleation and growth of different nanoparticles (Au, Pt, and Pd) onto CNTs 

was achieved using the abovementioned wet-chemical and surfactant-free, and direct-nucleation 

approach. Typically, ~500 µL metal salt solution (5 × 10-3 M) was mixed with CNT solution and 

~50 µL NaBH4 was added as reducing agent. After reaction for 5 minutes, another type of 

nanoparticles was nucleated in a similar method. The sequence was selected as Au, Pt, and then 

Pd by considering the relative reducing potential of each metal ion. After nucleation of three 

kinds of nanoparticles, the solution was left stirring for an hour, washed with ethanol, and 
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centrifuged and dried in a dessicator. The as-synthesized black powder was called as CNT-

AuPdPt heterostructures.  

5.1.5 Preparation of PNIPAAm hydrogel 

  Approximately 1 g of N-isopropylacrylamide and ~134 mg of ammonium chloride 

(NH4Cl) were dissolved in ~8.9 mL degassed DI water (referred as ‘monomer solution’). The 

solution was further degassed with Ar for 2 h to remove residual O2. Unless stated, all the next 

steps involved solutions prepared using degassed DI water. As a next step, ~0.25 mL APS 

solution (~0.04 M) and ~0.25 mL NaMBS (~0.04 M) were added into the monomer solution. The 

vial was capped tightly and with proper stirring at ~27 oC. After 4 h reaction, a gel-like structure 

was formed.285 In order to determine the equilibrium water content (EWC) and transition 

temperature of blank hydrogel, following relationship was used:  

EWC (%, temperature =T) = (mswollen,T - mshrunken,T=60 
o
C )/mswollen,T  (0-1) 

where mswollen,T is the weight of swollen hydrogel at a specific temperature (4-60 oC) and mshrunken, 

T= 60 
o
C corresponding to completely shrunken state. The transition temperature was determined 

from the sharp decrease of EWC curve. 

Finally, nanocomposite hydrogels were prepared in the similar approach except mixing 

the monomer solution with CNT-nanoparticle heterostructures prior to next steps of synthesis as 

described above. At this step, five hydrogel samples were prepared: 1) blank poly NIPAAm 

hydrogel, 2) poly NIPAAm hydrogel embedded with CNT-Au nanoparticles heterostructures, 3) 

poly NIPAAm hydrogel embedded with CNT-Pt nanoparticles heterostructures, 4) poly NIPAAm 

hydrogel embedded with CNT-Pd nanoparticles heterostructures, and 5) poly NIPAAm hydrogel 

embedded with CNT-AuPtPd nanoparticles heterostructures (also referred as ‘NCAPP 

hydrogels’). The EWC and transition temperatures for the nanocomposite hydrogels were 
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measured in a similar way as described above for balnk poly NIPAAm hydrogel. Most 

importantly, the weight ratio between heterostructures and poly NIPAAm monomer was kept as 

1:100 for all the hydrogel samples. The amounts of APS, NaMBS, and NH4Cl were adjusted 

proportionately. In addition, nanocomposite and blank hydrogels were studied for their water 

absorption kinetics (EWC) at room temperature (~23 oC) only. These experiments involved 

immersion of completely dried hydrogels (in vacuum oven at ~60 oC) in DI water at room 

temperature and then measure the sample weight with time (uptil 10 h) using following equation: 

EWC (%, Room temperature) = (mt-mi)/mt      (0-2) 

Where, mt is the weight of hydrogel at time t = t and mi is the weight of the hydrogel in 

completely dried or shrunken state and all at room temperature. 

5.1.6 Equilibrium water content measurement of blank hydrogel as a function of temperature 

A K-type thermocouple was directly immersed inside hydrogel and a white light lamp 

(430-650 nm) was maintained at constant distance (~ 2 cm) from the hydrogel sample (kept 

inside a quartz vial). The open circuit voltage of thermocouple was measured by a Parastat 2273 

electrochemical system and temperature was derived using following equation [286]: 

∑
=

=∆
N

n

n
nvaT

0
      (0-3) 

Where an is the material dependent polynomial coefficients at different n and v is the voltage. 

5.1.7 Loading molecules within nanocomposite and blank poly NIPAAm hydrogels  

Hydrogel samples were immersed in DI water and heated at 60 oC to achieve complete 

shrunken state. Shrunken hydrogel was dried and then incubated in ~20 mL mixture of 

methylene blue (MB, ~1 mM) and methyl orange (MO, ~1 mM) for 6 h at room temperature 

(~23 oC). Loading or absorption kinetics of both molecules was measured using UV-vis 
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spectroscopy. 

5.1.8 Visible light and thermally triggered controlled delivery of molecules from nanocomposite 

and blank poly NIPAAm hydrogels 

Approximately 0.3 g of nanocomposite or blank hydrogel samples that were in semi-

swollen state at room temperature as well as loaded with molecules were immersed in 6 mL DI 

water in different quartz vials. The latter helped in minimizing the light absorption. In regard to 

visible-light trigger mechanism, a red laser pointer (power density ~25 mW/cm2, 640-660 nm) 

was utilize to stimulate the hydrogel samples at room temperature. The release kinetics was 

controlled by performing experiments in dark and in presence of this laser and allowed for light 

switching and induced release of molecules from the hydrogel samples. Similar, release 

experiments were performed in dark but under temperature cycles (from 4 oC to 60 oC and 

repeated 10 times). In either scenario, the concentrations of two molecules were tracked by UV-

vis spectroscopy. The standard calibration curves are showing in Figure 0.15A.  

5.1.9 Calculation of rate constant (k) and diffusion coefficient (D) for nanocomposite and blank 

poly NIPAAm hydrogels 

In order to determine the rate constant (k) and diffusion coefficient (D), Higuchi equation 

[287] was utilized by assuming Mt and M∞ as concentrations of molecules corresponding to time 

t and stable equilibrium, respectively. The constant (k) depends on the structural and geometric 

characteristics of hydrogel samples. Based on our observation, the hydrogel samples were in 

disc/cylindrical in shape. Using the following equation, it was possible to experimentally derive 

k as well as D: 

2/1kt
M

M t =
∞

         (0-4) 
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This equation is only valid when Mt/M∞ < 0.6. Meanwhile, for a cylindrical releasing media,  

2/12 ]/[4 rDk π=        (0-5) 

Where r is the radius (cm) of cylindrical sample [288] and was observed to be 0.4 cm for 

hydrogel samples. Table 0-1 shows the summary of all the results obtained.  

We also estimated the bulk diffusion coefficient of both molecules (MO and MB) inside 

water based on the Stoke-Einstein equation as shown below [289]: 

sRkTD πη6/0 =  

Where k is the Boltzmann’s constant, T is the temperature, η is the solvent viscosity, and Rs is the 

Stokes-Einstein radius of the solute. Based on literatures [290,291], we estimated the radius of 

MO and MB as 0.45 nm and 0.36 nm, respectively. 

5.1.10 Characterization methodology 

Microscopic characterization and Energy-dispersive X-ray spectroscopy (EDX) were 

performed using Field Emission Scanning Electron Microscope (FE-SEM, JEOL-7000, equipped 

with Oxford EDX detector) and Transmission Electron Microscope (TEM, Tecnai FEI-20). For 

hydrogel samples, a thin layer of gold was sputtered to increase the conductivity. The Raman 

spectra were recorded using Senterra micro-Raman spectrometer (Bruker Optics, Woodlands, TX) 

equipped with a 785 nm laser. Laser power of 1 mW (5 sec integration and 1 co-additions) was 

utilized to minimize the thermal effect of laser. UV-vis-NIR spectroscopy was performed using 

Ocean Optics USB 4000 spectrometer (Dunedin, FL). Sputter deposition was performed using 

AJA International (North Situate, MA) Orion 3 sputtering system. FT-IR spectra were gathered 

using JASCO 4100 spectrometer using KBr pellet (1 mg sample to 100 mg KBr) as background 

at 2 cm-1 resolution. X-ray photoelectron spectra (XPS) were obtained using Kratos Axis 165 
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spectrometer with a mono-aluminum gun at 160 eV pass energy for survey scan and 40 eV pass 

energy for elemental scan. The analysis spot was set as “slot” with >20 µm aperture and 19.05 

mm for iris setting.  
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Table 0-1 Calculation of rate constant k, R2 (coefficient of determination), and diffusion coefficient of molecules delivered at different 

conditions. 

 

 

 

 

 
Time 
(min) 

Conditions 

MO bulk 
diffusivit

y 
Blank hydrogel (MO) Nanocomposite hydrogel (MO) 

MB bulk 

diffusivity 

Nanocomposite hydrogel 
(MB) 

D0×106 
(cm2min-1) 

k R2 
D×106 

(cm2min
-1) 

k R2 
D×106 

(cm2min-1) 
D0×106 

(cm2min-1) 
k R2 

D×106 
(cm2min-1) 

15 Dark 294 0.015 0.935 7.0 0.008 0.950 2.3 368 0.001 0.988 0.04 
30 Light 294 0.019 0.956 10.9 0.021 0.876 13.4 368 0.004 0.989 0.44 
45 Dark 294 0.009 0.803 2.6 0.013 0.941 5.2 368 -0.001 0.966 0.056 
60 Light 294 0.019 0.925 11.8 0.013 0.810 5.5 368 0.001 0.989 0.05 
75 4 oC 294 0.021 0.988 14.3 0.018 0.923 9.7 368 0.003 0.804 0.24 
90 60 oC 294 0.143 0.660 640.2 0.022 0.734 15.2 368 0.012 0.937 4.70 
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5.2 Results and Discussion 

We report a controlled molecular delivery media by incorporating CNTs decorated with 

single/multiple material nanoparticles within a temperature-sensitive poly-NIPAAm hydrogels. 

These nanocomposite hydrogels are highly robust and their swelling/shrinking can be triggered 

by multiple stimuli such as temperature and light. A typical experimental is shown in Figure 0.1. 

5.2.1 Nucleation of noble metal nanoparticles on CNTs 

CNTs (diameter ~42.7 ± 12.3 nm and length ~26.5 µm) utilized in this study were grown 

in a xylene-Ferrocene chemical vapor deposition (CVD) process (Figure 0.2) [252, 292 ]. 

Individual noble metal nanoparticles (Au, Pt, or Pd) were directly nucleated onto CNTs by 

reducing metal salts in presence of NaBH4 and well-dispersed CNTs (50 µg/mL in ethanol) for 5 

min. This resulted in CNT-M (M = Au, Pt, Pd) nanoparticles heterostructures in a single-step, 

surfactant-free, and wet-chemical approach. Similarly, sequentially reducing metal salts (HAuCl4, 

H2PtCl6, and PdCl2, 5 min each) on CNTs resulted in CNT-AuPtPd nanoparticles heterostructures. 

Figure 0.3 and Figure 0.7 show CNT-Au nanoparticles heterostructures with an average Au 

nanoparticles size of ~7.71±3.27 nm, CNT-Pt nanoparticles heterostructures with an average Pt 

nanoparticles size of ~2.30±0.42 nm, and CNT-Pd nanoparticle heterostructures with an average 

Pd nanoparticles size of ~5.75±1.26 nm. The sequential nucleation of nanoparticles resulted in 

CNT-AuPtPd nanoparticles heterostructures (Figure 0.4 and Figure 0.5). CNTs were first 

decorated with most stable Au, then with Pt, and followed by Pd, which eliminated 

replacement/galvanic reactions. CNT-AuPtPd nanoparticles heterostructures comprised of 

nanoparticles with an average diameter of ~3.9±0.8 nm (Figure 0.7D). X-ray photoelectron 

spectroscopy (XPS) for CNT-AuPtPd nanoparticles heterostructures showed the binding energy 

peak locations for the elements present (Figure 0.8A). Figure 0.8B shows deconvoluted C 1s 
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spectrum with two peaks centered ~284.0 eV and ~286.35 eV corresponding to C 1s and surface 

oxygen groups (-OH) absorbed on CNTs [293]. The absence of π-π* transition peak in C 1s 

spectrum could be attributed to the strong interaction between π electrons and nanoparticles 

[292]. Au 4f spectrum showed peaks at ~84.2 eV, ~88.69 eV, ~90.2 eV, and ~91.2 eV. The first 

two peaks correspond to Au I band comprised of Au 4f7/2 and Au 4f5/2 [294]. The peaks at ~90.2 

eV and ~91.2 eV could be attributed to either Au III band or remaining unwashed HAuCl4. Pd 

peaks at ~335.9 eV and ~341.2 eV matched with Pd 3d5/2 and Pd 3d3/2. The Pt 4f spectrum has 

two peaks at ~73.15 eV (4f7/2) and ~76.72 eV (4f5/2) [294]. However, they are ~1.9 eV away from 

metallic Pt and close to PtCl4-, it could be possible that Pt has a combination of reduced Pt 

nanoparticles and remaining unwashed PtCl4-. All XPS spectra showed metallic states for the 

noble metal nanoparticles, which strongly confirms that no alloy formation took place during the 

heterostructures synthesis. 
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Figure 0.2 (A) SEM image of carbon nanotubes, (B) TEM image of carbon nanotubes showing 

interplanar distance (inset). Notes: Arrows in Figure 0.2B showing presence of Fe catalytic 

nanoparticles. 
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Figure 0.3 (A-C) SEM images of CNT-Au, CNT-Pd, CNT-Pt nanoparticles heterostructures. (D-

G) TEM images of CNT-Au nanoparticles heterostructures. (H-K) TEM images of CNT-Pd 

nanoparticles heterostructures. (L-O) TEM images of CNT-Pt nanoparticles heterostructures. 

Notes: arrow in Figure 0.3E showing Fe nanoparticles as catalyst. 
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Figure 0.4 (A) SEM image of CNT-AuPtPd nanoparticles heterostructures, (B-C) TEM images 

of CNT-AuPtPd nanoparticles heterostructures, (D) FFT image of HR-TEM image, (E) HADDF 

image and EDX spectrum. . 
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Figure 0.5 HRTEM image of CNT-AuPtPd nanoparticles heterostructures and lattice spacing for 

individual nanoparticles.  
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Figure 0.6 EDX spectra and compositions of samples (A) CNT-Au nanoparticles heterostructures, 

(B) CNT-Pd nanoparticles heterostructures, (C) CNT-Pt nanoparticles heterostructures, (D) 

CNT-AuPtPd nanoparticles heterostructures. 
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Figure 0.7 Diameter calculations of nanoparticles and nanocubes, (A) CNT-Au nanoparticles 

heterostructures, (B) CNT-Pd nanoparticles heterostructures, (C) CNT-Pt nanoparticles 

heterostructures, (D) nanoparticles on CNT-AuPtPd nanoparticles heterostructures. 
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Table 0-2 Diameter, distribution density, and covering percentage of noble metal nanoparticles in 

heterostructures. 

Sample Diameter (nm) 
Distribution density 

(#/µm2) Covering percentage 

CNT-Au nanoparticles 
heterostructures 

7.71±3.27 4665 27.73 

CNT-Pd nanoparticles 
heterostructures 

5.75±1.26 8398 27.76 

CNT-Pt nanoparticles 
heterostructures 

2.30±0.42 626667 33.15 

CNT-AuPtPd 
nanoparticles 

heterostructures 
3.91±0.81 18433 28.18 
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Figure 0.8 XPS spectra of survey and different elements for CNT-AuPtPd nanoparticles 

heterostructures, (A) survey, (B) C 1s, (C) Au 4f, (D) Pd 3d, (E) Pt 4f. 
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5.2.2 Preparation and characterization of nanocomposite hydrogels 

The heterostructures were incorporated into temperature-sensitive NIPAAm hydrogel 

(Figure 0.9 and Figure 0.10). At low temperature, blank NIPAAm hydrogel (~ 4 oC) was 

completely transparent and absorbed ~90% of water while at 60 °C, it turned into white solid 

(cylindrical disc shape) with 7% water absorbed. Similar experiments were performed for 

nanocomposite hydrogels. All hydrogel samples (including blank) exhibited a typical transition 

temperature beginning at ~32-33 oC and ending at ~ 40 oC (Figure 0.11). As shown in Figure 

0.12, EWC at room temperature and as a function of time, for hydrogels with same amount of 

heterostructure loading, showed that CNT-Au nanoparticles heterostructures resulted in 

maximum water absorbing capacity (~55%) and CNT-Pt nanoparticles heterostructures resulted 

in minimum (<15%). On the other hand, CNT-Pd nanoparticles heterostructures, CNT-AuPtPd 

nanoparticles heterostructures, and blank NIPAAm hydrogels showed similar EWC reaching as 

high as ~45%. With nearly constant coverage fraction for nanoparticles on CNTs for all the 

nanocomposite hydrogel samples, these results strongly indicate that size of nanoparticles and 

their distribution density (number of nanoparticles per unit CNT area) were critical in 

manipulating the hydrophobicity of CNT surfaces (Table 0-2) and the hybrid hydrogel and 

influenced the EWC. This EWC observation for blank and nanocomposite hydrogels comprised 

of CNT-Pd and CNT-AuPtPd nanoparticles heterostructures suggests that heterostructures have 

minimal or negligible influence on the cross-linking and porosity of hydrogels. The addition of 

heterostructures also showed no effects on the chemical structure of hydrogels evidenced by 

Raman and FT-IR spectra (Figure 0.13), which further strengthens our argument in this regard.   
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Figure 0.9 A digital picture of blank and nanocomposite hydrogels with different heterostructures 

uniformly dispersed inside hydrogel. 

 

 

 

 

 

 

 

 

Poly 
NIPAAm  

Nanocomposite hydrogels  

CNT-AuPtPd 
nanoparticles 

heterostructures 
 

CNT-Au 
nanoparticles 

heterostructures 

CNT-Pd 
nanoparticles 

heterostructures 
CNT-Pt 

nanoparticles 
heterostructures 



190 

 

 

Figure 0.10 SEM images of (A) poly NIPAAm hydrogel and (B) nanocomposite hydrogel with 

CNT-AuPdPt nanoparticles heterostructures. 
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Figure 0.11 (A) Equilibrium water content of blank hydrogel at different temperature. (B) 

Change of absorption spectra of hybrid hydrogel inside water at different temperature. (C) 

Transition temperature of different samples. 
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Figure 0.12 EWC of nanocomposite hydrogels. 

  



193 

 

 

Figure 0.13 Overlapped (A) FT-IR and (B) Raman spectra of blank hydrogel and different 

nanocomposite hydrogels showing characteristic peaks of hydrogel.  

A
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In order to study visible light-sensitivity, the hydrogel samples under illumination (λ~430 

-650 nm) were studied for temperature changes (Figure 0.14). The temperature increased by 

nearly 1 oC for blank poly NIPAAm hydrogel and by 2 oC for nanocomposite hydrogels (Figure 

0.14). The estimated temperature gradients (slopes, Figure 0.14B) showed lowest light sensitivity 

for blank NIPAAm as compared to the nanocomposite hydrogels. With EWC comparable to 

blank poly NIPAAm hydrogel and improved temperature gradients, nanocomposite hydrogels 

with CNT-AuPtPd nanoparticles heterostructures (NCAPP hydrogels) were further selected for 

studies on controlled molecular delivery of medically-relevant methyl orange (MO) and 

methylene blue (MB) was conducted. The loading of the molecules in the hydrogel samples is 

shown Figure 0.15. NCAPP hydrogels showed greater loading of molecules as compared to 

blank because heterostructures in the former, enhanced chemical affinity and overall surface area. 

The π-π interaction of MB on exposed CNT regions in the heterostructures led to improved 

loading of MB within NCAPP hydrogels [295]. Irrespective of hydrogel samples, greater extent 

of loading of positively charged MB as compared to negatively charged MO (Figure 0.15B) can 

be attributed to electrostatic interaction of the former with the negatively-charged hydrogel 

matrix [296]. 

5.2.3 Controlled releasing of molecules triggered by visible light and temperature 

The MO and MB release behavior of the hydrogel samples under light and temperature 

triggers is shown in Figure 0.16 and Figure 0.17. MB release is zero as compared to that of MO 

for the blank poly NIPAAm hydrogel, independent of trigger mechanism. This is due to strong 

electrostatic interaction between MB and hydrogel matrix. In case of MO, non-definitive trends 

in dark and light were observed for blank poly NIPAAm hydrogel (Figure 0.16A and B) due to 

its weak light-sensitivity. The release of MO from blank hydrogel was also diffusion-controlled 
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as seen by the decrement of MO rate of release with time and independent of light/dark cycles. 

This could be attributed to no solution stirring and lowering of concentration gradients 

(explained by Fick’s first law) across the blank poly NIPAAm hydrogel after each cycle. 

Subsequent lowering of temperature for the blank poly NIPAAm hydrogel to 4 oC led to its 

swelling but dominated by low concentration gradients did not result in any change in MO rate 

of release. However, raising the temperature to 60 oC (for next 15 min) resulted in burst release 

of MO from blank poly NIPAAm hydrogel due to sudden and significant shrinking of hydrogel 

as well as increase in negative charge density within the matrix. This led to mechanical 

squeezing of MO molecules out of the hydrogel aided by stronger electrostatic repulsion. Thus, 

as a next step, only temperature-based release of MO and MB were studied, where the blank poly 

NIPAAm hydrogel resulted in zero MB release, irrespective of temperature cycles (4 oC to 60 

oC, 2 min each cycle for 10 cycles) re-confirming the strong electrostatic interactions between 

MB and the hydrogel matrix. Based on squeezing action and increasing electrostatic repulsion at 

higher temperature (60 oC), the MO release from blank hydrogel led to initial burst, then 

continual release, and stagnates at the end of 10th cycle. On the other hand, for NCAPP hydrogel, 

MB release is yet negligible but not-zero and could be attributed to weakly adsorbed MB on the 

heterostructures (majorly on coated AuPtPd nanoparticles). The MO release is much lower than 

that for blank hydrogel but stagnates after two temperature cycles. In spite of higher MO loading 

in NCAPP hydrogel, the higher and improved MO release from blank poly NIPAAm hydrogel 

could be due to spongy nature, lower stiffness, and greater electrostatic repulsion for the latter, 

which led to greater porosity change and squeezing action under the temperature change. The 

incorporation of heterostructures increased the stiffness and reduced the squeezing action under 

temperature change due to mechanical robustness of CNTs and this led to lower release of MO 



196 

 

from the NCAPP hydrogel. Overall, a controlled release behavior for MB or MO was not 

observed from either of the hydrogel samples under temperature cycles. However, a burst release 

of MO could be attained for low number (< 3) of cycles for both kinds of hydrogels for the 

reasons described above. 

Figure 0.16C and D show the MB and MO release from the NCAPP hydrogel under dark 

and light conditions (15 min each, 2 cycles) followed by a burst release of molecules through 

temperature cycle (4 oC to 60 oC for 15 min each). This is the most interesting result showing 

that NCAPP hydrogels were strongly light sensitive and exhibited controlled release behavior for 

MO and MB. Based on chemical affinity and electrostatic interaction, MB release is non-zero but 

relatively lower than MO. Due to hydrophobic CNTs present in the NCAPP hydrogel, an 

increase in MB interaction with the former cannot be ruled out. The MB release is shown to be 

negative in second dark cycle (or enhanced MB diffusion inside the hydrogel) and was due to 

hydrogel swelling (lowering in temperature) leading to open and negatively charged hydrogel 

network. On the other hand, MO showed a strong light-dependent release behavior from NCAPP 

hydrogel, where the decrement in rate of release with time was due to lowering in concentration 

gradient across the hydrogel. The decrement in MO release in dark compared to light in each 

cycle is due to lowering of hydrogel temperature in dark, which resulted in weaker electrostatic 

repulsion between the hydrogel matrix and negatively charged MO. The increase in MO release 

under light is attributed to hydrogel shrinking (temperature increase), squeezing action, and 

increased electrostatic repulsion. 

In order to show that multiple triggers can be applied to the nanocomposite hydrogel, 

after two light/dark cycles, the temperature is reduced to 4 oC (for 15 min) and resulted in 

hydrogel swelling and decreased negative charge density of the matrix. This led to significant 
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release of positively charged MB from the hydrogel. Another reason could be the weak π-π 

interaction between MB and exposed CNT surface at lower temperatures. However, low 

concentration gradients established across the NCAPP hydrogels suppressed diffusion of 

molecules at 4 oC. On further increasing the temperature to 60 oC, burst delivery of MB and MO 

is observed as expected (Figure 0.17). 
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Figure 0.14 (A) Plot of temperatures against time for different hydrogels with light illumination 

and (B) temperature gradients. (C) Schematic of set-up for measuring hydrogel temperature. 
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Figure 0.15 (A) Standard calibration curves and (B) absorption kinetics of both blank and 

composite hydrogels. 
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Figure 0.16 Visible light- and thermally-triggered controlled and simultaneous release of MO and 

MB from blank and nanocomposite hydrogels. (A) Concentrations of released molecules and (B-

D) rate of MO and MB delivery as a function of time. 

A B 

D C 



201 

 

 

Figure 0.17 Releasing profiles of hydrogels at 2 min low temperature (4 oC) and high 

temperature (60 oC) cycle. 
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5.3 Conclusion 

In summary, we have developed a single-step, surfactant-free, wet-chemical, and direct-

nucleation approach for decorating raw CNTs with noble metal nanoparticles. This approach was 

utilized for nucleation of Au, Pt, and Pd nanoparticles in a sequential process to result in CNT-

AuPtPd nanoparticles heterostructures and nanoparticle alloying was not observed. The 

heterostructures were embedded within a temperature-sensitive poly NIPAAm hydrogel 

(nanocomposite hydrogels) and did not affect the chemical structure of the hydrogel matrix. 

Irrespective of heterostructures incorporation, the hydrogels exhibited swelling/shrinking 

transition between 32-40 oC. However, the presence of heterostructures influenced the 

hydrophobicity of nanocomposite hydrogels, allowing for tunability of their EWC. Interestingly, 

nanocomposite hydrogels were observed to be visible light (λ~580 nm, red laser) sensitive and 

resulted in temperature gradients as high as 3.7 × 10-3 - 3.8 × 10-3 oC/s, which were enough to 

cause precise transition of hydrogel matrix. It is proposed that nanoparticles (surface plasmon 

effect) and CNTs (IR absorption) together provided improved visible-light induced local heating 

of the hydrogel matrix. Finally, controlled molecular delivery of MO and MB was demonstrated 

using nanocomposite hydrogel (NCAPP hydrogel), where the molecules were released at 

different and controlled rates in light/dark and temperature cycles due to the chemical affinity 

with the hydrogel and heterostructures, electrostatics, mechanical squeezing action, and diffusion 

process, all manipulated by thermal and light sensitivity of the NCAPP hydrogel. This visible 

light- and thermal-active controlled delivery of molecules through hybrid nanocomposite 

hydrogels could be further utilized for developing targeted, site-specific, and multiple drugs 

delivery system critical for disease treatments such as cancer. The use of visible light as a trigger 

mechanism also represents a harmless approach for novel drug delivery systems.  
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CHAPTER 6          
 
SIMULTANEOUS GROWTH OF ZnO NANOWIRES AND Zn NANOSTRUCTURES AND 

SYNTHESIS OF ZnO-NOBLE METAL NANOPARTICLES HETEROSTRUCTURES 
 

Chemical Vapor Deposition has been widely used for years to fabricate thin film and 

various nanostructures [129,171]. By rationally selecting catalyst according to phase diagram of 

catalyst and expecting nanostructure, carefully adjusting the fluid mechanical properties of vapor 

and reasonably choosing suitable substrate, one-dimensional confinement growth could be 

achieved and 1-D nanomaterials with tunable morphology, diameter, alignment and length could 

be fabricated [136,144]. There are generally two mechanisms accounting for all CVD growth 

processes, Vapor-Liquid-Solid (VLS) or Vapor-Solid (VS) mechanisms [136,144]. Vapor source 

dissolved into drop-like catalysts [297]. Super-saturation of continuous dissolution could result 

into precipitation of nanowires from point catalyst. In addition, it is commonly believe that size 

of catalysts will definitively decide the diameter of nanowires [136,297]. Moreover, modification 

on location of mobile catalysts or introduction of new seeding catalysts could result kinked 

nanowires or 3-D nanotrees [23,27]. In this context, various efforts had been made on synthesis 

of carbon nanotubes, Zinc Oxide nanowire (ZnO NWs), Silicon nanowires, and III-V group 

nanowires through CVD method [128,132,135,136,144, 298,299]. 

Among numbers of 1-D nanomaterials, ZnO nanowires were paid with plenty of 

attentions due to its excellent optical, electrical, piezoelectric properties [298] and as-expected 

wide applications as components for solar-cell, light-emitting diode [300], nanogenerator [298], 
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etc. Diverse techniques have been explored to synthesis ZnO nanowires such as 

electrodeposition in hard template [300], thermal annealing of metal [301], hydrothermal [302], 

reactive sputtering [303] as well as chemical vapor deposition [298]. Undoubtedly, CVD method 

is one of the most important techniques in this list since its large-scalability, reproducibility and 

high quality products with good crystalline, tunable alignment. Another set of interesting 1-D 

nanomaterials is metal nanowires such as Au [304], Ag [305], Fe [306], Zn [307,308] and so on. 

These metallic nanowires hold great potential as crucial components and connect for nanoscale 

photonic, electric and sensing devices. Currently, most of them were fabricated by either 

electrodeposition inside porous hard template [309] or surfactant modified preferential growth at 

selected crystal direction [304]. In view of the versatility of CVD method for 1-D nanostructure 

growth, applying CVD to grow metal nanowires could be of great importance. 

From all aspects mentioned above, herein we reported a unique CVD method, which 

could produce catalyst-free branched ZnO nanowires and Zn 1-D nanostructures. Detailed 

systematic study was also conducted to clarify the formation mechanism of both ZnO nanowires 

and Zn nanostructures. Beside, direct nucleation of Au nanoparticles onto ZnO nanowires 

without surfactant was also performed to achieve ZnO-Au heterostructures. In-situ UV-vis 

spectrum was collected in real time, which helped to monitor comprehensive developing 

mechanism.  

6.1 Experimental section 

6.1.1 Materials and method 

Zinc oxide powder (ZnO, 99.999% metal basis), graphite powder (<150 µm, >99.99% 

metal basis), gold(III) chloride trihydrate (HAuCl4, 99.9+% metal basis), sodium borohydride 

(NaBH4, 98%), gold nanoparticles (10 nm colloidal gold, 0.01% as HAuCl4) were purchased 



205 

 

from Sigma Aldrich (St. Louis, MO). Palladium(II) chloride (PdCl2 99.9% Pd 59.5% min), 

Dihydrogen hexachloroplatinate(IV) hexahydrate (H2PtCl6 99.9%), and Rhodamine B was 

bought from Alfa Aesar (Ward Hill, MA). Xylenes (laboratory grade) was purchased from Fisher 

Scientific (Pittsburg, PA). Silicon wafer (100, N-type with P doping) was purchased from IWS 

(Colfax, CA). Ethanol was purchased from BDH (West Chester, PA). De-ionized (DI) water 

(18.1 MΩ·cm) was obtained using a Barnstead International DI water system (E-pure D4641). 

Plasma oxidation was conducted inside a Nordson March Jupiter III Reactive Ion Etcher 

(Concord, CA). Chemical vapor deposition processes were conducted inside Lindberg blue 3-

zone tube furnace (Watertown, WI). Gas flow rates of all chemical vapor deposition process were 

controlled by Teledyne Hasting powerpod 400 mass flow controller (Hampton, VA).  

6.1.2 Fabrication of Zn nanostructures and ZnO nanowires 

Zn nanostructures and ZnO nanowires were prepared inside a 3” quartz tubes by a simple 

one-step process. Source powder (2 g) comprised of ZnO powder mixed with graphite (1:1 

weight ratio) was placed into quartz boat. The boat was inserted into central zone of quartz tube. 

Furnace was heated at ~ 20 °C/s to 900 °C and held for 30 minutes, the tube was purged with 

140 sccm Ar as carrier gas. After reaction time, tube was cooled down naturally. At the end of 

tube, black zone, which identified as Zn nanostructure was formed. In addition, there are white 

powders formed on top of quartz tube, recognized as ZnO nanowires. A series of parametric 

experiments were conducted at different flow rate (75 sccm, 150 sccm, 250 sccm, and 500 sccm). 

In order to understand the temperature dependent morphology, several pieces of long wafers 

were hanging close to the upper part inside quartz tube to collection samples at different location.  

6.1.3 Plasma oxidation of ZnO nanowires 

After the nanowires were synthesized, some of them were dispersed in ethanol solution 
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and then dropped on clean Si chips and plasma oxidized for 15 minutes (FISCHIONE Plasma 

Cleaner Model 1020). These plasma-bombarded nanowires were then re-dispersed in ethanol by 

ultrasonication for 30 minutes. The concentration of ZnO nanowires inside ethanol was 

maintained as 25 µg/mL. 

6.1.4 Direct nucleation of metal nanoparticles on ZnO nanowires and plasma oxidized ZnO 

nanowires 

Nucleation of noble metal nanoparticles was conducted by direct reduction Au, Pt, and Pd 

salts into nanoparticles decorated on ZnO nanowires. Typically, 10 mL ZnO nanowires were 

ultrasonicated inside ethanol to form a uniform solution. Then 100 µL of metallic salts: HAuCl4, 

PdCl2, and H2PtCl6 (5 ×10-3 M), were added to ZnO nanowire solution with stirring. A solution 

of NaBH4 with concentration 0.12 M was used to reduce the salts onto the nanowires. The 

prepared NaBH4 solution was left inside ice bath for 5 min. Approximate10 µL of the solution 

was dropped into nanowire solution after 1 minute mixing with the salts. The reduction took 

place for 5 min resulting in heterostructures with metallic nanoparticles nucleated on the ZnO 

nanowires. The heterostructures were cleaned 3 times in ethanol using centrifuging and dried 

inside vacuum oven (60 oC).  

6.1.5 In-situ UV-vis spectrum collection of Au-ZnO formation 

In order to understand the growth of noble metal nanoparticles on ZnO nanowires, we 

also performed in-situ UV-vis spectrum studied by Ocean Optics USB-4000 spectrometer with 

specially designed cuvette (1×1×4 cm3). Au nanoparticles were chosen due to their plasmon peak 

at ~520 nm. 3 mL ethanol was used as baseline, and then concentrated ZnO nanowires solution, 

HAuCl4, NaBH4 were added in sequence. A small stir ball was stirred at slow speed inside the 

cuvette. Spectra was recorded every 15 seconds and lasted for an hour.  
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6.1.6 Characterization 

Scanning Electronic Microscopy (SEM) images were performed by FE-SEM JEOL-7000 

at 20 kV. Tecnai F-20 was used to collect Transmission Electronic Microscopy (TEM) images. 

TEM sample was prepared by dispersing as-prepared sample into acetone and drop a drip onto 

copper grid with lacy carbon. X-ray diffraction patterns were recorded by a Philips 

diffractometer (XRG 3100, Cu Kα radiation, 35mA and 40 kV. Fourier transform infrared 

spectroscopy (FT-IR) was performed using JASCO FTIR 4100 at 1.0 cm-1 resolution with KBr 

pellet as background. All UV-vis spectrums were collected by Ocean Optic USB 4000 

spectrometer. TGA and DTA were conducted by Pyris-500 TGA and Pyris-500 DTA separately. 

Raman spectrums of Rhodamine B samples were collected using Bruker Senterra system at 784 

nm illumination at 10 mW laser power. The integral time and co-addition were set as 25 seconds 

and 2 respectively. For graphene samples, Raman spectrums were collected using the same 

instrument with 1 mW laser power, 50 seconds integral time and 2 co-addition. 

6.2 Results and Discussion 

6.2.1 Growth of ZnO nanowires and Zn nanostructures 

As stated above, various techniques have been developed to fabricate ZnO nanowires and 

Zn nanostructures individually [298,307,308]. To the authors’ knowledge, a CVD furnace, which 

can grow ZnO nanowires and Zn nanostructures, has never been reported before. For our novel 

CVD process (dimensions and temperatures of furnace were detailed in Figure 0.1), Zn vapor 

source and carbon oxide (COx) gas were first produced, and then reactions between all 

components can produce ZnO nanowires and Zn nanostructure at different temperature region 

(Figure 0.2).  

Graphite and ZnO powder were ground thoroughly, placed at the center zone of tube 
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furnace, and heated to 900 oC. Although at high temperature (above 1400 oC), ZnO itself can be 

evaporated into vapor and produce ZnO nanowires or nanobelts [298]. Consider the low 

temperature we had, the only possibility is carbon thermal reaction (as stated in Equation 1) 

which can generate Zn vapor at around 700 oC with the following reaction [310]:  

ZnO+C(graphite)� Zn+CO            (0-1) 

With the presence of carrier gas (Ar), Zn vapor and carbon oxide gas was transported along the 

tube. Before carbon thermal reaction, the furnace was purged with high flow rate Ar and the 

furnace was completely sealed by Swagelok fittings and Teflon tape, so the effect the O2 from 

leaking or residual air can be neglected. As suggested by literatures, the possible reactions 

(Equations 6-2, 6-3, and 6-4) happened at different locations were listed below. 

Zn(g)+CO(g)�C(s)+ZnO(nanowires)         (0-2) 

CO(g)+ZnO(s)�Zn(g) + CO2(g)              (0-3) 

C(s)+CO2(g)�2CO(g)           (0-4)      

For our furnace, at the location near to high temperature, a thick layer of white fluffy film 

was initially formed, which confirmed as branched ZnO nanowires (ZnO nanowires) by SEM 

(Figure 0.3, Figure 0.4), TEM (Figure 0.5), XRD (Figure 0.3). The size distribution of ZnO 

nanowires (Figure 0.3) was also calculated. High resolution TEM images (Figure 0.5B) showed 

inter-distances of lattices were 0.259 nm, identified as (002) plane of wurtzite (hexagonal) ZnO 

structures (a=0.3249 nm and c=0.5206 nm) and grew at <001> direction.  

Since all reaction happened at an oxygen deficient atmosphere, the direct oxidization of 

Zn vapor (Zn�ZnO) is impossible. The formation of ZnO nanowires should merely follow 

Equation 6-2, where Zn retook oxygen from carbon monoxide. Another feature must point out is 

that as-prepared ZnO nanowires is a self-catalytic process and don’t have catalysts (EDX 
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spectrum as shown in Figure 0.4). The possible reason is ZnO nanoparticles were first formed 

according to Equation 6-2, and ZnO branches were directed using ZnO nanoparticles/nanowires 

as seeds. It is quite common for ZnO nanowires to form branched structures, especially consider 

there is no catalysts where orientations of nanowires can’t be precisely directed [297]. Typically, 

causes for ZnO branched or curved nanostructures are mainly from two aspects, electrostatic 

polarity on ZnO surface and welding/sintering at high temperature [298, 311]. Different ZnO 

structures, such as nanospring, nanoring, tetrapods were found [298,311]. They were explained 

by electrostatic attraction and repulsion, which can result a lowest energy state. In addition, at 

higher temperature such as 700~800 oC, as mentioned by other literature [298], sintering and 

welding processes can also cause branched structures. As-prepared ZnO nanowires could be 

jointly affected by two above-mentioned reasons.  

Besides ZnO nanowires, for a single CVD run, there is another black region formed at the 

end of tubes (Figure 0.2). SEM (Figure 0.3B) and TEM images (Figure 0.5C and 5D) showed 

black powder are actually curved nanowires or nanotubes (Figure 0.5D) with 116.1±15.1 nm 

diameters (Figure 0.3D). XRD pattern (Figure 0.3F) identified as large amount of Zn mixed with 

few ZnO. HR-TEM clearly demonstrated lattice fringes were separated by 0.230 nm and 

identified as (100) plane having hexagonal structure (a=0.2665 nm, c=0.4947 nm). EDX (Figure 

0.4B) also showed higher Zinc and lower Oxygen concentration compared with ZnO nanowires. 

Both XRD and EDX can confirm that as prepared black products were mainly Zn nanostructures.  

In order to further explore and understand this unique chemical vapor depiction process, a 

series of experiments were conducted by adjusting the flow rate of carrier gas (Ar). It was found 

that for ZnO nanowires, with the increase of flow rate, the diameter of branched nanowires 

decreased and length effectively increased as shown in Figure 0.6. The overall diameter of ZnO 
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nanowires formed at 75 sccm is around 170 nm. Most of nanowires were very short (~1.5 µm) 

and ended with a sharp tip (inset, Figure 0.6). When flow rate increase to be above 200 sccm, 

longer ZnO nanowires with diameter (190 nm at 250 sccm and 140 nm at 500 sccm) and length 

(>10 µm ) were synthesized. Another interesting phenomenon is that, more nanostructures with 

nanowires joint at one point and less branched nanostructures were observed too. The increase of 

flow rate can mainly increase the transporting rate of Ar gas at the same time decrease the 

residual time of various vapors inside the tube. The formation of branched nanostructures can be 

explained by the theory that nuclei were secondary deposited onto previously formed ZnO 

nanowires and branched from the main trunk. When flow rate increase, residual time is 

effectively increased. Chance that nucleus deposited on ZnO nanowires is less. Thus, less 

branched structures were formed.  

For Zn nanostructures, at low flow rate (75 sccm and 140 sccm), most of product are 

curved Zn nanostructures. However, when flow rate keep increase, big nanoparticles mixed with 

branched ZnO nanowires and Zn nanostructures were observed. There could be two possible 

origins of Zn nanostructures and big particles: from the direct condensation of Zn vapor from 

carbon-thermal source (Zn(g)�Zn(nanostructures)) or from Equation 6-3 by reduction of ZnO 

(ZnO+CO�Zn+CO2). It is claimed here that both mechanisms are beneficial for the formation 

of Zn nanostructure. Zinc has a low melting point (~419 oC), if there is not physical or chemical 

confinement and direction, instead of nanowires or nanotubes, big nanoparticles in micrometer 

scale should be formed when suddenly condensed, as confirmed by other people’s experiments 

[ 312 ] as well as big particles formed at flow rate above 200 sccm. In addition, careful 

observation of SEM images indicated that Zn nanostructures formed at 140 sccm are not only 

one dimensional, but also are slightly branched (specified by dotted arrows in Figure 0.3B inset). 
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Thus, it is possible that reduction of similar morphology ZnO nanowires into Zn could play an 

important role in the occurrence of Zn nanostructures at the right flow rate. In this case, ZnO 

nanowires were firstly blow by Ar into black region and then reduced by CO following Equation 

6-3. Then the question is where the reactant (CO) is from? Considering initially there is no CO2 

inside the tube, Equation 6-4 is impossible. CO must come from Equation 6-2 where reaction 

between Zn and CO is incomplete in white zone and extra Zn and CO vapors were blow into 

black region. Therefore, the formation of Zn nanostructures must be from both two aspects. 

When the flow rate is too high, Zn vapor had a short residual time in white region and was 

directly blow into black zone to form big micro-particles. What’s more, high flow rate can also 

transport ZnO nanowires formed at white zone into black zone. This could explain why at high 

flow rate large amount of ZnO nanowires were also found in black zone. 

We then did another experiment on morphologies of samples at different location inside 

the furnace for a constant flow rate (140 sccm). Silicon substrates were hanged upside down to 

capture the incoming nanowires. SEM images were taken for points with constant inter distance 

as shown in Figure 0.7A. Based on the observations from SEM images, it is also possible to 

estimate the diameter, length, and distribution density of ZnO nanowires (Figure 0.7, Figure 0.8, 

and Figure 0.9). This could allow the analysis of total ZnO flux at different location. When the 

distance is short (near to heating zone), the incoming fluxes of gases are high. This caused the 

quick nucleation and growth (high temperature), which caused the irregular shapes with few 

nanowires (Figure 0.7B-D). With the increase of distance, the temperature slowly dropped, but 

∆T (Tlocation-Tcenter) gradually increased. This means large driving force for nucleation. At this 

particular condition, large amount of nanowires were formed (Figure 0.7E-G). If the temperature 

is very low, branched nanowires were formed as shown in Figure 0.7I-J. Under this circumstance, 
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the driving force for nucleation is very high (large supersaturation). However, the low 

temperature could only facilities the slow growth due to unfavorable kinetics. This caused the 

formation of large amount branches on ZnO main trunks. Complete diameter and nanowire 

distribution diagrams were shown in Figure 0.8. Figure 0.9 also summarized the change of 

diameter and length of nanowires with respect to temperature and ∆T. It is clear that diameter 

slowly decreased and length slowly increased with the decrease temperature, which demonstrates 

more anisotropic growth at lower temperature region. The total volume of ZnO remained almost 

constant, which means flux was uniformly distributed. 
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Figure 0.1 (A) Dimensions of chemical vapor deposition furnace, (B) temperature profile. 
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Figure 0.2 Digital picture of furnace after ZnO nanowires and Zn nanostructure growth. 
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Figure 0.3 Scanning Electron Microscopy images, diameter distribution and XRD patterns of as-

prepared ZnO nanowires and Zn nanostructures, (A) and (B), (C) and (D), (E) and (F), are SEM 

images, diameter distribution, XRD pattern of ZnO nanowires and Zn nanostructure. Scale bar 1 

µm. 
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Figure 0.4 EDX spectra and composition analysis of (A) ZnO nanowires and (B) Zn 

nanostructures. 
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Figure 0.5 High-resolution TEM images of as prepared ZnO nanowires and Zn nanostructures. 

(A) and (B) are TEM images of ZnO nanowires. (C) shows TEM images of Zn nanostructure, (D) 

demonstrates possible Zn nanotube, inset shows lattices line of Zn nanostructures. 
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Figure 0.6 (A), (C), (E) are SEM images of ZnO nanowires at flow rate of 75 sccm, 250 sccm 

and 500 sccm respectively. (B), (D) and (F) are SEM images of Zn nanostructure at flow rate of 

75 sccm, 250 sccm and 500 sccm respectively, scale bar 1µm. 
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Figure 0.7 (A) Digital picture of silicon wafer after ZnO nanowires growth. (B)-(I) SEM images 

of nanowires, numbers on the right corner corresponding to locations showing in (A), scale bar 1 

µm. 
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Figure 0.8 (A-D) Distribution of length of nanowires formed at different locations. (E-H) 

Distribution of diameter of nanowires formed at different locations.  
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Figure 0.9 (A) Diameter and length of nanowires correspond to distance inside furnace. (B) 

Density and total volume of ZnO nanowires on silicon wafer.  
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6.2.2 Direct nucleation of Au nanoparticles on ZnO nanowires 

ZnO nanowires have already been proved with various astonished properties and 

applications [298]. However, with the development of technology, devices with more compact 

design and multi-functionality are of great desirability, which triggers the exploration of 

heterostructures that can either form 3-D nanoarchitectures or work as construction platforms, at 

the same time perform multi-tasks [2]. Thus, explorations of heterostructure are of great 

importance. Efforts such as fabrication of ZnO-CdSe core shell nanorod [313], ZnO-Cu2O 

nanowire array [314], ZnO-Au heterostructures [315] and so on were extensively conducted and 

novel or enhanced properties were discovered. On the other hand, gold nanoparticles themselves 

have lots of applications such as chemical/biological sensor, catalysts and cancer treatment 

medicine. Coupling of ZnO and Au nanoparticles might result into a novel heterostructure, which 

can make full use of properties from both components [315]. In order to avoid the tedious linking 

and functionalization, as well as for the purpose of clear interface [44], we utilized ZnO 

nanowires to fabricate ZnO-Au heterostructures by direct nucleation of Au on ZnO surface.  

ZnO-Au heterostructures have already been prepared by photoreduction of HAuCl4, 

annealing of Au thin layer on ZnO nanowires, hydrothermal and electroless deposition on ZnO 

nanowires [314,]. Our method, direct nucleation of Au nanoparticles onto ZnO nanowires 

without surfactant, is high efficient, has no specific requirements for temperature, pressure, 

surfactants or UV light illumination, whereas can produce heterostructures with clean surface, 

low impurities, high coverage and finely controlling of Au nanoparticles (Figure 0.10 A-C).  

Gold nanoparticles with different shapes, morphologies were usually fabricated by 

reduction of Au salt solution (HAuCl4) by reducing agents (NaBH4, ascorbic acid, sodium citrate) 

with presence of surfactants. Typically, there are two ways for Au nanoparticles formation, 
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homogenous nucleation and heterogeneous nucleation. In our method, ZnO nanowires were 

firstly well dispersed in Ethanol by rigorous ultrasonication and then HAuCl4 solution was added 

into ZnO nanowires solution and mixed for certain time. After that, reducing agent was added 

and gold nanoparticles started growing by heterogeneous nucleation and growth on ZnO 

nanowires sites.  

SEM image (Figure 0.10A) and TEM images (Figure 0.10B-E) demonstrated that Au 

nanoparticles are narrow size distribution (7.5±2.8 nm, Figure 0.10G) on ZnO nanowires and are 

finely covered. In Figure 0.10D, there are still branched structures exist after strong 

ultrasonication, which states that branches of ZnO nanowires are mechanically robust. It has 

been showed that reaction between HAuCl4 and NaBH4 is highly thermodynamically favorable 

and happened very fast. Thus, the nucleation of Au nanoparticles is not 100% heterogeneous and 

there are decent amount of Au nanoparticles are formed away from ZnO nanowires by 

homogeneous way. Interestingly, TEM image (Figure 0.10F) indicated the Au nanoparticles 

without assistance of ZnO nanowires actually have larger diameter (14.4±2.6 nm). This is might 

mainly from the curveted surface of ZnO nanowires, which can be supportive for the formation 

of Au nanoparticles with smaller diameters.     

6.2.3 In-situ UV-vis spectrum collection of Au-ZnO heterostructures formation 

Both ZnO nanowires and gold nanoparticles have decent UV-vis absorption signals 

because of electrons transition between valence band and conduction band or plasmon confined 

on Au nanoparticles surface. In order to understand the formation processes of ZnO-Au as well 

as the interactions between semiconductor and metal species, in-situ study was conducted in a 

capped quartz cell and absorption spectra were collected automatically at 15 seconds interval. In 

Figure 0.11A, pure ethanol was used as background thus had zero absorbance. The moment ZnO 
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solution (mixed in ethanol) added, there are one absorption peak (385 nm) and one edge (~268 

nm) formed, which are contributed from UV range absorption of ZnO nanowires. After mixing, 

HAuCl4 solution was added. Immediately there were two strong absorption peaks (~230 nm, 

~315 nm), which are from ligand-to-metal charge transfer bands of AuCl4
- ions between gold and 

chloro ligands. Then, NaBH4 was injected to reduce AuCl4
- ion into Au nanoparticles. This 

reduction reaction happened quickly and the peak of HAuCl4
- sharply decreased. Figure 0.11B 

showed the UV spectra of the first 4 minutes reaction. The peaks of ZnO kept constant and there 

was one broad peak (~520 nm) appearing when reaction time is around 1 min. This is ascribing 

to the plasmon peak of Au nanoparticles. With reaction going on, this peak became sharp while 

the location kept the same, which suggested there are more Au nanoparticles with the same size 

formed. Another thing must be pointed out is that by comparing absorption of the same size Au 

nanoparticles, this peak actually red shifted. When reaction time was 4 min, a new absorption 

edge (~ 315 nm) emerged, which is mostly from interaction between ZnO and Au. Figure 6C 

showed the UV signal of solution from 5 to 10 minutes. In this duration, there are three apparent 

observations. First, the ZnO-Au interaction peak (~315 nm) became sharper. Then there was a 

new peak formed at ~ 705 nm, which is from other plasmon peak of Au nanoparticles. Finally, 

the Plasmon peak of Au at 520 nm became more and more broad. Commonly, the absorption 

peak at ~705 nm is from the longitudinal surface plasmon resonance (SPR) of gold nanostructure, 

which is quite normal for Au nanorods or nanowires. However, after searching under TEM, no 

linear nanostructures were found. The occurrence of this unusual peak may be from the unique 

arrangements of Au nanoparticles on straight ZnO nanowires. The reaction went on for 1 hour, 

by then, the Plasmon peak (~520 nm) completely disappeared while longitudinal SPR signal was 

still strong, which was a good indication of less individual Au nanoparticles and formation of 
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ZnO-Au heterostructures; And a sharp peak formed at 315 nm, demonstrate the strong interaction 

between Au nanoparticles and ZnO nanowires. 
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6.2.4 Raman enhancement effect from ZnO nanowire-Au nanoparticles heterostructures  

The decoration of large quantity plasmon active Au nanoparticles on ZnO nanowires 

could be utilized as surface enhancement of Raman signal [315]. We immersed different 

substrates (Blank silicon wafer, silicon wafer dropped with Au nanoparticles, and silicon wafer 

dropped with ZnO-Au heterostructures) inside 10-6 M RhB solution and measured the intensity 

of RhB as shown in Figure 0.12. It is clear that RhB on silicon wafer showed no signal at all, 

while RhB on Au nanoparticles showed low intensity (~100 counts). However, for ZnO-Au 

heterostructures, the intensity is around 1500, which is 15 times higher than Au nanoparticles 

themselves. The major contribution is the strong plasmonic near field formed between 

nanoparticles on nanowires. Thus, it is critical to tune the distribution density or proximity of 

active Au nanoparticles.  
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Figure 0.10 SEM and TEM images of as-prepared ZnO-Au heterostructure. (A) SEM, (B), (C), 

(D) and (E) TEM images. (F) Au nanoparticles formed away ZnO nanowire (G) size distribution 

of Au nanoparticles, and (H) XRD pattern confirms the existence of Au. 
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Figure 0.11 In-situ UV-vis spectrum collection of ZnO-Au heterostructures (A) the moment 

when reactants added, (B) 0~4 min, (C) 5~10 min, (D) 10~60 min. 
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Figure 0.12 Raman spectra of different samples with RhB dye (10-6 M) absorption. 
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6.2.5 Effect of plasma oxidation on nucleation of nanoparticles on ZnO nanowires 

For nanowire-nanoparticles heterostructures, one of the most challenging tasks is to tune 

the distribution density of nanoparticles on the nanowires. The tuning of diameter and density 

could have significant implications on their applications as SERS substrates and catalysts. ZnO 

nanowires were then plasma treated for 15 min to create hydroxyl groups on the surface, direct 

nucleation of noble metal nanoparticles on nanowires were conducted as usual. We also 

expanded type of nanoparticles to Au, Pt, and Pd. As shown in Figure 0.13, large amount of 

nanoparticles (Au, Pt, and Pd) were uniformly anchored on ZnO nanowires. For ZnO nanowires 

with plasma oxidation treatment, decorations of nanoparticles were also found (Figure 0.14). We 

then analyzed the diameter and distribution density of nanoparticles on ZnO nanowires. As we 

expected, the distribution density of Au and Pt nanoparticles sharply increased (Table 0-1) while 

the diameter also increased. Compared with Au, and Pt (AuCl-, PtCl6
-), density of Pd 

nanoparticles showed large dropping and diameter almost doubled. It is clearly that compared 

with Pd2+, other two ions are negatively charged. It is possible that after plasma treatment, the 

nanowires became positively charged and were able to absorb larger amount of negatively 

charged AuCl- and PtCl6
- ions while repel positively charged Pd2+ by electrostatic interaction. 

Overall, the plasma treatment of nanowires proved to be an efficient method to tune the density 

of nanoparticles on nanowires and could have significant implications for SERS substrate.  
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Figure 0.13 (A, B, C) SEM and TEM images of ZnO-Au nanoparticles heterostructures, (D, E, F) 

SEM and TEM images of ZnO-Pt nanoparticles heterostructures, (G, H, I) SEM and TEM images 

of ZnO-Pd nanoparticles heterostructures.  
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Figure 0.14 (A, B, C) SEM and TEM images of ZnO-Au nanoparticles heterostructures, (D, E, F) 

SEM and TEM images of ZnO-Pt nanoparticles heterostructures, (G, H, I) SEM and TEM images 

of ZnO-Pd nanoparticles heterostructures.  
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Table 0-1 Diameter and distribution density of noble metal nanoparticles on ZnO nanowires with 

and without plasma treatment.  

Sample Diameter of nanoparticles (nm) Distribution density (#/µm2) 

ZnO-Au 7.19 2465 

ZnO-plasma-Au 8.51 4875 

ZnO-Pt 2.23 25541 

ZnO-plasma-Pt 2.49 65866 

ZnO-Pd 4.48 16446 

ZnO-plasma-Pd 9.59 3080 
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6.2.6 Manipulation of Raman enhancement through laser induced local heating  

We also demonstrated a unique SERS substrate based on attachment of ZnO nanowires 

decorated with Au nanoparticles heterostructures onto thermal energy induced shrinkable 

polymer film. Digital pictures of this plastic film before and after heating are presenting in 

Figure 0.15. It is well known that intense Raman laser could also heat the substrate due to laser 

itself and photo-thermal effect from metal nanoparticles [280,316]. Thus, we utilized Raman 

laser equipped inside Raman spectrometer to selectively and in-situ heat shrinkable substrate 

loaded with heterostructures. The collapse/shrinking of polymer film makes two nanowires 

coming closer, which produced controlled generation of hot-spots as shown in Figure 0.15. 

What’s more, ZnO-Au heterostructures were also utilized as photocatalysts for the self-cleaning 

of absorbed molecules [317]. Since this technique is only involving localized nanowires, cleaned 

substrate could be re-used for multiple times.  

Raman spectra were collected before and after localized laser heating. In order to 

minimize the heat effects of laser while collecting Raman spectra, a much lower laser power (1 

mW) was used. A typical comparison of spectra collected before and after laser heating is 

showing in Figure 0.16A. It is clear that laser heating could significantly boost the Raman signal 

at around 3.5 fold. Nevertheless, since the shrinking of polymer film is happening rapidly, a 

suitable laser heating must be rationally selected as shown in Figure 0.16B. After 2s heating, the 

signal increased 3.5 times and then decayed as the increasing of laser heating. This could be that 

the pit from shrinking of polymer film became uncontrolled and the distance of nanoparticles is 

no longer suitable for SERS sensing. We also tried this method for Raman sensing of different 

concentrated dyes, it is found that this method is particularly suitable for low concentration 

detection. When the concentration is 10-7 mol/L, the enhancement factor (ratio of intensity of 
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highest peak with and without laser heating) could be as high as 50 while this number is 

significantly low for concentrated sample. This might be because for concentrated sample, dye 

molecules absorbed several layers on nanoparticles and the distance could only be manipulated 

beyond layered molecules. This caused the increase of gap and decrease of sensitivity.  

One advantage of introduction ZnO nanowires is to minimize the unwanted aggregation 

of nanoparticles, while another merit is to utilize the photocatalytic effect of ZnO nanowires to 

regenerate the SERS substrate. Figure 0.16D showed the Raman spectra of before and after UV 

exposure of Raman substrate. It is clear that the characteristic peak of methylene blue (~455 cm-1) 

disappeared after UV exposure. This indicated that Raman substrate could be re-used for 

multiple times since fractions were locally heated and other could be regenerated using UV light.  

A theoretical analysis of this approach is performed using discrete dipole approximation 

using DDSCAT software [78]. We constructed two ZnO nanowires decorated with two 

nanoparticles with 2 nm gap (Figure 0.17A) and the near field distribution at 785 nm (the same 

as laser wavelength) is showing in Figure 0.17B. It is clear the electric field is mainly 

concentrated inside the gap and the ZnO played the minimal role for the enhancement. In order 

to study the effect of gap distance, we isolated the nanoparticles and calculated two nanoparticles 

with different gaps (0-5 nm). The near field distributions of nanoparticles with gaps of 0 nm, 1 

nm, and 2 nm are presenting in Figure 0.17C-E. It indicated highest electric field increment is 

27.7 for 0 nm, 8.25 for 1 nm, and 5.81 for 2 nm. In order to better present the sensitivity, we 

plotted (|E|/|E0|)
2 across two nanoparticles as shown in Figure 0.17F. It has been proven that 

(|E|/|E0|)
2 is directly proportional to the Raman enhancement capability. For all samples, the 

(|E|/|E0|)
2 peaked in the center where there is a gap and has two symmetrical peaks at the surface 

of nanoparticles ( +5nm and -5 nm). The signal decreased sharply with the increase of gap.  
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Figure 0.15 Schematic of the experimental approach. 
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Figure 0.16 (A) Comparison of Raman spectra before and after laser heating, (B) evolution of 

Raman intensity with respect to laser heating time, (C) comparison of Raman spectra of 

substrates with respect to laser heating time by loading with Raman dye of different 

concentration, (D) Raman spectra of substrates before and after photocatalytic cleaning.  
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Figure 0.17 (A-B) Schematic showing formation of gap between two Au nanoparticles and its 

near field calculation at 785 nm; (C-E) near field distribution of nanoparticles with 0 nm, 1 nm, 

and 2 nm gap, (F) Comparison of (|E|/|E0|)
2 for nanoparticles with different gap distances.  

A B 

C D E 
F 



240 

 

6.3 Conclusions  

In summary, ZnO nanowires and Zn nanostructures were synthesized simultaneously 

using chemical vapor deposition techniques. In order to clarify the growth mechanism, flow rate 

of carrier gas were tuned to form nanostructures with different morphologies. For a constant flow 

rate, morphologies of nanowires formed at different locations were also studied. It is found that 

nucleation and growth of nanowires were affected by temperature and ∆T, which accounts for 

nanowires and nanostructures with different morphologies. ZnO nanowires were then used to 

synthesize ZnO nanowires-Au nanoparticles heterostructures using a simple, surfactant-free 

method. This clean substrate showed potential for surface enhanced Raman spectrum. We also 

achieved tuning the density of nanoparticles through plasma oxidation of ZnO nanowires. 

Meanwhile, heterostructures were dropped onto a temperature sensitive polymer film to form 

sensitive and recyclable SERS substrates. These could directly contribute to fabrication of 

biological or chemical sensors based on Raman scattering with low cost and high sensitivity.  
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CHAPTER 7      
                                                      

UNDERSTANDING GROWTH MECHANISM, NANOMECHANICS, AND PLASMONIC 
ACTIVITY OF GRAPHENE SHELLS ENCAPSULATED GOLD NANOPARTICLES 

 
Remarkable thermal, electrical, and mechanical properties of graphene makes it a 

promising 2-dimensional (2-D) nanostructures for chemical sensors, nanoelectronics, transparent 

conductive films, and nanocomposites [318,319]. It is also envisioned that as compared to 2-D 

graphene, curved graphene will result in yet more intriguing characteristics such as non-zero 

band gap, p-n junction formation, strained lattice, and σ-π orbital rehybridization [320,321]. In 

addition, it has been predicted that, as compared to flat graphene structure, optical transitions 

through curved or rippled graphene can allow for unique resonances in the low energy regions of 

the optical spectra. Such aspects due to curvature in graphene can allow for device/band gap 

engineering, unique plasmonic activity, and chemical reactivity leading into the development of 

terahertz sources, solar cells, optical devices, and sensitive chemical sensors.  

Several techniques have been utilized for the growth of graphene including chemical 

vapor deposition (CVD) [ 322 ] and chemical/mechanical exfoliation methods [ 323 , 324 ]. 

However, these methods resulted in nearly flat graphene sheets, where large curvature in sheet is 

inherently present due to strains within the carbon lattice or between the layers. Most suitable 

curved graphene geometry could be achieved in the form of carbon nanocages, onions, 

nanocapsules, or shells. In addition, due to the superior chemical stability, such carbon cages can 

be utilized as capping layer for nanoparticles. Such multifunctional configurations [325, 326] 
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with encapsulating graphitic shells can protect core nanoparticles from oxidation [ 327 ], 

aggregation [328], and unwanted chemical reaction [329,330] or physical absorption [331]. CVD 

[332], arc discharge [333], laser ablation [334], flame synthesis [335], and microwave approach 

[336], remain the most common growth techniques for these spherical carbon nanostructures. 

However, these graphitic carbon shells could be turbostratic, defective, impurity prone, and their 

growth process may result in their uncontrolled thickness with significant amount of amorphous 

carbon and nanotubes. One of the major reasons behind these problems is the selection of seed or 

catalyst nanoparticles to grow such spherical carbon nanostructures. These catalytic 

nanoparticles are commonly comprised of transition metals (e.g., Fe, Ni, Co, etc.) that have 

strong interaction with carbon, suitable carbon solubility, and do not form over-stabilized 

intermediates such as carbides [128,260]. This could be also a reason for resulting in rapid 

reaction kinetics of carbon decomposition on these nanoparticles and poor control over the 

physical and chemical characteristics of the produced spherical carbon nanostructures. Thus, 

catalytic nanoparticles that allow for controlled solubility of carbon in it and limited reaction 

kinetics of hydrocarbon decomposition are necessary. Towards this end, noble metal 

nanoparticles are of particular interest. It is known that solubility of carbon is very low in gold (5 

× 10-4 wt.% at 730 oC) and weak bonding between gold and carbon as compared to the transition 

metal-carbon system prevents formation of carbon nucleation cap on the gold nanoparticle under 

CVD conditions [337]. At the same time, influence of the carbon on the gold nanoparticle 

melting point during such a growth process remains largely unclear. It must be noted, Gibbs-

Thomson equation clearly indicates that a pure material melting point is inversely proportional to 

the size-scale [116].  

Overall, growth of carbon nanostructures such as carbon nanotubes (CNTs) and graphene 
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shells is ideally not anticipated when using gold as a catalyst [325, 338]. However, a few recent 

reports demonstrated the CVD growth of CNTs and graphene-like carbon shells using catalytic 

gold nanoparticles. This growth could be attributed to high surface-to-volume ratio of gold 

nanoparticles, their altered band structure, and/or interaction of electronegative gold with defects 

in oxide support leading to catalytically active and charged gold species [339]. In addition, the 

control over CVD conditions is critical to result in hydrocarbon precursor decomposition with 

limited carbon solubility in gold [337]. It is also predicted that as compared to transition metals, 

gold is less active towards hydrocarbon dissociation reactions at low temperatures than at higher 

temperatures (> 600-700 oC) [338].    

It has been reported that dispersed noble metal nanoparticles on a carbon-based TEM grid 

resulted in graphene-like carbon encapsulation around each nanoparticles under strong electron 

beam irradiation [340 ]. The growth mechanism of these carbon encapsulated noble metal 

nanoparticles has been elegantly studied in an in-situ electron microscopy experiments. However, 

these carbon-encapsulated nanoparticles must be extracted from the TEM grids for their 

application, which has remained elusive. In addition, it has been also observed that under a high 

irradiation temperature, these carbon shells acted as a pressurized chamber and significant 

surface tension within led to ejection of the gold nanoparticles out of the shells [341]. However, 

the estimation of stresses within these hybrid nanoparticles remains unaddressed. Similarly, 

coating polymer on surface oxidized gold nanoparticles [342] and subsequent pyrolysis allowed 

for the formation of carbon shells around nanoparticles but at the same time resulted in 

amorphous carbon and necessitated cleaning steps. Interestingly, this report also proposed that 

having surface oxidized gold nanoparticles assisted in an electron transfer process between 

carbon and surface gold oxide, which was majorly responsible for conversion of polymer into 
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carbon shell.  

To surpass several challenges of above fabrication methods, in a recent study, the authors 

have demonstrated a unique approach to grow non-turbostratic and uniform graphene shells 

encapsulating gold nanoparticles in a CVD approach [343]. Here the surface oxidized gold 

nanoparticles that were patterned onto a silicon wafer were utilized as a catalyst or seed for the 

patterned growth of graphene shells encapsulating gold nanoparticles. This growth method did 

not resulted in any growth of CNTs, which has been demonstrated only for reduced surface 

oxidized gold nanoparticles [338]. However, the major focus of the authors’ study was to 

understand the plasma oxidation kinetics of gold nanoparticles, which was critical for the CVD 

growth of graphene shells. In regard to the latter, the study also experimentally proved that the 

unstable and electron accepting surface gold oxide facilitated the formation of sp2-sp3 hybridized 

graphene shells around gold nanoparticles by interacting with the incoming carbon feed. This 

electron transfer-based reaction and carbon decomposition was confirmed by the absence of gold 

oxide after the graphene shell growth. However, a detailed understanding of this growth 

mechanism and involved thermodynamics is only possible by studying the role of CVD growth 

parameters and plasma oxidation conditions in the graphene shell formation, which is critical and 

lacking in the previous work. Understanding these aspects will further reveal the nucleation and 

growth of graphene shells as well as enable the controlled synthesis of graphene encapsulated 

gold nanoparticles. Knowing that gold nanoparticles and graphene have unique optical and 

plasmonic characteristics [344], such an interesting hybrid nanoparticle configuration could lead 

to multi-functional nanodevice architecture and interface geometry [345]. Towards this end, 

planer graphene-metal nanoparticle systems have been explored [346,347]. Results from these 

systems enhanced understanding of metal-graphene interfacial charge transfer between metal 
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orbitals and graphene π electrons [348], energy levels and chemical bonding, potential drop at 

the interface [349,350], influence of graphene layer thickness on thermal conductance [351], and 

in-plane stress and structural imperfection of graphene (Moiré superstructures) due to lattice 

mismatch [352,353].  

7.1 Experimental section 

7.1.1 Materials and method 

Silicon wafer (n type, P doping, <100>, ~500 µm, 1-10 Ω-cm) was purchased from IWS 

(Colfax, CA). Au nanoparticles (AuNPs) solution (10 nm, ~0.75 A520 units/mL) was bought from 

Sigma-Aldrich (St. Louis, MO). 3-mercaptopropyltriethoxysilane (MPTMS, 97.0%) was 

purchased from TCI America (Portland, OR). Acetone ((CH3)2CO) was purchased from VWR 

International (West Chester, PA). Xylene (o-, m-, p- isomers) was purchased from Fisher 

Scientific (Pittsburgh, PA). All chemicals were used without further purification. Wet samples 

were dried in a VWR vacuum oven (West Chester, PA). DI water (18.1 MΩ-cm) was obtained 

using a Barnstead International DI water system (E-pure D4641). Oxygen plasma treatment was 

performed in a Nordson March Jupiter III Reactive Ion Etcher (Concord, CA). Graphene shell 

growth processes were conducted inside a Lindberg blue 3-zone tube furnace (Watertown, WI). 

Quartz tube was purchased from ChemGlass (Vineland, NJ). Syringe injector was obtained from 

Fisher Scientific (Suwanee, GA). Gas flow rates of all CVD processes were controlled by 

Teledyne Hasting powerpod 400 mass flow controllers (Hampton, VA). Thermocouples and 

temperature controllers were bought from Omega Engineering (Stamford, CT). H2 (UHP grade, 

40% balanced with Ar) and Ar (UHP grade) gas cylinders were purchased from Airgas South 

(Tuscaloosa, AL). 
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7.1.2 Chemical patterning of Au nanoparticles on Si wafer 

Si wafer was cleaned by immersing into Piranha solution (H2SO4:H2O2 ~5:1 v/v) at 

100 °C for 30 min and rinsed/washed with copious amount of DI water followed by drying in N2. 

This cleaned Si wafer was further immersed in ~10 mL MPTMS solution (2 mM, in ethanol) for 

overnight under gentle shaking. This silanized Si wafer was rinsed with ethanol and dried in N2. 

In order to enhance the silane-surface stability and bond strength, the functionalized Si wafer 

was heated at ~80 °C inside a box furnace. Finally, the silanized Si wafer was immersed in Au 

nanoparticle solution (in ethanol, 1:10 v/v) for overnight under gentle shaking. This was 

followed by drying this substrate (Si wafer with chemically patterned Au nanoparticles) in a 

vacuum oven at 60 °C before utilizing it for next processing steps. 

7.1.3 Surface oxidation of chemically patterned Au nanoparticles on Si wafer and CVD growth 

graphene encapsulated Au nanoparticles 

Surface oxidation of chemically patterned Au nanoparticles was performed in a plasma 

etcher for different duration (10-40 min) and at 160 W power and 300-900 mTorr oxygen partial 

pressure. Subsequently, the surface oxidized and chemically patterned Au nanoparticles on Si 

wafer were inserted in the center of the quartz tube in the CVD furnace for the growth of 

graphene shells. The quartz tube was equipped with precursor (hydrocarbon source: Xylene) and 

gas lines for Ar/H2 flow. The Ar acted as a carrier and diluted gas and H2 acted as an oxygen 

scavenger. The furnace temperature was raised to a desired reaction temperature under Ar flow 

(0.3 SLM) and then the precursor and/or H2 injection into the tube furnace was initiated. Xylene 

was injected through a syringe injector into a pre-heated zone (~ 220 oC) of the tube furnace at 

the rate of 45 mL/h for ~2 min and subsequently swept into the reaction zone (~300-900 °C) 

inside the quartz tubes furnace. The xylene flow rate was reduced to 1-10 mL/h after H2 mixed 
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with Ar (Ar/H2=1.8 SLM/0.2 SLM or 10% v/v H2) was introduced into the CVD reactor. In order 

to vary the H2 concentration, the flow of Ar was manipulated while keeping overall flow rate to 

be constant at ~1.15 SLM. The CVD reaction was continued for 1 min to 8 h after which H2 and 

xylene were discontinued and furnace was cooled down under Ar flow (0.3 SLM). 

7.1.4 Mathematical modeling for stress distribution and plasmonic activity  

The finite element analysis method, using ELMER® software, was utilized for the 

calculation of stress distribution by considering spheres with non-uniform shell thickness. The 

objects were created and meshes were generated using GID® 10.2 software with 0.15 mesh size. 

The initial stresses on graphene shell were assumed as 50 GPa for all situations. Von Mises 

equivalent stresses were plotted for core-shell nanoparticles with 0.4 nm, 0.25 nm, and 0 nm off 

the center. Von Mises equivalent stresses were plotted for core/shell configuration of GNPs with 

0 nm, 0.1 nm, 0.3 nm, 0.5 nm, 0.7 nm, and 0.9 nm offset between the graphene shells and core 

Au nanoparticle. In order to determine the effect of initial stresses on von Mises stress 

distribution, initial stresses were also varied from 5 MPa to 50 GPa and plotted against the 

maximum von Mises stress corresponding to different offset positions. 

Discrete Dipole Approximation (DDSCAT 7.2 software) was utilized to calculate the 

scattering and absorption of electromagnetic wave by particles with arbitrary geometries and 

complex refractive index [78]. The geometrical targets were generated using “Calltarget” 

executable integrated with DDSCAT source code. For spherical graphene encapsulated Au 

nanoparticles, a nanoparticle of 10 nm radii with graphene shell thickness ranging from 0 to 5 

nm was constructed and the extinction spectra were calculated from 300 nm to 800 nm in 

vacuum (n=1). The effective radii of dipole was calculated using the following equation: 

aeff=(3V/4π)1/3, where V is the total volume of the material in the target and is calculated based on 
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equation V = Nd3 with N being number of dipole and d being lattice spacing in cubic array. For 

ellipsoid geometry, the radii were set as 5 nm and aspect ratio was maintained as 10. The near 

field distribution was also calculated using DDSCAT 7.2 software and plotted using Mayavi2.  

7.1.5 Characterization 

Scanning Electron Microscopy (SEM) images were obtained using FE-SEM JEOL-7000 

equipped with energy dispersed X-ray spectroscopy (EDX). Tecnai F-20 was used to collect 

Transmission Electron Microscopy (TEM) images at 200 kV. TEM samples were prepared by 

dispersing as-prepared samples on lacey carbon TEM copper grids purchased from Ted Pella Inc. 

(Redding, CA). The average nanoparticle size and shell thickness was measured from TEM and 

SEM images, where more than 200 nanoparticles were counted and measured per sample. 

Diameter was measured for spherical nanoparticles and for nanoparticles with other shapes, 

diagonal length average was taken. All the measurements were done using Adobe Photoshop 

Software. High-resolution TEM image for graphene encapsulated AuNPs was also converted into 

FFT image using Digital Micrograph software. Raman spectra and chemical mapping of samples 

were collected using Bruker Senterra system (Bruker Optics Inc. Woodlands, TX) equipped with 

785 nm laser source at 10 mW laser powers and 100X objective. The integral time and co-

additions were set as 5-20 seconds and 2, respectively. For methylene blue sample, 20 µL 10-5 

mol/L solution were dropped onto substrate and dried in air and then the Raman spectra was 

collected. Thermodynamic calculation was performed using HSC Chemistry 5.1 software with 

included database. Autodesk 3ds Max® was used for drawing illustrations and schematics.  

7.2 Results and discussion 

We report here detailed systematic studies on the CVD growth of graphene shells 

encapsulating gold nanoparticles as a function of growth temperature, duration, and hydrocarbon 
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precursor concentration and extent of reducing (H2) environment. In addition, the influence of 

the plasma oxidation conditions for the surface oxidation of gold nanoparticles on the graphene 

shell growth is evaluated. We also show that these parameters critically aid in evolution of the 

graphene shells around gold nanoparticles and allow for controlling shell thickness, graphene 

shell quality and morphology, and hybrid nanoparticle diameter. Based on the morphology of the 

graphene encapsulated gold nanoparticles, we also performed finite element method (FEM) 

simulations to understand the equivalent von Mises stress distribution within such hybrid 

nanoparticles. Finally, we understand the plasmonic activity of graphene encapsulated gold 

nanoparticles using Discrete Dipole Scattering (DDSCAT) modeling method, which explains 

plasmonic activity as well as our experimental studies on Raman sensitivity of these hybrid 

nanoparticles towards Raman active dyes.     

7.2.1 Study of growth mechanisms  

The overall approach for the systematic CVD growth study of graphene shells 

encapsulating Au nanoparticles and the modeling approach for understanding nanomechanics 

and plasmonic of these hybrid nanoparticles is shown in Figure 0.1A. Au nanoparticles (~10 nm 

in diameter) were chemically patterned via mercapto silane-terminated Si wafer. The spatial 

density of ~8.28 × 108 nanoparticles per cm2 on the substrate was estimated (Figure 0.1). This Au 

nanoparticle patterned substrate was further subjected to plasma oxidation for formation of 

surface gold oxide [354]. Finally, this substrate was inserted in the CVD furnace for the growth 

of graphene shells encapsulated Au nanoparticles patterned on the substrate. The systematic 

study on the CVD growth of graphene encapsulated Au nanoparticles is indicated in Table 0-1. 

Specifically, growth duration and temperature, precursor (H2 and xylene) concentration and flow 

rate, and type of hydrocarbon precursor were studied. Since the plasma oxidation of Au 
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nanoparticles is a critical step facilitating the formation of graphene shells, the effect of the 

plasma conditions (oxidation duration and oxygen partial pressure) on the CVD grown graphene 

shells was also understood. These systematic studies allowed for optimizing the graphene shell 

encapsulated Au nanoparticles, where the aim was to achieve high quality (minimal amorphous 

carbon content) graphitic shells with controlled thickness as well as understand the involved 

growth mechanisms. 

Figure 0.2 clearly shows the morphological evolution of the graphene shells 

encapsulating gold nanoparticles corresponding to various CVD growth parameters studied here. 

Representative TEM images show the formation of graphene shells encapsulating gold 

nanoparticles corresponding to sample #1, #2, and #20 (Table 0-1) indicating the shell inter-layer 

spacing between 0.35-0.37 nm, which closely matches the c-axis spacing of the graphite. 

Systematic study reported here also resulted in the graphene shell thickness varying from ~1 nm 

to 8 nm. For longer CVD growth durations (2-8 h), graphene shells are ruptured facilitating 

ejection of Au nanoparticles as well as welding of many graphene shells take place to result in 

hollow tubular fibers with rippled walls (Figure 0.4). In this process, the graphene shell thickness 

increased until 4 h and after the coalescence occurred between 4 h and 8 h, this shell thickness 

slightly decreased and significant amount of amorphous carbon was observed. This suggests that 

for prolonged durations, graphene layers aged and amorphized while forming fibers (Figure 0.4I). 

Thus, CVD growth duration played a critical role in determining the stability of the graphene 

shells encapsulated gold nanoparticles. In addition, the shell thickness was observed to be 

increased from ~ 2 nm to 4 nm with increasing duration but thickest shell (~4.5 nm) was 

observed corresponding to ~4 h of CVD reaction duration. A slight decrease in the shell 

thickness beyond this duration (> 4 h) suggests that aging of graphene shells occurred, which 
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resulted in its etching or decomposition at the growth temperatures (675 oC). The size of the 

nanoparticles was negligibly influenced by the reaction duration but several gold silicide 

nanoparticle formation was observed for reaction duration of 4 h (Figure 0.4E, F). We then 

looked into the lattice spacing of Au-Si alloy. It was found that for Au2Si, (511) plane spacing is 

0.375 nm [355], which is very close to the value in Figure 0.4F. Considering AuNPs were 

dispersed on Si substrate and the direct evaporation of Au seemed to be unlikely (evaporation 

rate at 990K is around 0.0005 atoms/nm2/s) [356], it is reasonable to conclude that AuNPs 

dissolved into silicon substrate as Au2Si alloy nanoparticles after migration from graphitic shell. 

The latter happened due to the rupturing of the graphene shell. This rupturing of graphene shell is 

also possible because of the weak binding between gold and graphene shell (0.03 eV per carbon 

atom) [346]. When the reaction was carried out for extremely long duration (8 hours), the hollow 

graphitic shells were observed again. Interesting, we also observed some tubular structures 

similar to carbon nanotubes. The diameter of the empty core was compared with hollow shell 

formed at 4 hours. It was found the average core size shrink from 9.28 to 7.74 nm. This 

phenomenon is commonly observed for carbon onion upon electron beam illumination due to the 

strong compression pressure [357]. The diffusion coefficient could be calculated based on 

D=δ2/2t, where δ is the inner shell diffusion length, and t is the time [357]. The diffusion 

coefficient is estimated to be around 1.91×10-23 m2/s, which is almost at the same order for value 

of perfect carbon onion at 1500 oC (estimated from 8×10-23 m2/s to 1×10-21 m2/s) [357]. It is well 

established that the diffusion happened must faster in grain boundary (gb), surface (s), or other 

path than defect free (df) lattice (Ds>Dgb>Ddf). Thus, this extremely high diffusion coefficient 

must be due to the imperfect graphitic shell. The rearrangement of spherical carbon materials to 

tubular was observed by others at ~2500 K for 4 hours electron illumination [358]. The tubular 
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structure synthesized at 8 hours might also follow the same mechanism considering the diffusion 

coefficient is high.  

Growth temperature control can allow for the growth of amorphous carbon shell, 

graphene sheets, graphene shells, or amorphous/solid carbon spheres (Figure 0.5). Growth 

temperatures of around ~800 oC resulted in the thickest possible graphene shells (~8 nm) with 

graphene sheets (Figure 0.5G-K). In addition, at this growth temperature, encapsulated gold 

nanoparticles begin to rupture the graphene shells and ejection process was limited by the growth 

time, which was kept 1 h in this study. The temperature was further increased to 1000 oC, 

xylenes decomposed rapidly due to the extremely high temperature. Several things happened at 

this condition. First of all, nanoparticles are of great mobility, which caused either complete 

hollow shell or large void between graphitic shell and AuNPs as shown by arrows in Figure 0.5L. 

Secondly, Xylenes decomposed before they were able to have contact with AuNPs, thus big 

carbon sphere (~ 267 nm) were formed. Due to the absence of catalytic AuNPs, carbon sphere 

appeared to be amorphous (Figure 0.5O).  

Interestingly, H2 concentration in the feed modulates the shape and size of the 

encapsulated gold nanoparticles and the graphene shell morphology (thickness and graphene 

layer stacking). It was observed that with greater concentration of H2, graphene shells were 

etched [359] and stacking was disturbed as dangling strands of graphene was observed around 

the encapsulated nanoparticles (Figure 0.6). At low H2 concentration (~ 5%), no graphene or 

carbon shell was observed (Figure 0.6A-B) and beyond this concentration an increasing trend of 

shell thickness is observed with ~3.5 nm maximum shell thickness corresponding to 25% H2 

conditions. However, the most optimal graphene shell thickness and growth was observed for 

10% H2 concentration, which also led to minimal gold nanoparticle aggregation. In regard to 
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gold nanoparticle shape, it was observed that with increasing H2 concentration, nanoparticles 

acquired more elongated shape.  

Plasma oxidation was critical for the formation of graphitic shell [325]. We also studied 

the effect of plasma oxidation duration. Since nanoparticles were stabilized with surfactants, 

plasma oxidation could initially etch away surfactants and then oxidized nanoparticles. When 10 

min plasma oxidization was conducted, only fragments of graphitic carbon were observed 

through TEM (Figure 0.7). However, it is interesting to notice that longer plasma oxidation could 

not result into good graphitic shell (Figure 0.7). The detailed reason remains unknown so far. 

This could be due to longer plasma could form another type of oxides, which are not suitable for 

graphitic shell growth or etching of AuOx [343]. Since the oxidation of nanoparticles is usually 

governed by Cabrera-Mott theory [360], another way to control the thickness of oxide layers, 

besides oxidation time, is oxygen partial pressure as shown in Figure 0.3D-E. It has been 

showing that oxide layers became thicker as the increase of oxygen partial pressure in radio 

frequency plasma oxidation of lead film [361]. We also tuned the oxygen partial pressure as 

shown in Figure 0.3. Nevertheless, while performing this experiment, we found out that the 

oxygen partial pressure could greatly affect the mean free path of radicals in plasma system. The 

preliminary data showed that GNPs prepared at high oxygen partial pressure had weak and broad 

peaks, which indicated bad crystallization of graphitic crystal. In this regard, we concluded that 

15 min and 600 mTorr oxygen partial pressure are the optimized conditions.  

At this point, it is critical for us to analyze the effect of each parameter at the 

thermodynamic point of view. We listed several possible reactions and utilized HSC 

thermodynamic software for calculation of reaction Gibbs free energy as shown in Figure 0.3F. 

Even though all calculations are based on values of bulk materials and the large surface energy 
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of nanoparticles could greatly affect the overall reaction [360], this information could still be of 

great importance. As shown in Figure 0.3F, AuOx is thermodynamically instable at high 

temperature because of decomposition and hydrogen reduction [354]. Nevertheless, 

decomposition of xylenes on the surface of AuOx into graphitic materials has the most negative 

value in term of Gibbs energy. This might be the reason why graphitic shells were still formed at 

concentrated hydrogen since reaction between AuOx and xylenes predominated. In this regard, 

concentrated xylenes must be provided for the complete utilization of AuOx. This stimulated us 

to study another parameter, pumping rate of xylenes. Figure 0.8 listed TEM images of GNPs 

prepared at different pumping rate of xylenes. It is clear that increase of xylene feeding rate 

could successfully increase the shell thickness. The plot of shell thickness against xylenes 

pumping rate generated a linear fitting with coefficient at 0.989 as seen in Figure 0.8E. This 

indicated that the formation of graphitic shell is a zero order chemical reaction. However, since 

graphitic shell is selectively formed on Au nanoparticles surface, extra xylenes converted into 

enormous amount of amorphous carbon. We also considered different hydrocarbon sources 

(benzene, methanol, and ethanol, data is not showing here) to expect that another hydrocarbon 

could provide carbon more easily, preliminary data demonstrated that xylenes still exceed others. 

Even though with desired shell thickness, GNPs prepared at high xylenes pumping rate had large 

amount of unwanted carbon layer, which could hinder their properties. Since the graphitic shell 

only selectively formed on plasma oxidized AuNPs, concentrated xylenes vapor at short reaction 

might produce GNPs with desired shell and without harassment of large quantity amorphous 

carbon. We conducted GNPs growth at 10 ml/L xylenes pumping rate for 1 min and 10 min. It is 

clear that graphitic shell were formed for both durations (Figure 0.7). For GNPs prepared at 1 

min, GNPs with uniform shell thickness were distributed on TEM grid without amorphous layer 
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(Figure 0.7C), which is opposite for sample prepared at 10 min (Figure 0.7E). Thus, GNPs with 

thick shell and without amorphous carbon layers could only be prepared by selective removal of 

amorphous layer after the synthesis (plasma oxidation or acid etching). In regard to hydrocarbon 

precursor, among benzene, methanol, ethanol, and xylene, only xylene resulted in graphene 

shells encapsulating gold nanoparticles.  
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 Table 0-1 Parametric study of different parameters to growth of graphitic shell on oxidized gold 

nanoparticles. 

Sample 
CVD 

duration 
(hours) 

CVD 
Temperature 

(oC) 

H2 
concentration 

(%) 

Type of 
hydrocarbon 

Hydro- 
carbon 

rate 
(mL/h) 

Plasma 
oxidation 
duration 
(min) 

Oxygen 
Pressure 
(mTorr) 

1 0.5 675 10 Xylene 1 15 600 
2 1 675 10 Xylene 1 15 600 
3 2 675 10 Xylene 1 15 600 
4 4 675 10 Xylene 1 15 600 
5 8 675 10 Xylene 1 15 600 
6 1 300 10 Xylene 1 15 600 
7 1 500 10 Xylene 1 15 600 
2 1 675 10 Xylene 1 15 600 
8 1 800 10 Xylene 1 15 600 
9 1 1000 10 Xylene 1 15 600 
10 1 675 5 Xylene 1 15 600 
2 1 675 10 Xylene 1 15 600 
11 1 675 15 Xylene 1 15 600 
12 1 675 20 Xylene 1 15 600 
13 1 675 25 Xylene 1 15 600 
2 1 675 10 Xylene 1 15 600 
14 1 675 10 Benzene 1 15 600 
15 1 675 10 Methanol 1 15 600 
16 1 675 10 Ethanol 1 15 600 
2 1 675 10 Xylene 1 15 600 
17 1 675 10 Xylene 3 15 600 
18 1 675 10 Xylene 5 15 600 
19 1 675 10 Xylene 7 15 600 
20 1 675 10 Xylene 10 15 600 
21 1 675 10 Xylene 1 10 600 
2 1 675 10 Xylene 1 15 600 
22 1 675 10 Xylene 1 20 600 
23 1 675 10 Xylene 1 30 600 
24 1 675 10 Xylene 1 40 600 
25 1 675 10 Xylene 1 15 300 
26 1 675 10 Xylene 1 15 450 
2 1 675 10 Xylene 1 15 600 
27 1 675 10 Xylene 1 15 750 
28 1 675 10 Xylene 1 15 900 
29 1 min 675 10 Xylene 10 15 600 
30 10 min 675 10 Xylene 10 15 600 
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Figure 0.1 (A) Schematic of experimental approaches; (B) Schematic of growth mechanism (a) 

SEM images of Silicon wafer decorated with Au nanoparticles; b) illustration of plasma oxidized 

AuNP; (c) Transportation and absorption of xylenes molecules on oxidized nanoparticles; (d) 

Growth of graphitic shell.  
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Figure 0.2 (A) Schematics showing experimental results and TEM images of graphene 

encapsulated nanoparticles prepared at different conditions. (B) 675 oC for 30 min (sample 1), (C) 

675 oC for 1 hour (sample 2), (D) 10 mL/h xylenes pumping rate (sample 20).  
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Figure 0.3 (A) Schematic, (B) 20 min plasma oxidation (sample 22), (C) 1 min reaction at 10 

mL/h pumping rate (sample 29), (D) comparisons of Raman spectra collected for GNPs 

synthesized at different oxygen partial pressure at plasma oxidation. (E) Effects of oxygen partial 

pressure on G/D band ratio and location of G band. (F)Thermodynamic calculation of different 

reactions happening inside chemical vapor deposition furnace. (G) Schematic showing 

competing mechanism of AuOx reduction/decomposition and growth of graphitic shell. 
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Figure 0.4 TEM images of graphitic shell synthesized at 675 oC for different reaction time. (A) 

30 min, (B) 2 hours, (C-F) 4 hours, (G-I) 8 hours.  
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Figure 0.5 TEM images of graphitic shell synthesized at different reaction temperatures, (A) 

300 °C, (B,C) and TEM images of particles before and after 10 s electron beam irradiation, inset 

shows FFT image of Au nanoparticles (D-F) 500 °C, (G-K) 800 oC, and (L-O) 1000 °C. 
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Figure 0.6 TEM images of graphitic shell synthesized at different H2 concentration. (A-B) 5%, 

(C-D) 15%, (E-F) 20%, (G-H) 25 %. 
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Figure 0.7 Effects of plasma oxidation duration, (A) and (B) 10 min, (C) and (D) 20 min, (E) and 

(F) 30 min, (G) and (H) 40 min. Insets show FFT images of corresponding TEM images. 
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Figure 0.8 TEM images of graphitic shell synthesized at different xylene pump rate. (A) 3 ml/h, 

(B) 5 ml/h, (C) 7 ml/h, (D) 10 ml/h. (E) Plot of thickness of graphene shell with respect to 

hydrocarbon pump rate.  
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Figure 0.9 TEM images of GNPs prepared with short time reactions at highest xylene pumping 

rate. (A), (B) and (C) 1 min, (D), (E) and (F) 10 min.  
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7.2.2 Theoretic prediction of nanomechanics and plasmonic properties  

After this parametric study, a whole picture of growth mechanism and growth conditions 

for specific GNPs with controlled shell thickness is established. Due to the compression force of 

graphitic shell, it is also interesting to study the stress distribution in this core-shell system. The 

migration of encapsulated nanoparticles is believed to be slowly moving away from the 

concentric point [326,357]. We constructed several core-shell models using GiD 10.1 software as 

shown in Figure 0.10 and performed finite element analysis using a constant body force. It is 

clearly demonstrated that significant stress is developed near the thinnest graphene shell, which 

accounts for the breaking point. Figure 0.10B shows the effect of off-center displacement on 

maximum von Mises equivalent stress. With the increase of off-center displacement, von Mises 

equivalent stress climbed sharply. We also studied the effect of initial body force on maximum 

von Mises equivalent stress. It appears that there is a linear relationship and slight off-center 

could cause large stress. The overall nanomechanics calculations show that off-center of 

nanoparticles in graphene contributed to large stress accumulated at the thinnest graphene shell, 

at which rupture of graphene and migration of nanoparticles occurred.  

Another goal for this paper is to evaluate the effect of graphitic layer toward the original 

AuNPs properties. In this regard, we conducted discreet dipole approximation (DDA) [78,362] to 

calculate the effect of extinction spectra of GNPs. A series of GNPs with constant AuNP core 

diameter (20 nm) and tunable shell thickness (0~5 nm) were constructed and calculated as shown 

in Figure 0.11. Shift of peak wavelength and decrease of intensity of extinction spectrum 

(absorption and scattering) were observed (Figure 0.11). It is obvious that the coating of 

graphitic shell will suppress the Plasmon effect. However, thin graphene layer like 1 nm (~ 2-3 

layers) only attributed to 5% decrease in peak intensity. Thus, thinner shells have limited effect 
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on the original properties of AuNPs. The strong plasmon could be found at the surface of GNP 

nanoparticles. We also performed a study on the non-spherical AuNPs (nanoellipsoid with 10 nm 

diameter and 50 nm length) for the purpose of study shape effect, the main plasmonic peak is 

found at 785 nm, which indicated that the working wavelength of nanoparticles could be tuned 

by using different morphologies. However, graphene shell coating on non-spherical shape Au 

nanoparticles caused the large suppress of plasmonic peak intensity with 1 nm only (80% loss) 

and large red shift of peak wavelength (15 nm). Thus, for the sake of maintaining original 

properties of AuNPs, extremely thin graphitic shell must be synthesized for GNPs with non-

spherical shape. The near field calculation (Figure 0.11C) also indicated that the tip of ellipsoid 

have the highest plasmonic intensity. The near field distribution images of GNPs at two common 

Raman excitation laser wavelengths (633 and 785 nm) were also showed in Figure 0.11F. It 

clearly showed that plasmon intensity on the surface of GNPs gradually decreased with the 

increase of shell thickness. Nevertheless, an anomalous strong electric field were demonstrated at 

the interface of AuNPs and graphene shell with 785 nm as excitation, which indicated that 

porous graphitic shell might enhance the overall electric field intensity.  

7.2.3 Improved thermal stability for Raman scattering 

One of the advantages of graphene encapsulation is improved thermal stability. Due to 

large specific surface area of nanoparticles [116], nanoparticles at elevated temperature are 

highly mobile and tend to aggregation. As-functionalized Au nanoparticles and graphene-

encapsulated nanoparticles were annealed at 200 oC and distribution density of nanoparticles was 

counted for both samples. For bare nanoparticles, the density decreased from 1.8 × 108/cm2 to 9 

× 107/cm2 (50% decrease). While for graphene encapsulated nanoparticles, density decreased 

from 1.7 × 108/cm2 to 1.6 × 108/cm2. This clearly demonstrated the improved thermal stability 
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due to graphene encapsulation. Raman spectroscopy was then utilized to characterize the GNPs. 

In order to remove the amorphous layers, we utilized diluted HNO3 (3 mol/L at 100 oC) to 

selectively remove amorphous carbon [363]. From the optical image, we can clearly see flat 

sheet after etching, wrinkles, and big particles (aggregation of GNPs). We collected Raman 

spectra at different spots using the same settings as shown in Figure 0.12. It was found that weak 

signal was collected at flat sheet and wrinkles while strong peaks (D and G bands) were found 

for big particles. Combined with our TEM characterization, it is reasonable to conclude that this 

enhancement is due to the embedded adjacent AuNPs. We then also utilized GNPs as a Raman 

enhancing substrate. 20 µL 10-5 mol/L methylene blue (MB) solution was dropped to 5 mm × 5 

mm substrates. Raman spectra were collected at the same conditions. It was found that blank 

silicon wafer showed no signal of MB while substrate with AuNPs showed strongest signal. For 

graphene encapsulated Au nanoparticles, enhancement was observed and this enhancement could 

be further increased by acid etching. This is might due to the removal of amorphous carbon and 

thinning of graphitic shells. MB signal on GNPs showed slight shift compared with AuNPs, 

which is due to the non-contact feature between AuNPs and MB, and represented the real 

vibration model of MB [364].  
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Figure 0.10 (A) Finite element analysis of Graphene encapsulated Au nanoparticles with 

different displacement from the centric point. (a) 0.9 nm, (b) 0.5 nm, (c) 0 nm. (B) Effect of off-

set on the maximum von Mises equivalent stress. (C) Effect of initial stress on the maximum von 

Mises equivalent stress with different offset.  
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Figure 0.11 (A) Calculated extinction spectra of nanoparticles encapsulated with shells of 

different thickness, inset shows the field distribution (520 nm) around a nanoparticle with 1 nm 

shell; (B) Plot shows changes of peak location and peak intensity; (C) Electromagnetic wave 
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field distribution of core-shell nanoellipsoid; (D) Calculated extinction spectra of nanoelliposid 

with different graphene shell thickness; (E) Plot shows changes of peak location and peak 

intensity. (F) Near-field calculation of GNPs particles at 633 nm and 785 nm. 
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Figure 0.12 (A) Raman spectra and optical image of acid etched GNPs collected at 20X and 10 

mW. (B) Raman spectra of blank wafer, AuNPs, and GNPs absorbed with MB as analyte. (B) 

Whole spectrum; (C) enlarged pictures of the strongest peak of MB at ~448 cm-1, dotted line 

indicating the shift.  

B C 

B 

100 µm 

1 

2 

3 

1 

2 3 
Enhanced due to AuNPs 

A 



274 

 

 

Figure 0.13 SEM images of (A) AuNPs, (B) annealed AuNPs, (C) GNPs, and (D) annealed 

GNPs dispersed on silicon wafer. (E) Comparison of distribution density. Scale bars are 100 nm. 
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7.3 Conclusions 

We performed a systematic study on the growth of graphene shell on plasma oxidized 

gold nanoparticles. Multiple important parameters including reaction temperature, duration, H2 

concentration, duration of plasma oxidation, and feeding rate of hydrocarbon were considered. 

Electron transfer between oxidized gold toward incoming hydrocarbon feed assisted the initial 

growth of graphene shell. Prolonged growth duration could cause the rupture of graphene and 

migration of encapsulated nanoparticles for silicide formation. It was found that final graphene 

shell thickness is linearly proportional to hydrocarbon feeding rate. Meanwhile, high quality 

graphene encapsulated gold nanoparticles could be fabricated in short duration with large 

pumping rate of hydrocarbon without contamination of amorphous carbon. Rupture of graphene 

shells due to off-center displacement was then modeled using finite element analysis method. 

Large von Mises equivalent stress accumulated at the thinnest graphene shell, which accounts for 

the rupture and migration. Plasmonic properties of gold nanoparticles with different shapes and 

shell thicknesses were also calculated based on discrete dipole approximation. Results showed 

thin graphene shell (1 nm) caused only 5 % loss on plasmonic intensity and slight red-shift. 

However, for ellipsoid shaped nanoparticles, even thin layer could cause large loss and shift. The 

introduction of graphene shell also improved the thermal stability of gold nanoparticles, which 

might be helpful for application of nanoparticles at elevated temperatures. Surface enhanced 

Raman scattering of methylene blue absorbed on both gold nanoparticles with and without 

graphene shells were studied. Graphene shell suppressed the peak intensity but blocked the direct 

contact between absorbed molecules and gold nanoparticles, which provided the authentic peak 

location information without shift due to direct contact.  
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CHAPTER 8      
 

NUCLEATION OF NOBLE METAL NANOPARTICLES ON ZnO NANOWIRES FOR 
SENSITIVE AND SELECTIVE SURFACE ENHANCED RAMAN SCATTERING 

 
The use of noble nanoparticles in biochemical sensing, antenna, solar cells, and many 

other applications has been well-documented [292,365]. The nanophotonic properties of these 

nanoparticles provide unique opportunities in future applications [ 366 ]. This research has 

focused on utilizing the well-known ability of Au, Pd, and Pt to enhance Raman signals for 

sensors, Surface Enhanced Raman Spectroscopy (SERS) [366]. Noble nanoparticles’ properties 

for SERS come from the increase of the electromagnetic field strength due to the electronic 

interaction and charge-transfer between the sample and the nanoparticle, or surface Plasmon 

resonance, thereby increasing the Stokes photon emission and the Raman signal [367,368]. One 

of the major hurdles faced in the application of these nanoparticles’ photonic properties is there 

instability and lack of selectivity [369]. A silica shell on the nanoparticles has been shown to 

decrease these undesirable properties by creating a TERS effect integrated directly into the 

sample [364]. Using graphene to encapsulate these noble nanoparticles instead of silica similarly 

reduces these undesirable properties, and allows for better control of dispersion and physical 

properties of the nanoparticle [325, 128]. Graphene will have higher conductivity and 

functionality than the silica as well as being more mechanically robust. Many methods have been 

used to synthesize graphene encapsulated noble nanoparticles, including functionalizing a 

graphene oxide sheet with MPTMS which then creates an affinity to the metallic nanoparticles 
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[370]. However, this method can compromise the chemical purity of the sample, and the 

nanoparticles on the graphene can be extremely aggregated. These issues were addressed using a 

novel synthetic method. Zinc Oxide nanowires (ZnO NW) were nucleated with noble 

nanoparticles as a heterostructure template before graphene synthesis. A CVD Xylene system 

was used to synthesize a tubular graphene on our noble nanoparticle oxide heterostructures, 

which etched away the ZnO NW simultaneously. These nanostructures resulted in mechanically 

robust well-dispersed noble nanoparticles encapsulated in a graphene shell, retaining its 

nanophotonic properties (Figure 0.11). Surface modification of these graphene shells caused the 

selective linking of molecules on the surface of embedded nanoparticles. Intensity electric field 

caused by adjacent gold nanoparticles at the proximity of linked molecules could cause large 

surface scattering and provide an effective solution for fabrication of selective and sensitive 

Raman sensor.  
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8.1 Experimental section 

8.1.1 Materials and methods 

Zinc Oxide powder, 99.999%, was obtained from Aldrich (St. Louis, MO). Graphite 

powder, <150µm 99.99%, was obtained from Aldrich (St. Louis, MO). Gold(III) chloride 

trihydrate (HAuCl4, 99.9+%) was obtained from Aldrich (St. Louis, MO). Palladium(II) chloride 

(PdCl2 99.9% Pd 59.5% min) was obtained from Alfa Aesar (Ward Hill, MA). Dihydrogen 

hexachloroplatinate(IV) hexahydrate (H2PtCl6 99.9%) was obtained from Alfa Aesar (Ward Hill, 

MA). Sodium Borohydride (NaBH4 98+%) was obtained from Acros (Morris Plains, NJ). Xylene 

was obtained from Fisher Scientific (Pittsburgh, PA). All chemicals were used without further 

purification. Hydrogen and Argon gases were obtained from Airgas (Radnor Township, PA). The 

microscopic characterization and Energy-dispersive X-ray (EDX) spectroscopy were performed 

using Field Emission Scanning Electron Microscope (FE-SEM, JEOL-7000, equipped with 

Oxford EDX detector) and transmission electron microscopy (HR-TEM, Tecnai FEI-20). Copper 

TEM grids were purchased from Ted Pella Inc. (Redding, CA).  

8.1.2 Synthesis of ZnO nanowires 

ZnO nanowires were grown using a Chemical Vapor Deposition method as mentioned in 

Chapter 5. A mixture of ZnO powder and graphite (1 g: 1 g) was placed in a crucible at the center 

of our CVD tube (60” total length, 3” diameter). The furnace was purged with Argon for 10 

minutes at 0.5 SLM. The furnace was heated up to 900°C and held at that temperature for thirty 

minutes. The Ar flow rate was slowed to 0.2 SLM. The nanowire deposits were then scraped off 

and dispersed into a solution of ethanol (1 mg/mL).  

8.1.3 Growth of noble metal nanoparticles embedded inside tubular graphene shell 

Direct nucleation of Au, Pt. and Pd nanoparticles on ZnO nanowires was performed by 
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reaction of NaBH4 and HAuCl4, H2PtCl6, and PdCl2. A typical process goes as following. As-

prepared ZnO nanowires (1 mg) were dispersed into 10 mL Ethanol with ultrasonication for 30 

minutes. Nanowires solution was diluted 1:3 in ethanol. Approximately 0.1 mL 5×10-3 mol/L salt 

solution was added into 10 mL diluted solution, after stirring for 1 minute, 10 µL NaBH4 (0.12 

mol/L) was dropped into reaction solution and reactions went for 5 minutes. ZnO nanowire Au 

nanoparticles were collected by washing with ethanol, centrifuging and drying inside vacuum 

oven. Tubular graphene shell embedded with noble metal nanoparticles were synthesized using 

Au-ZnO heterostructure as template. Heterostructure in ethanol was dropped onto cleaned silicon 

wafer and plasma oxidized for 15 minutes (300 mTorr O2 and 160 W plasma power). The 

substrate was then loaded in the middle of a 4" quartz tube. The furnace was heated up to 675 °C 

with 0.5 SLM Ar. When the temperature of main zone is stable and tip temperature reached 

~200 °C, 2.5 mL xylenes were purged at 45 ml/h. At the same time, 1.8 SLM Ar and 0.2 SLM H2 

were purged into the furnace and xylenes feed was switched to 1 ml/h and continued for 15 min. 

Both hydrogen and xylenes were discontinued and the furnace was cooled down at 0.5 SLM Ar 

until room temperature. 

8.1.4 Synthesis of silver nanoparticles 

Silver nanoparticles were synthesized by direct reduction of AgNO3 by NaBH4. Reducing 

agent (0.2 mL NaBH4, 0.12 mol/L) was added into 9.8 mL AgNO3 solution (1×10-3 mol/L) and 

stirred for 5 min at room temperature. A brownish solution was formed. Silver nanoparticles 

were cleaned thoroughly with DI water for several times and then dispersed into 10 mL DI water. 

8.1.5 In-situ detection of Methylene blue absorbed on Au-Graphene 

Detection of Methylene blue absorbing on Au-graphene was conducted by Raman 

spectroscopy. Wafer with Au-graphene was immersed inside 10-4 mol/L MB solution for 20 min 
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and then dried in air. The wafer was hanging vertically inside the in-situ detection cuvette filling 

with 3 mL AgNO3 solution (same concentration as in Ag nanoparticles). 3 µL NaBH4 solution 

was injected inside the cuvette and Raman spectra were collected every 3 minutes.  

8.1.6 Detection of Biotin-Streptavidin binding by Raman spectroscopy 

As prepared Au-Graphene tubular structures (on silicon wafer) were cleaned in hot HNO3 

solution for 7 hours to remove amorphous carbon and generate carboxyl group on the surface. 

Substrate with tubular structure was immersed into a sterilized small centrifuge tube filled with 1 

mL MES buffer (pH=5.5) solution. The centrifuge tube was greatly shaken to detached tubular 

structure from silicon wafer. After that, silicon wafer was removed from the solution and 5 mg 

Biotin, 2 mg EDC were then added into the solution. The mixture was stirred at 4 °C for 

overnight. The tubular structure was then cleaned using MES buffer for several time by 

centrifuging. After remove supernatant, 1 mL Tris buffer (pH=7.7) was added into the same 

centrifuge tube. 50 µL 1 mg/mL Streptavidin was added into the buffer solution and stirred at 

4 °C for overnight. The functionalized structure was washed with Tris buffer several times. After 

cleaning, 0.1 mL Tris buffer was added into the centrifuge tube to form a uniform solution after 

shaking. As-obtained solution (10 µL) was dispersed onto a piece of silicon wafer and covered 

with 10 µL silver nanoparticles solution. After drying in hood, the sample was tested using 

Senterra Raman spectroscopy at 100X objection, 10 mW laser power. 

8.1.7 Detection of Biotin-Streptavidin binding by fluorescence microscopy 

As prepared Au-Graphene tubular structures (on silicon wafer) were cleaned at hot HNO3 

solution for 7 hours to remove amorphous carbon and generate carboxyl group on the surface. 

Silicon wafer (5×10 mm2) was immersed into 6 mL MES buffer (pH=5.5) with 15 mg Biotin and 

2.5 mg EDC. The solution was stirred for 12 hours at 4 °C. The wafer was cleaned with MES 
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buffer to remove unlinked Biotin. The wafer was then dipped into 6 mL Tris buffer (10 mM, 

pH=7.7) with 60 µL Dylight 488 conjugated Strepdavidin (1 mg/mL) for 12 hours. The substrate 

was then washed with Tris buffer and tested using fluorescence microscopy (Leica TCS SP2 

AOBS Confocal Microscope).  

8.2 Results and discussion 

Figure 0.1 shows the experimental approach for this chapter. ZnO nanowires were grown 

using self-catalytic chemical vapor deposition technique. Plasmonic gold nanoparticles were 

direct nucleated onto ZnO nanowires to form nanowires-nanoparticles heterostructures withouth 

any surfactants or link agents. After plasma oxidation, ZnO nanowire-Au nanoparticles 

heterostructures were utilized for graphene growth. ZnO is quickly reduced into Zn, which 

evaporated quickly due to low melting point and turned into tubular graphene shell embedded 

with gold nanoparticles as shown in Figure 0.1C. Since graphene could selectively absorbed 

methylene blue molecules based on π-π stacking, selective chemical signal could be achieved. 

Extra plasmonic silver nanoparticles could be added to the surface to further enhance the Raman 

scattering signal (Figure 0.1 D-E). Specific binding based on biotin-streptavidin interaction could 

also be achieved by binding biotin with graphene shell using widely recognized EDC chemistry. 

8.2.1 Synthesis of tubular graphene embedded with noble metal nanoparticles  

 Figure 0.2 shows TEM images of as-synthesized tubular graphene shell embedded with 

gold nanoparticles. Large amount of tubular structures could be formed (Figure 0.2 A-B). For 

some special occasions, diameter of tubular structures was determined by a large gold 

nanoparticle at the tip (Figure 0.2C). HR-TEM images indicated that graphitic regions are mainly 

around gold nanoparticles while other parts appeared to be amorphous. Meanwhile, plasma 

oxidation of heterostructures is essential as evident by TEM image (Figure 0.2F) and XRD 
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(Figure 0.3). This further confirmed graphene shells were mainly formed around oxidized gold 

nanoparticles. Diameter of tubular structures is around 51.36±10.83 nm, which is significantly 

smaller than ZnO nanowires (Figure 0.3). While diameter of gold nanoparticles increased almost 

twice due to aggregation at high temperature. 

Besides gold nanoparticles, similar tubular structures could be synthesized for platinum 

and palladium. Figure 0.4 showed SEM and TEM images of Au, Pd, and Pt tubular structures 

prepared from the same method. Noble metals are extensively used as catalyst, thus loading 

amount is very important to improve the catalytic activity. As demonstrated in 6.2.5 and Table 

0-1, loading density of nanoparticles could be tuned by surface treatment of nanowires. 

Graphene embedded with noble metal nanoparticles were prepared with plasma oxidized ZnO 

nanowires as shown in Figure 0.5. This provided an effective method to tune the loading density 

and inter-particle distance.  
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Figure 0.1 Experimental approachs: (A) one-step synthesis of branched ZnO nanowires and Zn 

nanostructures and their formation mechenism, (B) synthesis of ZnO nanowire-Au nanoparticle 

heterostructures, (C) synthesis of graphene-Au tubular structures, (D) seletivly absorbing of 

Methylene blue (MB) from mixture comprised of Methylene blue and Rhodamine 6g (R6G), (E) 

nucleation of Ag nanoparticles for in-situ Raman sensing Methylene blue absorbed on graphene 

shells, (F) removal of amorphous carbon and formation of carboxyl group (COOH), (G) 

functionlization of biotin on Au-graphene by EDC chemistry, (F) selectively binding of 

Streptavidin. 
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Figure 0.2 (A-E) TEM images of graphene tube from ZnO-Au with plasma oxidation, (F) TEM 

image of amorphous carbon from ZnO-Au without plasma oxidation, (H) and (I) distribution of 

graphene tube and Au nanoparticles. 
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Figure 0.3 XRD pattern of graphene structure formed with and without plasma oxidation. 

With plasma oxidation 

Without plasma oxidation 
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Figure 0.4 (A, B) SEM and (C) high-resolution TEM images of ZnO Au Graphene, (D, E) SEM 

image and (F) high-resolution TEM images of ZnO Pt Graphene, (G, H) SEM and (I) high-

resolution TEM images of ZnO Pd Graphene. 
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Figure 0.5 (A, B) SEM and (C) high-resolution TEM images of ZnO plasma Au Graphene, (D, E) 

SEM image and (F) high-resolution TEM images of ZnO plasma Pt Graphene, (G, H) SEM and 

(I) high-resolution TEM images of ZnO plasma Pd Graphene.  
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8.2.2 Surface oxidation of graphene shell for formation of carboxyl groups  

 The advantages of graphene shell encapsulated noble metal nanoparticles could be 

multiple folds, such as improved stability (Figure 0.13) and multifunctionality [325]. We also 

demonstrated the acid treatment and plasma oxidation of graphene shells could lead to the 

formation of carboxyl groups on the surface. This provided extra specific linking capability 

beside common known π-π stacking [71,287]. Figure 0.6 shows three samples: as-prepared, acid 

treated with concentrated HNO3 (67%, as-obtained) and diluted HNO3 (3M) for 1 hour and 7 

hours, respectively. As obtained HNO3 severely attached the tubular structures and sheet or 

collapsed tubes were formed as shown in Figure 0.6. While lower concentration (3M) and 

prolonged etching duration only removed the amorphous carbon and maintained the graphitic 

structures. This is also confirmed from Raman spectra for all three samples. Graphene tubular 

structures etched at 3 M for 7 hours appeared to have the lowest D/G band ratio (highest G/D 

ratio), which directly proved the removal of amorphous carbon and intact of graphene. Due to 

the surface modification by graphene, the intensity of Raman scattering from RhB is much lower 

(Figure 0.12 and Figure 0.7D). FT-IR spectra were collected for as-prepared and etched samples, 

extra carboxyl functional groups were formed due to acid treatment (Figure 0.7E). Another 

common method for introduction of carboxyl group on surface of graphitic material is through 

plasma oxidation. Figure 0.8C-F showed TEM images of tubular structures with 5 s, 10 s, 15 s, 

and 20 s under 100 W, 300 mTorr plasma oxidation condition. However, plasma treatment is so 

energetic that collapse of tubes happened within 15 s. The quality of graphitic shell also 

deteriorated sharply as shown from G/D ratio in Figure 0.8G.  
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Figure 0.6 Cleaned Graphene-Au tube with different acid concentration. (A and B) as prepared, 

(C and D) etched at 67% HNO3 for 1 hour, (E and F) etched at 3 M HNO3 for 7 hours. 
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Figure 0.7 D and G bands intensity comparison for as-prepared Au-graphene tube (3M HNO3 7 

hours and 67% HNO3 1 hour cleaning). (B) D/G band ratio. (C) Raman spectra of10-2 M RhB 6G 

absorbed on graphene tube. (D) FT-IR spectra of as prepared and acid cleaned graphene tubes.  
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Figure 0.8 (A) SEM images of as-prepared Au-graphene tube. (B) EDX spectrum of Au-

graphene tube. (C-F) TEM images of etched Au-graphene tube at 100 W and 300 mTorr for 5, 10, 

15, and 20 seconds, respectively. (G) G/D band intensity ratio with the change of etching 

duration. 

A B 

C

A 

D

A 

E

A 

FA G

A 

100 nm 

100 nm 

20 nm 20 nm 

20 nm 



292 

 

 8.2.3 Selective Raman scattering from π-π stacking 

  It is well estabilished graphene could have a good binding characteistic with various 

molecules due to the ovelapping of sp2 hybridized π-π stacking [71,295]. In this regard, we 

prepared a mixture of R6G and MB dyes with the same concentration (5×10-5 M) and utilized 

two SERS substrates: as-preapred ZnO nanowire-Au nanoparticles heterostructures and graphene 

tubular structures embedded with gold nanoparticles. Sepectra and comparsion of the highest 

peak intesntity were shown in Figure 0.9. When ZnO nanowire-Au nanoparticles were used, dye 

molecules random absorbed on gold nanoparticles and resulted similar scale of Raman singnal 

intensity (Figure 0.9). However, methylene blue could selectively absorbe on surface of graphene 

shell and be closer to the strong electric field (Figure 0.11), which caused higher intesntity of 

MB compared with R6G (Figure 0.9). Neverthless, as shown from theoretic modeling, graphene 

could suppress the plasmonic intensity (Figure 0.11), which caused the bad sensitivity. In this 

regard, we also stuided the introduce of extra enhancing agents (Ag nanoparticles) to increase the 

sensitivity while maintain the selectivity. After complete absorption of methylene blue on tubular 

graphene structures, siliver nanoparticles were directly nucleated on the surface by reduction of 

AgNO3 from NaBH4. As shown by TEM images (Figure 0.11A-D), EDX point analysis (Figure 

0.11E), and mapping (Figure 0.11F), silver nanoparticles were formed and graphene shells are 

preserved (Figure 0.11B). It is clear that intensity of Raman spectra collected for every 3 min 

slowly incrased due to the addition of silver nanoparticles (Figure 0.11).  
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Figure 0.9 Selective sensing of MB from MB/R6G mixture solution using Au-graphene tubular 

structure, bule star indicates the characteritic peaks of MB. 
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Figure 0.10 (A-D) TEM images of Au-graphene-Ag nanostructures after in-situ sensing. (E) 

HADDF image of Au-graphene-Ag nanostructures and EDX analysis of different points. (F) 

Elemental mapping of C, Au, and Ag.  
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Figure 0.11 Evolution of surface enhanced Raman spectra with nucleation of Ag nanoparticles on 

Au-Graphene nanostructures.  
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8.2.4 Specific binding and Raman sensing 

Even though π-π stacking could selective concentrating certain molecules, more specific 

binding for sensing of single molecules in complex environmental is highly required. This 

demands a specific and stable binding between molecules and graphene surface. When molecules 

are linked at locate at the proximity of embedded plamonic nanoparticles, strong Raman signal 

could emerged. As a proof-of-concept experiment, we linked oxidzed graphene surface (with 

carboxyl funtional grouls) with biotin through EDC chemistry. Biotin has a strong affinity with 

stretavidin with a dissociation coefficent on the order of ~10−14 mol/L. In order to prove the 

successul linking, we chose a type of strepavidin molecules tagged with Dylight 488 fluorescent 

dyes.  

Figure 0.12A shows the digital images of tubular graphene embedded with gold 

nanoparticles. When there is no linking, no fluorescene was observed (Figure 0.12B). Graphene 

linked with Dylight 488 through biotin-streptavidin showed strong fluorescence (Figure 0.12C-

F). The flourescence images visually showed the successful binding on strepavidin on the surface 

of graphene. We then collected Raman spectrum for this samples with several other control 

samples. When there is no silver nanoparticles, only grapheen signal could be observed. When 

silver nanoparticles were added onto graphene linked with biotion and strepavidin. Raman signal 

could be collected (Figure 0.15). Several characterstic peaks of both biotin and streptavidin could 

be observed as shown in Table 0-1. This preliminary data showed graphene embedded with gold 

nanoparticles could have great potential for selective and sensitive chemica/biological sensing.  
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Figure 0.12 (A) Digital image of Au-Graphene, (B) FL image of A; (C,D,E,F) FL images of Au-

Graphene-Biotin- Streptavidin-Dylight-488 (digital images were impossible to collect due to 

thick Si)
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Figure 0.13 Image of Au-graphene tubular structures and its Raman spectrum. 
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Figure 0.14 Image of silver nanoparticles and its Raman spectrum. 
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Figure 0.15 (A) Optical image of Biotin- Streptavidin-Graphene-Au structure, (B) Structure of 

Biotin, (C) Raman spectrum of Biotin- Streptavidin-Graphene-Au structure, (D) and (E) 

Expanded Raman spectra. 
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Table 0-1 Assignment of peaks in Raman spectrum of Biotin- Streptavidin-Graphene-Au 

structure. 

 
Peaks 
(cm-1) 

Assignment Reference 

237     
301 α-Si   
334     
381     
445     
483     
521 Si   
557     
606     
641     
661     
712     
728     
746 Trp18 SERS Detection of Streptavidin/Biotin Monolayer Assemblies 
790     

833 Tyr 
The Binding of Biotin Analogues by Streptavidin: A Raman 

Spectroscopic Study 
934 Si   
978 Si   
1036 Phe, Ser SERS Detection of Streptavidin/Biotin Monolayer Assemblies 

1155 
ν-C-N, 
Trp13  

SERS Detection of Streptavidin/Biotin Monolayer Assemblies 

1261 amide III 
Gold Nanoparticles With Special Shapes: Controlled Synthesis,  

Surface-enhanced Raman Scattering, and The Application in  
Biodetection  

1278 amide III 
Gold Nanoparticles With Special Shapes: Controlled Synthesis,  

Surface-enhanced Raman Scattering, and The Application in  
Biodetection  

1313 
Ser (γ-
CH2) 

SERS Detection of Streptavidin/Biotin Monolayer Assemblies 

1350 Trp7 SERS Detection of Streptavidin/Biotin Monolayer Assemblies 
1430 δ-CH2 SERS Detection of Streptavidin/Biotin Monolayer Assemblies 
1528 Trp3 SERS Detection of Streptavidin/Biotin Monolayer Assemblies 
1575 Trp2 SERS Detection of Streptavidin/Biotin Monolayer Assemblies 

 



304 

 

8.3 Conclusions 

Two of most important issues for development of next-generation sensing devices for 

chemical/biological sensors are sensitivity and selectivity. Here we reported the fabrication of 

graphene tubular structures embedded with plasmonic gold nanoparticles from chemical vapor 

deposition technique by etching of ZnO templates. Acid treatment could selectively remove 

amorphous carbon at the same time introduce carboxyl groups for functionalization. Meanwhile, 

selectivity of chemical sensing could be attained from π-π stacking between graphene shells and 

detecting molecules. We also studied the nucleation of silver nanoparticles on the surface of 

graphene for improved sensitivity. As a proof-of-concept experiments, biotin was first 

functionalized with graphene surface due to EDC chemistry and then linked with streptavidin 

conjugated with Dylight 488. Both fluorescence and Raman spectra confirmed the specific 

binding. This type of materials with multifunctionality could hold great potential for selective 

and sensitive chemical sensing.  
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CHAPTER 9                                                                                                                    

FUTURE WORK AND PRELIMINARY DATA  

 
9.1 Addition of noble metal nanoparticles for efficient charge transfer  

As pointed in Chapter 1, an efficient method for charge separation in photocatalyst is to 

add noble metal nanoparticles as electron sink. For CuO-Co3O4 system, nobel metal 

nanoparticles could be added as nanoparticles mixed with Co3O4 nanoparticles, or embedded at 

the interface of CuO-Co3O4 as shown in Figure 0.1. Some preliminary data indicates gold 

nanoparticles could also be nucleated directly onto CuO nanowires as demonstrated in Chapter 6 

(Figure 0.2).  

9.2 Graphene tubular structures embedded with noble metal nanoparticles for direction methanol 

fuel cell 

 One of the most important application fields for noble metal nanoparticles is working as 

catalysts for chemical reactions such as direct methanol fuel cell (DMFC). The current catalysts 

are facing several issues such as instability in nanoscale from aggregation and poisoning effect. 

Graphene embedded with noble metal nanoparticles might have potential as catalysts for DMFC. 

However, preliminary results show that selective etching or pore opening must be conducted to 

make the embedded nanoparticles active to incoming reactants. We tested three types of noble 

nanoparticles embedded inside graphene with different treatments (acid oxidation, plasma). 

Tubular graphene embedded with Pt nanoparticles showed the highest activity. The current 

research is focusing on tuning the treatment for extra active sites and loading density of 
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nanoparticles for maximum efficiency. The stability of these types of catalysts is also under study. 

 

 

Figure 0.1 Decoration CuO nanowires with Co3O4 and Au nanoparticles, and other oxides.  
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Figure 0.2 TEM images (A-C) of CuO nanowires decorated with Au nanoparticles, (D) diameter 

distribution of Au nanoparticles. 
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Figure 0.3 Cyclic voltammetry scans of different electrodes in mixture solution of 1 M H2SO4 

and 2 M Methanol purged with N2. Scanning rate is set as 20 mV/s. The time indicated the 

plasma oxidation time. Plasma oxidation conditions are set as 100 W, 300 mTorr oxygen partial 

pressure for different time. The acid treatment was conducted at 70 oC in 3 M HNO3 solution for 

7 hours. Ag/AgCl electrode (~0.194 V) was utilized as reference electrode in all experiments. 
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