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Abstract

Engineering 3D Nanostructures for a Multitude

of Applications
Jose Fernando Flores

Biological Engineering and Small-scale Technologies
University of California, Merced. 2015

Professor Jennifer Q. Lu — Chair

Architectures of 3D hierarchical nanostructure arrays consisting of 1D
nanostructures offers a large surface area and an unobstructed electron
transport pathway which are of great technological importance for energy
applications. I have developed nanomanufacturing methods to consistently
and reproducibly obtain 3D hierarchical architectures through the control-
lable synthesis of 1D zinc oxide (ZnO) and carbon nanofibers. I have demon-
strated that by adjusting the catalyst properties, engineered 3D morpholo-
gies of ZnO and carbon nanofibers can be achieved on metal current collec-
tors. Three approaches were generated to produce such hierarchical struc-
tures, using as-synthesized 1D nanostructures as scaffolds, and I have used
a multi-pronged approach to functionalize these 3D surfaces. By oxidation
of a few layers of outer carbon, quinone functional groups can be formed
by air annealing. As a result, more than 100% enhancement in energy
storage capability has been observed. I have also developed polymer elec-
trografting techniques, both on ZnO and on carbon surfaces. Using grafted
polymers as templates, a N and O co-doped carbon layer is conformably de-
posited on carbon nanostructures. This new carbon heterostructure leads
to a greatly enhanced oxygen reduction capability. With grafted polymer
as template, I have successfully generated densely populated nanoparticles
on ZnO nanowire surfaces. Rationally, these nanoparticles can be then used
to grow 3D branched structures. Due to the greatly enhanced surface area,
I have shown that the photoactivity of ZnO is increased both as an oxidant
for dyes and for photoelectrochemical systems. This set of robust nanoman-
ufacturing protocols are transformative and can served as platforms for a
myriad of application such as future environmentally conscious energy tech-
nologies.
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Chapter 1

Nanostructured Materials:
Background and Motivation

1.1 1D Nanostructures

One-dimensional (1D) nanomaterials such as nanotubes and nanowires offer ex-

citing properties resulting from radial confinement. The unconfined dimension

along the length of 1D nanomaterials provides a path to communicate/manifest

these properties. Their technological significances have been increasingly demon-

strated. (1–11) Since the discovery of carbon nanotubes by Iijima (12) the interest for

1D nanomaterials has vastly increase. Both vapor transport-based and solution-

based deposition techniques have been widely exploited for the growth of a variety

of 1D nanomaterials. (6,11,13–17) In both cases the synthesis of nanostructures are

dictated by nucleation and growth. Generally (non-catalyzed), as the concentra-

tions of precursor units (atoms, ions, or molecules) increases, they aggregate form-

ing nuclei or clusters through homogeneous nucleation. These clusters now serve

as seeds for directed continuous growth in order to form larger nanostructures.

Catalysts seeds mainly play three important roles in nanostructure growth.

First, they are heterogeneous nucleation sites where precursor units can deposit. (5,9,12,14)

Secondly, they influence (catalyze) the decomposition of the precursor material

into nanomaterial precipitates. (18–20) Third, they promote the precipitation of pre-

cursor for the nanomaterials due to limited solubility. (18,21,22) Consequently, they

1
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influence diameter and directionality of growth due to their size and material

properties. (15,19,20,22) These roles are influenced by catalysts crystallinity, lattice

mismatch, elemental composition, preferential orientation, etc.

1.1.1 Thermodynamics on Nanostructures

Since catalyst are critical for nanostructure growth, especially 1D, it is important

to understand their size limitations. Therefore the thermodynamic minimal radius

of a nanostructure was calculated to be:

rmin =
2σLV VL
RT lnσ

=
2σLV VL

∆µ

where σLV is the liquid-vapor surface free energy, VL is the molar volume, R is

the gas constant, T is the temperature, and σ is the vapor phase supersatura-

tion. (23) Alternatively it can be represented in terms of the driving force where

∆µ is the chemical potential difference between the precursor source and catalyst

seed. (24) Although the minimal radius and growth rate (∆µ/RT ) can be estimated,

other factors such as surface diffusion and heterogeneous seed catalysts need to

be accounted for. These factors are critical and provide plausible explanations

to enhanced growth rates and nanometer-scale diameters of some nanostructures.

An important note to consider is that nanoparticle catalysts are extremely suscep-

tible to the Gibbs-Thomson effect, which describes how the effective pressure in

a liquid droplet is related to the curvature of the droplet — the Gibbs-Thomson

equation is given bellow. (25) Decreasing the melting temperature, by consequence,

would decrease the evaporation temperature. This melting point depression can

further increase the activity of a nanocatalyst in much the same way that kinetics

in liquid are faster than in solids. A drawback is that it can also evaporate away

the nanocatalyst and prohibit growth.
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“Gibbs-Thomson” Equation:

∆Tm(r) = TBm
4σSL

HBf ρS r

where ∆Tm is the melting point depression, r is the particle radius, TBm is the

bulk melting temperature, σSL is the solid-liquid surface free energy, HBf is the

bulk enthalpy of fusion, and ρS is the density of solid.

1.1.2 Kinetics of Nanostructure Growth

To create a 1D nanostructures, the growth rate of a certain crystallographic plane

must be larger than all other planes. The equal symmetry of crystal growth must

be disturbed to allow unidirectional growth. (26) Here 1D growth refers to the fast

growth rate along the vertical “c-axis” direction, and a much slower lateral “a-

axis” and “b-axis”.

A catalyst seed can break the symmetry of growth by providing a more ener-

getically favorable nucleation site than the resultant nanostructure crystal. For

example: Lets assume a crystal has symmetrical growth in all directions and a

catalyst of a different material than the crystal is used; then the chemical po-

tential between the catalyst and precursor source (∆µC−S) is greater than the

chemical potential between the precursor source and crystal (∆µS−K); therefore,

nanomaterial precursor is accommodated and precipitated preferentially by the

catalyst instead of the crystal, thus the growth rate is expected to be fastest at

the catalyst-crystal interface, because the chemical potential of catalyst and crys-

tal (∆µC−K) is greater than precursor-crystal (∆µS−K). Wu, Y. and Yang, P. have

demonstrated such catalytic growth phenomena with in situ TEM experiments of

Ge nanowires using Au nanocatalyst. (27) This highlights the importance of cat-

alysts in 1D nanostructure growth. One can see that adjustable nanostructure

growth is possible by engineering catalysts.

Limited research in bimetallic nanocatalysis for 1D nanomaterial growth is due
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to the lack of nanocatalyst synthesis capability. To achieve controllable synthesis,

the first step is to establish a methodology to generate highly ordered and uniform

sized nanocatalysts with tailored properties.

1.2 ZnO Nanostructures

Zinc oxide (ZnO) is a II-VI compound semiconductor with a direct band gap of

around 3.4 eV (near-UV) and preferential wurtzite crystal structure. (28–30) Re-

search in ZnO started around the 1930s but it faded out of interest partially due

to the inability to dope as n- and p-type for optoelectronics. (28) New found interest

in ZnO arose from the possibility to create nanostructures for UV optoelectronics,

transparent conductive coatings, and spintronics applications. The challenge to

achieve such applications is still p-type doping. (30)

Material wise, ZnO crystal structure is mainly wurtzite but a cubic zinc blende

structure is also possible as shown in Figure 1.1. In wurtzite, one Zn-ion is sur-

rounded tetrahedrally by four oxygen-ions and vice versa with lattice parameters

a = 0.3296 and c = 0.5207 nm. Piezoelectricity in ZnO originates from the partial

ionic bonding and lack of center of symmetry. Interestingly, ZnO has a strong

tendency for self-organized growth. Under suitable conditions ZnO can grow into

a multiple nanostructures, including quantum dots, tetrapods, combs, brushes,

nails, tubes, walls, flowers, or propellers. (29,30) ZnO has three fast growth direc-

tions: 〈21̄1̄0〉, 〈011̄0〉, and ±[0001], the last one being more prominent in 1D

nanostructure growth.
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Figure 1.1: ZnO crystal structures models. Yellow spheres represent oxygen atoms,
while gray and blue represent zinc atoms. (modified from Wikipedia)

ZnO is environmentally friendly and available; 105 tons per year are pro-

duced. (28) Currently, ZnO is utilized as an additive in concrete and tires, in cos-

metics as a UV-blocking agent, and as a transparent oxide coating in windows

to blocks UV-rays, and either block (cool) or reflect (heat) IR-light for energy

savings. Future applications of ZnO include diodes, photonic devices including

solar cells and water splitting, gas and biological sensors, piezoelectric devices,

transparent conductive oxides, field emitters, and as dyes and toxins degradation

photocatalyst. (28–31) Overcoming the drawbacks, such as a low charge carrier mo-

bility, low thermal conductivity, and difficult p-type doping can open the gates

to new ZnO based technologies. Additional disadvantages include, poor chemical

stability in both strong acids and bases and a four-times stronger electron-phonon

coupling when compared to GaN. (31) Nanostructures with a 3D architecture can

provide the enhanced performance necessary to counterbalance ZnO drawbacks.

The larger active surface area combined with 1D electron pathways would solve

the mobility and conductivity issues.
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1.3 Carbon Nanostructures

Carbon low cost, environmentally friendliness, stability, and light-weight make

it a sought after material for energy applications. Depending on synthesis pro-

cedures a multitude of carbon nanostructures can be developed (Figure 1.2). (32)

Graphitic nanostructures are highly desirable due to their high electron mobility

at room temperature, a high specific surface area, a high thermal conductivity,

excellent mechanic strength, etc. These properties are due to the carbon atoms

being densely packed in a regular sp2-bonded atomic-scale hexagonal pattern. (33)

If connected graphitic structures are synthesized then the conductivity of carbon

material would be excellent, which is the reason why efforts in graphene, nan-

otubes, fullerenes and their composites are often explored.

Figure 1.2: Carbon nanostructures useful for energy applications. (Adapted from
Jiang et al. (32))

The applications for carbon devices in energy systems include supercapaci-

tors, (34,35) batteries (largely Li-ion), (36) dye-sensitized solar cells (DSSCs), (37) and

fuel cells. (38,39) Nanocarbon-based materials have been widely studied as superca-

pacitor electrode materials, due to their high electrical conductivity, high surface

area, and low cost. As supercapacitors, the porous structure of carbon nanostruc-

tures improves the accessibility of the electrolyte to the electrode surface, while

providing electrically conductive channels which enhances the performance. By

combining carbon nanostructures and pseudo-species, e.g., transition metal ox-

ides, redox reactions can be realized. The roles of carbon nanostructures include:

increasing the specific loading of pseudo-species for higher energy density, enhanc-
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ing the charge transport between pseudo-species and electrode for higher power

and rate capabilities, and improving the adhesion of pseudo-species for enhanced

cycling stability. Carbon nanostructures are ideal candidates as lithium-ion bat-

tery anodes because of high lithium storage capability and the robust structure

for repeated charge/discharge cycles, with improved resistance to age degrada-

tion. The combination of the excellent electrical conductivity and the porous

structure makes carbon nanostructures a promising anode/cathode material for

building DSSCs with enhanced photovoltaic properties and superior performance.

Carbon nanostructures for fuel cells are normally used as the catalyst support

due to its high conductivity and large specific surface area, but additionally de-

fected or doped carbons have shown good stand-alone catalytic activities. The

non-agglomerated morphology and porous structure of carbon nanostructures fa-

cilitate the loading and dispersion of catalysts. Moreover, interconnected carbon

networks promote fast electron transport between the reaction sites and the elec-

trode.

The key features of carbon nanomaterials are their 3D porous structure and

high electrical conductivity. These unique features have enabled various promis-

ing energy applications either independently or as composites. Better control of

the structures (e.g.: porosity, surface area, conductivity, and thickness) by tuning

the synthesis conditions and choosing appropriate catalyst precursors can poten-

tially improve the overall performance of the carbon nanostructure or composite.

Large-scale and low-cost fabrication of these materials and composites is another

critical issue for their practical applications since most of the energy devices need

a significant amount of materials for operation. Therefore the design of devices

must be engineered starting at the synthesis level.

Aside from energy systems and due to their high specific surface area, tunable

surface behavior, and high mechanical strength, carbon nanostructures can also

been used in water remediation, such as the cleanup of oil and removal of heavy
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metal ions and soluble organic contaminants. It is easy to imagine many more

energy and environmental applications from carbon nanostructures will emerge in

the near future.

1.4 Motivation — Controllable synthesis of 3D

nanostructures

Inspiration is drawn by the ability of alloys to bring forth new technology break-

throughs such as bronze, brass, and steels. I’m motivated by the results of in-

tensive research performed on ZnO nanostructure growth utilizing monometallic

catalyst. (13,21,40–44) I set forth to study bimetallics effect on ZnO nanostructure

growth. Bimetallic catalysts research has shown capable of catalyzing reactions

more efficiently than monometallic catalysts. (45) As consequence bimetallic alloys

hold great potential to enhance the growth of ZnO nanostructures. The goal of

the research was to first discover the effects of different bimetallic catalyst on mor-

phology and second to find the limitations of catalytic growth. The objective was

to manipulate the morphology and reduce the temperature of growth to allow for

device integration.

One of 1D nanostructures major expected application is as energy devices.

Semiconductors nanostructures in specific hold great potentials to be developed

into advanced technological devices. The size of 1D nano-semiconductors alters

many of their physical properties and the unconstrained dimension can direct

the conduction of electrons, phonons, and photons. (4) Main applications of semi-

conductor 1D nanostructures are in photovoltaics, electrochemical energy storage

(batteries), and thermoelectrics. ZnO has been sought out as a major player be-

cause of its physical and optoelectronic properties. Recent reports on carbon het-

erostructures enhancing photocatalytic activity inspired great interest to research

more into the mechanisms behind enhancement. The goal focus on systematically



9

studying the photoactivity enhancements from processing and carbon coating.

The objective was to develop a versatile photoelectrode for water splitting, water

treatment, and solar cells.

The interest in control synthesis and manipulation of carbon nanostructures

is due to the possibilities of developing synthesis methods that will allow the

broad utilization of nanostrucutured carbon for commercial development. The

focus being to provide materials for renewable energy systems. The goal was to

develop a pluripotent platform for the consistent study of carbon nanomaterials in

electrochemical systems, answering the challenge for comparison presented by the

plethora of carbon systems that exist in literature. The objective was to synthesize

a ready-to-use carbon electrode that would be stable even in harsh environments

that normally accompany electrochemical systems.

Focus of this thesis is the correlation and synergy of catalysts

and 1D nanomaterial synthesis for energy systems.

The efforts and accomplishments for these two are the essence of my research

and are discussed in the following chapters. The format of the thesis follows a two

part sequence, zinc oxide then carbon nanofibers, subdivided into chapters that

focus on a specific phenomena/study.



Part I

Controlled Synthesis of ZnO

Nanostructures

10



Chapter 2

Bimetallic Catalyst-Cocatalyst

for ZnO Nanostructures Growth

It has been suggested that catalysts play a critical role for enabling 1D nanoma-

terial formation for vapor transport-based approach. This role is exemplified by

the fact that single-walled carbon nanotubes (CNTs) cannot be readily produced

without using catalyst nanoparticles. (46) Catalysts also provide an essential means

to control diameter and crystal orientation. (15,18–22)

Over the years, two major categories have been established to generate cata-

lysts nanoparticles. One is the vacuum based thin film deposition technique that

includes ion sputtering deposition, e-beam or thermal evaporation, laser ablation

and molecular beam epitaxy. All these methods have been proven to be effective

for 1D nanomaterial growth. (17,47–49) The film thickness has been adjusted to tailor

the average diameter and density of 1D nanostructures. (49–53) However, catalyst

composition cannot be readily adjusted by these physical methods. In addition,

deposition of nanometer thick films requires an ultrahigh vacuum system and care-

fully monitoring of deposition parameters proved to be costly. Furthermore, it is

difficult to deposit a conformal layer uniformly on non-flat surfaces.

The solution-based synthesis is more cost effective compared to the vacuum

based approach. (14,46,54–57) Catalyst coated substrates can be prepared by pyrolysis

11
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of catalyst precursors such as salts or organometallic compounds. (14,46) Catalyst

nanoparticles can also be synthesized in the form of colloids. (15) The solution-based

approach offers greatly improved control in catalyst composition at low cost. Still,

both catalyst film thickness as well as coating uniformity over a large surface area

cannot be well controlled by the aforementioned solution approaches. Another

method that has been extensively investigated is to use block copolymer micelles

as nanoreactors to generate well-dispersed catalyst nanoparticles with uniform

size and periodicity. (20,40,54–59) We previously reported that catalyst-containing

micelles can be deposited not only uniformly but also conformally on uneven

surfaces. Horizontally aligned and suspended CNTs with similar diameter have

been generated. (60) Nevertheless, block copolymer templates are expensive.

Harnessing the ability of pyridine-based polymers to sequester metal species,

we have employed poly(4-vinylpyridine) (P4VP) homopolymer as a low cost al-

ternative to block copolymers to derive catalysis nanoparticles. We have demon-

strated the capability of P4VP template to synthesize a catalyst-cocatalyst system

with controlled size and composition. This enabled the study of the role of cata-

lyst composition in vapor-based 1D ZnO synthesis. We have observed that catalyst

composition can be used to adjust 1D ZnO morphology. The tendency of Zn vapor

incorporation modulated by catalyst composition is a determining factor. Due to

its unique properties and rich morphologies, ZnO has been employed as a model

system to examine the role of catalyst in 1D nanomaterial synthesis. (2,10,61–70)

Vapor-based synthesis of nanowires is widely accepted to follow the absorption,

diffusion and precipitation method better known as the vapor-liquid-solid (VLS)

method postulated by Wagner et al. (71) For ZnO nanowires, Zn vapor, produced

by the carbothermal decomposition of ZnO powder by graphite, (24,41) is carried

downstream to be adsorbed by the catalyst. After Zn saturation of the catalyst,

Zn precipitates to form ZnO. ZnO deposition reaction equations are listed bellow:
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2ZnO(s) + C(s)→ Zn(g) + CO2(g)

ZnO(s) + C(s)� Zn(g) + CO(g)

ZnO(s) + CO(g)→ Zn(g) + CO2(g)

ZnO(s) + (1− x)CO(g)� ZnOx(g) + (1− x)COx(g)

2Zn(g) +O2(g)→ 2ZnO(s)

Furthermore, the conformal coating ability of polymeric materials, in which

catalyst species are incorporated, together with the selective interaction with the

Zn rich surfaces of as grown 1D ZnO nanostructures, allow even deposition of

catalysts on a surface with topography. Therefore, 3D structures that are com-

posed of high-density nanobrushes emanating from these intricate surfaces can be

created. The ability of generating semiconducting 1D nanostructures arranged in

3D will enable a multitude of applications, such as photocatalysis, solar cells, and

water splitting.

2.1 Experimental

Synthesis of ZnO Nanowires performed by the chemical vapor deposition method

inside of a quartz tube furnace, from catalyst loaded SiO2 wafers.

2.1.1 Catalyst Preparation

Employing the polymer template we can control the catalyst deposition uniformly

over large substrates, as well as the stoichiometric composition of catalyst. Poly(4-

Vinyl Pyridine) (P4VP) is purchased form polymer source and used without purifi-

cation. Metal salts, used as received from Sigma-Aldrich, include: Tin(II) Acety-

lacetone, Zinc(II) Acetylacetone, Gallium(II) Acetylacetone, Iron(III) Acetylace-
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tone, Yttrium(III) Acetylacetone, Aluminum(II) Acetylacetone. Silicon wafers

with 100 nm oxide layer are purchased from University Wafers. Wafers are cleaned

by pirahna method, a boiling mixture of H2SO4 and H2O2 (3:1) soaking for 30 mins

and extensive rinsed in DI water.

Polymeric solution and casting

Catalyst coating solution is prepared by dissolving P4VP, and each metal salts

separately in reagent grade butanol. Once fully dissolved, various stoichiometric

amounts of the two metal salts are mixed together, polymer solution is later intro-

duced drop-wise. The final polymer concentration is 0.275 wt.% and a metal-to-

polymer ratio of 0.8, to ensure the complete complexation of metal with polymer.

Polymer spin casting is as follows, Si wafers are removed from DI water and blow

dried before loading into spin coater. Two layers of catalyst solution (0.5 ml) are

spin casted at 3000 rpm for 90 seconds with 30 seconds soft bake at 140 ℃ after

each layer to burn off excess solvent.

Pre-growth sample preparation

After catalysts loading, the samples are treated with UV-Ozone at 150 ℃ for 30

mins to gently remove polymer template leaving behind only the metal catalyst.

After UV-Ozone treatment, the samples are annealed at 450 ℃ for 1 hour and

naturally cooled down to room temperature. At this point samples are ready for

ZnO growth.

2.1.2 ZnO Nanowire Growth

The growth of the ZnO nanowires takes place inside a quartz tube furnace. Three

temperature controlled heating zones permits control over the source and sample

temperature. The source is a powder mixture of Graphite and Zinc Oxide, each

purchased from Alfa-Aesar.
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A typical growth is as follows. A catalyst sample held by an alumina holder

is placed inside the quartz tube. Then 0.8 g of source powders is loaded into an

alumina boat and placed 18 cm away from sample, in a different heating zone.

The furnace is heated while maintaining vacuum, with the source outside of the

heating unit, until the start of growth. When the desired growth temperatures of

source and sample are reach, the source is brought back into the heating unit and

the camber is filled with a mixture of Ar (98%) and O2 (2%) and maintained at

3 Torr during growth. After 20 mins of growth, all the heaters are turn off, the

furnace is opened and the O2 supply cut off. The furnace is then fan cooled to

room temperature and their substrates extracted.

2.1.3 Characterization

After deposition of a polymer and organometallic solution mixture on Si substrates

followed by solvent removal, Fourier transform infrared spectra (Nicolet 380 FT-

IR) were collected to verify the formation of coordination bonds between metal

species and N of pyridine rings. Atomic force microscopy (AFM, XE-70, Park

System) was employed to characterize catalyst size in non-contact mode. X-ray

photoelectron spectroscopy (XPS, PHI-5000C ESCA system from Perkin-Elmer)

was used to study catalyst composition. Monochromatic Mg Kα with photon en-

ergy of 1253.6 eV was selected as the X-ray source. Scanning Electron Microscopy

(SEM, FEI XL30) was used to examine ZnO morphology.

2.2 Results and Discussion

2.2.1 Nanocatalyst

The polymer template is successful at sequestering metal species. FTIR spectra

of P4VP-Metal system coated on top of SiO2 wafers reveals the complexation of

monometallic Zn, Sn, and bimetallic Sn-Zn species, as observed in Figure 2.1.
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The new band at 1620 cm−1 indicates that Zn(II)-pyridine and Sn (II)-pyridine

complexes have been formed. Comparing the complexation tendency between

Zn(II) and Sn(II) in the form of acetylacetone, the greater change of the band

associated with pyridinic ring indicates that Zn has a stronger tendency to complex

with pyridine group. This can be postulated on the basis that Zn(II) has partially

unfilled d orbitals while Sn(II) has filled 3d orbitals. However, the 4th electron

shell of Sn has been partially filled with 2 electrons and thus can act as a Lewis

acid to form a complex with the pyridine ligand, (72) as supported by the FTIR

spectrum of Sn(II) pyridine. As expected, the FTIR spectrum of P4VP/(Sn/Zn)

shows the combination of both effects. This demonstrates the effectiveness of

P4VP to sequester and deliver metal nanoparticles with tunable composition.

Figure 2.1: FTIR spectra of P4VP, P4VP/Sn, P4VP/Zn, P4VP/(Sn/Zn) respec-
tively. Insert is P4VP chemical structure depicting the metal sequestration route.

Figure 2.2 contains a set of AFM images and corresponding XPS elemental

analysis of nanoparticles prepared using selected solutions. The binding energy

peaks located at 485.6, 933.6, 1022 and 1117.4 eV indicate the formation of SnO,
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CuO, ZnO, and Ga2O3 respectively. (73) Together with AFM height images, it can

be concluded that nanoscale particles, (Zn/Sn)Ox, (Zn/Cu)Ox, and (Zn/Ga)Ox

have been formed.

Using the polymer template approach to incorporate a variety of metal species,

a catalyst-cocatalyst system in which ZnO is catalyst and metal oxides such as

SnO, Ga2O3, CuO, Y2O3, and Fe2O3 are cocatalysts were prepared. The synergetic

interactions of these catalyst-cocatalyst became the focus of the study. It has been

reported that a catalyst-cocatalyst system offers synergistic or complementary

effects to promote the controllable growth of 1D nanostructures, especially 1D

carbon nanomaterials. (42,43,45,74–80)

Figure 2.3 is a set of XPS of (Zn/Sn)Ox and (Zn/Ga)Ox catalyst-cocatalyst

systems with tuned atomic ratios. The arrow indicates the increase of Sn or Ga

content. For (Zn/Sn)Ox catalyst in Figure 2.3(a), the atomic ratio of Zn to Sn is

2.02, 0.68, and 0.26 respectively. In the case of (Zn/Ga)Ox in Figure 2.3(b), the

atomic ratio of Zn to Ga is 6.06, 3.11, and 0.82 respectively. Therefore atomic ratio

of Zn to Sn and Zn to Ga can be rationally adjusted by metal precursor loading.

The ratio differences can be explained by the metal-pyridine coordinations. (81) Zinc

can readily form six coordinations with pyridine groups, Tin can coordinate with

two pyridine groups, but gallium can only form one coordination. It is therefore

expected that the XPS follows the metal-sequestration trend, Zn>Sn>Ga.
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Figure 2.3: XPS of catalyst-cocatalysts with adjusted atomic ratios.
(a)(Zn/Sn)Ox; (b)(Zn/Ga)Ox.

2.2.2 Effect of Catalyst Composition on ZnO Nanowire

Growth

Using the polymer template approach to incorporate a variety of metal species,

catalyst and catalyst-cocatalyst can be readily synthesized. The ZnO catalyst

system doped with other metal oxides (SnO, Ga2O3, CuO, Y2O3, and Fe2O3) as

cocatalyst have been prepared to investigate the role of catalyst composition on

growth in both vapor-based and solution-based approaches. For the purpose of

comparison, single metal oxide catalysts were used as references.

Figure 2.4 is a set of SEM images of 1D ZnO nanostructures grown using

single metal oxides catalysts, and their corresponding catalyst-cocatalyst system,

respectively. Ample experimental results indicate that catalyst composition play

an important role in determining 1D nanostructure morphology. (14,44,82) Analo-

gous to the effect of Ag, (44) Al2O3 and Ga2O3 promotes asymmetric growth and

formation of nanobelts. In general, the use of metal oxide nanoparticles in the

absence of ZnO, gives rise to random or less vertically aligned nanostructures as

shown in Figure 2.4(a–d). The addition of ZnO into metal oxide catalysts results

in more vertically oriented ZnO 1D nanostructures as shown in Figure 2.4(e–h).
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These results further support the contention that ZnO can promote the epitaxial

growth, corroborating the results of other groups. (14,44)

We further investigated the formation of 1D ZnO nanostructure using catalyst-

cocatalyst systems where catalyst is ZnO and cocatalysts are metal oxides such

as Fe2O3, Ga2O3, Y2O3 and CuO. Pure ZnO catalysts were not be able to grow

1D ZnO nanomaterials at 550 ◦C or lower temperature in our CVD system, as

shown in Figure 2.6. However, all catalyst-cocatalyst systems tested so far allow

the growth 1D ZnO nanomaterials at lower temperature, i.e. 525 ◦C, as demon-

strated by the SEM images in Figure 2.5. Comparing growth results at different

temperatures, 550 vs. 525 ◦C, higher growth temperature gives smaller-diameter

nanostructures in general except for CuO. This result can be attributed to differ-

ent melting temperatures of cocatalyst species and their ability to incorporate Zn

vapor. Y2O3 has the highest melting temperature and it cannot be reduced by

Zn vapor because of the low electronegativity of Y. Therefore, (Zn/Y)Ox catalyst

is most likely to promote a vapor-solid-solid (VSS) process, thus giving smaller

diameter and less vertically aligned 1D nanostructures. In contrast, Fe2O3, CuO,

and Ga2O3 can be reduced to metallic species due to their higher electronegativity.

Therefore, the growth of 1D ZnO nanostructures is greatly affected by the melting

temperature of Fe, Cu, and Ga. Compared to Fe and Cu, Ga possesses a very low

melting temperature. Thus, partial evaporation of Ga might be responsible for the

formation of small diameter nanostructures. The epitaxial relationship between

ZnO and (Zn/Ga)Ox also promotes the formation of vertically aligned 1D ZnO

nanostructures. (83,84)

Both (Zn/Fe)Ox and (Zn/Cu)Ox produce large diameter rods at 525 ◦C. Nev-

ertheless, at 550 ◦C, (Zn/Fe)Ox produces smaller diameter nanorods whereas

(Zn/Cu)Ox induces the formation of larger diameter nanorods. Both Fe2O3 and

CuO can be reduced by Zn vapor during the initial stage. Yet, due to the different

melting temperature between Fe and Cu (1538 ◦C for Fe vs. 1085 ◦C for Cu), the
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growth at 550 ◦C is most likely a VSS process for (Zn/Fe)Ox and a vapor-liquid-

solid (VLS) process for (Zn/Cu)Ox. In conclusion, the cocatalyst property can

play an influential role in ZnO nanowire growth. These new findings provide a

way to adjust 1D nanostructure morphology.

Figure 2.6 is a set of SEM images of 1D ZnO nanostructures using SnO,

(Zn/Sn)Ox and ZnO grown at various temperatures. The chemical composition

of (Zn/Sn)Ox has been analyzed by XPS in Figure 2.3(a) showing the control of

catalyst-cocatalyst composition. Comparing the growth results using (Zn/Sn)Ox

and ZnO, adding Sn leads to the growth of longer 1D ZnO nanostructures at lower

temperature. The possible mechanism is that Sn has higher electronegativity than

Zn, so during the initial stage of the growth, it is expected that SnO can be reduced

by Zn vapor. VLS would most likely take place due to the low melting temperature

of Sn and the high solubility of Zn according to the phase diagram. (85) Therefore,

the growth rate of 1D ZnO nanostructures will be enhanced. Indeed, the fact that

the length of 1D ZnO nanostructures synthesized using (Zn/Sn)Ox is greater than

those using ZnO catalyst at 550 and 600 ◦C proves this contention. Catalyst-

cocatalyst advantage can be observed by the growth at 525 ◦C where (Zn/Sn)Ox

promotes the growth of about 0.5 µm tall vertically aligned ZnO nanowires. SnO

catalyzed ZnO nanowires show disordered orientation demonstrating the need of

catalyst-cocatalyst system. No growth is observed using SnO at 600 ◦C, which is

plausibly due to the loss of low-melting temperature Sn at higher growth temper-

ature. This finding further supports that 1D nanomaterial morphology, length,

diameter, and even the starting growth temperature, can be adjusted by tuning a

catalyst-cocatalyst composition.

To compare the composition effect trends of vapor deposition, a hydrothermal

growth was utilized using the same prepared catalysts. The hydrothermal growths

were produced by my colleague, Yang Liu. Figure 2.3(b) shows the XPS data of

(Zn/Ga)Ox catalysts with tuned atomic ratios of Zn to Ga. The growth results
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using those different (Zn/Ga)Ox catalysts are shown in Figure 2.7. The result of

increasing the amount of Ga is that the diameter of ZnO nanostructures increases

in both vapor deposition and hydrothermal process, but the density of nanowires

decreases significantly in the hydrothermal process. In the vapor-based process,

pure ZnO seeds cannot generate 1D ZnO nanostructures at 525 ◦C. Adding Ga

into the ZnO seeds promotes vapor-based growth as aforementioned. Furthermore,

higher Ga content increases the ability to incorporate Zn vapor, enhancing VLS

growth.

Recently our group has demonstrated that Ga2O3 nanoparticles are not stable

in the hydrothermal synthesis. (86) During the hydrothermal synthesis, the higher

the percentage of Ga is, the less stable the (Zn/Ga)Ox system will be. Conse-

quently, the resulting lower density of catalysts with predominately larger diam-

eter caused by their instability in the growth media lead to sparsely populated

microscopic sized 1D structures. Therefore, the length and diameter of 1D ZnO

nanostructures can be adjusted in both vapor transport based and hydrothermal

approaches using catalyst composition.

2.3 3D Growth Enabled by Polymer Template

Little mention was given to the incredible versatility of the homopolymer tem-

plate method. In addition to the ability to adjust the catalyst composition,

P4VP homopolymer can be employed to uniformly distribute catalyst payload

onto topographic surfaces. The conformal coating ability of high molecular weight

polymer enable the deposition of the catalyst-containing polymer thin layer on a

sloped surface such as sidewalls of trenches. Owing to the selective interaction

of pyridyl groups with Zn rich surface, a catalyst-containing polymer thin layer

can also be formed on the surfaces of as-grown 1D nanostructures. The Zn(II)

acetylacetonate-P4VP solution with a polymer Mw of 36,300 g/mol was used to

deposit ZnO catalyst nanoparticles on sidewalls. Figure 2.8(a) is a representative
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SEM image of ZnO nanowire growth result on a sidewall of a trench. Uniform and

small nanowires that are aligned horizontally have been successfully synthesized.

Figure 2.8: 3D growth using the polymer template approach. (a) horizontally
aligned nanostructures on the side wall of a trench. (b) 3D branched growth.
Scale bar in the inset is 200 nm.

The homopolymer template approach can also be used to fabricate highly

branched 3D structures. After the growth of 1D ZnO nanostructures followed by

deposition of catalyst species on surfaces of the as-grown ZnO nanostructures, a

sequential growth was carried out using the vapor-based approach. Figure 2.8(b)

contains the SEM image after the second growth showing that highly branched

structures have been formed. This method to generate 3D nanostructures can

afford uniform and well-defined 3D structures over a large surface area. Such a

structure is highly desirable for energy related applications.

The 3D branched growth results were produced by my colleague, Yang Liu.

They are here shown to assist with the essence of the chapter and the importance

of the polymer template.

2.4 Future Work

The synergetic effects of bimetallic catalyst can be explored more in detail. Infor-

mation regarding the role of each cocatalysts during the growth would be useful

for designing advanced nano-devices, or improving the fabrication throughput.
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Using a combination of surface elemental spectroscopy techniques (XPS or XAS)

and high-resolution electron imaging techniques (SEM or TEM), it is possible to

discover the interactions of each nanocatalysts in growth. Many of the here tested

metal catalysts would benefit from a further systematic study of their composi-

tions, as is the case of Al, which has the ability to produced nanoribbons at certain

cocatalyst ratios. These studies can provide much needed insight at the catalytic

process for the control synthesis of ZnO nanostructures.

Photoluminescence experiments can also be useful to discover the effects on the

energy band gap, due to the use of bimetallic catalysts. This information is critical

for nano-electronic devices, such as field-effect transistors. Lastly, it is worthwhile

to explore the ability to implement both the polymer template method and the

bimetallic catalysts approach for other technologically important semiconductor

nanostructures.

2.5 Conclusion

Among all the catalyst formation and deposition techniques, vacuum-based thin

film deposition is expensive and time consuming, and cannot coat catalyst uni-

formly on sidewalls readily due to shadowing effect. Stoichiometry control is also a

challenge. Conventional solution-based deposition methods cannot effectively de-

posit nanocatalysts uniformly over a large surface area nor conformally on surfaces

with significant topography. In contrast, this low-cost homopolymer template

approach has demonstrated the formation of catalysts with not only engineered

composition and size, but also uniform coating across a large surface area and on

the sidewalls of trenches and on surfaces of nanostructures as well. Thus, this ap-

proach has enabled the systematic study of the role of catalyst composition on the

vapor-based growth. We have revealed that the ratio of catalyst to cocatalyst will

affect growth substantially. ZnO seed promotes vertically aligned nanostructures.

The tendency of cocatalyst to incorporate Zn is critical. This finding can be a basis
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for investigating using a catalysts-cocatalyst system in which catalyst is the same

as the material for promoting epitaxial growth whereas cocatalyst will interact

with 1D nanomaterial precursor for enhanced growth rate. Additionally, tailoring

the catalyst-cocatalyst ratio enable us to define 1D ZnO morphology. Further-

more, we have exploited the conformal coating nature of P4VP homopolymer to

deposit a catalyst thin layer on a sloped surface and on the surfaces of as-grown 1D

nanostructures. Horizontally aligned 1D ZnO nanostructures and highly branched

ZnO nanostructures can be synthesized reproducibly by this polymer template ap-

proach. It is expected that tuning catalyst composition to investigate 1D growth

and forming 3D nanostructures, enabled by this polymer template approach, can

be applicable to a broad field of 1D nanomaterial synthesis.



Chapter 3

Photoactivity Enhancement of

ZnO Nanostructures

The harvesting of solar energy has been desired since before the discovery of pho-

tosynthesis. Semiconductors photocatalyst, including ZnO, allows the chemical

storage of solar energy in H2 by means of water splitting. The direct band gap

properties of zinc oxide (3.2 eV) makes it suitable for visible-light water splitting

applications. A major obstacle in water splitting and solar cells has been the

visible-light absorption. Band gaps ideally between 1.1 to 1.7 eV are not easily

attainable, and preventing the of the recombination of the electron-hole pairs pro-

duced after excitation is key to avoid the reduction of efficiency. (87–92) Recently

carbon-metal-oxide heterostructures have shown to improve the performance of

ZnO (37,92–96) and titanium oxide (TiO2), a well known photocatalyst. (88,90,97) In

this mechanism, carbon is proposed to act as current collector, effectively sup-

pressing recombination events by shuttling the exciton electron away and allowing

for surface reactions to take place. Other similar approaches have been studied

with core-shell heterostructures. (90,96,98–101) For example, Zhong et al. demon-

strated that applying a layer of GaN on top of ZnO nanowires can act as anti-

photocorrosive and visible-light-sensitive surface for water splitting, at the same

time, the band bending allows for holes to migrate towards the nanowire/water

30
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interface for oxidation reactions to occur. (99) A more brute-force, yet highly ef-

fective mechanism to increase photoactivity is to maximize surface areas with 3D

nanostructures. (88,102–106) This is only effective until shadowing effects of nearby

nanostructures impede the use of available surface area, thus high-aspect-ratio

nanowires are the preferred nanostructure.

Zinc Oxide nanostructures for photocatalysis have been synthesized and re-

searched using wet chemical methods, (92,107,108) mainly hydrothermal synthesis. (2,14,86,94,96,109–115)

The low temperature synthesis of hydrothermal growth permits the use of mul-

tiple substrates including metals and transparent conductive oxides (2,14,109) like

indium tin oxide (ITO) to produce advance electronic and photonic devices, i.e.,

solar cells. (108,115) The ease of production makes hydrothermal synthesis attractive

to research groups that do not posses the more expensive and controllable vapor

deposition equipment systems. Additional advantages of hydrothermal synthesis

include scalability and morphology control of nanostructure through catalyst or

reactants. (110)

Two main approaches to hydrothermal synthesis exist, based on the hydrox-

ide (OH−) source, hexamethylenetetramine (86,111) (HTMA) or ammonium hydrox-

ide (109,110) (NH4OH) based approaches. In the first one, a slow release of OH−-ions

controls the reaction in a relative weak base environment from HTMA. This slow

release is beneficial in controlling the kinetics to tune nanostructure growth. How-

ever, the absence of readily available OH−-ions slows the processing to excess of

6 hour. The prolonged dwell time can cause the re-dissolution of Zn(OH)2 and

hinder the growth. On the other hand, the NH4OH approach produces a strong

basic environment and provides abundant, instantaneous, and easily accessible

OH− ions. The result is a faster synthesis period of 2+ hours. For this approach

however, use of inert or base resistant substrates and the careful tuning of pre-

cursors and synthesis time are necessary to ensure the desired final product. This

limitation are in response to the accelerated kinetics caused by NH4OH.
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Typical chemical reaction to produce ZnO with NH4OH are as follows (109):

NH4OH �NH+
4 +OH−

NH4OH �NH3 (g) +H2O

Zn2+ + 2OH− �Zn(OH)2 (s)

Zn(OH)2 (s) + 4NH4OH �Zn(NH3)
2+
4 (aq) + 4H2O + 2OH−

Zn(OH)2 (s)�ZnO (s) +H2O

It is natural to expect that a combination of both mechanisms, high surface

area and carbon coating, can lead to the synergistic increase in photoactivity.

Thus, I aim to understand the effects of carbon overcoat on ZnO photocatalysis.

In doing so, determining the role of carbon coating in promoting exciton dissoci-

ation, (93,116) facilitating electron transport, (92) or as dopant that leads to visible-

light absorption for electron-hole generation. (97) In order to accomplish this goal a

versatile, conductive, chemically and thermally resistant electrode is required and

one from which ZnO nanostructures can be grown and modified — stainless steel

(SS) foils satisfied these criteria. The approach developed here can potentially be

modified for use by other semiconductors or substrates. The results demonstrate

that 3D ZnO nanostructures have enhanced photocatalysis. Also, the carbon coat-

ing showed increased performance. This demonstrates that electropolymerization

is an effective mechanism for surface modification of ZnO.

3.1 Experimental

3.1.1 ZnO Nanostructures on Stainless Steel

Synthesis of ZnO nanostructures is performed via hydrothermal synthesis. 316

stainless steel is used as substrates while zinc nitrate (Zn(NO3)2) and ammonium
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hydroxide (NH4OH) are the reactants purchased from Sigma-Aldrich and used as

received. Stocks solutions of Zn(NO3)2 and NH4OH in DI water are prepared

and mixed in appropriate amounts 15 mins before the growth. In addition to

the cleaning procedures detailed in Appendix A, SS strips are cleaned by UV-

Ozone at 150 ◦C for 30 mins. Once cleaned, SS samples are bent and hanged from

glass vials with the growth site facing down, subsequently the precursor solution

is added. The vials are cover with a Septa cap and vacuumed (15 mins) to remove

dissolved gases, using a house vacuum. Nanostructure growth takes place inside a

95 ◦C (pre-heated) vacuum oven for 3 hours. Once the growth is finished, samples

are removed from the oven and rinsed sequentially in 80 ◦C, 40 ◦C, and room

temperature DI water before drying and storing.

3.1.2 ZnO Carbon Overcoat and Sequential Growth

Procedures to overcoat and grow sequentially are shown in Figure 3.1. Carbon

overcoat is achieved through the electropolymerization of acrylamide (AM) onto

ZnO nanostructures and the subsequent pyrolysis. Just prior to polymerization,

hydrothermally grown ZnO samples are cleaned by UV-Ozone at 150 ◦C for 20

mins. To polymerize, a solution consisting of acrylamide monomer, methylene-bis-

acrylamide (MBA) cross-linker, and either zinc chloride (ZnCl2) or nickel nitrate

(Ni(NO3)2) as catalyst and electrolyte is prepared. Electropolymerization takes

place in a 3-electrode cell by cycling between -0.2 and -1.8 V (Ag/AgCl) at a

scan rate of 150 mV/s for 15 cycles, under constant N2 purging using a BioLogic

SP-200 potentiostat. The electrochemical cell is comprised of ZnO nanostructures

on stainless steel as the working electrode, a graphite rod as the counter electrode

and Ag/AgCl in saturated KCl as the reference electrode. After polymerization,

samples are rinsed in DI water and dried overnight in a desiccator before being

pyrolyzed in a temperature controlled furnace at 650 ◦C for 3 hrs with an ar-

gon atmosphere. The acrylamide was purchased form Bio-Rad and purified by
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recrystallization in acetone. All other reagents were used as received from Sigma-

Aldrich.

In order to form 3D nanostructures on ZnO nanowires, the carbon overcoat is

removed by UV-Ozone at 150 ◦C for 20 mins and then annealing in air at 400 ◦C

for 1 hr. With the carbon removed, sequential ZnO CVD growth takes place for

15 mins following the growth process detailed in the previous chapter.

Figure 3.1: ZnO carbon overcoat and 3D growth process representation.

3.1.3 Characterization

ZnO morphology was examined with a FEI XL30 scanning electron microscope

at the Imaging and Microscopy Facility (IMF) in UC Merced. Photocatalytic

activity was evaluated at different stages of the ZnO processing by measuring

the degradation of methylene blue (MB) dye (Tokyo Chemical Industry) to UV

light. MB solutions were allowed to stabilize in the dark for 15 mins before using.

ZnO nanostructures on stainless steel (1 cm2) are submerged in 2 ml of 8 mg/L

MB solution and exposed to UV light radiation from a mask aligner (Quintel,

Q-2001CT) for different lengths of time. UV-Vis spectroscopy (Agilent, 8453 UV-

Vis) was used to record MB absorbance peaks after each UV light exposure. To

further explore the photoactivity of nanostructures, photoelectrochemical (PEC)

measurements were carried in a 3-electrode system with 0.1 M Na2SO4 electrolyte

using a potentiostat (CH Instruments, Model 600). ZnO nanostructures on stain-

less steel (1 cm2) acted as the working electrode, a platinum coil served as the

counter electrode, and a Ag/AgCl in saturated KCl was used as the reference

electrode, each electrode is separated by a glass frit. The voltage was swept from

-0.1 and 1.0 V (Ag/AgCl) at a scan rate of 5 mV/s. Light and dark measurements
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were recorded by turning a AM1.5 lamp (100 mW/cm2) on and off. The dark

measurements were subtracted from the light measurements to yield the resultant

current gain.

3.2 Results and Discussion

3.2.1 Controlled ZnO Growth on Stainless Steel

Hydrothermal synthesis of ZnO nanostructures on stainless steel was successful by

utilizing NH4OH as a source of OH−. The chemical resistant nature of stainless

steel allows us to utilize a strong basic (pH >9) environment at elevated tem-

peratures without detrimental effects on stainless steel. To contrast, experiments

conducted using copper foil as substrate demonstrated successful growth of ZnO

nanostructures but significant copper was lost due to etching. Copper slowly dis-

solved into the solution, the release of Cu2+-ions was indicated by the blue tinting

of the solution. In the 3 hours of growth, multiple pits developed on copper foil,

reducing the mechanical stability of the substrate.

Morphology control of the nanostructures is required to optimize the photo-

catalytic performance. Researchers have exerted control on ZnO nanostructures

by hydrothermal synthesis control of the precursors, temperature, concentrations

of Zn2+ or OH−, growth time, and chemical capping agents. (108–110,117) In our syn-

thesis it was found that the molar ratio of NH4OH to Zn(NO3)2 (NH4/Zn) was

critical to the morphology control.

Figure 3.2 are SEM images of different NH4/Zn ratios while maintaining a 15

mM Zn2+ concentration. Smaller ratio numbers show more spatial density with

short and smaller diameter nanostructures. The low amount of NH+
4 ions in the

solution causes the reaction to slow down due to low available OH−-ions. Low NH+
4

also prevents the etching of Zn(OH)2 into Zn(NH3)
2+
4 , which as result increased the

density by increasing the nucleation and growth of multiple nanostructures. Bigger
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ratio numbers show less density with bigger and larger diameter nanostructures.

Opposite to the low NH+
4 case, high NH+

4 results in larger nanostructures because

the excess of OH−-ions precipitates more ZnO. The low nanostructure density can

be attributed to the large diameter of nanostructures and the etching effect of

higher NH+
4 . The high concentrations of NH+

4 dissolves Zn(OH)2 into Zn(NH3)
2+
4 ,

especially from smaller nanostructures with greater aspect ratios.

Figure 3.2: Hydrothermal density and morphology control of ZnO by varying the
NH4/Zn ratio. Ratios shown are 23.5, 25, 27, and 30 respectively.

In parallel with the study of NH4/Zn, we investigated the effects of Zn2+ con-

centration on morphology of nanostructures. It is known that as the concentration

of the zinc source increases, the length and diameter of the ZnO nanorods also

increases. (118) Figure 3.3 is a set of SEM images depicting different Zn2+ concen-

trations while maintaining a 23.5 NH4/Zn ratio. It can be seen that low concen-

trations of Zn2+ have very small and sporadic growth of nanostructures that are

susceptible to the etching effects of NH+
4 . Higher concentrations of Zn2+ show

more defined and larger nanostructures which agrees with the results of other

groups. (118) We proposed that at higher concentrations of Zn2+, even with NH+
4

reacting with Zn(OH)2, the large amount of Zn(OH)2 produced can still transform

into ZnO.

To summarize, the morphology of ZnO nanostructures can be adjusted in hy-

drothermal synthesis by means of precursor tuning. The direct growth of ZnO

nanostructures on stainless steel substrates makes it ideal for electrochemical pro-

cessing and testing as well as for high temperature processing. Therefore, this
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ZnO electrode can act as a template for energy related applications, especially

photoelectrochemical.

Figure 3.3: Size control of nanostructures by the Zn content. Concentrations are
20, 15, and 10 mM respectively. Scale bars are 10 µm.

3.2.2 Surface Functionalization – Carbon Coat and 3D

Nanostructures

To create a carbon overcoat on ZnO requires a polymer layer as the source of

carbon. Therefore, I tested the ability to produce polymeric films with different

metal catalysts (see Appendix B) and discovered that ZnCl2 and Ni(NO3)2 are

successful catalysts to promote polymer films by an electrochemical approach.

Figure 3.4(a) is a representative image of a polymer-coated ZnO nanostructures.

By pyrolyzing the polymer-coated ZnO NWs in an intern atmosphere, a layer of

carbon can be produced on ZnO NW, hereafter called carbon-coated ZnO (C-

ZnO). This heterostructure is utilized to study the photoactivity of ZnO vs. C-

ZnO.

After the pyrolysis of the polymer layer it was evident that the metals used

for polymer electrodeposition will remain complexed with the polymer and could

become metal-oxide nanoparticles (NPs) when annealed in air, similarly to the

homopolymer template in the previous chapter (Section: 2.2.1). Since metal

nanoparticles are present in the sidewalls of ZnO nanostructures, I performed se-

quential branch growth of ZnO via chemical vapor deposition. Figure 3.4(b–c)

are the resultant 3D nanostructures produced by the sequential growth from ei-
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ther Zn or Ni catalyst. Zn catalyzed nanostructure growth is well known and

was explained in the previous chapter (Section: 2.2.2). The zinc growth demon-

strates thin ZnO NWs emanating from a nanoparticles base that is attached to

the original ZnO NW. Nickel grown branches display short, cylindrical-rod mor-

phology. Interestingly, smaller nanoparticles are attached to the original ZnO NW

when Ni is used. It is proposed that the oxidation state of the Ni, during elec-

trodeposition, affects its polymer complexation tendencies and play a role in the

formation of smaller nanoparticles. Ni catalyzed (and Co-catalyzed) experiments

were also conducted in the previous chapter study with poor growth results and

it was therefore stopped and the results not shown. Those experiments followed

a similar trend of short cylindrical-rods on SiO2. However, ZnO nanostructure

grown from Ni catalysts has been demonstrated by another group with more well

define structures. (119)

My results are a proof-of-concept that 3D nanostructures can be formed on

preexisting ZnO nanostructures. While no changes to the original ZnO CVD

growth process were made, with the exception of a shorter growth time of 15

mins. As mentioned before, 3D nanostructures are highly desirable in renewable

energy applications because of their high surface area, and I provide an approach

to form this architecture.

3.2.3 Photoactivity Enhancement

Photonic devices have attracted strong interest due to their ability to transduce

accessible and abundant solar energy. Water splitting can become one of the most

efficient ways to harvest solar energy, since water is a renewable resource and

the product of combusting H2 and O2. Three requirements exist for efficiently

converting and storing solar energy: (1) Photocatalyst efficiently absorb sunlight

to produce exciton pairs, (2) the exciton pairs are effectively separated to avoid

recombination, and (3) the exciton must be energetically and kinetically capable
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of producing work, i.e., water splitting. (91) Some of the current approaches to

meet this criteria include coating photocatalyst with water-splitting co-catalysts

or photocorrosion inhibiting layers, the development of new semiconductor ma-

terials that combine suitable photoelectrochemical properties (visible band gap,

high carrier mobilities, etc), and the use of nanotechnology to exploit existing

semiconductor photocatalysts. (88)

The photocatalytic activity baseline of synthesized ZnO nanostructures was

first characterized by measuring the absorbance peak decrease of MB solution at

665 nm vs. time of UV light exposure. Minimal degradation is observed by expos-

ing MB solution (without ZnO nanostructures) to UV radiation and this is used as

a starting reference. When ZnO photocatalyst is introduced, the photocatalytic

process is accelerated and dominated by the following reactions (120):

ZnO + hν → ZnO(e−CB + h+
V B)

h+
V B +OH− → •OH

h+
V B +H2O → •OH +H+

•OH + MB→ degradation of MB

The photoactivity of ZnO is improved by carbon overcoat. The proposed band gap

alignment is shown in Figure 3.5(b). Carbon coated ZnO (C-ZnO) shows faster

degradation of MB (Figure 3.5(a)) than ZnO alone. This can be attributed to

the enhanced photoactivity possibly caused by the more efficient separation of the

electron-holes produced. It is also known that carbon can have synergetic effects

on semiconductors for increased photoactivity and dye degradation. For instance,

carbon can increase the visible-light absorption of ZnO beyond 400 nm. (37,93,113)

Carbon overcoat can also increase the efficiency of photodegradation by adsorbing

MB molecules via π-π conjugation, which allows the generated holes to easily

access and oxidize MB molecules. (94,95)
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Additionally, the carbon coating processing method was found to facilitate

the synthesis of 3D nanostructures. The resulting 3D nanostructures have shown

enhanced photoactivity due to their large and accessible surface area. My results

in Figure 3.5(a) agree with this contention. The combination of carbon coating

and 3D nanostructures are topics of interest for the visible light improvement of

photoactivity. The enhanced MB degradation motivated me to attempt visible-

light experiments through PEC experiments.

Figure 3.5: (a) Comparison of different MB degradation at select stages of ZnO
processing by UV exposure. “As-grown” ZnO nanowires (• red), carbon coated
ZnO nanowires (� green), and 3D ZnO nanostructures (? blue). MB used as
starting baseline for comparison (� black). (b) Schematic representation of carbon
overcoat to enhanced photoactivity.

A significant advantage of ZnO on stainless steel substrates, in addition to its

1D geometry, is the excellent electron coupling with substrate due to the direct

growth. (121) This gives the electrode the versatility to be electrochemically mod-

ified and tested. We tested the ability of ZnO and nanoparticle decorated ZnO

nanostructures on SS to split water as seen in Figure 3.6. PEC measurements

in Na2SO4 shows significant increase in photocurrent gain from the nanoparticle

decorated ZnO nanostructures when compared to the ZnO nanostructures or to

the stainless steel only. Stainless steel PEC was used as negative control. Similar

to the photodegradation reactions, water splitting undergoes the following reac-
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tions (122):

Base:

4H2O + 4e−CB � 2H2 + 4OH− E0
red =− 0.828 V vs. NHE

4OH− + 4h+V B � 2H2O +O2 E0
ox =− 0.401 V vs. NHE

Acid:

4H+ + 4e−CB � 2H2 E0
red = + 0.000 V vs. NHE

4H2O + 4h+V B � 4H+ +O2 E0
ox =− 1.229 V vs. NHE

Figure 3.6: Photocurrent potential vs. voltage scans for stainless steel (black),
“As-Grown” ZnO nanostructures on stainless steel (blue), and nanoparticles dec-
orated ZnO on stainless steel (red). Scan rate 5 mV/s in 0.1 M Na2SO4 with a
AM 1.5 light source. Note: Dark scans are subtracted from light scans.
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3.3 Future Work

Thus far, exploratory experiments have been conducted to increase photoactiv-

ity of ZnO nanostructures on stainless steel. More characterization regarding

the optoelectronic properties of carbon coated ZnO nanostructures and 3D ZnO

nanostructures is required to truly understand the observed phenomena. Photo-

luminescence (static and dynamic) in conjunction with x-ray photoelectron spec-

troscopy tests are required to better understand the source of photo-enhancement.

The former technique will elucidate the spectrum of usable visible light as well as

give quantitative data on the kinetics of the carrier lifetime (electron-hole recom-

bination time). The latter technique will give elemental composition data to more

accurately tune the processing to the composition and the photoactivity observed.

Due to the low aqueous stability of ZnO, carbon coating can increase the

chemical resistance which is of great importance for real life applications. Addi-

tional, the maximum 3D branching should be investigated, carbon coating then

NW growth and repeat. As mention before, increasing 3D surface area is the most

effective mechanism for enhancing photocatalysis.

The delivery effectiveness of electrodeposited polymer coatings can be further

exploited. Distinct types of coatings are possible, for example: gallium nanoparti-

cles can be delivered using Ga-salts mixed with 4VP (or other nitrogen containing

polymer), after coating and polymer removal, GaN particles should be formed.

This becomes beneficial when exploring distinct band gap alignments, without

the need of exhausting vapor or physical deposition approaches.

3.4 Conclusion

In conclusion, I developed approaches that respond to the challenges to improve

photocatalytic activity of ZnO for water splitting. Doing so by implementing a

3-pronged approach, nanostructures, carbon heterostructures, and high surface
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area 3D structures; which are recognized as effective ways to enhance photoac-

tivity. Highly photoactive 3D nanostructures were synthesized by the sequential

growth from nanoparticles on the surface of pre-synthesized nanostructures. Car-

bon coated ZnO nanostructures with enhanced photocatalytic activity were also

synthesized from the pyrolysis of polymer coatings. 3D nanostructures and carbon

coating were made possible by the ability to electrodeposit polymer. The key to

the success was to synthesize tunable ZnO nanostructures on stainless steel sub-

strates, which enabled electropolymerization of polyacrylamide onto the surface

of ZnO nanostructures.

The materials used, the hydrothermal approach, and electrochemical process-

ing made this method scalable. Future research can utilize the procedures de-

veloped in this work with other semiconducting nanostructures. Using the infor-

mation discovered, we can expect that heterostructured photocatalysts can soon

bring forth a future of efficient and effective harvesting of solar energy to satisfy

our energy demands.



Part II

Carbon Nanofiber Electrode:

Platform and Applications

45



Chapter 4

Supercapacitor Carbon

Nanofibers

Three dimensional hierarchical nanocarbon electrodes, with great electrical prop-

erties, good chemical stability, and ease of synthesis are attractive for the imple-

mentation in energy storage and conversion applications. (123–125) These technolo-

gies are necessary for the replacement of fossil fuels as our primary sources of

energy. (126–128) Common nanocarbon supercapacitor fabrication methods include

the post-growth assembly of pre-synthesized carbons (123,125,129–132) and the direct

growth of carbon nanostructures. (133–137) The former, generally, utilizes binder

materials for structural integrity resulting in detrimental performance such as:

poor contact resistance, added dead-weight, non-reproducible morphology, block-

ing of the active area by binder, and random electron transport due to the indi-

rect contact of some carbons with current collector, to name a few of the draw-

backs. (131,134,135,137) Free standing carbon electrodes (fibers, nanotubes, and pow-

ders) without binder have also been studied. These improved system still require

a metal current collector and suffer from contact resistance problems since most of

the individual carbons are not in contact with the collector, unless a large pressure

is applied. (125,138,139) Direct growth on the other hand has the advantages of being

binder free, with reproducible morphology, and providing direct electron pathway

46
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to current collector. They are hindered only by the selection of the substrate, in

terms of thermal and chemical stability during the synthesis and testing.

Recent 3D nanocarbon electrodes that utilize KOH, chemical activation, hard,

or soft templates as means to induce a hierarchical porosity, have demonstrated the

importance of interconnected hierarchical pores to improve ion transport, increase

available surface area for double layer capacitance, and provide continuous and

direct electron pathway which minimizes charge loss. (34,35,129,140–142) Therefore, I

present the study of a one-step approach to produce upright 3D hierarchical carbon

nanofiber (CNF) electrode, directly grown on stainless steel. This ready-to-use en-

gineered electrode can be used as a platform for studying nanocarbon heteroatom

doping, metal-oxide loading, and a multitude of energy storage/conversion related

applications. These carbon nanofibers have the benefit of being robust, having a

consistent morphology, and possessing large channels between bundles and small

CNF pores to facilitate mass transport and ion diffusion.

4.1 Experimental

4.1.1 Sample Preparation

Synthesis of CNFs was conducted via chemical vapor deposition using NiCu cat-

alyst on stainless steel (SS) substrates. The detail procedures to clean SS are

detailed in Appendix A. These steps follow SS cleaning:

1) Clean SS strips are chemically etched using either hydrochloric acid or sul-

furic acid. For HCl acid, samples are submerged in 37 wt.% HCl acid for

45 mins. When using H2SO4, SS strips are etched for 90 sec in a solution of

50 vol.% DI and 50 vol.% H2SO4, maintained at 95 ◦C with a water bath.

After etching samples are rinsed for 30 seconds in DI water and subsequently

connected to the potentiostat for plating catalyst.

2) Nickel-Copper (NiCu) electroplating is performed by a two step constant
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potentiometry recipe. The first step applies a Cu film at -0.1 V (Ag/AgCl),

while the second step plates mostly Ni at -0.7 V (Ag/AgCl). The overall

thickness of electroplated film is approximately 50 nm; according to the

following electroplating equation.

Q =
nFρAh

Mf

t = Q/I

Where Q is the charge needed to electroplate an area (A) by a certain

thickness (h); with n, ρ, and M being the ion charge, density, and molar

mass of the transition metal being electroplated, while f is the coulombic

efficiency – assumed to be 90%. The time (t) required for electroplating is

dependent on the charge and current (I ) used.

3) Immediately after electroplating, samples are quickly rinsed with ethanol to

avoid uneven deposition from the plating solution attached to substrate and

avoid oxidation of the catalyst layer.

At this stage, samples are ready for CNF growth.

4.1.2 Carbon Fiber Growth

Stainless steel strips coated with NiCu catalysts are inserted into a quartz tube

that is loaded inside a temperature controlled furnace. Annealing in H2 at 650 ◦C

for 1 hour prior to growth is performed to form catalyst nanoparticles and to reduce

any metal-oxides back to metallic state. The growth temperature is maintained

at 650 ◦C for a duration of 20 mins in an atmosphere of C2H4-H2 gases, supplied

at various flows rates. During cool-down, H2 atmosphere was maintain to prevent

oxidation of fibers.
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4.1.3 Electrochemical Testing

Electrochemical measurements were conducted using a BioLogic SP-200 potentio-

stat. Pt mesh electrode and Ag/AgCl (sat. KCl) electrode were used as counter

and reference respectively. The synthesized samples were directly used as working

electrodes, with their contacts mechanically polished before testing to minimize

contact resistance. KOH and HClO4 solutions were used as electrolytes in DI

water.

4.2 Results and Discussion

4.2.1 Carbon Fiber Synthesis

When H2SO4 is used to etch SS, a black film coating of Fe(SO4)2 forms, this film

is not removed prior to electroplating. After plating NiCu a red rust-like coating

is formed as seen in Figure 4.3. HCl etching results in a clean and shiny stainless

steel surface, once plated a yellow-blue tint can be observed on the surface, see

Figure 4.3.

After growth, a black velvet-like film of CNFs can be observed on the electro-

plated area, which shows the selectivity of growth to the engineered catalyst layer

deposited. The morphology of the carbon nanofibers are shown in Figure 4.1.

The SEM images demonstrate the uniform distribution of CNFs on top of stain-

less steel although some amorphous carbon can be observed. Ni is known as a

very active catalyst for CNF formation. (59,137,143–146) Additionally, Cu is known to

produce graphene due to the limited solubility of carbon in Cu. The Cu portion

of catalyst can be the source of the amorphous flakes observed on the surface of

CNFs. (144,145,147,148) Synthesizing CNFs permits a larger lateral processing win-

dow and the creation of a hierarchical architecture through the formation of CNF

bundles.

Raman spectroscopy gave us a better idea of the degree of graphitic vs. amor-
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phous carbon that our fibers posses. Figure 4.2 shows that a large part of our fibers

are graphitic in nature; this includes the walls of the fibers, as well as some of flakes

that retain graphene-like structure. (149–152) The D-band observed is expected due

to two main reasons, primarily, the use of Ni as catalyst is known to produce a

mixture of carbon fibers and amorphous carbon, (143,145,147) and secondarily, the

samples did not go through any purification process to remove amorphous car-

bons. (149–152)

Figure 4.1: Typical SEM images of as-grown CNF sample. Good spatial distribu-
tion (Left) is observed and some amorphous carbon flakes are also present on the
surface of some CNFs (Right).
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Figure 4.2: Typical Raman spectroscopy of as-grown CNFs. Demonstrating signif-
icantly larger graphitic nature (G-band) over the disordered or amorphous carbon
(D-band).

4.2.2 Processing Effect on Capacitance

Although not visible, the electrochemical performance difference between the two

substrate etching approaches are clear. In Figure 4.3, H2SO4 treated samples (solid

red line) demonstrate a 4.7-times larger electrochemical capacitance than its HCl

counterpart (dashed line), under otherwise identical conditions. We attribute this

difference of capacitance to the physical catalyst layer utilized prior to growth.

Figure 4.4 shows SEM images at different processing stages of stainless steel that

lead up to CNF growth. It is clear that smaller and more uniformly distributed

catalyst nanoparticles are produced by the H2SO4 treatment than from the HCl

treatment. Since the growth of CNF is dictated by the size and location of catalyst

particle, (144,146,147) it is expected that more carbon nanofibers will result from a
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more spatially dense catalyst loaded sample. The higher spatial density of CNFs

results in an enhanced electrochemical double layer capacitance (EDLC). This

realization is of great importance to this study because I am able to correlate

EDLC to the catalysts processing instead of growth processes – which is often

the primary variable for carbon fiber growth and capacitor studies. (134,136) To

quantitatively compare the capacitive performance, the following equation is used

on cyclic voltammetry experimental results:

CCV =

∫ Vc

Va
IV dV

m ν (Vc − Va)

Where the cyclic voltammetry capacitance (CCV ) is calculated from the integration

of the current response to the voltage applied (IV ) divided by the potential window

(Vc − Va), scan rate (ν), and either mass or geometric area (m) of the sample.

Capacitance changes due to growth conditions were also performed to ensure

that the synthesis procedures were optimized. Figure 4.5 summarizes the results

of such optimization.

Figure 4.5: Effect of growth conditions on capacitance. All growths occur at 650
◦C for 15 mins.
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Direct growth of nanostrucutres on metallic current collectors have shown to

improve contact resistance and electron transport. (121,134,137) To this end, 316 stain-

less steel was selected as substrate electrode due to its chemical and thermal stabil-

ity when compared to other steels such as 304. Direct growth of carbon nanotubes

has been performed on other high performance alloys such as steels, Ni, Al, and

Inconel®, but in terms of availability, price, and research, 316 stainless steel is a

better candidate. (80,136,137,144)

To demonstrate the benefits of direct growth for CNFs, I conducted experi-

ments where I removed the fibers from the substrate and re-attached them using

a conventional method with binder material. The results in Figure 4.6 shows

that more than half of the capacitance is lost due to the blocking effects of the

binder and the random electron pathway resulting from CNFs laying flat on the

substrate, with many of the CNFs not possessing direct contact with current col-

lector. (124,134,153) The ability to have a high EDLC and maintain vertical alignment

makes this CNF electrode ideal for use as the platform for other electrochemical

applications.

Figure 4.6: Cyclic voltammetry of the same CNFs sample, while attached to stain-
less steel substrate (red) and when prepared by post-assembly with binder ma-
terial (Nafion®) on glassy carbon (black). Charge storage capability is lowered
when using binder.
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4.3 Future Work

Room to improve the design of this carbon electrode exists. Primarily and for sci-

entific importance is the effect of other strong acids etching on the electrochemical

capacitance. Aiming to discover if these acids influence the catalysts preparation,

resulting in different nanocarbon morphologies and EDLCs.

Another more involved study would be to investigate the alloy chemistry re-

sponsible for the CNF growth, particularly at the interface. Since limited atten-

tion was given here when creating the Fe-Cu-Ni interface during electroplating,

and the ratio of the two catalysts (NiCu) was not adjusted or enhanced. Primary

catalysts to pursue are the carbon nanotube inducing catalysts such as Mo, Co,

or Au. (57,59,146) This study would require the extensive use of XPS and XAS to

characterize the catalysts, and more detail procedures for electroplating. The pos-

sible results of the proposed investigation can result in electrodes with two-fold

increased capacitance than the here presented.

In order to have more play room with catalysts and growth conditions while

retaining direct growth, a more chemically and thermally stable substrate should

be utilized. Stainless steel was selected here for its decent chemical and thermal

stability, market availability, and well known properties, but engineered space-age

metal-alloys should be considered, looking primarily at nickel-based alloys such as

Inconel®.

4.4 Conclusion

To conclude this chapter, a new carbon nanofiber electrode fabrication design was

introduced. This approach shows enhanced growth of CNFs with large EDLC

due to the effects of H2SO4 etching on the catalyst preparation. Systematically,

we demonstrated that more spatially dense nanocatalyst are responsible for en-

hanced fiber growth. The direct growth of CNFs on stainless steel allows for direct
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synthesis-to-testing ability of the produced electrode. In doing so, detrimental ef-

fects from conventional binders are avoided, such as blocking of the electro-active

area and random electron pathways. Therefore, I successfully design a reliable

carbon nanofiber electrode platform. This realization is necessary for supercapac-

itors and electrochemical applications including batteries, chemical sensors, and

fuel cell catalysts electrodes.



Chapter 5

Oxygen Functionalities that

Induce Pseudocapacitance

Functionalization of carbon materials, specifically graphene and CNTs, has been

shown to increase the capacitive performance, primarily from pseudocapacitance.

Heteroatoms, as they are often referred to, induce new electronic states, or tend to

alter the morphology by increasing the available surface area. (127,154–159) Nitrogen

and oxygen heteroatoms have been studied since they are easily synthesizable and

are compounds are often found in nature. (87,154,156,157)

Nitrogen doped carbons (NC) for supercapacitors can be synthesized by two

main approaches. The first approach is direct synthesis that results in homoge-

neously doped carbons such as those derived from the pyrolysis of nitrogen con-

taining polymers or biomass. (34,130,148,156,160,161) The second approach is by surface

functionalization which relies on destructive means such as hydrothermal treat-

ment, annealing, or plasma-etching in a nitrogen environment. (162–171) At moderate

doping levels, nitrogen can increase the conductivity of graphene, which can be

understood by assuming that quaternary-nitrogen is formed (N-Q). (36,162) In al-

kaline media, the NC can undergo faradaic reactions, increasing capacitance. (156)

Because doping nitrogen into carbon occurs by the substitution of a carbon atom,

NC tend to have textured surfaces that can induce larger capacitances. (36,160)

58
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However due to the destructive nature, it is hard to study the properties of NCs

without disturbing the properties of the supporting carbon electrode. Oxygen

doped carbons on the other hand are better suited to study the functionalizaton

of carbons. Most functionalities between oxygen and carbon are attached to the

carbon surface rather than substituted – this retains the properties of the graphitic

carbon backbone. (132,172–174)

Redox reactions from functionalizing with oxygen groups are another mecha-

nism to further increase intrinsic capacitance of carbon electrodes. (123,174–184) These

groups improve wettability, and facilitate further exotic functionalization such as

functional polymers or metal nanoparticles. The most common approach to func-

tionalize carbon is with strong acids, which damages the carbon structure affecting

the electrical properties. Since only the surface in contact with the solution can

be functionalized, this approach it is considered to be inefficient. Generally, acid

treatments utilize HNO3 or a mixture of H2SO4-HNO3 to break the carbon bonds

and form -OH or -OOH groups at the end of carbon. (173,175,176,178,180,181,183) This

approach is effective but offers little control over the penetration of functional

groups. Air annealing however, is a more efficient way to functionalize surfaces

but it is highly sensitive to over-oxidation (burn-off). (175,180,184)

It has been demonstrated that supercapacitors made of 3D carbons, coupled

with strong faradaic reactions, are the future of high power and energy density for

portable devices and hybrid/electric vehicles. (128,185–187) Therefore, I investigated

the supercapacitor enhancement from controlled air oxidized 3D heirarchical CNFs.

By using a reliable carbon platform, a direct study of the surface functionalization

is possible. The robust and consistent morphology of CNFs from the previous

chapter allows the fundamental study of carbon properties before and after oxygen

functionalization. I demonstrate a 130% (30%) increase capacitance in base (acid)

electrolyte, due to the hierarchical CNF structure and the induced surface oxygen

groups. The 1D CNF morphology provides high surface area for funcitonalization
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and the direct growth provides fast electron transport for expedite redox reactions.

5.1 Experimental

All the parameters for CNF growth remain the same from the previous chapter.

5.1.1 Functionalizing CNFs

The schematics of functionalization are presented in Figure 5.1.

• Air. Functionalizing with air was performed in a temperature controlled

furnace at distinct times and temperatures while the tube ends were left open

to the atmosphere. Temperature was gently increased to the set temperature

over the span of one hour. At the end of the process, the furnace was allowed

to cool down below 200 ◦C before opening, to avoid thermal shock.

• Acid. To compare with acid functionalized carbons, HNO3 etching was

utilized. Samples were loaded into a glass vial which was then closed with

a Septa cap. House vacuum was applied to the vial for 20 mins to remove

trapped air between the fibers before inserting 10 ml of 3 M HNO3, via

syringe and subsequently restoration of atmosphere pressure. Different times

of etching were studied. After etching, samples were rinsed thoroughly three

times in DI water before electrochemical testing.

5.1.2 Characterization

The experiments were carried out at beamline 7.0 at the Advanced Light Source

(ALS) at the Lawrence Berkeley National Laboratory (LBNL) by Dr. Yifan Ye.

Near-edge X-ray absorption fine structure (NEXAFS) spectra were recorded by

measuring the total electron yield with 0.25 eV and 0.40 eV resolution of the

beamline monochromator for both the carbon and oxygen edges, respectively.
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Figure 5.1: Schematic of the process to functionalize CNFs. a) Roughened stain-
less steel with NiCu catalyst. b) CNFs grown on stainless steel. c) CNF functi-
nalization by either air annealing or acid etching. Note: Fiber morphology is not
modified by processing.

This undulator beamline includes a spherical-grating monochromator and provides

linearly polarized synchrotron radiation of high resolution and high brightness.

The NEXAFS spectra were normalized to the incident photon current using a

gold mesh inserted in the excitation beam. Total electron yield (TEY) and total

fluorescence yield (TFY) were recorded to compare the chemical composition at

different penetrations, surface (1-10 nm) and bulk (10-100 nm) respectively.

High resolution scanning electron microscope (SEM) images were personally

recorded using a Hitachi S4800 SEM in NASA Ames Research Center. Electro-

chemical measurements were conducted using a BioLogic SP-200 potentiostat. Pt

mesh and Ag/AgCl (sat. KCl) were used as counter electrode and reference elec-

trode respectively. The prepared samples were directly used as working electrodes,

with contacts polished to minimize contact resistance. KOH and HClO4 solutions

were used as electrolytes in DI water.

5.2 Results and Discussion

5.2.1 Physical Characterization

After growth stainless steel foils have a black, velvet-like coating of carbon fibers.

If growth temperature exceeds 650 ◦C, the foils become brittle, developing a ten-

dency to snap when subsequently handled. SEM images in Figure 5.2 show ran-
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domly oriented groups of carbon nanofibers (bundles). Good spatial periodicity

is observed, with a predominant bundle width of ∼600 nm. Carbon nanofibers

are observed parallel to each other and with minimal branching. Bright nanopar-

ticle clusters appear at the middle and tip of nanofibers, demonstrating that the

nanoparticle catalyst directs the growth of the fibers. (59,137,143–146)

The bundle to bundle distance provides macroporous spacing, while fiber-to-

fiber distance provides mesoporous spacing, creating the hierarchical structure.

Small bundles have a diameter ∼20-27 nm and are composed of 2-4 fibers. Large

bundles can have sizes ranging from 180-570 nm in diameter. The large spread in

bundle size is due to the nanoparticle clusters whose sizes are difficult to control

due to the rough surface of the stainless steel. The growth mechanism using

nickel and copper catalyst is neatly explained by other groups and supported by

our results; the explanation is presented in the previous chapter. (137,144)

Figure 5.2: SEM images of CNFs demonstrating the hierarchical structure. Large
periodic bundles are observed which provide macroporous spacing (Left). More
highly magnified images show smaller fiber-to-fiber distances which provide meso-
porous spacing (Right).

To study the functional groups present on carbon fibers, NEXAFS measure-

ments were conducted and are shown in Figure 5.3. Typical C K -edge peaks

for sp2-like graphitic carbons are observed and marked as A for π∗ (C=C) and

B for σ∗ (C-C) at 285.5 and 292.5 eV respectively in Figure 5.3(a). (188–190) To

compare functionalization results, oxidation by air annealing and with nitric acid
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were employed. Oxidation of the CNFs results in a new peak, C, at 288.5 eV

which corresponds to the π∗ (C=O) sp3-hybridized states due to oxygenated sur-

face groups such as COOH. (188,189,191) Interestingly, the TFY spectra (bulk) of

air anneal sample, in Figure 5.4(a), does not show peak C, but it is present for

acid treated samples, Figure 5.4(b). This result validates the selectivity of air

oxidation to functionalize CNF surfaces. The O K -edge results between as-grown

and air annealed are presented in Figure 5.3(b). Two prominent peaks can be

observed, E at 539.7 eV and D at 531.2 eV. Peak E is associated with σ∗ (C-O)

from hydroxyl groups while peak D is related to the π∗ (C=O) originating from

COOH. (188,189) By comparing the ratios of E/D we can deduce whether functional

groups have been introduced. Although the as-grown sample has different TEY

and TFY profiles, the E/D ratios are above 1.85. On the other hand, the air

annealed sample show similar TEY and TFY profiles with a E/D ratio of 1.77;

this could be evidence that more C=O bonds have been formed. The small peak

at 534.6 eV has not been identified; however, due to the proximity to 535.4 eV σ∗

(O-H), it could be assigned to this hydroxyl group. (188) Additionally, the region

beyond 550 eV does not return to zero for air annealed sample, plausibly due to

the resonant carbonyl peak.

Damage to the bulk of the fibers from oxidation can lead to poor performance

due to decreased conductivity. Groups have shown that oxidizing and by conse-

quence exfoliation of carbon nanotubes can increase the electrochemical perfor-

mance, providing high surface area 2D graphene and quinone-type redox centers.

Ideally only the surface needs to be functionalized or exfoliated, leaving the inner

walls intact to act as electrical conductors. (38,178,180)

The clear difference between the C K -edge TFY spectra of acid treated and

air annealed samples in Figure 5.4 shows that the bulk of the acid treated sample

has been functionalized, which means that the integrity of the CNFs has been

altered. In contrast, the TFY spectra of the air anneal sample are still similar to
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Figure 5.3: NEXAFS before and after oxygen functinalization. a) The C K -edge
spectra. b) The O K -edge spectra.

the as-grown sample spectra; thus, inner fiber integrity is maintain. Dai’s group

and others have shown the importance of retaining the integrity when exfoliating

carbon nanotubes. (38,192)

5.2.2 Electrochemical Characterization

Many groups have recently shown increased capacitance from functionalized car-

bon nanomaterials. The most commonly explored functionalities are nitrogen,

oxygen, and boron either alone or combined. (127,154–157,159) Their increased capaci-

tance is a result of morphology change, improved wettability, redox reactions, and

disruption of the local electron density.

To enhance the capacitive performance, I elected to introduce oxygen func-

tionalities to the surface of CNFs. The most popular approach to functionalize

carbons with oxygen is chemical etching, (172,193,194) which for loose carbons is ef-

fective but not for direct growth, since one desires to retain the morphology and

integrity of the nanostructures. Therefore, high temperature oxidation in air is a

better approach to functionalize carbon nanofibers. The temperature driven pro-

cess is surface selective and environmentally friendly with no chemicals required
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Figure 5.4: NEXAFS comparison of air annealed vs. acid functionalized CNFs.
a) C K -edge TEY (black) and TFY (red) of air annealed sample with an inset
of as-grown sample. b) C K -edge of acid treated sample.

or waste produced.

The capacitive behavior of carbon nanofiber electrodes were analyzed in a

three-electrode cell using KOH and HClO4 aqueous electrolytes. The cyclic voltam-

metry (CV) in Figure 5.5 of as-grown electrode (solid line) shows a capacitance

of 110 mF/cm2. The semi-rectangular shape of the CV curves shows that little

internal resistance is present, otherwise skew or slanted trapezoidal cures would

be observed. The absence of a redox peaks in both acid and base media demon-

strates that CNFs are free of redox centers. A small oxidation hump is observed

in acid media only. This small peak has been attributed to the traces of iron from

catalysts that undergo oxidation, since this peak disappears after extended cycling

in HClO4 or acid cleaning.

Effects of induced pseudocapacitance are distinct in HClO4 than KOH. In

HClO4, the new induced redox peaks are centered at 0.3 V (Ag/AgCl) and at-

tributed to the quinone-type functional groups. (123,132,172,175,176,178,182) Interestingly

in KOH electrolyte, the electrochemical double later capacitance (EDLC) of air

anneal sample can increase 130% from its as-grown form — more than the increase
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in HClO4 (30%). Furthermore, a broad faradaic reaction is present in KOH at

potentials below -0.3 V (Ag/AgCl); unfortunately potentials lower than -0.7 V

(Ag/AgCl) could not be investigated due to H2 evolution.

Figure 5.5: Cyclic voltammetry comparison before and after air annealing of CNFs
in both KOH and HClO4 electrolytes.

5.2.3 Pseudocapacitive Kinetic Study of Hierarchically Porous

CNFs

High surface area 3D nanocarbons are commonly explored for electrochemical sys-

tems due to high surface area and stability. Research in these 3D nanocarbons

soon revealed that hierarchical pore sizes can improve the performance in electro-

chemical systems by providing faster ion transfer and ion reservoirs. (125,140,195–198)

Not until recently have the combination of all three capacitive improvements been

combined: 3D high surface area, hierarchical pores, and redox centers. A bot-
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tleneck to these improvements has been the redox kinetics, especially at the high

operation rates of supercapacitors. Hierarchical nanocarbons with redox centers

have shown to lose 1/3rd of their maximum capacitance (125) or even close to half. (34)

The electrode design here combats the loss of capacitance by benefiting from the

direct growth of CNFs, retaining more than 90% of its maximum capacitance at

higher rates.

The hierarchical spacing produced by the bundling of CNFs allows for fast

ionic transport, while the 1D nanofibers provide large surface area with plenty

of redox centers and a direct electron transport highway for fast redox reactions

because they are directly connected to the current collector. The presence of clear

redox peaks and a semi-rectangular shape at high scan rates (100 mV/s) affirm

our claims of fast kinetic reactions and excellent active material coupling with the

current collector.

To further investigate the kinetic performance of hierarchical CNF structures,

CVs at scan rates between 5 and 100 mV/s were conducted and the results are

shown in Figure 5.6(a). CVs at and below 100 mV/s show no distortion to their

semi-rectangular shape and the redox peaks are clearly visible. The capacitance

difference between 10 and 100 mV/s is less than 5%. At the slow scan rate of

5 mV/s the difference in capacitance from 100 mV/s is less than 10%. These

observations clearly demonstrate the effectiveness of this electrode hierarchical

structures to improve the kinetics of pseudocapacitors.

For practical applications, the galvanostatic charge and discharge (GCD) test

were conducted and the results are shown in Figure 5.6(b). The GCD discharge

curve shape of air annealed shows a shoulder initiating at 0.6 V (Ag/AgCl), as-

signed to the quinone-type faradaic reaction, agreeing in location with the reduc-

tion peak observed during CV testing. The effectiveness to retain its capacitance

was tested with different discharge rates, between 0.88 and 17.5 A/g. Agreeing

with the CV trend, the capacitance difference between 4.4 and 17.5 A/g is less
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than 10%, while the difference increases to <40% for 0.88 and 17.5 A/g. A maxi-

mum capacitance of 213 F/g at 0.88 A/g was achieved for the Air anneal samples.

A summary of the capacitance at different rates is presented in Table 5.1. The

following equation was used for calculating the capacitance with GCD,

CGCD =
I ·∆t

∆V ·m

where the I is the applied discharge current, ∆t is the total discharge time, ∆V is

potential window, and m is the mass of the active material from TGA experiments

(∼1.5 mg/cm2).

Figure 5.6: Kinetic study of hierarchical air annealed CNFs. a) Cyclic voltamme-
try at different scan rates. b) Galvanostatic charge and discharge of same sample
at different discharge rates. Both test were conducted with HClO4 as electrolyte.

Table 5.1: Kinetic Study of Capacitance
Cyclic Voltammetry Galvanostatic Charge and Discharge

Rate [mV/s] Capacitance [mF/cm2] Rate [A/g] Capacitance [F/g]

5 159.9 0.88 213.1
10 159.0 4.5 170.1
20 157.6 8.8 163.3
50 154.7 17.5 155.0
100 150.8

In order to calculate the energy density, the carbon mass on stainless steel sub-

strates was calculated by thermogravimetric analysis studies. CNFs were tested
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by thermogravimetric analysis (TGA) while still attached to the stainless steel,

subsequently a bare piece of stainless steel (from the same sample) is tested by

TGA ans used as background, the mass loss difference amounts to the mass per

geometric area of the sample. Test are conducted at 5 ◦C/min with air as the gas

source.

5.2.4 Supercapacitor Properties and Stability of CNFs

To analyze the benefits of CNFs direct growth, I conducted electrochemical impedance

spectroscopy (EIS) tests, the results are in Figure 5.7(a). A low x-intersect in the

EIS is observed which is correspondent to the equivalent system resistance, includ-

ing the electrolyte resistance, the intrinsic active material (CNF) resistance, and

the contact resistance between CNFs and the current collector. (199) This demon-

strates the good conductivity of the sample. No charge transfer resistance semi-

circle is observed at high frequencies, instead a short 45◦ angle response at high

frequencies is observed due to the fast ion diffusion in the hierarchical porous CNF

structure. (35,192,200) At low frequencies a vertical capacitor response of the CNF

electrode is observed. (192) For comparison purposes, the impedance of a processed

stainless steel (all but CNF growth) was tested. Similar to CNFs, stainless steel

shows no charge transfer resistance but unlike CNFs it does not show the vertical

response of a capacitor, instead a 45◦ degree angle at low frequencies is observed

due to Warburg behavior. (200,201) To verify of this conclusion, four-point probe

measurements of CNFs on stainless steel and processed stainless steel were con-

ducted. The results in Table 5.2 show the near identical sheet resistance between

the two samples.

Table 5.2: Comparison of Sheet Resistances
Sample SS (316) Exp. SS+CNFs SS+CNFs+Air annl. SS (316) Theo.

Sheet
Resistance
(Ω/�)

0.016 0.018 0.022 0.037
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To test the stability of air annealed CNFs sample, extended cycling in 2 M

HClO4 at 5 mA/cm2 (∼5 A/g) was conducted using a potential window between

0 to 0.8 V (Ag/AgCl). After 10,000 cycles, a maximum capacitance loss of 4%

from the initial capacitance was observed (Figure 5.7(b)).

Figure 5.7: a) Impedance spectroscopy comparison of before and after air anneal-
ing. b) Stability testing of air annealed CNFs at 5 A/g. Tests were conducted
with 2 M HClO4

5.3 Future Work

The study of air oxidation can be applied to many other types of carbon, to see

the possible induction of pseudocapacitance in activated carbons, carbon cloth,

fullerenes, and graphene. The most interesting prospects would be to synthesize

single (SW) or few-walled (FW) CNTs on stainless steel and then functionalize

using air annealing. Intensive research can be expected because of the synthesis

limitations presented, since the working temperature range of most chemically sta-

ble stainless steel are not compatible with SWCNTs processing. A great challenge

but it has been demonstrated to be plausible. (202–204) Achieving this can shine

more light at our proposed selectivity to functionalize the outer wall of CNTs by

air annealing; even with simple electron microscopy characterization techniques.

Additionally, a better study of the properties of oxygen in functionalizing CNFs

would be ideal. Here, for engineering purposes, I utilized an open-system with
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ambient air as source of oxygen, for more scientifically accurate experiments, a

close-system with pure oxygen should be utilized. Lastly, other elemental char-

acterization tools such as FTIR, XPS, and thermogravimetric-mass spectrometry

(TG-MS) to name a few, should be employed to investigate the functional groups

formed and to tune these groups to enhance faradaic capacitance.

5.4 Conclusion

To conclude, I have demonstrated a novel approach to synthesize robust, stable,

and high capacitance hierarchical carbon nanofiber electrode, grown directly on

stainless steel current collector. This CNF platform allowed the direct study of

the pseudocapacitive effects of oxygen functionalization by means of air anneal-

ing, and with NEXAFS, I am able to observe the selectivity of air annealing to

functionalize the surface. Key points were the improved charged retention and

fast redox kinetics made possible by the hierarchical CNFs structure. When com-

bining with quinone-type functional groups, a significant increase in capacitance

was achieved, with a maximum recorded of 213 F/g at 0.88 A/g. This binder free

CNF electrode provides the ideal platform for multiple application such as batter-

ies, oxygen reduction reaction catalyst, electrochemical sensing, and heteroatom

doping studies.



Chapter 6

Oxygen Reduction Reaction from

Nitrogen Coated Carbon

Nanofibers

Fuel cells catalysts have improved in the last decade. The technology that once

provided the lunar mission with clean water and electricity, has seen an awakening

due to the impending need for a clean renewable source of energy. (205,206) The bot-

tleneck of this technology has become the catalysis to reduce oxygen gas into ions,

known as the oxygen reduction reaction (ORR). (39) This reaction is about five

times slower than hydrogen oxidation reaction and thus requires five times more

catalyst. The current state of the art catalysts is a platinum-carbon mixture (20

wt.% Pt/C), vastly used as a benchmark to compare other catalysts systems. (207)

Recent research in non-precious metal catalyst (NPMC) has increased to substi-

tute Pt as the active catalyst. (39,207,208)

Nitrogen-doped carbons (NC) are among the best NPMC. Their performance

has been demonstrated to even exceed Pt/C, and due to its chemistry, it is environ-

mental friendly and available from organic/biological sources, making it the ideal

substitute as ORR catalyst. The substitution of the nitrogen on the carbon matrix

plays three major roles; modification of the surface area and lattice spacing, alter-

72
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ation of the electron spin density of nearby carbons, and due to nitrogen-carbon

electron configuration, it allows carbon to more easily donate extra electron to an

oxygen molecule. (209,210)

Utilizing the multipurpose electrode described in Chapter 4. We engineered

a process to coat thin polymer coatings onto carbon fibers via electrodeposition.

The CNFs acted as a stable and high surface area substrate, while the polymer

became the nitrogen source upon its pyrolysis. I studied the performance of distinct

polymer coating approaches and poly(acrylamide) (PAM) based polymer complexes

to catalyze ORR. In addition, I investigated the effect of Fe and Cu metal co-

catalysts on NC ORR performance. The results demonstrate that thin coatings

of PAM with copper co-catalyst were had the best combined ORR performance.

6.1 Experimental

All the parameters for CNFs growth remain the same from previous chapters.

6.1.1 Nitrogen-doped Carbon Coating

The electropolymerization of PAM or PAM complexes have similar procedures as

described in Appendix B. The overall procedure is as follows:

• Monomer solution. All monomers are purified either by distillation or

by recrystallization. After purification, known solutions are prepared in DI

water and stored in 4 ◦C refrigerator until needed.

Diazonium method. For diazonium use, the monomer solution is acid-

ify with H2SO4 until a pH of less than 2 is reached. The diazonium salt is

then added to the acidic monomer solution and ultrasonicated until an uni-

form, translucent solution is obtained. Solution is stored in 4 ◦C refrigerator

until needed. Methylene-bis-acrylamide (10 mol.% vs. monomer) crosslinker

was used for crosslinked samples.
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• Prior to electrodeposition. CNFs are loaded into a glass vial which was

then closed with a Septa cap. House vacuum was applied to the vial for

10 mins to remove trapped air between the fibers before inserting 10 ml of

monomer solution, via syringe and subsequently restoration of atmosphere

pressure. Then the CNF sample and monomer solution are transfered to a

plating vessel where all the proper electrode connections are made, and the

solution is purged with continuous N2 gas.

• Electrodeposition. Polymer coating was performed similarly to that in

Section 3.1.2. Cyclic voltammetry between -1.7 V and 0 V (Ag/AgCl)

at a scan rate of 150 mV/s for the cathodic grafting and -1.0 V to 0 V

(Ag/AgCl) at 10 mV/s for the diazonium method. Continuous N2 purging

is maintain throughout deposition. After coating, samples are rinsed in

copious DI water to remove unreacted monomer and dried to be stored

away for pyrolysis. Note: For cathodic grafting, Ammonium persulfate (5

mol.%) was introduced just before applying voltage, while the experiment

was performed in an ice bath to slow down the solution kinetics.

• Pyrolysis. To form the nitrogen-doped carbon coating on CNFs, polymer

coated samples are pyrolyzed in an argon atmosphere. Pyrolysis occurs

inside a temperature control furnace and involves a 1 hr hold step at 150

◦C to remove water, followed by another 1 hr hold step at 400 ◦C to assist

the cyclization of the polymer, and a final 4 hr hold step at 650 ◦C to drive

graphitization of the nitrogen-doped carbon. Between each of the hold steps,

there is a 30 min temperature ramp-up sequence. Once finish, the furnace

was allowed to naturally cool-down and it was opened after the temperature

was bellow 200 ◦C.
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6.1.2 Characterization

X-ray photoelectron spectroscopy (XPS, PHI-5000C ESCA system from Perkin-

Elmer) was used the elemental composition of the nitrogen groups. Monochro-

matic Mg Kα with photon energy of 1253.6 eV was selected as the X-ray source.

High resolution SEM images were recorded using Hitachi S4800 SEM at NASA

Ames Research Center. Fourier transform infrared spectra (Nicolet 380 FT-IR)

were collected to verify the efficiency of electropolimerization and to test the poly-

mer cyclization at different annealing temperatures. Electrochemical measure-

ments were conducted using BioLogic SP-200 potentiostat. Pt mesh and Ag/AgCl

(sat. KCl) were used as counter electrode and reference electrodes respectively.

The prepared samples were directly used as working electrodes, with contacts me-

chanically polished to minimize contact resistance. KOH and HClO4 solutions

were used as electrolytes in DI water.

• Cyclic Voltametry. Solutions of KOH and HClO4 were purged with ultra-

pure nitrogen or oxygen for 30 mins before testing. Cyclic voltammetry

between -0.7 V and 0.2 V (Ag/AgCl) for KOH and between -0.2 V to 0.7 V

(Ag/AgCl) for HClO4 were used at a scan rate of 20 mV/s.

• Rotating Disk Electrode. To test the diffusion limited reaction, the sam-

ples prepared were pasted onto glassy carbon and tested by rotating disk

electrode (RDE) technique. The ink was prepared by scraping the nitrogen-

doped CNFs from the stainless steel substrate onto a solution of ethanol with

Nafion® as binder material. Mass loading was controlled by the concentra-

tion of CNFs in the ink solution and the amount dispensed. Testing was

performed using the Autolab software, with the same potential windows as

the CV tests, for easy comparison. Similarly to CV measurements, solutions

were purged in nitrogen or oxygen 30 mins before testing.

• Rotating Ring Disk Electrode. In order to test for the electron transfer
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number and the catalysts efficiency to produce water, rotating ring disk elec-

trode (RRDE) technique was implemented. Similarly to the RDE technique,

CNF ink was pasted onto a glassy carbon electrode with a platinum ring as

secondary electrode. Testing took place with the Autolab software, using

the same potential windows for comparison. Similar to CV measurements,

solutions were purged in nitrogen or oxygen 30 mins before testing.

6.2 Results and Discussion

6.2.1 Physical Characterization

Utilizing the electrode platform developed in Chapter 4, we are able to study the

catalysis of nitrogen-doped carbon coatings for the oxygen reduction reaction. The

schematic in Figure 6.1 depicts the processing stages to produce nitrogen-doped

CNFs (N-CNFs), beginning with the growth of CNFs on stainless steel, followed

by the electro-deposition of nitrogen containing polymers, and finally pryrolyzing

to yield nitrogen-doped carbon film (with or without metal loading) on CNFs.

To demonstrate the ability to electropolymerize uniform coats on CNFs, Fig-

ure 6.2 shows SEM images of CNFs before and after polymer electrodeposition.

It can be observed that the polymer deposits mainly on the outermost fibers but

most inner fibers still shows signs of polymer coating. Important to notice is that

the morphology of the original CNFs is not altered by this coating process.

Figure 6.1: Schematics to produce nitrogen-doped CNFs. a) Roughen stainless
steel with NiCu catalysts. b) CNFs grown on stainless steel. c) Polymer coated
CNFs via electrodeposition. d) Pyrolyzed CNFs with coated nitrogen-doped car-
bon (with or without metal loading). Note: Fiber morphology is not altered by
processing.
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Figure 6.2: SEM images of Carbon Nanofibers: (a) as-grown and (b) after
poly(acrylamide) coating. c) Acrylamide chemical structure provided for refer-
ence.

To achieve uniform polymer deposition, two approaches were investigated:

conventional cathodic grafting and diazonium assisted electrodeposition. The

schematics describing this electrografting techniques can be seen in Figure 6.3. For

both electrodeposition methods, N2 purging is needed to maintains the solution

free of oxygen, which is an oxidizer and will terminate the radical polymerization.

Purging also induces convection in the solution and dissipates H2 or N2 gas bub-

bles formed at the surface, thus providing fresh monomer solution and maintaining

the surface free of obstructions for uniform coating.

In cathodic grafting a radical species (hydrogen-, metal-, or sulfate-ions) must

be formed, which then radicalizes a monomer molecule in the solution. The

polymer chain then propagates by means of radical polymerization, being pref-

erentially attached to the substrate by electrostatic forces and by the terminal

groups of the functional polymer used, amide in this case. (211–214) The potential

for ideal cathodic electropolymerization was experimentally determined through

electropolymerization at various cathodic potentials and comparison of resulting

FTIR spectrum.

Diazonium assisted electropolymerization is another studied approach that is

very effective at polymerizing on various substrates, particularly metals and car-

bon substrates. In my approach, the nitrobenzenediazonium (NBD) compound is
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radicalized to a radical nitrobenzene groups which can easily bond to the carbon

or metallic surface and act as an anchor functional group for chain propagation.

Alternatively, the radical nitrobenzene can initiate chain propagation in solution

and eventually graft-to the sample surface. (215–217)

To investigate the cyclization of nitrogen-containing polymer into nitrogen-

doped carbon, FTIR technique was utilized. Poly(acrylamide) and poly(acrylamide)-

co-poly(acrylonitrile) coatings were generated by cathodic grafting on bare stain-

less steel. Figure 6.4 shows the FTIR spectrum of such polymer coatings. After

drying (RT, black line) we can clearly observe carbonyl peaks at 1650 cm−1 from

acrylamide and a nitrile peak at 2245 cm−1 form acrylonitrile samples. After

pyrolysis at 400 ◦C (red line) we observe a red shift in carbonyl peak to lower

wavenumber and the disappearance of the nitrile peak. After 500 ◦C pyrolysis

(green linec) we can only see two broad peaks (1600 cm−1 & 1325 cm−1) which

correspond to the C=C (aromatic), and C-N (aromatic amines) and C-O (car-

boxylic). Therefore by pyrolyzing polymer coatings we are capable to produce

nitrogen-doped carbons; our results agree with previous pyrolysis reports. (212,214)

X-ray photoelectron spectroscopy was utilized to characterize the nitrogen

groups created by the pyrolysis of polymer coatings. Using both electropolymer-

ization methods I discovered that the diazonium approach produced less nitrogen

functionalities than the cathodic grafting. Presented in Table 6.1, we observe that

diazonium method (NBD-PAM) contains less than 1% of N species, while cathodic

grafting (PAM) contains over 5% N species. Surprising as it may be, Figure 6.5

shows that the diazonium approach does have the benefit of producing largely

graphitic-nitrogen, almost exclusively, with some pyridinic-nitrogen functionali-

ties. These are assumed to be the functional groups responsible for ORR activity

in nitrogen-doped carbons. (39,153,218)
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Table 6.1: Elemental Composition of Distinct Polymer Coatings Approaches
Method C N O

NBD-PAM 89.78 0.98 9.24

PAM 84.98 5.17 9.87

Figure 6.5: N 1s XPS of different electrodepositions methods with deconvoluted
peaks to distinguish the nitrogen groups. (Top) Diazonium method and (Bottom)
regular cathodic method.

6.2.2 ORR Performance of N-CNFs

The electrochemical performance of nitrogen-doped carbons were first tested by

cyclic voltammetry experiments in oxygen saturated solutions and using nitro-

gen purged solutions as background. From Figure 6.6 we can observe that the

as-grown fibers (CNFs) (blue line) exhibit moderate ORR performance, charac-

terized mainly by a 2-electron transfer process which is observed visually by the
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deviation around -0.4 V (Ag/AgCl). Nitrogen-doped CNFs (red line) show a far

more positive onset potential and a more steady limited reaction profile. Some

deviation by the N-CNFs in current gain is observed at lower potentials which is

attributed to the pseudocapacitive behavior of nitrogen-doped carbons in KOH

medium. (156,219) Because the current gain at high potentials (0.2 V (Ag/AgCl)) of

N-CNFs and CNFs are near identical to each other, they correspond to the EDLC

from the surface area of the electrode, therefore the ORR performance comparison

is fair. To better investigate the ORR performance of these doped carbons, the

diffusion limited reactions are needed.

Two Step Direct

Two electrons Four electrons

(1) O2 + 2H+ + 2e− → H2O2

(2) H2O2 + 2H+ + 2e− → 2H2O
O2 + 4H+ + 4e− → 2H2O

Figure 6.6: Cyclic voltammetry of N-CNFs (red) made of PAM by the diazonium
method and as-grown CNFs (blue). N-CNFs show a more positive onset potential
and a greater current density than CNFs only. Tested in 0.1 M KOH at 20 mV/s.
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6.2.3 ORR Performance of Metal-N-CNFs

Rotating ring disk electrode experiments allows the fair comparison of distinct

N-CNFs. Figure 6.2 shows the performance of N-CNFs and metal containing N-

CNFs. Metal loading was accomplished due to the ability of the amide group

to complex with metal-ions, by soaking polymer coated samples prior to pyrol-

ysis. Comparing the performances we can observe that N-CNFs (red line) has

the most negative onset potential and the largest H2O2 production of the set.

Cu containing N-CNFs (black line) shows the largest current gain from all the

samples tested, while Fe-N-CNFs (green line) showed the worst performance for

metal-loaded samples in both onset and current gain, while still being better than

non-metal N-CNFs. As expected, sample with both Fe and Cu (blue line) falls in

between the Fe- and Cu-only samples for current gain, but exceed the performance

of Cu for onset potential.

Figure 6.7: Rotating ring disk electrode plot comparison of distinct metals at 1,900
RPM. Note: Nitrogen contributions subtracted.
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In order to quantify the performance among the distinct samples, we compare

the amount of peroxide formation and electron transfer number. Both of these

values are indicative of the effectiveness of the catalysts system to drive the direct

oxygen reduction reaction. The equations are as follows.

%H2O2 =
IR

N · |ID|+ IR
· 100%

n = 4− 2

(
%H2O2

100%

)

Where %H2O2 is the percent peroxide formation, IR and ID are the current gain at

the platinum ring and disk electrode respectively, and N is the collection efficiency

of the ring which is calculated from experiments with Fe(CN)3−6
(220) — a known

redox reaction. The electron transfer number (n) is calculated by the deviation

from the direct (4 electrons) reaction depending on the amount peroxide produced.

The results from Figure 6.7 are summarized in Table 6.2.

Table 6.2: Different Metals Rotating Ring Disk Electrode Performance Compari-
son using NBD Method

Onset
Ag/AgCl (sat’d KCl)

%H2O2 (n)

Cu-N-CNFs -0.15 27.8 (3.6)

Fe-N-CNFs -0.16 30.5 (3.5)

FeCu-N-CNFs -0.16 3.40 (3.9)

N-CNFs -0.20 46.7 (3.1)

Reports indicate that the presence of a metal species, here refereed to as co-

catalyst, influence the production of ORR active nitrogen-doped carbons, mainly

through the formation of porphyrins. Porphyrins are some of the earliest non-

precious metal catalyst for ORR, although early reports utilized them while in

molecular form and not as nitrogen-doped carbons. (126,207,221,222) The role of the

metal co-catalyst is still debated. (38,209,223–225) We proposed that the metal co-

catalyst plays a major role in the formation of the nitrogen-carbon active site,
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and that after removal of the metal co-catalyst, the ORR performance would be

retained. Utilizing our most active ORR catalysts, we tested its performance be-

fore and after removal of the metal co-catalyst by acid leeching. Figure 6.8 is the

rotating disk electrode results of such experiment. The Cu containing sample (Fig-

ure 6.8(a)) shows the most positive onset potential and largest current gain. After

the removal of the Cu by acid (Figure 6.8(b)) we observe a decrease in performance

which is still higher than the performance of non-metal N-CNFs (Figure 6.8(c)).

This results demonstrate that Cu co-catalyst plays an electro-active role in ORR

performance on top of the porphyrin formation. Recent groups have demonstrated

similar behavior with other metal and metal-oxide ORR catalyst. (38,224) The dif-

ference in performance between acid soaked Cu-N-CNFs and N-CNFs is therefore

assigned to the role of Cu in forming distinct nitrogen-carbon functionalities, in-

cluding porphyrins, that are more electro-active than the nitrogen groups formed

by N-CNFs. The electrochemical results are summarized in Table 6.3, there we

can observe that the efficiency order in terms of the electron transfer number (n)

is (Cu > Cu after acid > No metal). Values were calculated using the Koutecky-

Levich equation.

“Koutecky-Levich” Equation:

1

i
=

1

iK
+

(
1

0.620 n FAD2/3ν−1/6C

)
ω−1/2

Where i and iK are the measured current and kinetic current; while F is Faraday’s

constant, A is the area of electrode, and ω is the angular rotation rate. D, ν, and C

are the diffusion coefficient, kinematic viscosity, and concentration of the oxygen

species in the respective electrolyte.
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Table 6.3: Metal Effect Performance Comparison using NBD Method
Cu-N-CNF Cu-N-CNF

After acid soak
N-CNF

Eonset(V) vs. Ag/AgCl -0.150 -0.180 -0.175

Eonset(V) vs. RHE +0.815 +0.785 +0.765

J(0.6 V) (mA) -0.723 -0.549 -0.478

n 3.7 3.3 3.2

6.2.4 Benefit of Direct Growth for ORR

As mentioned in Chapter 4, the electrode platform benefits from the direct

growth of CNFs. This effect was once again observed in ORR experiments. Com-

paring the exact same N-CNFs while still attached to stainless steel, and after

removal and re-attachment by conventional approaches, I noticed a change in on-

set potential which is shown in Figure 6.9. The enhancement of redox kinetics

is assigned to the excellent electron coupling between the N-CNFs and stainless

steel, and to the 1D architecture of CNFs that results in large surface area with

plenty of redox centers along the length of the CNF. Whereas, the pasted N-CNFs

does not benefit from the upright architecture and many of its redox centers are

not available due to being covered by the binder. To make things worst, the direct

electron pathway is replaced by random electron pathways, which may involve the

electron transfer between two or more CNFs in order to reach the current collec-

tor, reducing the performance. It is worth to note that the larger current gain

attained with the pasted ink is due to the RRDE experiment inducing a diffusion

limited reaction and not the result of better ORR performance.
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Figure 6.9: Comparison of ORR performance by preparing conventional ink prepa-
ration (Left) vs. direct growth and synthesis on stainless steel (Right). Test con-
ducted with the same Cu-N-CNFs sample.

6.3 Future Work

The possibilities of distinct ORR studies with this stable CNF electrode are vast

and only a select few studies were conducted here. In the future, it is of great inter-

est to further dive into the phenomena responsible for the enhanced performance

due to the metal co-catalyst. This can be approached by employing surface tech-

niques such as scanning tunneling spectroscopy, which can probe the individual

redox center for electrochemical information, or using NEXAFS to understand the

surface chemistry. These co-catalysts studies can be enhanced with some density

functional theory (DFT) simulations, looking at the electronic properties of the

catalyst system synthesized and as means to optimize co-catalysts designs. Usage

of more transition metals can be interesting. Here I have shown an averaging ef-

fect when combining Cu and Fe, but the possibility of synergetic effects occurring

from the blend of two different metals is easy to imagine. Serov et. al. have

demonstrated that the bi-metallic catalysts do not always result in an averaging

effect, represented in their Fe-Ni and Fe-Mn catalysts system results. (226)
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Another section to focus in the future is to utilize other polymer sources to

dope nitrogen, boron, silicon, or phosphorous onto CNFs. The study of different

heteroatoms on ORR can be beneficial in building a library of ORR catalysts,

and with the reproducibility and stability of this CNF electrode, it is possible to

accomplish such goal. Lastly, to make all these catalysts system applicable, we

need to be able to integrate them it into a functional fuel cell stack. In order

to do this, we will need to explore different porous substrates that permit the

flow of ions while still allowing the direct growth of CNFs. Stainless steel TEM

grids can be a stating candidate. Alternatively, a redesigning the fuel cell stack

assembly may allow the catalyst system to be used as-is or free-standing. When

accomplished, the system can undergo polarization curve testing to elucidate the

expected real-life performance, and lead to the commercialization of NPMC fuel

cells.

6.4 Conclusion

To conclude, I developed an approach to coat CNFs with nitrogen-doped carbons

for the efficient reduction of oxygen. I showed that the diazonium method to

electrodeposit polyacrylamide results in better control of produced nitrogen species

once pyrolyzed. The benefit of Cu as co-catalysts for ORR performance was

demonstrated. Due to the stable morphology of the CNF system we showed

that Cu co-catalysts is electrochemically active in ORR. As a finishing remark

I demonstrated the benefits of utilizing direct growth for ORR.

It is with confidence that we have engineered a reliable electrode useful in

many renewable energy applications. It is my hope that this investigation and

efforts can serve as the springboard to a plethora of studies and applications for

the advancement of science and the restoration of our environment.

v Fin ∼
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Jean-Michel Bourin. Electrical properties of very thin heat-treated polyacry-
lonitrile layers electropolymerized on nickel for contact application. Synth.
Met., 62(3):207–216, February 1994.



109
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[215] Lúıs Miguel Santos, Jalal Ghilane, Claire Fave, Pierre-Camille Lacaze,
Hyacinthe Randriamahazaka, Luisa Maria Abrantes, and Jean-Christophe
Lacroix. Electrografting Polyaniline on Carbon through the Electroreduc-
tion of Diazonium Salts and the Electrochemical Polymerization of Aniline.
J. Phys. Chem. C, 112(41):16103–16109, October 2008.

[216] Sarra Gam-Derouich, Samia Mahouche-Chergui, Mireille Turmine, Jean-
Yves Piquemal, Dalila Ben Hassen-Chehimi, Mária Omastová, and Mo-
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Appendix A

Stainless Steel Cleaning and
Composition

Cleaning:

1) 316 Stainless steel is either used without roughening or roughen by hand
using Dremel power tool with a Carbon Steel brush head.

2) Strips of roughen or non-roughen stainless steel are cleaned by sonication:

(i) acetone for 15 mins

(ii) isopropyl alcohol for 15 mins

(iii) DI water for 15 mins

(iv) samples are stored in DI water until ready

Please note that roughen samples left in DI water for too long will develop oxides in
the rough crevices. These can easily be removed by quick (<30 sec) acid treatment.

Chemical composition:
The chemical composition of 316 stainless steel is: 65.345% Fe, 17% Cr, 12% Ni,

2.5% Mo, 2% Mn, 1% Si, 0.08% C, 0.045% P, 0.03% S.
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Appendix B

Electropolymerization

To test the availability of metal-ions to produce polymeric films, 4VP monomer
was tried to make P4VP. ZnCl2, Ni(NO3)2, FeCl2, and CuCl2 were used as metal
catalysts for polymerization. Polymerization took place in a 3-electrode cell fol-
lowing process detailed in 3.1.2. Clean stainless steel strips are used as working
electrodes, graphite rod as counter, and Ag/AgCl saturated in KCl as reference
electrode. After deposition and drying, samples were analyzed with FTIR to check
for C-C (1350–1500 cm−1) and C-N (∼1600 cm−1) peaks, which are analogous to
a successful polymerization. Figure B.1 compares the FTIR spectra of different
metal-catalyzed polymer electrodepositions demonstrating that Zn and Ni are ef-
fective at producing polymer films.

Figure B.1: FTIR comparison of different metal catalyst efficiency in electro-
polymerizing poly(4-vinylpyridine). Only zinc chloride and nickel nitrate are ef-
fective at producing polymer films.
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