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ABSTRACT

Over the past decade extensive research has been carried out on photovoltaic
semiconductors to provide a solution towards a renewable energy future. Fabricating high-
efficiency photovoltaic devices largely rely on nanostructuring the photoabsorber layers
due to the ability of improving photoabsorption, photocurrent generation and transport in
nanometer scale. Vertically aligned, highly uniform nanorods and nanowire arrays for solar
energy conversion have been explored as potential candidates for solar energy conversion
and solar-fuel generation owing to their enhanced photoconversion efficiencies.

However, controlled fabrication of nanorod and especially nanotube arrays with
uniform size and shape and a pre-determined distribution density is still a significant
challenge. In this research work, we demonstrate how to address this issue by fabricating
nanotube arrays by confined electrodeposition on lithographically patterned
nanoelectrodes defined through electron beam as well as nanosphere photolithography.
This simple technique can lay a strong foundation for the study of novel photovoltaic
devices because successful fabrication of these devices will enhance the ability to control
structure-property relationships. The nanotube patterns fabricated by this method could
produce an equivalent amount of photocurrent density produced by a thin film like device
while having less than 10% of semiconducting material coverage. This project also focused
on solar fuel generation through photoelectrocatalytic water splitting for which efficient
electrocatalysts were developed from non-precious elements. Lastly, a protocol was
developed to disperse these electrocatalysts into a butadiene based polymeric catalytic ink

and further processing to yield free-standing catalytic film applicable for water electrolysis.
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1. INTRODUCTION

Solar energy is becoming an essential source of renewable energy as an
alternative to the conventional fossil fuel based sources of power. Due to the ever
increasing demand and the non-renewable nature, fossil fuels are not expected to last long
and in addition, the use of the fossil fuels has already contributed to a great extent for the
global warming, pollution and other environmental issues. Therefore, global
communities has focused to take initiatives for the implementation of renewable, clean
and promising energy sources such as solar energy. 12 As a result, the field of solar
photovoltaic research has increased significantly along with the rapid development of the
semiconductor industry showing the increasing interest in this field.® Solar energy is
renewable and as shown in Figure 1.1, can be collected by using solar cells?,
photoelectrochemical(PEC) cells® and photo catalysts. °

Utilizing the photovoltaic effect, solar energy can directly be converted to
electricity with a solar cells.” Solar cell completes two necessary and successive tasks in
this process: photogeneration of charge carriers in a light absorbing material and
separation of the charge carriers to a selective contact that will transmit electricity.®
photogeneration of charge carriers happens by the absorption of photons with higher
energy than that of the band gap of the semiconducting material and then separation takes
place at the p-n junction. A p-n junction is the interphase between p-type doped and n-
type doped semiconducting materials. The p-type doped region contains excess of holes
(Fermi level close to the valance band) and the n-type doped region contains excess of

electrons (Fermi level close to the conduction band) respectively. When the two sides are



brought together, electrons flow from n- side to the p-side and holes flow from p-side to
the n-side until thermodynamic equilibrium is achieved by the system and the Fermi level
become same in both sides. Due to the alignment of the Fermi level, both conduction
band and the valance band bend at the p-n junction and create an electrostatic potential

difference which induces a drift current opposite to the diffusion current at the junction.

) .
Front contact (@) Tl Sun light
\ Vv

p-type layer —,

Back contact —»

Red
: Eg:2H*+2h*=H,
Me  €0,=CH,, CH,OH

\Ox

Figure 1.1. Schematic diagrams of photovoltaic devices. a) solar cell b) PEC cell c)
photocatalyst for CO2 conversion.

This potential gradient brings on an electric field and the affected region by the

electric field is called the depletion region. Then, the charge carriers generated within the



depletion region by photoabsorptoion separate into n-type region and p-type regions.
Electrons drift to the n- doped region and vice versa for the holes to produce voltage, v
and current, | thus power (P =V x I). Figure 1. 2 shows a schematic band diagram for n-

type and p-type regions before and after forming the interphase. °

p-type n-type

Figure 1.2. Schematic diagram of energy bands. (a) p-type and n-type semiconductors and
(b) separation of photogenerated charge carriers at the p-n junction.

According to the detailed analysis carried out by Shockley—Queisser it has shown
that the maximum photo conversion efficiency that can be achieved by a thin film like
single p-n junction photovoltaic device is about 33%.° Since the introduction of the first
silicon based solar cell by Russel Ohl*! in 1941, which had less than 1% efficiency, photo
conversion efficiency has progressively approached the Shockley—Queisser limit due to
the advancements in the material processing, material quality and device configurations.
As an example, the highest confirmed current efficiencies for crystalline Si is 25.6%,
while for GaAs thin film solar cells it is 28.8%.1?

However, the adoption of energy from photovoltaic devices by household and

industrial entities depend on its cost compared with that of available conventional energy



sources.'® Besides the recent cost reduction of the solar panel modules and reaching grid
parity, it has seen that it is unlikely to displace a larger fraction of energy usage from
fossil fuels by photovoltaic since the fossil fuel infrastructure is substantial and well
established. It has predicted that the cost of the solar modules should be reduced to a half
or a third of the average grid costs (that is 0.05 to 0.03 $/kWh) in the US for widespread
usage of solar electricity.!* To achieve this target, for example, 40% efficient module
with a cost of 160 $/m? or a 30% efficient module with a cost of 120 $/m? need to be
available with a useful life time of 10-15 years without degradation.®® Figure 1.3 shows

the relationship between cost per unit area, rated module efficiency and operating cost
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Figure 1.3. Relationship between power conversion efficiency, module area costs and cost
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The light blue line represents the current laboratory record efficiency for bulk
crystal silicon while the blue horizontal line is the Shockley—Queisser limit for single-
junction devices. The limiting efficiency for third-generation device concepts (Multiple
Exiton Generation) is indicated as the green line. For next-generation technologies the

goal is to reach the area denoted by the blue shaded region.?

1.1. NANOSTRUCTURING THE PHOTOABSORBER

It is well known when a given material is fabricated in the form of nanostructures,
the new system shows different properties than a bulk structure or thin film fabricated
from the same compound.'® These phenomena have triggered researchers to investigate
new avenues of approaching solar energy conversion for the generation of electricity or
fuels. While the large surface to volume ratio of nanomaterials can provide various
benefits,® sufficiently small objects with size of ~1 to 20 nm can also possess
quantization effects.’ Nanomaterials have explored in photo conversion process towards
achieving two broad approaches: (1) significant reduction in material usage;® (2) obtain a
higher efficiency than Shockley—Queisser limit.X® Both approaches can lead to reduce the

cost per kwh.

1.2. REDUCTION OF MATERIAL COST & USAGE BY NANO-STRUCTURING
Conventional crystalline silicon solar cells typically reflect about 30% of the

incident light.?° Since the reflected light cannot be absorbed by the photoactive

components, it cannot be converted into electricity. Therefore, antireflective coatings are

applied at an additional cost on silicon surface to reduce the reflection to about 3-4%.2* It
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has shown that nanostructred surfaces can significantly reduce the reflection losses.?22* If
those nanostructures are made of photovoltaic materials, the antireflective coatings are
not needed. Furthermore, nanostructures can be fabricated as periodic patterns to capture
even more light through phenomena such as light trapping and therefore, less material is
needed to capture the sun light.?>2¢

For indirect band gap semiconductors such as silicon, a thick absorber film is
needed to absorb all the light. Therefore, high purity materials with long carrier lifetime
are required to make sure all the carriers are collected over the large thickness. This also
increase the material cost. One of the approaches for this problem is the usage of
semiconductor as nanocrystals or quantum dots. Their most important characteristics for
the solar cell application are the dependent of the bandgap on their size.?’

The bandgap of the nanocrystals determine which photons can be absorbed and
therefore, can control the cell voltage.?® Since only the photons with higher energy than
the bandgap can be absorbed, narrow bandgap semiconductors are capable of absorbing
photons in a wide range of energy and produce a higher photocurrent. However, output
voltage is less because the voltage is proportional to the bandgap. Wide bandgap
semiconductors, on the other hand, capable of delivering high voltages but the
photocurrent produced is low.?®

Hence, there is an optimum bandgap that can produce the highest efficiency as
shown by Shockley—Queisser analysis, which lies in the region of 1.2 to 1.4 eV.1°
Usually, semiconductors with less than 1 eV is not employed in single junction solar cells
however, due to the quantum confinement effect, quantum dots can increase the band gap

by more than 1 eV compared to the bulk materials thus making more semiconducting



materials available for photovoltaic applications as nanocrystals or quantum dots. As an
example, bulk PbS have a band gap of 0.4 eV but nanocrystalline PbS can have a band
gap from ~0.6 eV to ~2 eV depending on their size.?*3! In addition, these nanocrystals
can be synthesized and processed into nanocrystalline thin films at low temperatures
which enables low manufacturing costs.®? PbS nanocrystal solar cells have shown much
progress and now has approached ~9% efficiency limit with crystals having bandgap of
1.25-1.4 eV.%33 Other examples include quantum dots made from CdTe,*® CdSe*® and
copper indium gallium selenide (CIGS).3" Other emerging type of solar cells developed
from nanostructured device concept are solution processed perovskite solar cells.®
However, their efficiencies are significantly limited by the recombination losses due to
the electron scattering and trapping at nanoparticle boundaries® and also the Shockley—
Queisser limit unless incorporated into a multi junction architecture.

Radial p-n junction nanowires have been explored to minimize such material
costs.*® 41 In this structure, the p-n junction lies along the length of the nanowire as
indicated in Figure 1.4. When charge carriers are generated at the junction, they only
need to travel the diameter of the wire to be collected. Since less rigorous conditions are
required on charge carrier lifetime, lower grade material can be used. Therefore, when
light trapping and reduced minority carrier lifetime are introduced, the quality of the
material and the amount of material used can be greatly reduced.

Usually, in bulk solar cells, large dielectric constant of the material is utilized to
separate electron and holes generated as a result of photoabsorption by the semiconductor
thus preventing the interaction of each other which facilitate recombination and loss of

carriers. Nanostructuring has identified as a way to bypass the requirement of high



dielectric constant of the materials and therefore, allow new class of low cost material

and device design.*?

(a) Axial nanowire
| — )

(b) Radial core-shell type nanowire

A

Figure 1.4. Schematic representation of nanowire structures used in photovoltaic
applications. (a) axial junctions (b) and radial junctions. (c) Schematic of nanowires
prepared to form a thin solar cell device.*

As an example, two different materials where one is n-type and the other is p-type,
can be intermixed in nanoscale morphology. In this case rapid charge transfer has observed

after light produces the electron hole pairs thus minimizing their recombination. 43

1.3. INCREASING EFFICIENCY LIMITS

Emerging photovoltaic technologies strive to achieve efficiencies beyond
Shockley—Queisser limit (~33%) in addition to the reduction of component costs. In a
single junction solar cell, exited electrons generated by photons with high energy than the
band gap of the semiconductor loses their energy as heat when they are relaxed to the
conduction band edge. Therefore, the amount of energy of the photons with energy

greater than the bandgap is lost as heat. On the other hand, the fraction of photons having



energy less than that of the bandgap are not absorbed and cannot support to the
photocurrent.*

In the efforts of achieving higher efficiencies, attempts are made to capture high
energy photons more efficiently and also recover low energy photons that are normally
not absorbed. One of the approaches is using multijunction solar cells where stacking of
p-n junctions made in the order of decreasing bandgap to cover most of the solar
spectrum. The theoretical photoconversion efficiency for multijunction solar cells lies
close to 58% at 1 sun illumination.*

Conversion efficiency of 34.1% has obtained with a triple junction solar cell*? and
efficiency of 46% has achieved with a solar concentration equivalent to 500 suns.*®
However, these types of solar cells are extremely expensive to be available as a
commercial product and stringent production conditions need to be employed for
manufacturing them. Therefore, material and device structure innovation has become the
cutting edge of the current photovoltaic research.

Specifically, extensive studies have shown that fabricating conventional
semiconductor materials as three dimensional nanostructure arrays such as nanowires,*"48
nanopillars,*>*° nanocones,*>* etc both photo absorption and photogenerated carrier
collection can be significantly improved. Among these structures, nanowires are highly
appreciated because they provide many degrees of freedom. In fact, recent studies have
shown that vertically aligned nanowire arrays not only improve photoabsorption by light
trapping but also improve the carrier collection by orthogonalizing the light propagation

and carrier collection.>3°*
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1.4, ENHANCEMENT OF PHOTO ABSORPTION: THEORETICAL STUDIES

Many research groups have extensively studied the photoabsorption of nanowire
arrays targeting to achieve optimized design for efficient photoconversion.>>-8
Theoretical understanding of the device can greatly assist design of optimal photovoltaic
structures. In particular, Chen and the co-workers reported the numerical modeling of
optical absorption of periodic nanostructures including silicon nanowire arrays, nanohole
arrays and nano-pyramid arrays.>®%° The effects of nanowire diameter, length, and filling
ratio on the optical absorption of nanowire arrays were systematically analyzed using
transfer matrix method (TMM).>® They have showed that the electromagnetic interaction
between nanowires are very important, and nanowire structures showed higher absorption
than thin films made by the same material, mostly at high-frequency regione.>®
Expanding their work into next level, silicon nanohole arrays have investigated as light
harvesting structures and compared them to nanorod arrays. It has shown that similar to
the above observation, nanohole arrays also have superior efficiencies than nanorod or
thin film like geometries at practical thicknesses.°

Further simulations have shown that absorption at A = 670 nm increases as the
filling ratio decreases in both nanohole as well as nanorod arrays as a result of the smaller
optical density, which has created an antireflection effect. Moreover, nanohole arrays
have shown better optical absorption than nanorod arrays over the entire range of the
investigated filling fraction, which has attributed to both effective light coupling as well
as the large density of waveguide modes.®°

In many cases, light trapping has identified as the effect of increasing optical path

of photons inside nanostructures by Lambertian scattering, which has a theoretical limit
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of 4n?, where n is the refractive index of the material.®* Recently, Han and Chen have
designed a nonsymmetric tapered two-dimensional gratings structure to examine light
trapping in thin silicon nanostructures for photovoltaic applications .5 They, have shown
absorption close to the Lambertian limit at normal incidence and also have demonstrated
that rod array structures with nonsymmetric tapered tops can show absorption close to the
Lambertian limit even when averaged over all directions of incidence. These effects
indicate a possibility to reduce thickness of crystalline Si wafer by 2 orders of magnitude

while maintain the same optical absorption capability.®

1.5. ENHANCEMENT OF PHOTOABSORPTION: EXPERIMENTAL STUDIES

Apart from the theoretical studies, many experiments have performed to fabricate
3D nanostructure arrays to study their optical behavior for photovoltaic applications. In
general, fabrication method of nanostructure arrays fall into two broad categories: (1) top
down approach (2) bottom up approach. Top down approach mainly refer to the methods
that usually etch the bulk substrates followed by patterning with a suitable method to
obtain the nanostructure array.

The etching process shapes the bulk substrate into a nanostructured array.6-%¢ In
the bottom up fabrication method, growth of the nanostructures starting from atomic
scale takes place. Common bottom up fabrication techniques involves, for example,
vapor-liquid-solid growth (VLS),%7-% vapor solid growth (VS),”®"* electrochemical
growth,”>"* etc. In practice, bottom up approach is preferred since it is low cost compared
to the top down approach and in some cases shape of the nanostructure arrays can be well

controlled by bottom up approach.”"
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Growth and characterization of silicon based nanowire arrays have been
extensively studied since silicon is the dominant material in the solar cell industry. As an
example, ordered array of silicon nanowire arrays have been fabricated with self-
assembled silica beads followed by deep reactive ion etching on silicon substrates as
illustrated in literature’ and also by VLS growth technique.®

Optical transmittance studies have shown that nanowire arrays reduce the
intensity of the transmitted light compared to the planer sample, indicating a strong light
trapping effect of the nanowire arrays.”® Light-trapping path length enhancement factor,
which is defined as the apparent optical thickness of the structure divided by its actual
thickness, was determined to be increased by 73 times for the nanowire array compared
to a planer substrate and that is even higher than the previously mentioned Lambertian
light trapping limit, due to the photonic crystal enhancement effects in the devices.”
Etching of silicon to obtain nanowire arrays is a costly process since it requires defect
free epitaxial silicon wafers and also patterning of the substrate before the etching
process. Therefore, large efforts have taken to fabricate nanowire arrays by bottom up
approach using typical catalytic VLS method.®’ They have shown that arrays having less
than 5% areal fraction of wires can achieve up to 96% peak absorption, and that they can
absorb up to 85% of day-integrated, above-bandgap direct sunlight. In fact, it has further
observed that these arrays show enhanced near-infrared absorption, which allows their
overall sunlight absorption to exceed the ray-optics light-trapping absorption limit per
volume of silicon compared to planer geometry of silicon.

Use of anodized alumina as a template is another method for the fabrication of

semiconductor nanowire arrays for photovoltaic applications.88* As an example,
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germanium nanowire arrays were assembled in the anodic alumina membrane (AAM) via
catalytic VLS growth method, while the AAM was fabricated by multiple-step etching
and anodization. Compared to the Ge blank film with only 53% light absorption, the Ge
nanowire array has achieved a much improved (99%) optical absorption.®> While AAM
technique provides fabrication of nanowire arrays over larger area the difficulty of
controlling the distance between two adjacent nanowires and the requirement of harsh
acidic or basic conditions to remove the template to reveal the nanowire arrays are some
of the disadvantages of this technique. Especially, template removal process can be

detrimental to the semiconducting nanostructures.

1.6. ENHANCING CHARGE CARRIER COLLECTION

Light absorption and photogenerated carrier collection are two key aspects of an
efficient solar cell device. Besides enhancing light capturing capability, well designed
nanostructures can also improve photogenerated carrier collection. Especially, short
collection lengths can facilitate the efficient collection of photogenerated carriers in
materials with low minority-carrier diffusion lengths. In this regard, vertically aligned
photovoltaic structures consisting of vertically aligned arrays of radial p-n junction
nanorod solar cells have shown a significant improvement,86-89

As shown in literature,®® each nanorod in the array has a shallow p-n junction
acting as a tiny solar cell, in which photoexcited minority carriers only have to travel
across a short pathway to reach the p-n junction which then separates the charges. Such a
rod geometry device allows high charge collection efficiency even using low quality

films, leading to lower material cost in solar cells. This configuration separates the
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direction of photon absorption and carrier collection, and open up new opportunities for
further optimization.

Following this concept, many nanowire solar cell structures have been developed
to orthogonalize the light absorption and carrier collection directions and seen a
significant efficiency in quantum yield.***® However, semiconducting photovoltaic
materials with a high surface recombination velocity is preferable to fabricate as large
diameter wire arrays to reduce surface-to-volume ratio to reduce surface
recombination,26:80.94.95

It has seen that increasing the wire diameter is cost effective than introducing an
additional passivation layer to minimize surface recombination losses in InP nanowire
arrays. On the other hand, it has been also found that catalyst like Au used in
conventional Si nanowire VLS growth process introduces impurity states in the bandgap

reducing the minority carrier life time and hence device performance.%

1.7. PERFORMANCE OF AN ARRAY OF NANOTUBES

Motivated by the improvements seen in nanowire arrays and nanohole arrays, it
was our understanding that if we combine these two geometries a better geometry that
facilitates light harvesting could be obtained. For example, if a nanohole is drilled into a
nanorod or nanowire then the resulting geometry is a nanotube as shown in Figure 1.5.
Hence, fabricating nanotube arrays would be a way to see the combined or synergistic
effect of both nanorods and nanoholes. That is the motivation behind the creation of these

nanotube arrays.
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One of the significant challenges present in this area of research is the lack of
ability to control the morphological parameters such as nanotube diameter, wall
thickness, length and distribution density such as in the case of fabrication of nanotube
arrays. Anodic aluminum oxide are often used as hard templates for directing the
morphology of nanowires and nanorods but one of the disadvantage of this method is its
inability to fully control the physical parameters as desired and often the removal of the
hard template using acidic or basic conditions can create negative effects on fabricated

nanowires.

Figure 1.5. Schematic representations of (a) nanorod (b) nanohole and (c) nanotube
arrays.

Besides, it is not a direct fabrication method for nanotube arrays. Hence, hard
template free, controlled fabrication method, specially, for the fabrication of nanotube
arrays will be very useful for a systematic study of structure property relationships since
the success of such fabricated device solely depend on the ability to control the desired

structural parameters with a high degree of precision and reproducibility.
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1.8. CONFINED ELECTRODEPOSITION ON LITHOGRAPHICALLY
PATTERNED NANOELECTRODES

In this report, we present a direct fabrication protocol to grow semiconducting
nanotube arrays such as CdTe, CulnSez CoSe2, etc with a high degree of monodispersity
with morphological control. Figure 1.6 shows a schematic representation of the
fabrication process. In a typical sample preparation process, a conducting substrate such
as Indium Tin Oxide (ITO) coated glass is coated with a layer of polymethyl

methacrylate polymer (PMMA) and baked in an oven at 180 °C for 3 minutes.

e-beam lithography
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Figure 1.6. Schematic diagram of (a) a typical fabrication process and (b) growing
nanotube and nanorod arrays.
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Next, the sample is exposed to an electron beam at selected areas as shown in step
2. After that, the sample is dipped in a solvent mixture of methyl isobutyl ketone :
isopropyl alcohol (1:3) for 1 minutes and air dried. In this step, the polymer exposed to
the electron beam dissolves in the solvent mixture revealing a nanoelectrode pattern on
the conducting substrate. The polymer not exposed to the electron beam remain intact as
seen in step 3. Finally, electrodeposition of the desired material performs on the sample
using it as the working electrode in a typical three electrode electrochemical setup.
Electrodeposition exclusively takes place, as seen in step 4, on exposed nanoelectrodes
since rest of the polymer is an insulator. Depending on the exposed pattern nanorods or
nanotubes can be fabricated. The photovoltaic nanorod and nanotube arrays fabricated by
using this protocol exhibited significant photocurrent densities compared to thin film like

morphologies demonstrating the effectiveness of the technique.®’-1%

1.9. SOLAR-TO-FUEL ENERGY CONVERSION

Over the past several decades, photoelectrochemical (PEC) water splitting using
solar radiation to generate oxygen and hydrogen fuels has become one of the most
promising techniques for solar fuel generation.°*-*14 However, practical application of
such solar-to-fuel energy conversion systems has been limited by several technical
challenges, which includes materials composition and device architecture. The key
challenges that must be addressed for increasing system level performance of PEC
devices are: (i) maximizing carrier generation through optical absorption by the
photoabsorber layer in the visible wavelength region; (ii) efficient separation of

photogenerated electron-hole pairs with minimal recombination from the bulk of the
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photoabsorber to the reaction site at the electrode surface; (iii) rapid surface reaction for
consumption of the photogenerated charge carriers through water oxidation/reduction
with minimum overpotential. Above all, stability of the PEC device under operational
condition is an unwritten requirement which is desirable for any practical device. For a
functional PEC device, these issues of charge carrier generation, separation, transport and
injection, are integrally inter-related and cannot be effectively addressed in isolation. In
this research work focus was aimed to design a hierarchical composite integrating a co-
catalyst with a textured photoabsorber layer, specifically a photoabsorber layer
comprising of an array of tubular structures decorated with cocatalyst nanostructures as
shown in Figure 1.7, where each of these potential issues will be addressed and the
efficiency will be maximized through proper choice of materials composition and/or
morphology. For photoelectrochemical water splitting, the main challenge lies in the
anodic oxygen evolution reaction (OER). Hence, in this project we will concentrate on
the photoanode-OER-electrocatalyst composite.

1.9.1. Brief Overview of Photoelectrocatalytic (PEC) Water Splitting.
Photoelectrocatalytic (PEC) water splitting is one of the most promising and sustainable,
solar-to-fuel energy conversion approaches that has been developed over decades.0-114
In the simplest design, the device consists of a photoabsorber layer that absorbs solar
radiation and transfers the charge carriers to the electrode-electrolyte interface where
water oxidation/reduction takes place through charge injection from the electrode to the
reactants (H20) in the electrolyte, to produce O2 (oxygen evolution reaction, OER) and
H2 (hydrogen evolution reaction, HER) at the photoanode and photocathode,

respectively.
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Figure 1.7. Schematic representation of the proposed PEC water splitting device. Which
includes nanostructured photoabsorber (PA) arrays functionalized with high-efficiency
OER electrocatalysts (EC) with a sandwiched hole-transport layer (HTL) covering top
part of the PA.

To facilitate the surface chemical reactions, electrocatyalysts are typically used
which lowers the overpotential for the OER/HER process. In the PEC and other water
splitting systems, it is the anodic OER process involving 4 electron transfer, which is
more challenging. Hence, in this project we will focus mostly on the anodic half-reaction

of the PEC cell.
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Another design aspect that becomes very crucial for a functional PEC is the
separation and transport of the photogenerated charge carriers, i.e. electrons and holes
with minimal recombination.

To mitigate this problem, the photoanode is typically coated with a p-type
material which acts as hole transport layer (HTL) that allows holes to move through,
while blocking electrons. Hence, there can be effective spatial separation of electron-hole
pair minimizing recombination. The holes are then transferred to the electrocatalyst from
where they are injected to the redox species in the electrolyte (H20 = O2), while
electrons are collected in the back electrode and are transferred to the cathode through
external circuit. It is imperative therefore, that for an efficient PEC water splitting system,
all three of these processes, i.e. photoexcited charge carrier generation, charge transport
and charge injection has to be optimal and moreover, the respective valence band edges
for each layer has to be compatible in energy. Of these, the photoexcited charge carrier
generation and charge injection are the two factors that has the maximum influence on
the efficiency of the PEC water splitting system.

Hence, in this project we will focus on gaining a fundamental understanding of
the structure-property relationship of the individual components, i.e. nanostructured
photoabsorber arrays, and OER cocatalysts, and their interplay in the integrated device.
Only with such knowledge can further device architecture be designed leading to better
performance. Such improvements will be significant, since even slight increases in
efficiency of solar-to-fuel energy conversion, leads to a reductions in the cost of the

module and increased sustainability.
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1.9.2. Photoabsorbers and Photoanodes. Although single crystalline and
polycrystalline Si has been the material of choice as solar photoabsorption, **° recently,
several other inorganic compounds have shown significant promise as thin film
photovoltaic materials with a proper band gap lying in the solar absorption region. In
particular, binary chalcogenides such as CdTe, CdSe, CuSe have shown potential for
efficient power generation.!%8 The photoconversion efficiency of these systems has
been very promising, for example, First Solar reported a record high efficiency of 20.4%
for CdTe photovoltaic solar cell which beat the previous record of 19.6% conversion
efficiency set by GE Global Research.'*®

Ternary (CulnSez [CISe], CuGaSez, CulnS: [CIS]) and quaternary compounds
(Cu(Ini—xGax)Se2 [CIGS], Culn(Se1-xSx)2) have also attracted considerable interest due to
their outstanding electro optical properties.*?°1?! The I-11I-VI2 chalcopyrite
semiconductors (exemplified by Cu(In,Ga)Sez) are among the most promising light-
absorbing materials for photovoltaic applications because of their appropriate band gaps,
high absorption coefficients, and good radiation stability.'?>1?> Chalcopyrite CulnSez,
with a direct band gap of 1.04 eV, has a high absorption coefficient over the UV—vis
range, which is on the order of 10° cm™' for the bulk and 10* cm™! for thin films.3? The
band gap of CulnS:z (1.53 eV) is also well-matched to the solar spectrum for optimum
photovoltaic performance. The advantage of using direct bandgap semiconductor is that
they have high absorption coefficient leading to better efficiency even with less material
in the absorber layer. For a PEC water splitting device, in addition to high absorption
coefficient, a photoabsorber should also fulfil some other requirements to effectively

function as photoanode/photocathode. For example, for efficient solar water splitting,
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ideal bandgap of the photoabsorber should be in the range of 1.4 — 2.0 eV. In addition,
the material should show stability against photocorrosion under continuous operation in
aqueous electrolyte. Apart from optimal bandgap, the alignment of the valence band edge
with the water oxidation level is also of utmost importance for an effective photoanode.
A large separation between the redox level in the electrolyte and the valence states of the
photoanode leads to high overpotential which reduces the rate of charge injection across
the semiconductor-electrolyte interaction thereby slowing down the water oxidation
reaction. Apart from the above mentioned photoabsorbers, variety of other
semiconductors has been applied as photoanodes in solar water splitting, the most notable
being BiV04,127128 WQ3,12° Fe»03,13013% and TasNs.134-1%

1.9.3. Coupling Electrocatalysts with Photoanodes: The Backbone of PEC
Water Splitting. Although a variety of photoabsorbers has been applied as photoanodes
for solar water splitting, most of them suffer serious drawbacks mainly due to
compromised stability under long-term operation, and the band edge positions not being
aligned with water oxidation level which leads to application of large bias voltage and
less efficient charge injection. These issues have been addressed by sensitizing the photo
anode with cocatalysts responsible for water oxidation. Nocera and other researchers
have extensively studied the PEC water splitting with molecular OER catalysts coupled
with photoanodes which shows moderately high efficiency.10-137.138

However, the extended stability of molecular catalysts against photodegradation
limits the applicability of these systems. Inorganic solids have also been used as
cocatalysts with variety of photoanodes. 104113139140 A nroper cocatalyst should be highly

active for OER, be impervious to light absorption, stable in aqueous electrolyte and more
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importantly, have proper band alignment with the photoanode as well as water oxidation
level. Hence, the integration of cocatalyst with photoabsorber cannot be done arbitrarily,
but rather involves understanding of their core materials chemistry. Our aim is to
integrate the highly active selenide and telluride based OER electrocatalysts with the
selenide and telluride based photoabsorbers, hypothesizing that such assembly will lead
to more efficient charge transfer and injection, due to better alignment of the valence
band edges.

1.9.4. High-efficiency Selenide and Telluride based OER Electrocatalysts:
The Effect of Covalency. While the literature for OER electrocatalysts is over-populated
with transition metal oxides, from materials chemistry point of view, one can readily
anticipate how the catalytic efficiency can be further improved by changing the
coordination environment around the catalytically active metal center. It had been
discussed earlier that increasing covalency in the metal-oxygen bond led to better
catalytic efficiency.!! According to Fajan’s rule, for a specific metal ion, the covalency
increases with increasing anion size and since the chalcogenides are bigger than the
oxides, it can be expected that metal-chalcogen bonds will have a greater degree of
covalent character than the metal oxides.'#?

Hence chemically it is quite intuitive that replacing the oxide coordination sphere
with chalcogenide coordinations (chalcogen = S, Se, Te) will change the degree of
covalency around the transition metal center. Additionally, such change in the transition
metal’s coordination environment will also affect the bonding nature and correspondingly
the electronic properties of the solid.*? Typically it has been observed that while the

transition metal oxides are wide bandgap and mostly insulating, transition metal
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chalcogenides have narrower bandgap, semiconducting nature and some of them are even
semimetal or metals with zero bandgap.'431%6 For example, while NiO has a bandgap of
3.5 eV, NiS2 and NiSez have much smaller bandgaps of 0.35 eV and 0.0 eV,
respectively.*314 Typically in these transition metal oxides/chalcogenides, in the
simplest bonding scheme, the valence band edge is composed of the o-bonding
interaction with chalcogen s and p — orbitals with the metal d-orbitals (eg sSymmetric dxz-y2
and dz2) while the bottom of the conduction band has more contribution from the anti-
bonding o* orbitals centered preferentially on the metal.*** The d-orbitals of the
transition metal (forming the t2g and eg* sets) lie in the inter-band region where the
splitting between them is determined by simple consideration of ligand field theory. As
the anions are changed from O to Te, i.e. down the chalcogen series, the valence band
edge is expected to rise higher in energy due to decreasing electronegativity of the
chalcogen atom and higher covalency. Additionally, the crystal field splitting of the d-
orbitals is also affected by changing the chalcogen atoms which changes the ligand field
strength. These changes in the orbital energy levels will directly influence their alignment
with respect to the water oxidation and reduction levels, which in turn will affect charge
transfer between the catalyst and water. For PEC water splitting catalysts, one of the most
influential factors in light of electronic band structure is that water oxidation-reduction
levels are bracketed within the valence and conduction band edges of the catalyst. In
these electrocatalytic systems charge injection occurs at the semiconductor (catalyst)-
electrolyte interface which is influenced by relative energy levels of the semiconductor
and aqueous electrolyte, and efficient charge transfer will occur when these two levels are

closer in energy. The separation between the band edges and the water oxidation-
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reduction levels is reflected in the measured overpotential for OER/HER. From previous
band structure studies, it has been shown that valence band edge of the transition metal
oxide are highly oxidizing compared to the water oxidation level, e.g. TiO2,14° whereas
that of the chalcogenide band edges being much higher up are less oxidizing, which also
means that they are closer to the water oxidation level. Such closeness expectedly will
lead to better charge injection, reducing overpotential, thereby facilitating the catalysis
mechanism as proposed above.

Hence, from chemistry point of view, selenides and tellurides can be expected to
show better OER catalytic activity. In fact, a big boost for these non-precious metal based
non-oxide OER electrocatalysts has been provided by the discovery of several transition
metal sulfides and selenides which have shown much better electrocatalytic activity, both
in terms of overpotential (at the benchmark current density of 10 mA/cm?) and current
density, compared to the corresponding oxides. #6174 Several of these selenides and
telluride have also been synthesized in the our laboratory.46-154 Apart from results
reported from the our lab, several other researchers have confirmed that indeed selenides
show high activity for OER in alkaline medium.*>1"® So, there is no doubt that the
selenides can indeed outperform some of the conventional OER electrocatalysts.

1.9.5. Effect of Nanostructuring on Photoabsorber Properties. Recent research
has shown that increasing the aspect ratio of the photovoltaic material increases the
photoconversion efficiency.'’®178 This has led to a renewed interest in photoabsorber
geometries such as nanowires and nanorods.

For example, high-aspect-ratio (length/diameter) nanorods allow the use of a

sufficient thickness of material to obtain good optical absorption (lower reflection
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relative to planar geometries) while simultaneously providing short collection lengths for
excited carriers in a direction normal to the light absorption.'’®1& These two effects are
complimentary for improving the overall efficiency and are particularly significant for
materials with defects or imperfect crystallinity. Improving the carrier transport
characteristics is key to increasing photoconversion efficiency which improves
performance and reduces material consumption,1/6-178

An ideal absorber should have a columnar grain structure to aid carrier collection
and transport and minimize loss due to grain boundary scattering and recombination. For
example, ordered arrays of silicon nanowires increase the path length of incident solar
radiation by up to a factor of 73.1°  Similarly, there are encouraging recent reports of
increased efficiency in nanowire solar cells constructed with the pnictides, InP and GaAs
semiconductors.*®%18! including efficiencies normalized to the active area of the device
that exceeds the Shockley-Queisser limit. This requires the nanowires to act as
nanoantennas, locally concentrating the incident light. With the InP nanowire arrays it
was observed that with a very small coverage (12%), photocurrent obtained was higher
than in a conventional thin film device.!8 and the optimal coverage with the nanowires
were determined to be 10 — 15% for this system.

This behavior has also been reproduced with perovskite nanowires.*®! While
several attempts to grow CISe and CIGS nanostructures have been reported,'82-18 efforts
to grow nanowire arrays with uniform diameter and length are very limited in the
literature and will be advanced in the proposed work. One of the biggest advantages of

using nanowires in lieu of planar films is that the enhanced photo-conversion efficiency
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of the nanowires significantly reduces the use of expensive semiconducting materials
thereby drastically decreasing the cost of raw materials.

Other nanoarchitectures such as nanohole arrays, have also shown significant
promising for photovolatics.'®-1% For example nanohole arrays with hole diameters of
10s to 100s of nanometers and are an antireflective coating.!8%-1% Surface reflective loses
has been a long-standing issue in solar energy research and various approaches of
antireflective coating on the photoabsorber surface has been adapted to suppress this loss,
including surface texturing. Recent research has indicated that replacing the surface
texturing with periodic arrays of nanostructures can lead to drastic reduction of the
optical loss. 187191

The antireflective property could be also obtained in the nanopillar arrays,*
however, by introducing the central porous architectures (nanoholes) reflectance of the
photoabsorber layer could be further reduced and multiple the nanohole/nanowire arrays
have been shown to produce low reflectance®®-1°2 and most of them showed very low
reflectance. Most importantly nanostructured array can be designed by varying the
diameter along the length to produce broadband antireflective properties,'®! similar to the
classic moth’s eye effect and significantly lower overall reflectance than equivalent
planar films. The improved light absorption acts in concert with the improved carrier
extraction to enhance overall solar cell efficiency.

This research will investigate the influence of nanostructured arrays (particularly
nanotubes) on enhancing optical absorption as well as photo carrier generation and
collection. Understanding the phenomena will allow the synthesis of morphologies that

can simultaneously maximize both. It is expected that the nanotube can effectively trap
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light through internal reflection and scattering thereby, reducing reflective loses similar to
the nanohole arrays. This reduces the need for external antireflective coatings.
Accordingly, we will produce nanoarchitectures of different photoabsorbers including
CdTe, ClISe, and CZTS with proper p-n junctions to investigate the effect of geometric
parameters, in the presence of electrodeposited microstructure/defects, on
photoconversion efficiency. There is limited literature on nanotube arrays as
photoabsorbers and understanding the structure/property relationships for these systems
will address significant knowledge gaps for photovoltaics.

1.9.6. Assembling the Nanotubes/nanowires as Arrays: The Practical
Challenge. One of the most significant challenge in this semiconductor nanostructure
research is their assembly with precise control of their properties. Although conceptually
the photovoltaic nanowire and nanotube arrays seem very attractive as photoabsorbers,
the construction of such complex architectures from the nanoscale building blocks by a
bottom-up synthesis technique is extremely challenging.

This is especially true for nanotubes/nanowires of complex ternary and quaternary
compositions. The use of a sacrificial template, where the morphology-directing
template is consumed as one of the reactants, provides better dimension control.
However, the target compositions for the nanotubes will be limited by the reactivity of
the sacrificial templates. The lack of rational synthesis protocols severely hinders the
progress of the field by not providing opportunities to build scientific knowledge
regarding the dependence of efficiency on the dimensions and morphology of the
semiconductor nanostructures and their arrays. While it is feasible to synthesize multi-

component complex architectures of nanomaterials, it is significantly more difficult to
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manufacture a nanostructured device over the large areas at costs required for practical
devices. The utility of semiconductor nanowires in photovoltaic devices relies on electron
transport across the nanowires and at the nanowire electrode interfaces. These two factors
define in large the effectiveness of the nanowire device. Poor contact at the nanowire
electrode interface leads to a large Schottky barrier with huge contact resistance across
the interface inhibiting carrier transport.3®

Achievement of reproducible nanowire-electrode interfaces requires careful
analysis of the chemistry and physics at the interface. Another bottleneck to success with
semiconductor nanowire devices is created by the extreme difficulty of assembling
nanowires into well-defined arrays. Integrating mass-produced nanostructures into
devices requires very challenging post-synthesis assembly involving several laborious
steps and lengthy procedures. Additionally, the length scale of these nanostructures
magnifies the electrostatic forces and Brownian motion. Chemical field flow in an
electrical field is under instigation industry (e.g., SolVac) for vertically aligning pnictide
nanowires on the surface without any physical adherence.®” However, while these
techniques produces some alignment, they are nowhere near optimal or reproducible and
hence have very low throughput.

This compromise the economic viability for creating ordered nanowire devices.
Apart from the obvious advantage of site specific growth, nanopatterning also offers
precise control of the size uniformity, dimensionality, growth direction, and dopant
distribution in these nanostructures. The latter is of particular importance, since, these
parameters ultimately define charge transfer efficiency of these nanowires. Development

of new assembly methods for integration and growth of nanotubes/nanowires on a
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substrate by confining growth region with suitable bottom-up techniques producing high
density of nanowires is very advantageous. Direct electrochemical growth of the
nanotubes/nanowires on electrodes, ensures robustness of the contact at nanowire-
electrode interface with reduced contact resistance.

1.9.7. Efforts to Grow Ordered Arrays of Nanotubes on Large Scale Through
Bottom-up Methods. Although, the nanowire arrays have been commonly produced
through template approach using anodic aluminum oxide membranes (AAO),*® nanotube
arrays surprisingly have not been fabricated in large party due to the complexity of the
morphology control. Nanohole arrays have been made on Si layer through subtractive
processes including, ion-beam sputtering, wet etching and shadow mask etching.*8-1%% In
these processes the pre-deposited photoabsorber layer is textured with the aid of
preferential etching where the process is most commonly carried out in ultra-high
vacuum chambers.

While this method produces uniform arrays, frequently impurity atoms, mostly
metals, are incorporated into the photoabsorber layer which can act as recombination
centers leading to carrier loss.**® Additionally creating nanotube architectures using such
etching process will be far more complex and questionable with regards to feasibility. An
additive process more closer to the bottom-up approach, and not requiring ultra-high
vacuum capabilities, might be more desirable since it will reduce the complexity of the
fabrication process as well as be amenable to other complex photoabsorbers such as
CdTe, CISe, CuSe, and so on.

Electrodeposition is one such bottom-up additive process which can be done

under ambient conditions on rigid as well as flexible substrates, and can be scaled up to
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any desirable length scale. Protocol proposed by the this research might be one of the
most versatile and unique method to create nanotube arrays with controllable dimensions
including length, pore diameter, wall thickness, pitch and distribution pattern over a large
area. Through the proposed hypothesis driven materials chemistry research we will
address both charge carrier generation and transport by creating vertically ordered
nanotube arrays of optimal composition and morphology for high photoconversion

efficiency.
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ABSTRACT

CdTe nanorod and nanotube arrays have been grown on indium tin oxide-coated
glass slides through confined electrodeposition on lithographically patterned
nanoelectrodes. While pattern definition by e-beam lithography yielded thinner nanorods
and nanotubes, pattern definition by nanosphere photolithography using polystyrene
spheres as lenses was successful in creating these nanowire arrays over a large
area exceeding several sg-cm in a single step. The successful creation of clean arrays of
nanotubes with uniform diameters underlined the versatility and uniqueness of the
protocol. The photoconversion efficiencies of the nanorod/nanotube arrays were
determined through photoelectrochemical response under UV light excitation. The

observed photocurrent density of the fabricated nanorod device was more than two times
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higher than that of thin films fabricated under similar conditions, in spite of having a
much lesser surface coverage for the nanorod device (~12% compared to the thin-film
device). In addition to the potential of improved solar energy conversion efficiency by the
nanorod and nanotube arrays, reduced material consumption due to lower coverage and
simplicity of the fabrication technique make this approach ideal for the production of

high-efficiency photovoltaic devices at commercial scale.

1. INTRODUCTION

Due to the tremendous costs and impacts to the environment associated with
traditional energy sources, technology related to the development of high-efficiency solar
cells plays a major role in low-carbon energy power generation.! Although single crystal
and polycrystalline silicon (Si) solar cells dominate the world of solar cell production,
large-scale implementation of Si-based solar cells is still not economically the best
solution although the cost of Si solar cells has fallen recently. This is attributable to the
fact that the energy payback time for their production is much longer, thus limiting their
productions at larger scales.? On the other hand, several semiconducting inorganic
compounds such as CulnSez, Cu(In,Ga)Se2 and CdTe have shown promise as
photovoltaic materials for efficient power generation.® Thin-film solar cells of
Cu(Ini—xGax)Se2 have achieved record conversion efficiencies as high as 21-5%.* With an
ideal bandgap of 1-45 eV lying in the solar absorption region and having the ability to be
in both n-type and p-type conductivities, CdTe is a material of great importance for

application in solar energy conversion.>®
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Recent progresses in the area of photovoltaics utilize the semiconductor

nanostructures for solar energy conversion due to their ability to regulate electronic
properties by means of composition, size and shape.l” It has been shown that due to the
nanoscale characteristics of absorption of radiation and generation of the photocurrent,
controlling semiconducting materials in the nanometer dimension provide new
opportunities for the development of future generation solar cells.® Parallel assembly of
nanowires and nanorods has gained renewed interest over nanoparticles and thin films
since high aspect ratio of nanowires and nanorods provides sufficient thickness for
optical absorption while naturally providing a direct path for the transport of excited
carriers along the length of the rod or the wire.®° An added advantage of using nanowires
in lieu of planar films is the improved efficiency achieved per unit volume of the
semiconductor caused by increased light absorption, trapping and charge collection in the
nanowires. Another factor that plays a significant role in determining the efficiency of the
solar cell device is the grain size of the absorber material.*® An ideal absorber should
have a columnar grain structure to aid carrier collection, transport and minimize loss due
to grain boundary scattering and recombination.** Semiconducting nanowire arrays have
been shown to have low reflective loses compared to planar semiconductors leading to
higher optical absorption.*? It has been predicted that nanometric geometry might also
play a constructive role in increasing the effectiveness of the photovoltaic device, by
virtue of increasing the surface area and providing an unhindered transport path.8
Increased efficiency in nanowire solar cells constructed with InP and GaAs has been
recently reported and, with InP nanowire arrays, it has been reported that even with a

very small coverage (12%) photocurrent obtained was better than that of a conventional
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thin film.123 These reports claim that these nanowire solar cells can even beat the
Shockley—Queisser limit with the nanowires acting as solar concentrators. It has also
been observed that the photocurrent efficiency can be amplified by growing very high
density of vertically ordered semiconducting nanowires over any defined are on a
conducting surface.* Although conceptually the photovoltaic nanowire arrays seem very
attractive for solar cells, the construction of such complex architectures from the
nanoscale building blocks by the bottom-up synthesis technique is extremely challenging.
In this report, we demonstrate that these challenges can be overcome and present a simple
and scalable method for growing nanorod and nanotube arrays on a transparent
conducting substrate at desired locations through patterned electrodeposition (PatED) and
demonstrate the feasibility of growing both thinner nanowires as well as thicker nanowire
arrays over large area exceeding several sq-cm. We demonstrate the concept using CdTe
as the semiconducting material and indium tin oxide (ITO)-coated glass as the conducting
substrate, where the growth of nanorod and nanotube was achieved by the
electrodeposition on nanoelectrodes patterned on 1TO-coated glass by electron beam
lithography (EBL) and nanosphere photolithography (NSP). While pattern definition by
EBL yielded very small nanoelectrodes, which eventually led to nanorods less than
several hundreds of nanometers in diameter albeit covering smaller areas, repeated
pattern definition by EBL with small lateral shift between patterns could successfully
translate these smaller nanowire arrays over areas larger than those obtained by single-
step EBL. NSP process, on the other hand, actually led to the growth of CdTe nanorod
arrays over large areas approaching commercial manufacturing scale in a single step. By

a subtle variation in the pattern definition in EBL, we could also grow arrays of CdTe
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nanotubes. Previous researchers have used both potentiostatic and galvanostatic
electrodeposition to prepare CdTe films for efficient solar cells.!®> Aqueous
electrodeposition is an attractive preparative method for CdTe films because it is not only
scalable to large area depositions but alsois a widely used industrial technique. Although
there are reports of CdTe nanowire arrays,*6-° electrodeposition of CdTe thin films,>2°
VLS growth of nanowires through chemical vapour deposition,?'?? seeded growth
process? and closed-space sublimation,*® most of them are not economically viable due
to low throughput or the use of hard templates like AAO.1%81° Typically removal of
these hard, rigid templates requires treatment with either acids or bases. Under such
conditions, semiconducting nanomaterials such as CdTe and CulnSez are highly
susceptible to decomposition and hydrolysis leading to compositional degradation of the
nanowires that affects its photovoltaic performance. The simplicity and reproducibility of
the scalable method proposed here provide an opportunity to explore the synthesis of
nanowires with variable chemical compositions as well as the nanowire—electrode
interphase and study their effect on the performance of the nanodevices. The photovoltaic
nanorod and nanotube arrays fabricated by using the above protocol exhibited significant

photoconversion efficiencies demonstrating the effectiveness of the technique.

2. EXPERIMENTAL

2.1. MATERIALS
Polymethylmethacrylate (PMMA, mol. wt. 450K and 950K, supplied by

Microchem, Newton, MA, USA) was used as the insulating e-beam resist. ITO-coated
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conducting glass substrates used for nanowire growth were purchased from Sigma
Aldrich and had a surface resistance of 60 Q. Electrodeposition was performed with
IvumStat potentiostat.

A positive-tone photoresist S-1805 was purchased from Microchem (Newton,
MA, USA) and used as is. Size-selected polystyrene microspheres used as lenses for NSP
were purchased from Bangs Laboratories (Fishers, IN, USA). Chemicals used for
lithography and electrodeposition, that is, Triton X-100, CdSO4, TeO2, H2SO4, were used

as purchased from Fisher Chemicals.

2.2. CHARACTERIZATIONS

2.2.1. Powder X-ray Diffraction (PXRD). PXRD patterns were taken with
PANalytical’s X’Pert PRO Materials Research Diffractometer (MRD, CuKq 1-5418 A).
As-grown CdTe nanowires on the ITO-coated glass substrates were used for data
collection. The PXRD was collected at grazing angles in thin-film geometry (Gl mode
with Gobel mirrors).

2.2.2. Scanning Electron Microscopy (SEM). SEM imaging was taken using
Helios NanoLab 600 equipped with energy-dispersive X-Ray spectroscopy (EDS)
detector (Oxford Instruments, Abingdon, UK) for elemental analysis. Elemental analysis
was performed by both linescan mode and selected area elememtal mapping.

2.2.3. Electron Beam Lithography (EBL). Electron beam lithography was
performed with the in-built lithography facility available with a Helios NanoLab 600

DualBeam FIB microscope.
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2.2.4. Photoelectrochemical (PEC) Measurements. Photoconductivity was
measured through PEC measurements performed with lvumStat potentiostat. A 400 W
Xe lamp operating in UVA range (320-390 nm) with the intensity of 100 mW/cm? was

used to illuminate the nanorod device.

3. METHODS

3.1. SAMPLE PREPARATION BY EBL

The first step of pattern definition by EBL on ITO-coated glass substrate
consisted of coating the substrate with PMMA layer (mol. wt. 450K) by spin-coating.
This PMMA layer was then baked at 180°C for 6 min. A second layer of PMMA (mol.
wt. 950k) was spin coated on top of the 1st layer followed by baking at 180°C.

The total film thickness of the resist layer was ~0-3 um. The PMMA layers were
then selectively exposed to the e-beam during EBL. Typically, the hole sizes for EBL
were maintained in the 200-1000 nm range. After e-beam exposure, the exposed polymer
was removed by developing in MIBK-IPA (1:3) solution for 45 s according to a standard
reported procedure, 2 while the unexposed PMMA remained unaltered. Post-lithography
treatment also exposed the underlying ITO through the lithographically patterned holes,
thus forming nanoelectrode islands on the substrate. The remaining unexposed PMMA,
by virtue of its electrically insulating properties, acted as a soft mask during the
electrodeposition of the semiconducting material inhibiting deposition in the non-
patterned regions. Figure 1 shows a schematic representation of the experimental

protocol.
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3.2. SAMPLE PREPARATION BY NSP

Nanosphere photolithography (NSP) was also used to pattern the nanoelectrodes
onto ITO-coated glass slides. The substrate was spin coated with 450 nm of S-1805
photoresist. The photoresist was then soft-baked at 115°C for 90 s. Following this step, a
solution of size-selected polystyrene nanospheres was spin coated onto surface. The
nanosphere solution (10% by weight) was 1-7 pm polystyrene microspheres from Bangs
Laboratories. This was mixed 7:1 with 1:400 Triton X-100 to methanol surfactant
solution. During spin coating, the nanospheres self-assemble onto the surface of the
photoresist to form a hexagonal close-packed (HCP) lattice.

The spheres were exposed using an i-line mask aligner for 0-7 s at 10 mW/cm?.
Following the exposure, the photoresist was developed in MF-319 developer for 30 s and
rinsed in deionized water, before hard-baking at 145°C for 30 min. During the
development process, the microspheres are washed away leaving the hole array pattern in
the photoresist, with open channels to the ITO layer. Following patterning,

electrodeposition is performed following the same procedure as with EBL.

3.3. ELECTRODEPOSITION OF NANOWIRES

The nanowires were grown by electrodeposition on confined nanoelectrodes
exposed through the lithographic processing. lviumStat electrochemical interface
instrument under constant potential (chronoamperometric) conditions was used and the
deposition was carried out in an electrochemical bath containing a solution of 0-1 M
CdSO4 and 0-001 M TeOz2 using a reported procedure for thin-film deposition of

CdTe.?? Temperature was maintained at 65°C while the pH of the electrolytic bath was
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adjusted to 1-8 using 0-1 M H2SOa. Following the electrodeposition, the substrate was

washed thoroughly with distilled water in order to remove the excess reactants from the

substrate.
UV/e-beam resist __ Electordeposition of
000 CdTe from
Conductiong substrate — 0000 Cd**/[TeO,)* acidic ﬂ cd Te
Holes created by ?800 J solution (pH - 12) nanowires
lithography -

(post development)

Figure 1. A schematic diagram showing the steps for generating CdTe nanorod arrays
through PatED

4. RESULTS AND DISCUSSION

The nanowire arrays for this study were grown by PatED on ITO-coated
conducting glass slides. The novelty of the technique lies in the fact that most of the
commonly used polymeric resists are insulating in nature. Hence when periodically
arranged sections of the polymeric resist were removed post-exposure to the e-beam, it
created holes in the polymeric layer that uncovered the underlying ITO thereby creating
nanoelectrodes embedded in an insulating matrix. The nanoelectrode is further confined
within a nanochannel formed by the surrounding polymeric layer. Since electrodeposition
occurs selectively on the electrodes, in subsequent steps deposition of CdTe on the
nanoelectrodes along with confined growth within the nanochannels expectedly leads to

nanowires or nanorods depending on the deposition time and the thickness of the resist
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layer. The authors had previously obtained CdTe nanowire arrays by using this protocol.
In the current manuscript, the authors have shown that this method of confined
electrodeposition is not specific to only EBL. The protocol also works very well with UV

lithography, which increases the versatility of the production process.

4.1. CHARACTERIZATION OF THE NANOROD ARRAYS FABRICATED
THROUGH EBL

When the electrodeposited substrates with the CdTe nanorods were investigated
in SEM, it was clearly seen that the deposition of nanorods had taken place only over the
nanoelectrodes defined by the EBL, which is apparent from the top view of the substrate
(Figure 2(a)). Although the nanorod diameter was approximately 400 nm in this
particular image, it was observed that the diameter could be varied over a range of 200—
800 nm by altering the nanoelectrode dimension during EBL. The polymer surface left
intact by the e-beam remained very clean indicating the novelty and specificity of this
approach. The PXRD spectra (Figure 2(b)) revealed that as-synthesized CdTe nanorods

crystallized in the cubic zinc-blende phase (JCPDS file, card number 00-015-0770).
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Figure 2. (a) SEM image (top view) and (b) PXRD pattern of CdTe nanorods
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EDS analysis carried out of the nanorods confirmed that the elemental
composition of Cd and Te is approximately in the ratio of 1:1 with slight excess of Te,
which points out that the CdTe nanorods might be p-type.?® The nanorods grown by this
method have similar composition and uniform aspect ratio across the entire pattern
showing the effectiveness of this simple technique that is very important since the
properties of the nanomaterials are size-dependent, and nanodevices rely on the
uniformity of the nanostructures in terms of composition and morphology. This would
very hardly be achieved by non-direct growth nanofabrication strategies. Further
exploitation of the EBL technique revealed that stepwise lithography can be performed to
write these individual patterns one after the other over a large area by moving the sample
stage by a fixed distance to maintain the separation between two neighboring patterns.
Figure 3 shows two examples of uniform nanorod arrays with different nanorod densities
crated over a larger area by PatED following sequential EBL with the same uniformity
being carried over all the patterns. Hence, this method discloses a promise to deliver
thinner-diameter nanorod arrays over large areas for practical usage.

Apart from being a flexible patterning technique, high reliability and the ability to
write reproducible structures over considerably large areas are some of the characteristics
of EBL. Another advantage of the EBL for the definition of nanoelectrode patterns is the
excellent resolution due to the small wavelength of the electrons and the size of the
electron beam.?” During direct patterning on a substrate, a small e-beam spot is
manipulated with respect to the substrate to expose the resist one pixel at a time,
eliminating the expensive and time-consuming production of masks and other peripherals

required for pattern generation by most of the other available methods. The writing area
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is typically governed by the maximum deflection range of the electron beam that is of the
order of a few hundred micrometers. Production of larger patterns over a wide area
requires the movements of the stage, which often times needs to be very accurate in order

to correctly stitch consecutive writing fields.?®

Figure 3. SEM images. Large-scale (a) low-density, (b) high-density nanorod pattern
generation through electrodeposition followed by EBL

4.2. LARGE AREA GROWTH OF CDTE NANOWIRES

4.2.1. Pattern Definition by NSP. Nanosphere photolithography (NSP) is an
inexpensive high throughput nanofabrication technique developed by the Mohseni
group.?>% It can be thought of as a combination of two established nanofabrication
technologies: (a) NSP that consists of using a self-assembled HCP nanosphere array to
pattern a substrate, typically using the spheres as a shadow mask during evaporation3:-=32

and (b) the photonic jet formed adjacent to a nanosphere. 3+
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In NSP, nanospheres serve as an array of microlenses that expose the photoresist
directly under the nanospheres. This technique is capable of producing HCP arrays of
either holes or pillars in positive- or negative-tone photoresists, respectively. Figure 4
shows the representative results of this technique. It is important to note that spinning the
spheres onto the photoresist leads to defects and discreet crystal-like domains forming
around defects caused by large particles (false color in Figure 4(a)). Alternative
techniques exist for generating HCP sphere arrays, for example, following the Langmuir—
Blodgett method.®® However, for creating nanowire arrays this is not necessary, and this
work demonstrates that the simpler spin-coating approach still generates viable nanowire
arrays with enhanced photocurrent. In the present research work, this technique was
utilized with a positive-tone photoresist to define positions of holes on a photoresist that

was spin coated upon a conducting ITO substrate.

Figure 4. NSP patterns. (a) shows nanospheres on the photoresist with crystal domains
highlighted and (b) shows exposed holes in the photoresist
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During the development procedure, the photoresist was removed at the positions
of the holes defined by the photolithography process exposing the underlying conducting
ITO substrate (Figure 4(b)). These exposed areas were used as nanoelectrodes for the
electrodeposition process. The remaining polymer on the ITO substrate acts as supporting
channels through which nanorods of CdTe can be grown by electrodeposition.

4.2.2. Characterization of the Nanorod Arrays Fabricated through NSP.
Figure 5 shows the SEM images of nanorod arrays prepared by this method on ITO
substrates to evaluate the effectiveness of this technique. The deposited films adhered
strongly to the substrates and had excellent coverage. It is very clear from Figure 5(a) that
monodispersed array of nanorods can be obtained over a significantly larger area and the
inset of Figure 5(a) shows the EDS elemental mapping of the as-synthesised nanorod
arrays confirming the presence of Cd and Te solely in the nanorods. The formation of
CdTe on the substrates was further confirmed by PXRD (Figure 5(b), which showed that
the as-grown CdTe nanorods crystallized in the cubic zinc-blende phase structure
(JCPDS: 15-0770).

It has been reported that enhanced crystal quality of CdTe semiconductor films
can be achieved by carrying out the electrodeposition at elevated temperatures.>? lonic
liquid was also used to obtain crystalline semiconductor films through direct
electrodeposition at higher temperatures without subsequent annealing.?® For the CdTe
nanorod arrays obtained by PatED, it was observed that the intensity of diffraction lines
increases with the increase in deposition temperature (Figure 5(b)). The weakest
diffraction lines for CdTe were observed for the nanorods deposited at 50°C while the

strongest lines were observed for the nanorods deposited at 90°C.
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Figure 5. Morphology and crystal structure. (a) SEM of nanorod arrays prepared by NSP

showing the excellent monodispersed nanorod arrays. Inset: EDS elemental analysis

showing Cd and Te composition on nanorods. (b) PXRD pattern of CdTe nanorods

deposited at different temperatures

Hence, it is clear that the crystallinity of nanorods can be increased by increasing
the deposition temperature. However, deposition at higher temperatures also increased
the rate of deposition and resulted in clustered growth and overgrowth of CdTe that
spilled outside the nanochannels. This kind of overgrowth can be detrimental to the
photoconversion efficiency. Hence, a temperature in mid-range (~65°C) was chosen for
subsequent electrodeposition, such that there was balance between considerable
crystallinity and minimal overgrowth of CdTe.

Considerable broadening of the (111) peak was observed in the PXRD pattern,
which indicated that the CdTe nanorods were polycrystalline with domains of ~39 A in
size as calculated from the Scherer equation. Similar to the patterns prepared by EBL
(Figure 2), the polymer not affected during photolithography remained very clean

proving the effectiveness of this technique. The most interesting feature of NSP over
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EBL is the scalability of the technique to cover very large areas®’ such as a whole Si

wafer at a given time.

4.3. PEC RESPONSE MEASUREMENTS

The bandgap of the CdTe nanorod arrays was measured by UV-Vis spectroscopy
in the solid state. The UV-Vis spectra obtained from blank ITO and PMMA-coated ITO
were used as references and were subtracted from the spectra obtained from the sample to
isolate the absorption peak solely due to CdTe. From the absorption spectra, a bandgap of
1-4 eV was estimated for the CdTe nanorod device (Figure S1 in supplementary
information). As-synthesized CdTe nanorods arrays grown on ITO substrate using NSP
were used for investigating the photocurrent generation according to a reported
procedure® using the three-electrode system with a Ag/AgCI reference electrode,
platinum counter electrode and the substrate with the nanorod arrays as the working
electrode.

A buffer solution containing 0-1 M acetic acid, 0-1 M sodium acetate and 0-1 M
sodium sulfite and having a pH of 4-6 was used as the electrolyte solution. A 400W Xe
lamp operating in UVA range (320-390 nm) with the intensity of 100 mW/cm? was used
to illuminate the nanorod device. PEC measurements in illuminated and dark conditions
were also performed on CdTe thin film on ITO in addition to the CdTe nanorod arrays on
ITO for comparison. For the controlled experiment, a PMMA-coated ITO substrate
(blank) was also characterized through PEC measurements to demonstrate that PMMA

itself does not show appreciable photocurrent under these conditions.
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The applied potential was varied from 0 to 0-8 V using linear sweep technique at
a scan rate of 0-005 V/s. It has been demonstrated® 1 that the nanorod devices can
generate a high current density in spite of their low coverage compared to a thin-film
device. Figure 6(a) shows the current response obtained under illuminated and dark
conditions for the fabricated nanorod arrays, and Figure 6(b) shows the same response for

the fabricated thin-film device.
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Figure 6. Generation of photocurrent. (a) Photocurrent density under illuminated and
dark conditions of the nanorod device fabricated from NSP technique. (b) Generated
photocurrent of the thin film under similar conditions. (c) Photocurrent generation of the
nanorod device when the light source is turned on and off periodically.

The thickness of the deposited active material remained the same in both cases by
maintaining the same electrodeposition parameters. The blank sample, which does not

contain the active material, showed no significant photocurrent under the experimental
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conditions. The ‘on-off” response of the nanorod device shown in Figure 6(c) was
recorded by turning on the light for 5 s and turning off the light for 15 s periodically. The
CdTe nanorod device shows a photocurrent density of 203 pA/cm?, which was more than
two times of the current density comparable to the 92 pA/cm? obtained from the CdTe
thin film, however, the coverage of the active material of the nanodevice is ~12%
compared to the thin-film device. This clearly showed that the photocurrent comparable
to that of a thin film can be generated with a fraction of the active material. These
observations are very similar to the ones recently reported for vertically aligned InP
nanorod arrays.?

Photocurrent enhancement in the nanorod arrays can be caused by several factors.
If the sizes of the nanorods are below the ray optics limit, the light absorption in the
nanorods can be significantly enhanced through resonant light trapping, 12 which leads to
better photocurrent generation. Vertically aligned nanorod arrays having a three-
dimensional geometric configuration can also exhibit reduced surface optical reflection
leading to enhanced absorption.®® On the other hand, for thicker nanorods, a more
predominant factor comes into play. Each nanorod acts as a resistor and the current
output from a parallel series of resistors is amplified heavily according to Ohm’s law.
Thus for thicker nanorods, increasing the packing density of the vertically ordered
nanorods amplifies the photocurrent output even though light absorption is not
necessarily enhanced. In these CdTe nanorod arrays, the size of individual nanorod is
slightly bigger than that required for enhanced light absorption. Hence, photocurrent
enhancement is most probably caused by the parallel arrangement of the nanorods within

a small space and higher volume of the photoabsorber.
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4.4. GROWTH OF CDTE NANOTUBE ARRAYS AND ENHANCED
PHOTOCURRENT

The concept of PatED to produce nanorod arrays was further extended to
investigate the possibility of fabricating novel nanostructure architectures like vertically
aligned nanotube arrays for solar energy conversion. Nanotubes have recently shown
promise in various energy-related applications like dye-sensitized solar cells as well as
photovoltaics.*® The nanotube geometry will be especially helpful for photoconversion
due to larger accessible surface area compared to the nanorods, which further enhances
the photoconversion efficiency achieved per unit volume of the semiconductor. However,
making such vertically ordered nanotube arrays has been very challenging and has been
achieved with very limited cases mostly confined to the oxides like Al2O3 and TiO2 that
are grown by anodisation.** Reports of CdTe or other chalcogenides nanotube arrays are
very rare, and typically the involve use of a morphology-directing hard template that has
to be removed after CdTe growth.*® Such multi-step processes hamper the large-scale
production of these nanoarchitectures and also affect the compositional purity of the
device. With the current protocol reported here, we could modify the pattern for EBL
and, instead of writing an array of circles, we designed the pattern features such that it
writes an array of shells with the e-beam. After the development and removal of polymer,
doughnut-like nanoelectrodes were formed on the ITO-PMMA substrate where the center
of the doughnut was still filled with unexposed PMMA. Confined electrodeposition on
these doughnut-shaped nanoelectrodes was expected to give nanotubular architectures in
a single step. Figure 7(a) shows the SEM image of uniform nanotube arrays produced by
this technique. The novelty of the protocol can be appreciated by looking at the

cleanliness of the CdTe deposition (the PMMA surface in between the nanotubes does
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not have any CdTe deposition or overgrowth) and uniformity of the nanotubular
architectures in terms of both tube-wall thickness and outer diameter. Large-area pattern
creation through sequential EBL involving lateral translation of the sample stage in
between the patterns could deliver the nanotube arrays over much larger area similar to
the ones shown in Figure 3. The PEC response of the as-grown nanotube arrays under
UV-light excitation was tested under similar conditions as described for the nanorod

arrays and the result is shown in Figure 7(b).
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Figure 7. PEC characteristics of nanotubes. (a) Vertically aligned CdTe nanotube arrays
(viewed from top along the axis of tube-growth). Inset shows the zoomed in cross-
sectional view of the individual CdTe nanotubes. (b) PEC response of the as-grown
nanotubes

The PEC response indicates that a similar photocurrent can be generated from
nanotubes having a total coverage even lower than that of the nanorods. This observation

is clearly indicative of the fact that higher surface area in the nanotube arrays, as
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compared to that of the nanorods, delivers a better efficiency per semiconductor volume.
The creation of nanotubular architectures through this simple PatED protocol is a very
novel concept, since the process is independent of nanostructure composition and ideally

any type of nanotubes can be electrodeposited in these doughnut-shaped nanoelectrodes.

5. CONCLUSION

We demonstrate that the concept of PatED on lithographically created
nanoelectrodes can successfully be extended for producing nanorod/nanotube arrays
covering a large area. These semiconducting nanorod and nanotube arrays can be
effectively used as nanowire solar cells offering high photoconversion efficiencies at low
surface coverage. It was also revealed that this model of PatED of nanorod/nanowire
arrays can be further extended to an inexpensive, high-throughput, commercial-scale
manufacturing process with the aid of NSP that makes the production process more cost-
effective. Less usage of active material to obtain a comparable efficiency to a thin-film
device promotes the idea that a significant cost reduction of the manufactured device can
be achieved by fabricating vertically aligned nanorod or nanotube arrays for solar energy
conversion. The use of any promising technology for solar energy conversion should
strike a balance between lowering the systems costs, meeting the demands for high
efficiency and promising capability for large-scale fabrication with minimal cost. The
protocols reported here attempt to find that balance by delivering high-efficiency
nanowire solar cells that are amenable for widespread deployment in a cost-effective

way. Since electrodeposition is a simple, reproducible and scalable technique amenable
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to deposition of a large variety of materials, the PatED process can be very significant for
solar energy research as it can deliver nanorod and nanotube arrays of even complex
photovoltaic materials like the ternary/quaternary chalcogenides as well as the recently
discovered perovskite solar cells.*? The soft matrix of polymer present in the fabricated
device also makes the whole composite less rigid and hence the entire nanodevice can be
grown on either rigid or flexible substrates, which is an added advantage of the described

protocol.
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ABSTRACT

Development of solar energy conversion devices based on nano-fabrication
techniques is the key to next generation photovoltaics. However, low throughput and
complicated production procedures have limited their emergence at commercially
relevant scales. In this article we report an inexpensive, high-throughput, versatile and
reproducible technique for fabrication of vertically aligned CdTe nanorod arrays with
coverage over a significantly large area through selective electrodeposition (PatED) on
lithographically patterned nanoelectrodes. The nanoelectrodes are patterned using the

Nanosphere Photolithography (NPL) technique which uses size-controlled polystyrene
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spheres as microlenses to focus light into photonic jets on an underlying photoresist. The
nanorod diameter and pitch could be controlled through optimization of the NPL process.
This generalized technique provides a way for production of wafer-scale nanorod arrays
on conducting surfaces for solar energy conversion. Observed photocurrent density from
the nanorod device is more than two times higher than thin films fabricated under similar
conditions, in spite of actual coverage for the nanorod device being ~12% compared to
the thin film. In addition to improved photocurrent generation, reduced material
consumption due to enhanced effectiveness at lower coverage and simplicity of the
fabrication technique makes this process ideal for the cost-effective production of high

efficiency solar cells at commercial scale.

1. INTRODUCTION

In today's solar energy research, single crystal and polycrystalline Si solar cells
dominate the world solar cell production. The last 50 years have seen the development of
commercial silicon photovoltaics which can convert sunlight into electricity at
efficiencies around 20% and provide the most feasible carbon-neutral route to displacing
terawatts (TW) of nonrenewable power consumed worldwide [1]. However, despite
falling costs large scale deployment of Si based solar cells is still not economically
viable. The reason is that the energy payback time for their production is much longer
than that for thin film solar cells which limits their productions at larger scales. On the
other hand, several inorganic compounds, especially chalcogenides, have shown promise

as photovoltaic materials with a band gap suitable for absorbing in the solar absorption
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region. Of these materials, binary chalcogenides such as CdTe, CdSe, ternary compounds
(CulnSez [CISe], CuGaSe2, CulnS2 [CIS]) and quaternary compounds (Cu(Ini-xGax) Se2
[CIGS], Culn(Se1-xSx)2) have shown promise to outperform Si for efficient power
generation owing to their outstanding electro-optical properties [2—7]. Very recently First
Solar reported a record high efficiency of 20.4% for CdTe photovoltaic solar cell which
beat the previous record of 19.6% conversion efficiency set by GE Global Research [8].

Another aspect of solar energy research depends on the morphology dependence
of the solar-to-energy conversion efficiency. For the photovoltaic devices, recent
advances in research has shown that increasing the aspect ratio of the photovoltaic
material (i.e. the absorber) increases efficiency of the device and in that respect
nanowires and nanorods have gained renewed interest [9—11]. High-aspect ratio
(length/diameter) nanowires provide sufficient thickness of the absorber layer to obtain
good optical absorption while simultaneously minimizing collection lengths for excited
carriers in a direction normal to the light absorption [12,13], thereby, increasing the
effectiveness of the photovoltaic device. The columnar grain structure of the absorber
material also works in favor of increasing the solar cell efficiency by facilitating carrier
collection and transport and minimizing loss due to grain boundary scattering and
recombination. Additionally, semiconducting nanowire arrays have been shown to have
low reflective losses compared to planar semiconductors leading to higher optical
absorption. It has been predicted that nanometric geometry might also play a constructive
role in increasing the effectiveness of the photovoltaic device merely by increasing the
surface area and providing an unhindered transport path [9-11]. Accordingly, ordered

arrays of silicon nanowires increase the path length of incident solar radiation by up to a
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factor of 73 [14]. Recently there have been some very encouraging reports of increased
efficiency in nanowire solar cells constructed with the pnictides, InP and GaAs
semiconductors [15,16]. These reports claim that these nanowire solar cells can even beat
the Shockley-Queisser limit with the nanowires acting as solar concentrators. One of the
biggest advantages of using nanowires in lieu of planar films is that the higher surface
area in the nanowires significantly reduces the use of expensive semiconducting materials
thereby drastically decreasing the cost of raw materials. This is indeed significant since
with even a slight increase in efficiency of the solar cell, in the long run, it will lead to a
reduction in the functional cost of the module. With the InP nanowire arrays it was
observed that even with a very small coverage (12%), photocurrent obtained was better
than a conventional thin film [15]. In fact, the optimal coverage with the nanowires was
determined to be 10-15%. This behavior has been reproduced with the GaAs nanowire
arrays also [16].

Although conceptually the photovoltaic nanowire arrays seem very attractive for
solar cells, the construction of such complex architectures from the nanoscale building
blocks by the bottom-up synthesis technique is extremely challenging. Among the most
common methods to grow ordered arrays of nanowires, the use of porous hard templates
such as anodic aluminum oxide (AAOQ) is very prevalent [17]. Growth inside AAO
templates produces assembled arrays of monodisperse nanowires of uniform
composition, however, it suffers from major drawbacks one of them being template
removal which requires etching of the alumina in a highly basic (NaOH) or acidic
solution. Most inorganic compounds such as the chalcogenides (e.g. CdTe, CulnSe:z etc.),

are very susceptible to decomposition and hydrolysis under such basic conditions thereby
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leading to compositional degradation of the nanowires which affects its photovoltaic
performance. In this article we report a very simple, reproducible and cost-effective
technique to grow CdTe nanorod arrays over a large area through patterned
electrodeposition (PatED) on nanoelectrodes created through nanosphere
photolithography (NPL). These nanorod arrays were characterized through
photoelectrochemical measurements in liquid junction electrolytes which have the
advantages of being conformal to the nanostructures, non-destructive and allow access to
the junction to investigate the effects of surface treatments. A low-intensity green laser
was used to illuminate the device whereby, the vertically ordered nanorod arrays exhibit a
photocurrent density twice as higher as that obtained from a film-like morphology
electrodeposited under similar conditions. Although there are reports for synthesis of
CdTe nanowire arrays [18-21], electrodeposition of CdTe thin films [22,23], VLS growth
of nanowires through chemical vapor deposition [24,25], seeded growth process [26] and
close space sublimation [20,27] some of these methods are not economically viable due
to low throughput or the use of hard templates such as AAO, which seriously thwarts the
widespread application of this potentially transformative photovoltaic material. The
protocol described in this article produces monodisperse nanorod arrays over close-to-
industrial length scales through one-step electrodeposition process, which is very cost-
effective and reproducible. Moreover, the generalized protocol reported here is
independent of the nanorod composition and ideally can be extrapolated to grow nanorod
arrays of other solar cell materials as well including the ternary and quaternary

chalcogenides.
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2. MATERIAL & METHODS

2.1. MATERIALS

ITO coated conducting glass substrates used for nanowire growth were purchased
from Sigma Aldrich and had a surface resistivity of 60 Q/sq. Electrodeposition was
performed with IvumStat potentiostat. S-1805 purchased from Microchem was used as
the photoresist. Chemicals used for lithography and electrodeposition, i.e. Triton X100
(laboratory grade), CdSOa4 (>99% purity), TeO2 (>99% purity), H2SOs, were used as
purchased without further purification. Size-selected polystyrene microspheres (1.7 pm

nominal diameter) were purchased from Bangs Laboratories.

2.2. METHODS

The nanorod arrays for this study was grown by patterned electrodeposition
(PateED) on ITO coated conducting glass substrates, whereby, the growth centers (i.e.
nanoelectrodes) were defined through nanosphere photolithography (NPL). The novelty
of the technique lies in the fact that most of the polymeric resists used for lithographic
techniques including photoresists are electrically insulating, thereby not functioning as an
active electrode surface during electrodeposition.

Hence, when patterns are written on the polymeric resist and developed through
proper treatment which removes the exposed polymer, holes created in the resist layer
exposes the underlying substrate (i.e. nanoelectrode) forming a nanochannel-like
geometry where the walls of the channel are formed by the polymeric resist confining the

exposed nanoelectrode at the floor of the channel. This concept was utilized for designing
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the current protocol, where an electrically conducting ITO layer was chosen as the
substrate.

In that case, lithographic patterning will create an arrays of nanoelectrodes
(exposed ITO blocks) confined within an insulating polymeric matrix (photoresist). The
patterned substrate containing the nanoelectrodes was then connected as cathode in an
electrochemical set-up and CdTe was electrodeposited on the confined nanoelectrodes.
Figure 1 shows a schematic representation of the PatED process using NPL. This process
is similar to using a soft, flexible template and yields very clean deposition. The
feasibility of this approach was demonstrated previously by the authors by producing
CdTe nanowire arrays on nanoelectrodes created through e-beam lithography (EBL) [17].
However, even though thin nanorods could be produced by the EBL, the major drawback
of that is the scalability issue and cost-effectiveness.

Hence, the authors are trying to expand this protocol to other lithographic
techniques, especially photolithography, which can create large area patterns in a single
step and also uses cheaper fabrication tools thereby increasing the cost effectiveness. In
this article, the authors report a unique approach to create the patterned substrates by
using polystyrene nanospheres as masks for photolithography, which further simplifies
the process without compromising on the quality of the nanorod arrays and device
performance. Another interesting feature of the NPL aided electrodeposition process
reported by the authors is that the diameter of the nanorods (and nanoelectrodes) could be
controlled by varying the UV exposure time and the authors could make the

nanoelectrodes as small as 180 nm.
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Figure 1. Schematic showing the steps for generating CdTe nanorod arrays. They were
fabricated on nanoelectrodes through electrodeposition on nanoelectrodes defined on ITO
coated glass through nanosphere photolithographic process.

2.3. NANOSPHERE PHOTOLITHOGRAPHY (NPL)

Nanosphere Photolithography (NPL) is a rapid parallel fabrication strategy for the
patterning of large scale arrays. When UV radiation is incident on a nanosphere of the
right index it is focused to a photonic jet [28-30]. When the nanosphere sits in-contact
with a layer of photoresist, the photonic jet exposes a sub-wavelength hole. NPL uses a
self-assembled array of nanopheres to pattern the photoresist in parallel. This technique
was originally developed by H. Mohseni and coworkers [31-34]. The NPL approach is
similar to conventional nanosphere lithography, which uses the Hexagonal Close-Packed
(HCP) array as a shadow mask for physical processing of the underlying substrate

[35,36]. Instead of patterning at the interstitial points in the array, NPL patterns the area
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directly beneath each nanosphere. This proves to be advantageous around defects in the
lattice which are not exposed because the light is not focused there. The NPL approach
can produce HCP arrays of holes in positive tone resists and pillars in negative tone
resists, adding to its versatility. The concept is similar to UV lithography, however,
instead of using hard masks, the nanospheres themselves act as soft masks leading to
selective exposure and pattern definition on the surface of the photoresist. Several
different techniques can be used to deposit the microspheres including, spin-coating and
the Langmuir-Blodgett method [37]. Spin coating is the simplest approach and produces
discrete crystal like domains (shown by the red dotted line in Figure 2a) in the HCP
lattice. The current work demonstrates that this technique generates viable nanowire

arrays with well-controlled and uniform diameter despite defects in the array.

Figure 2. Results of Nanosphere Photolithography. (a) Ordered crystalline domains of
polystyrene nanospheres on photoresist. Dotted line shows an individual crystalline
domain. Inset shows close-up of crystal domains showing extensive homogeneity. (b)
Nanoelectrodes created on the photoresist through NPL after removal of the polystyrene
spheres.
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2.4. LARGE AREA NANOELECTRODE PATTERN DEFINITION BY NPL

Nanosphere Photolithography (NPL) was used to pattern nanoelectrodes onto ITO
coated slides. Initially the ITO coated glass substrates were cleaned with piranha solution
(a mixture of conc. H2SO4 and 30% H202 in 3:1 v/v ratio) to remove any surface
contaminants, especially organic impurities. Following this the substrates were further
rinsed in water and methanol followed by drying in air. Spin coating was used to deposit
450 nm of S-1805 (positive tone photoresist) onto the substrates (5000 rpm for 1 min).
This was followed by soft-baking at 115 °C for 90 s.

A solution of polystyrene nanospheres was then spin-coated onto the surface. The
nanosphere solution was 10% by weight of 1.7 um (nominal diameter) polystyrene
microspheres from Bangs Laboratories which was mixed with a 1:400 Triton X-100 to
methanol surfactant solution in 7:1 volume ratio. During spin coating, the nanospheres
self-assemble onto the surface of the photoresist to form a hexagonal close-packed lattice.
The photoresist was exposed by illuminating the nanospheres with UV light from an i-
line mask aligner for 0.7 s at 10 mW/cm?. Following exposure the photoresist was
developed in MF-319 developer solution for 30 s and rinsed in DI water, before hard
baking at 145 °C for 30 min. During the development process the microspheres were
washed away along with the exposed photoresist leaving the hole array pattern in the
photoresist, with open channels to the ITO layer. Figure 3 depicts patterning the
photoresist using NPL, along with a frequency domain finite-element domain method
simulation (HFSS) of the electric field at different depths of the photoresist. The diameter
of the holes is determined by the exposure time, with holes as small as 130 nm in

diameter possible under coherent laser illumination. Controlling the exposure dose



67
provides control over the diameter of the nanoelectrodes and subsequently on the

diameter of the electrodeposited nanorods.

2.5. ELECTRODEPOSITION OF NANOWIRES

The nanowires were grown by electrodeposition on confined nanoelectrodes
exposed through the lithographic processing (Figure 1). While generally,
electrodeposition is normally performed under a potential sweep, for the present protocol,
electrodeposition was performed under constant potential (chronoamperometric)
conditions from an electrochemical bath containing a solution of 0.1 M CdSOa4 and 0.001
M solution of TeO2 using a reported procedure for thin film deposition of CdTe [38,39].
Temperature of the electrolytic bath was maintained at 65 °C while the pH of the
electrolytic bath was adjusted to 1.8 using 0.1 M H2SOa. Electrodeposition was typically
done for 15 s withough agitating the solution. Plating current was typically negative and
showed an initial decrease which then plateaued with increasing deposition time.

The chronoamperometric conditions were found to be very critical for the growth
of columnar nanostructures as opposed to cluster growth obtained under potential sweep
[17]. The potential for chronoamperometric deposition was maintained at —0.55 V against
Ag/AgCl reference electrode. It was observed that increasing the temperature helped to
increase the crystallinity of the deposited CdTe nanorods, however, it also increased the
Te content in the nanorods. Accordingly, a bath temperature of 6070 °C was found to be
optimal for the nanorod growth. Following electrodeposition the substrate was washed

thoroughly with distilled water in order to remove the excess reactants from the substrate.
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Figure 3. The NPL process. lllustrations of (a) nanospheres self-assembled on photoresist
surface and (b) exposed hole array. (c) Simulated electric field intensity inside photoresist
and (d) normalized to incident intensity at different depths within photoresist.

2.6. CHARACTERIZATIONS

2.6.1. Powder X-ray diffraction. Powder X-ray diffraction patterns (pxrd) were
taken by PANalytical’s X’Pert PRO Materials Research Diffractometer (MRD, CuKo
1.5418 A). The pxrd was collected at grazing angles in thin film geometry (Gl mode with
Gobel mirrors).

2.6.2. SEM and EDS. Scanning electron microscopy (SEM) imaging was taken
using Helios Nanolab- 600 equipped with Energy Dispersive Spectrometry (EDS)
detector (Oxford Instrument) for elemental analysis. Detailed composition analysis was
carried out qualitatively and quantitatively using EDS under the line mode as well as

under the area mode.
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2.6.3. Photoelectrochemical measurements. Photoconductivity was measured
through photoelectrochemical measurements performed with lvumStat potentiostat.
(Details about the measurement and experimental set-up have been provided in Section

3.2).

3. RESULTS AND DISCUSSION

3.1. MORPHOLOGY OF THE ELECTRODEPOSITED CdTe

As expected, under PatED conditions electrodeposition occurred only on the
nanoelectrodes and the CdTe grew as columnar nanorods on the nanoelectrodes whereby
lateral growth was restricted by the polymeric resist forming the walls of the nanochannel
surrounding the nanoelectrode. Figure 4a shows the FESEM image of top view of the
patterned substrate with the CdTe nanorods grown on 400 nm nanoelectrodes. It clearly
depicts the immaculate deposition of CdTe only over the nanoelectrodes defined through
lithography. The rest of the resist surface looks absolutely clean, thereby, underlining the
novelty of this approach. The deposited films adhered strongly to the substrates and had
excellent coverage. The most significant advantage of NPL over the e-beam lithography
is the scalability of the technique to cover very large area such as a whole silicon wafer of
4 in. diameter at a given time [40]. Hence another notable feature of the PatED process is
uniform deposition over an area exceeding several cmz2 in coverage in a single step. The
formation of CdTe on the substrates was further confirmed by pxrd (Figure 4c), which
showed that the as-grown CdTe nanorods crystallized the cubic zinc-blende phase

structure (JCPDS: 15-0770). The diffraction peak corresponding to (111) lattice planes
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were the most visible in the pxrd pattern. Considerable broadening of the (111)
diffraction peak indicated that the CdTe nanorods were polycrystalline with individual
crystalline domains in the range of 10 nm (as calculated from Scherrer equation) [41].
The pxrd pattern also showed prominent peaks corresponding to ITO from the conducting
surface. The enhanced intensity of the ITO diffraction peaks masked some of the CdTe
diffraction intensities. High crystallinity from the ITO background also created
obstructive scattering noise from the substrate.

It was observed that the intensity of diffraction peaks corresponding to CdTe
increased with the increasing deposition temperature leading to better crystallinity of the
nanorods [38]. The weakest diffraction lines for CdTe were observed for the nanorods
deposited at 50 °C and the strongest lines were observed for the same deposited at 90 °C
(see Supplementary Figure S1). Hence, it was concluded that the crystallinity of the
nanorods can be improved by increasing the deposition temperature. However, it was also
observed that increasing the deposition temperature led to considerable over-growth and
cluster formation of the electrodeposited CdTe. Accordingly the most suitable
temperature for CdTe nanorod growth was found to be ~60-70 °C in the current set-up.

The composition of the nanorods were also confirmed by EDS which shows the
presence of Cd and Te in the nanorods in approximately 1:1.4 ratio with slight excess of
Te which indicates that the CdTe nanorods might be p-type [38]. There is very minimal
lateral growth of the deposited CdTe under chronoamperometric conditions. Figure 4b
shows the elemental mapping of Cd and Te across the nanorods, which proves beyond

doubt the presence of Cd and Te exclusively in the nanorods.
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Figure 4. CdTe nanowire arrays. (a) produced on large area through NPL and PatED. (b)
Elemental mapping of Cd and Te across the nanorods. (c) Pxrd pattern of as-grown CdTe
nanorods grown at 80 °C. Red plot shows the standard diffraction pattern for CdTe while
asterix (*) indicate the ITO peaks.

The length of the nanorods could be varied by varying the thickness of the
photoresist, while the diameter could be controlled through fine-tuning the nanoelectrode
dimension. Another notable feature is that since the nanoelectrodes inherently pack in a
HCP array reminiscent of the close-packing of the nanospheres, the resulting nanorods
also show hexagonal close packing which is the most efficient way of packing individual
units in a given volume. The nanorods grown by the chronoamperometric deposition

exhibited similar stoichiometry and uniform aspect ratio across the entire pattern. This is
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of huge technological importance since, the properties of the nanomaterials are very
much size-dependent and the effectiveness of the nanodevice rests on the monodispersity
of the functional nano-structures in terms of size and morphology. It is very difficult to
grow nanorods of exact same diameter and length by non-directed growth strategies. This
simple approach outlined here was able to produce nanorods with uniform aspect ratio
over 4x4 cm? area as shown in the SEM images. The diameters of these nanowires are
expected to affect the properties especially related to the solar energy absorption and
carrier mobility.

The protocol described above provides the opportunity to control the aspect ratio
of the nanorods through controlling the nanoelectrode diameter and thickness of the
polymeric resist. The nanoelectrodes diameter could be varied by altering the exposure
time during NPL. The thickness of polymeric resist on the other hand, determines the
length of the nanorod and the authors have previously observed that with EBL, increasing
the resist thickness to about 1 um yielded micrometer long nanowires [17]. Other factors
such as nanorod packing density and nanorod-electrode interface can also affect the
device performance and the nanowire arrays fabricated by this method can be easily
manipulated be to study above-mentioned dependencies and lead to formulation of a
better efficiency device. Hence the method outlined here can actually deliver nanorod

arrays for practical usage.

3.2. PHOTOELECTROCHEMICAL RESPONSE MEASUREMENTS
Photoelectrochemical characterization of the CdTe nanorods arrays were obtained

by illuminating with a green Nd-YAG laser operating at 532 nm, where the light intensity
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was ~45 mWcem2 as measured by a powermeter. The PEC measurements were done in a
three-cell electrode set-up with Pt-wire and Ag/AgCl as the counter and reference
electrodes, respectively. An aqueous 0.1 M Eu(NO3)3.6H20 solution (pH=3), which acts
as a redox mediator and electron scavenger was used as the redox electrolyte. The laser
beam was chopped at regular intervals to assess the current under illuminated and dark
conditions. Photoelectrochemical measurements in illuminated and dark conditions were
also performed on CdTe thin film on ITO in addition to the CdTe nanorod arrays for
comparison. The thickness of the deposited active material (CdTe) was maintained to be
the same in both cases by maintaining the same electrodeposition parameters. For the
control experiment, a S-1805 coated ITO substrate (blank) was also characterized through
PEC measurements to demonstrate that polymeric resist itself does not show appreciable
photocurrent under these conditions. The applied potential was varied from 0 V to —0.5 V
using linear sweep technique at the scan rate of 0.02 V/s. The resist layer was not
removed prior to PEC measurements.

A cathodic photocurrent was obtained from these CdTe nanorod arrays. Figure

5(a) shows the current response obtained under illumination and dark conditions with the
fabricated nanorod arrays and Figure 5(b) shows the same response for the fabricated thin
film device. From Figure 5(a) it can be seen that the control sample, which does not
contain the active material, shows no significant photocurrent under the experimental
conditions. Negative photocurrent indicates p-type conductivity of the CdTe nanorod
arrays. A total current density of ~240 uA cm 2 was obtained under 41 mWcm 2 front
illumination of the CdTe nanorod arrays, while CdTe bulk film showed a current density

in the range of 85 pAcm 2. The photocurrent could be switched on and off by
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intermittently shutting off the light source (chopping) approximately at 2 s intervals. The
chopped photocurrent obtained from the CdTe nanorod device at an applied bias of —0.3
V has been shown in Figure 5(c) which also shows the stability of the photocurrent
against time.

An interesting observation was that the CdTe nanorod arrays exhibited a current
density more than twice of that obtained from the bulk-like film. It should also be noted
that the coverage of the electrode with the active material was much smaller (~12%) in
the nanorod array device as compared to the thin film device. Comparison between
electrode coverage with the active photovoltaic material is better represented in Figure 5d
which shows a graphical representation of the comparison between the electrodes
containing the CdTe film and the nanorod arrays used for photocurrent measurement. In
both cases the ITO-coated glass (i.e. the working electrode) was dipped almost halfway
into the electrolyte solution to measure the photocurrent and the electrode area is
represented by the blue boxes in the Figure. But, while the continuous CdTe film was
grown uniformly over an electrode area of approximately 1x0.5 cm?, the CdTe nanorod
arrays were covering an area of 0.12x0.06 cm? (combining the orangish circles
representing the CdTe nanorods in inset of Figure 5d).

In this nanodevice, average radii of the nanorods were of 310 nm and the array
pitch was maintained at 960 nm with an average packing density of ~0.4 rods/um?.
Hence, the actual area of coverage for the CdTe nanorods would be approximately 1/8th
of the CdTe film. This indicates that the CdTe nanorod arrays can generate a
photocurrent density as high as CdTe thin film but with less than 10% surface coverage

as compared to the film.
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Figure 5. PEC measurements. (a) Photocurrent density under illumination and
dark conditions of the nanorod device fabricated from nanosphere photolithography
technique. (b) Generated photocurrent of the thin film under similar conditions. (c)
Photocurrent generation of the nanorod device when the light source is turned on and off
periodically. (d) Comparison between the electrodes containing the CdTe film and the
nanorod arrays.

This observation is very similar to the InP nanowire arrays reported recently by
Wallentin et al. [15] Previous researchers have reported photocurrent obtained from
individual CdTe nanowires contacted by two Au electrodes [42,43]. These photocurrents
were mostly in the pA to nA range [41,43] as would be expected from these extremely

thin, extremely small current carriers. However, the aligned nanorod arrays grown by this
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confined electrodeposition contains large density of nanorods in parallel orientation
acting like a parallel series of resistors. This clearly shows the generation of a
photocurrent comparable to a thin film can be achieved with a small quantity of the active
material.

Low usage of active material to obtain a comparable efficiency to a thin film
device promotes the idea that a significant reduction of materials cost can be achieved by
fabricating vertically aligned nanorod arrays for solar energy conversion. Another notable
feature is that such high efficiencies with low coverage by nanostructures will eventually
lead to less usage of expensive semiconducting materials. Three dimensional geometric
configuration of vertically aligned nanorod arrays can account for reduced surface optical
reflection and enhanced absorption [44].

According to Figure 5 it is clear that the nanorod arrays of CdTe can effectively
produce higher photocurrent by virtue of parallel placement of the nanorods, even if the
diameter of the individual nanorods might be above the threshold for resonant light
trapping. Numerical simulations of the process predict that further reduction of the
nanorod diameter will lead to electromagnetic resonances in the nanorods. This leads to
enhanced optical absorption with higher carrier collection by the nanorod arrays which
can potentially increase the photocurrent generation even further.

This can be augmented by reducing the pitch to increase the density of nanowires
per unit area. Both of these factors can increase the device efficiency by orders of
magnitude. The authors are currently trying to produce nanorod arrays through this
PatED process with thinner nanorods (~150 nm) and study the efficiency for photocurrent

generation.
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4. CONCLUSION

We have successfully developed a protocol of growing CdTe nanorod arrays over
large area on conducting surfaces by simple electrochemical methods coupled with
lithographic patterning. The nanorod arrays produced over several cm2 area was
exceptionally monodisperse in terms of nanorod diameter, length and composition. The
photocurrent obtained from the vertically aligned CdTe nanorod arrays grown by this
method was better than that obtained from a CdTe film electrodeposited over a similar
area thereby underlining the potential of this technique for producing high efficiency
miniaturized devices.

This method will be especially useful for making solar cell devices, since, the
efficiency of the solar cells nowadays, depends strongly on the materials chosen to absorb
the solar radiation and also on the design of the cells. This protocol provides ample
opportunity to investigate the effect of each external parameter such as nanorod diameter,
array packing density, shape, and morphology on the device performance. The primary
requirement for this technique is the embedded nanoelectrodes, which can be obtained by
lithography on any conducting surface, including flexible substrates. In principle, any
functional material can be grown by electrodeposition in the confined nanoelectrodes.
The use of NPL as the patterning tool also amplifies the versatility of the approach. NPL
is a very cost-effective, reproducible and scalable technique that can produce uniform
patterns in a single step over large area. The combination of NPL and electrodeposition,
both of which are cheap methods, makes this protocol very attractive for large scale

implementation. The PatEd process would be significantly helpful for growing nanowire
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arrays of the ternary and quaternary chalcogenides such as the CIGS, CIS where
morphology control is extremely challenging, given the complexity of the systems. The
versatility of this approach is currently being tested with other photovoltaic and
semiconductor systems. Authors are also trying to measure the spectral response profile

for photocurrent generation of the CdTe nanorod arrays.
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Figure S1. PXRD pattern of CdTe nanorods deposited at different temperatures
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ABSTRACT

A simple and straightforward approach has been described for the fabrication of
CdTe nanotube and nanorod arrays with a high degree of precision through confined
electrodeposition on lithographically patterned nanoelectrodes. This technique has the
potential of growing these nanotube/nanowire arrays with extreme uniformity over a
significantly large area. The desired nanoelectrode pattern was defined through electron
beam lithography on indium tin oxide coated glass, and electrodeposition of the
semiconducting material of interest (CdTe) on the nanoelecrodes produced the
nanotubes/nanowires. It is interesting to note that the measured photocurrent density of
nanotube device created by this protocol exceeds that obtained from a thin film device
fabricated under similar conditions by several orders of magnitude. The ability to fine
tune all the physical dimensions and distribution density of the nanostructures, make this
method a versatile tool to fabricate and investigate nano-structured photovoltaic devices

and study their structure-property relationship. Additionally the ability to create uniform
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nano-feature arrays in addition to nanotube/nanorod arrays through one-step

electrodeposition makes this protocol unique.

1. INTRODUCTION

Research and development in the field of high efficiency solar energy conversion
relies heavily on the fabrication of the photo absorber materials as nanowire or
nanotubular architectures, since these morphologies gives better photocurrent output with
lese coverage of the active material.! High aspect ratio of nanostructures has an added
advantage over nanoparticles and thin films since it provides appropriate thickness for
light absorption while presenting an unhindered straight path for the transport of excited
carriers along the length of the nanostructure.? * Moreover, in the presence of nanowires
or nanorods like architectures, the efficiency achieved by a unit volume of the
semiconducting material is increased by improved light absorption, light trapping and
carrier collection.

However, fabrication of the nanostructured semiconducting materials as vertically
aligned, highly ordered nanowire or nanotubular arrays with precise distribution of size
and shape over a defined location is still remains a significant technical challenge.
Although there are reported methods to make ordered nanowire arrays like vapor liquid
solid (VLS) growth by chemical vapor transport,*® seeded growth process® and closed-
space sublimation,” Most popular procedure for growing arrays of nanowires is by using
hard templates like anodized aluminum,®® however, it suffers from the disadvantage that

this rigid template need to be removed using bases or acids to reveal the nanostructures
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and that process makes the semiconducting nanostructure susceptible for decomposition
and hydrolysis and that can affect the photovoltaic performance of the entire device. On
the other hand, shape, as well as the physical dimensions and distribution density of
nanostructures cannot be controlled as desired by this method. The simple protocol
described in this report produces precise and reproducible results that provide an
opportunity to explore the fabrication of ordered nanostructure arrays including
nanowires and nanotubes with variable chemical compositions and a variety of
nanostructure-electrode interphase to study their effect on the performance of the
nanodevices.

We demonstrate this concept using CdTe as the semiconducting material and
indium tin oxide (ITO) coated glass as the transparent conducting substrate, where the
growth of nanostructures were accomplished by electrodeposition on nanoelectrodes
created on ITO coated glass substrate through electron beam lithography (EBL). By small
variations of the EBL pattern definition process, arrays of nanorods, nanotubes and other
interesting nanofeatures can be achieved.

Electrodeposition of CdTe from aqueous solutions is a well-studied technique
because it is not only scalable to larger area but also a well-established industrial process.
Both galvanostatic and potentiostatic methods have been utilized to produce CdTe
photovoltaic thin films10 and nanorod arrays.'* 2 In this report, the fabrication process
was explained and the effectiveness of this technique was demonstrated by the
enhancement in photo conversion efficiencies of the fabricated photovoltaic nanotube and

nanorod arrays by using this method.
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2. EXPERIMENTAL DETAILS

2.1. MATERIALS AND TECHNIQUES

All chemicals used for preparing solutions were of analytical grade. CdSO4 and
TeO2 were purchased from Sigma Aldrich and used without further purification.
Polymethylmethacrylate (PMMA, mol. wt. 450K and 950K, supplied by Microchem,
Newton, MA, USA) was used as the insulating e-beam resist. ITO-coated conducting
glass substrates were purchased from Sigma Aldrich and had a surface resistance of
60QY/sq. Electrodeposition was performed with IvumStat potentiostat. Powder X-ray
diffraction (PXRD) patterns were taken with PANalytical’s X’Pert PRO Materials
Research Diffractometer (MRD, CuKa 1-5418 A). Scanning Electron Microscope (SEM)
imaging was taken using Helios NanoLab 600 equipped with energy-dispersive X-Ray
spectroscopy (EDS) detector (Oxford Instruments, Abingdon, UK) for elemental analysis.
EBL was performed with the in-built lithography facility available with a Helios
NanoLab 600 DualBeam FIB microscope. Photoconductivity was measured through
Photoelectrochemical (PEC) measurements performed with lvumStat potentiostat. A 400
W Xe lamp operating in UVA range (320-390 nm) with the intensity of 100 mW/cm?

was used to illuminate the nanorod device.

2.2. PREPARATION OF SAMPLES BY EBL
For the pattern definition on the ITO substrate by EBL, the e-beam resist was
prepared by spin coating two layers of PMMA polymer on ITO coated conducting glass.

First PMMA layer (mol. wt. 495K) was spin coated and backed for 3 minutes on a
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hotplate at 180°C and allowed to cool to room temperature before coating the second
PMMA layer (mol. wt. 950K). Substrate was again baked for 3 minutes on a hotplate at
180°C and allowed to cool to room temperature. As prepared resist layer has a thickness
about 300 nm. These PMMA layers are selectively exposed to the electron beam in the
EBL process. After that the exposed area of the polymer can be removed by dipping the
substrate in MIBK-IPA (1:3) solution for 55 seconds according to a reported procedure, 1
while unexposed polymer remained intact. During this pattern development process, the
underlying ITO layer is exposed through the nanofeatures defined by EBL thus forming
nanoelectrode islands on the substrate. During electrodeposition of the semiconducting
materials on this substrate, deposition takes place exclusively on the exposed ITO
through the nanofeatures while the remaining unexposed polymer acts as a soft mask
inhibiting the deposition in the non-patterned areas. The experimental protocol was

illustrated in Figure 1.

2.3. ELECTRODEPOSITION OF NANOTUBES/NANORODS

The growth of the nanotubes and nanorods were achieved by electrodeposition on
confined nanoelectrodes exposed through the EBL process. IviumStat potentiostat with
standard three electrode system was used under constant potential (chronoamperometric)
conditions to for the electrodeposition and an electrochemical bath containing a solution
of 1.0 M CdSO4 and 0-001 M TeO2 was used according to a reported procedure for thin-
film deposition of CdTe.!*> The deposition potential was optimum at -0.55V against

Ag/AgCl reference electrode. It was seen that when the temperature was increased in the
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deposition bath, the crystallinity of the deposit was increased however, Te content of the

deposit increases with increasing temperature.

E- Beam Lithography

PMMA Generating the
growth pattern

R\

Development l
Electl 0
deposmou
_

Electrochemical bath
CdSO, + TeO, (©

Potentiostat

Figure 1. Schematic representation of the EBL process. (a) electrodeposition for
generating CdTe nanotube and nanorod arrays on ITO coated conducting glass substrates.
RE stands for reference electrode, CE stands for counter electrode and WE stands for
working electrode. Representation of prepared substrate for the deposition of (b) nanorod
arrays (c) nanotube arrays.

Therefore, a bath temperature of 60 — 70 °C was found to be optimum for the
deposition of nanotube and nanorods. In the current process bath temperature was
maintained at 65°C while the pH was adjusted to 1.8 using 1 M H2SO4. As prepared
substrates were rinsed thoroughly after the electrodeposition with distilled water in order
to remove the excess reactants from the substrate and dried under a stream of nitrogen in

room temperature.
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3. RESULTS AND DISCUSSION

3.1. PROPERTIES OF NANOTUBES AND NANORODS

During the electrodeposition, CdTe was deposited only on the nanoelectrodes
created by the EBL process. The surrounding polymer acts as an insulating matrix
preventing the deposition of the semiconducting material outside of the exposed
nanoelectrodes. In addition, the growth of the nanorods or the nanotubes was guided by
the polymeric nanochannel surrounding the nanoelectrode and that prevent any lateral
growth of the nanorods or nanotubes thus the columnar shape of the nanotube or the
nanorods remain unchanged during the growth conditions depending on the thickness of
the polymer layer and the deposition time. Rest of the polymer resist remains very clean
indicating the novelty of this approach. When the electrodeposited samples were
investigated in the SEM, it clearly shows the deposition has only taken place on the
nanoelectrodes defined by EBL. Figure 2 shows the top view of the pattern with CdTe
nanorod and nanotube arrays. The deposition of CdTe on the substrate was further
confirmed by PXRD, which shows that the deposition has taken place in cubic zinc
blende crystal structure.

However, at higher temperature deposition is very rapid and that lead to the
overgrowth of nanorods and nanotubes outside of the nanochannels which alters the
highly ordered nanostructure and hence deposition temperature was maintained at 65 °C.
In addition, it also was seen that more tellurium tends to deposit at higher temperatures.

The pxrd pattern also shows prominent peaks of ITO which are coming from the

background conducting substrate and the enhanced peak intensity of ITO mask some of
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the diffraction peak from CdTe. EDX line scan was performed to confirm the elemental
composition of the deposit and that shows Cd and Te on as deposited nanotubes and
nanorods with 1: 1.4 ratios with slight excess of tellurium which indicate the

nanostructures might be p-type.®®
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Figure 2. Morphology and crystal structure. SEM image of CdTe (a) nanorod arrays (b)
nanotube arrays fabricated by this method. Inset shows the EDX elemental line scan
across the nanostructures confirming the presence of Cd and Te in the nanorods and
nanotubes, respectively. (c) PXRD pattern of nanorods compared with a standard sample
of CdTe. ITO peaks from the background is indicated by an asterix (*).
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The length of the nanotubes or nanorods can be controlled by controlling the
thickness of the polymer and also the deposition time while the diameter and wall
thickness of nanotubes can be fine-tuned by changing the size of the nanoelectrode
defined through EBL process. As grown nanotubes and nanorods shows similar elemental
composition and aspect ratio over the entire pattern. In technological point of view, this is
an added advantage because the properties of the nanodevice very much depend on the

size and shape of the individual functional nanostructures.

3.2. ENHANCED PHOTOELECTROCHEMICAL (PEC) RESPONSE

Generation of the photocurrent was monitored as shown in Figure 3 by
photoelectrochemical response measurements of the nanotube and nanorod arrays
according to a reported procedure.’

Three electrode system containing the substrate with nanorod arrays as the
working electrode, Ag/AgCI reference electrode and Pt counter electrode was used in a
buffer solution of 0-1 M acetic acid, 0-1 M sodium acetate and 0-1 M sodium sulfite and
having a pH of 4-6 as the electrolyte medium. The device was illuminated with a 400W
Xe lamp operating in UVA range (320-390 nm) with the intensity of 100 mW/cm?. To
monitor the difference between photocurrent and the dark current the light source was
chopped at regular intervals to provide a light on-off environment. Figure 3 shows a
comparison of generated photo current from the nanodevices and a thin film device
fabricated under similar conditions.

Same measurements were carried out on a thin film of CdTe grown on ITO

substrate under similar electrodeposition parameters to obtain a comparison of
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photocurrent with the nanodevice. As a controlled experiment, PMMA coated ITO
substrate (blank sample) was also used for the measurement of the photocurrent to
demonstrate that blank sample generate no noticeable photocurrent under these

experimental conditions.
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Figure 3. Generated photocurrent at an applied bias of -0.4 V. (a) from the nanotube
device (b) nanorod device and (c) thin film device under similar testing conditions. (d)
shows a graphical comparison of the area from which the photocurrent was generated.

Total area covered by the photoactive material of nanodevice is about 12% compared to
the coverage of the thin film.
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The negative photocurrents obtained from the devices indicate that the deposited
CdTe is p-type conductivity. It was noted that CdTe nanorod arrays showed a

photocurrent density more than twice of that obtained from the thin film device besides
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the actual coverage of the active material in the nanorod device is much smaller (12%)
compared to the thin film device. PEC measurements of the nanotube array device shows
that a similar photocurrent to the nanorod device can be achieved with even less area of
total coverage compared to the nanorod device. Nanotube arrays will especially be useful
for photo conversion due to the larger available surface area compared to nanorod arrays,
which can improve photocurrent generation per unit volume of the semiconducting
material. The above observation confirms that having larger surface area of nanotubes
delivers better efficiency than nanorods per unit volume. However, fabricating such
vertically aligned nanotube arrays are very challenging and reports of CdTe or other
semiconducting nanotube arrays are very limited. The fabrication of nanotube arrays
described in this protocol is a novel concept and it is independent of the material need to
be deposited or the conducting substrate. Typically any type of semiconducting material
can be electrodeposited on a given conducting substrate using this protocol. The novelty
of this method can be appreciated by looking at the cleanliness of the deposit, uniformity
of the nanotube diameter and the wall thickness throughout the entire pattern as it was
seen in Figure 2(b). These patterns can be generated over a larger area through a
sequential EBL process.

Enhanced photocurrent can be attributed to several factors. If the nanorods or
nanotubes are below the ray optics limit, significant light absorption can be achieved by
resonance light trapping, * which can generate a higher photocurrent. Three dimensional
geometry of the vertically aligned architecture can also direct to a reduced optical
reflection leading to enhanced photo absorption.'® For thicker nanorods or nanotubes it

can be considered as each nanorod or nanotube acts as a resister and the current output



94
from a parallel series of resisters can be enhanced according to the Ohm’s law. Hence, for
vertically aligned thicker nanorod or nanotube arrays current can be amplified even
though the photo absorption is not significantly enhanced. The physical dimensions of the
CdTe nanorod and nanotube arrays are slightly larger than the threshold limit for
resonance light trapping and therefore, most probably the enhancement of the
photocurrent is due to the parallel arrangement of the nanostructures in a small space and
a higher volume of the photoabsorber. Simulated results predict that further reduction of
nanofeature size will lead to electromagnetic resonance in the nanorods and nanotubes.
This will enhance photo absorbance and can potentially amplify the photocurrent
generation. Authors are currently trying to fabricate thinner nanorod, nanotube and other
types of nanostructure arrays with even smaller pitch and study the effect on the

generation of the photocurrent.

4. CONCLUSION

We have successfully developed a protocol to fabricate ordered nanostructure
arrays including nanotubes and nanorods by electrodeposition on lithographically
patterned nanoelectrodes. As fabricated nanorod and nanotube arrays shows highly
uniform physical dimensions and elemental composition. The photocurrent generate from
the nanorod device is comparable to that of thin film device even though the coverage of
the active material in the nanorod device is a fraction of the thin film device. Nanotube
device produces a similar current with even lower coverage than that of the nanorod

device thereby indicating the potential of this method to fabricate high efficiency
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nanodevices. This protocol provide an opportunity to study the effect of the morphology
to the photo absorption and photocurrent generation through fine tuning of each physical
dimensions such as diameter of nanorod and nanotubes, nanotube wall thickness, the
distance between adjacent nanotube or nanorods, packing density of the arrays and shape.
The other advantage of this process is that these ordered arrays can be fabricated on any
conducting substrate including flexible substrates. Since electrodeposition was employed
for the growth of nanorod and nanotube arrays, complex structures like tandem solar cells
can be easily achieved through sequential electrodeposition of the material of interest

where morphology control is extremely challenging.
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ABSTRACT

We have established a protocol for the fabrication of CdTe—CdS, lateral p—n
junction nanotube arrays, configured akin to either substrate or superstrate geometries.
The protocol involves confined electrodeposition of p-type CdTe on lithographically
patterned nanoelectrodes defined on conducting substrates, where the substrate surface
has been coated with the n-type CdS layer deposited through chemical bath deposition.
Post-lithography the underlying CdS layer could be revealed at selective positions, which
is the key factor in defining the nature of the formed CdS—CdTe heterojunction. The
aspect ratio of the CdTe nanotubes could be controlled by doing pulsed electrodeposition
as well as altering the thickness of the polymeric resist used for lithography and tuning
the diameter of the nanoelectrodes. Photoelectrochemical analysis in a liquid junction
electrolyte has been performed to characterize the photoconductivity response of
nanotube arrays. Both the substrate and superstrate p—n junction arrangements of CdS—
CdTe nanotube arrays showed photocurrent comparable to that obtained from a bulk film
covering a much larger surface area compared to the nanodevice. Typically it was
observed that for the heterojunction CdS—CdTe nanotube device less than 10% coverage
with the photoabsorber layer was required compared to the bulk film, in order to produce
the same amount of photocurrent. Specifically, the photoconversion efficiency was
increased by 50% on changing the morphology from bulk film (6.3%) to tubular (9.6%).
Additionally, the advantage of the “holey” architecture in the photoabsorber layer was
very evident as the photocurrent obtained from the nanotube arrays was larger than that

obtained from the nanorod arrays electrodeposited under similar conditions. These
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observation suggest that these nanotube architectures combining the advantages of both
the “holey” and nanopillar geometries might lead to an optimal nanostructured solar cell.
The growth method of the nanotube arrays is simple and versatile which can be readily
adapted to produce complex photoabsorber layers including the ternary and quaternary

chalcogenides.

1. INTRODUCTION

Over the past several decades solar energy research has led to numerous
promising discoveries, efficiencies and expectations. Some of these promising materials
include the p—n type heterojunction solar cells like CdS—CdTe thin film solar cells, where
n-type CdS is applied as a window layer and p-type CdTe functions as an absorber layer.
These CdS—CdTe thin film solar cells have shown photoconversion efficiencies in the
range of 6-22% where currently, the record efficiency is reported to be 22.1%.13
Interests in this class of photovoltaics have been fuelled by several factors including their
proper band gap alignment, cost-effective methods for large scale fabrication, and
stability.* CdS—CdTe thin film photovoltaics have been fabricated by several groups
through methods ranging from closed space sublimation, chemical bath deposition
(CBD), electrodeposition, metal organic chemical vapour deposition (MOCVD) and
solution-based growth.>% In recent years nanostructured photoabsorbers, especially
nanowires have boosted the performance of solar cells by enhancing optical absorption
while simultaneously providing short collection lengths for excited carriers in a direction

normal to the light absorption.*! Recently this concept was also applied to CdS—-CdTe
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nanostructured solar cells by Javéy and co-workers where they constructed nanopillar
solar cells containing CdS nanopillars within a matrix of CdTe and showing high
efficiency.?!3 The growth of CdTe nanorod arrays in the CdS matrix has been
demonstrated to provide a three dimensional morphology enabling high optical
absorption, thereby, increasing the carrier collection efficiency.®® The CdS—-CdTe
nanopillar solar cells were made by employing anodic aluminium oxide (AAO)
membranes, which even though produces uniform arrays of the nanopillars, is still not the
most lucrative high-throughput method owing to the rigidity of the AAO, as well as the
fact that template removal requires harsh chemical treatment in strong base which might
be detrimental to the nanowire composition. An AAO-free method for producing the
heterojunction nanowire arrays might be very useful for advancing the nanowire solar
cells.

With respect to nanostructured solar cells, another morphology has gained
importance based on some recent advances with Si solar cell, viz. the nanohole
architecture.!* Recently, it has been observed that ordered arrays of submicron sized
nanoholes etched on the surface of Si photoabsorber produces a reasonably high
efficiency solar cell.** The increased efficiencies in this “holey” architecture have been
attributed mainly due to the enhanced light scattering induced by the holes and less
reflectivity. A tubular geometry with inner diameter and tube wall thickness in the order
of several hundred nanometres might offer the same advantages of a “holey” architecture
coupled with short collection lengths and enhanced absorption. However, producing well-
defined nanotube arrays through rational synthesis methods is even more challenging

than creating nanorod arrays. Nanotube arrays have been mostly created through
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anodization process or through growth on a template.'® However, these approaches are
very system specific. Most of the nanohole architectures have been engineered through
top-down subtractive manufacturing. An additive growth process on the other hand,
focusing on the bottom-up assembly method will have much more advantage for growing
these complex architectures with precise control over morphology and stoichiometry
especially for the multipart photoabsorber compositions. Hence in this article we report a
simple, AAO-free protocol to grow CdS—CdTe heterojunction nanotube arrays through
confined electrodeposition on lithographically patterned nanoelectrodes with a precise
control on nanotube dimensions including tube inner and outer diameters, wall thickness,
length, and distribution density. We have also measured photoelectrochemical response
of the nanotube arrays and have compared them with that obtained from nanorod arrays
produced by a similar approach. It was observed that the nanotube arrays indeed showed

better photoconversion efficiency than the nanorod arrays.

2. EXPERIMENTAL

2.1. MATERIALS AND METHODS

2.1.1. Chemicals. All chemicals for nanotube/nanorod growth, chemical bath
deposition (CBD), e-beam lithography and photoelectrochemical measurements were
used as purchased.

CdSOq4, CdClz, TeOz, thiourea, NH4Cl, methylisobutylketone (MIBK) and

isopropanol (IPA) were purchased from Alfa Aesar.
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Polymethylmethacrylate (PMMA) of molecular weight 495k and 950k were
purchased as 3% solution in monochlorobenzene from Microchem™. Indium tin oxide
(ITO) coated glass slides with a sheet resistance of 20 ohms sq~! was purchased from
Fisher scientific.

2.1.2. Nanotube and Nanorod Growth. The CdS—CdTe heterojunction
nanotube arrays were fabricated on conducting ITO-coated glass substrates using a
combination of chemical bath deposition (CBD) for CdS and CdTe electrodeposition. For
growing nanotubes/nanorods, a modified version of the protocol recently developed by
the authors and described as confined electrodeposition on lithographically patterned

nanoelectrodes was used as shown in Figure 1.1%-18

Conducting &> % (a) CdTe nanotubes
e
substrate —— i
E-beam Electrodeposition
resist of CdTe
(b) CdTe nanorods
Nanoelectrodes ——
created by
lithography

Figure 1. An illustration of the growth of (a) nanotube and (b) nanorod arrays.

The same procedure can be utilized to grow nanorod or nanowire arrays with a

small modification of the lithographic pattern.
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2.1.3. Deposition of CdS Layer by CBD. The CdS layers in these substrates
were grown by CBD methods following a reported procedure.'® CBD is a simple, yet
versatile technique which has been used extensively to grow semiconductor films on
various substrates.? It is a low temperature method which involves dipping the substrate
in a solution containing the precursor salts. The concentration of the solution, temperature
and dipping time determines the thickness and morphology of the film. Well controlled
CBD leads to formation of a very uniform layer of the semiconductor on the surface and
the attachment of the film to the surface is very robust. Specifically, a CdS film of
approximately 80-100 nm thickness was coated on the substrate by dipping it in an
ammoniacal solution containing CdClz, thiourea, ammonium chloride (pH ~ 11) for 20
min at ~80 °C. Lower temperature or lesser time for CBD growth leads to smaller
thickness of the CdS films.

The CdS film could be grown both as under layer to the CdTe nanotubes or as a
coating on top of the CdTe nanotubes. For the first case, a thin layer of n-type CdS was
deposited on the ITO-coated glass which was then subjected to lithography and confined
electrodeposition (vide infra). To compare the effectiveness of different configurations,
another set of samples were prepared by depositing CdS as the last step of the process,
i.e. on top of electrodeposited CdTe nanostructures.

2.1.4. Definition of nanoelectrodes by lithography. The ITO-CdS coated glass
substrates were coated with polymethylmethacrylate (PMMA) which acted as an e-beam
resist. During a typical e-beam resist coating process, PMMA 450k solution was spin

coated at 4000 rpm for 50 seconds as the first step.
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Then coated samples were baked on a hot plate at 180 °C for 3 minutes. PMMA
950k solution was then spin coated at 4500 rpm for 50 seconds and again baked at 180 °C
for 3 minutes and allowed to cool to the room temperature. The desired patterns were
written on the PMMA surface with e-beam lithography. In the next step, the patterns
were developed in MIBK-IPA (1:3) solution which selectively dissolved the e-beam

exposed PMMA, leaving the unexposed PMMA intact on the ITO surface.

Q-

1. ITO Coated 2. CdS Chemical 3. PMMA Resist
Glass Substrate Bath Deposition Spin Coating

U

2. PMMA Resist 3. Lithography 4. Lithography
Spin Coating and Development and Development

l I

5. CdS Chemical 4. CdTe electrodeposition 5. CdTe electrodeposition
Bath Deposition

Figure 2. An illustration of the growth of nanotube arrays by patterned electrodeposition
protocol. When the CBD process was carried out before the PMMA resist spin coating
(path defined by black arrows), CdS layer is below the CdTe nanotubes. If the CBD
process was carried out as the last step (path defined by green arrows), then the CdS layer
is on top of the CdTe nanotubes.
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Hence, following the development stage, two regions were defined on the
substrate-surface: (i) the PMMA layer which was electrically insulating and (ii) the ITO-
CdS layer exposed through the lithographically patterned holes which retained their
electrical conductivity and hence acted as the nanoelectrodes. A novelty of the PMMA
coated surfaces is that the PMMA coating protects the unexposed surface acting as a soft
mask during the subsequent electrodeposition process. The entire protocol for CdS—-CdTe
nanotube growth has been described schematically in Figure 2.

2.1.5. Electrodeposition of CdTe. In the last step of the protocol, p-type CdTe
was electrodeposited on the nanoelectrodes from a solution of 1 M CdSO4 and 1 mM
TeO2 in an acidic pH of 1.8, following a reported procedure.?* The temperature of the
electrolytic bath was maintained at 65 °C. Electrodeposition was done at a constant
potential of —0.55 V using Ag/AgCl as the reference electrode under chronoamperometric
conditions for 15-25s.

During this process, CdTe was deposited solely on the nanoelectrodes with the
surrounding PMMA being completely clean. A constant potential deposition was very
crucial step as opposed to deposition under a potential sweep, since under those
conditions it gave rise to clustered cauliflower-like morphology of the CdTe instead of
nice columnar growth.16 Lengths of the CdTe nanotubes were determined by the
thickness of the PMMA layer, while the diameters were defined by the nanoelectrode
diameter. Typically, a length of 400 nm was readily achieved with a PMMA coating
thickness of 350 nm. Interestingly, the length of the nanotubes could be increased
through pulsed electrodeposition as shown in ESI Figure S1. Pulsed electrodeposition

increased length of the nanotubes without compromising the diameters, providing a
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unique way to precisely tailor length of the nanotubes and increase the exposed area for
absorption and junction formation. Additionally, as observed by the authors previously,
longer nanotubes/nanorods typically of the order of 1 um could be also grown by the
above protocol through increasing the PMMA layer thickness. 8

It should be noted here that both p-type and n-type CdTe can be formed through
electrodeposition.?! Previous studies by various groups have further confirmed that the
deposition potential determines whether the electrodeposited film will be p- or n-type.?*-
23 Typically a lower deposition potential yields a more Te-rich film, thus making it a p-
type semiconductor, while higher deposition potential gives rise to a more Cd-rich n-type
film. In the present case, the deposition potential being small the films obtained were
mostly Te-rich as observed with EDS (vide infra) thus making them a p-type layer. A
lateral type p—n junction formed as the n-type CdS layer was deposited on p-type CdTe.
These heterojunction nanostructures have been collectively referred to as CdS—CdTe
henceforth. As mentioned above, two types of junction geometries were achieved, CdTe

nanotubes/nanorods on CdS(ITO) layer and CdS layer on CdTe nanotube/nanorod layer.

3. CHARACTERIZATION

The CdS—CdTe heterojunction nanotube arrays were further characterized for the
elemental composition and morphology analysis through powder X-ray diffraction
(PXRD) using PANalytical's X'Pert PRO Materials Research Diffractometer (MRD,
CuKo 1.5418 A). Scanning electron microscopy (SEM) imaging was taken using Helios

Nanolab-600 equipped with Energy Dispersive Spectrometry (EDS) detector (Oxford
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Instrument) for elemental analysis. X-ray photoelectron spectroscopy (XPS). XPS
measurements of the samples were performed using a KRATOS AXIS 165 X-ray
Photoelectron Spectrometer using the monochromatic Al X-ray source. The impedance
and photoconductivity measurements were carried out using a photoelectrochemical set-
up under UV light excitation with an IviumStat potentiostat. Nanodevices were
illuminated with A 400 W Xe lamp operating in UVA range (320-390 nm) with the
intensity of 100 mW c¢cm2. A mixture of 0.1 M solutions of sodium sulphite, sodium
acetate and acetic acid at pH 4.6 was used as the electrolyte solution during the

photoelectrochemical measurements.

4. RESULTS & DISCUSSION

4.1. MORPHOLOGY & COMPOSITION

PXRD pattern were obtained from the nanotube arrays grown by this patterned
electrodeposition process without any further treatment. Typical PXRD pattern of the
fully grown sample clearly showed the presence of CdS as shown in Figure 3. Both the
nanotubes as well as nanorods fabricated by this method showed similar kind of PXRD
patterns. However, the peaks corresponding to CdTe were of low intensity and were
somewhat masked by the CdS as well as diffraction peaks from ITO which were also
visible in the pattern, giving rise to a high background noise. This could be attributed to
the fact that the CdTe nanorods covered only a region of 75 x 75 pm? area on the
substrate from where the PXRD pattern was collected, while the CdS layer was spread on

the entire substrate. Hence the cross-section of CdS exposed to the X-rays was much
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higher than that of CdTe nanorod array. High crystallinity of the ITO background also

created obstructive scattering noise from the substrate.

— CdS-CdTe experimental pattern
Cubic CdTe XRD pattern
Cubic CdS XRD pattern

% Indium tin oxide substrate

Intensity (a.u.)

Figure 3. XRD pattern collected from the patterned CdS—CdTe nanotube arrays where the
CdTe was grown on top of CdS. Standard plots for bulk CdS and CdTe has been
included for comparison.

To confirm the formation of CdTe, PXRD pattern was collected independently
from electrodeposited CdTe layer before the deposition of CdS. As shown in Figure S2,
the PXRD pattern confirmed the formation of CdTe. The diffraction peaks corresponding
to both CdS and CdTe were considerably broadened indicating that the crystallite sizes

were smaller. Using Scherrer formula, 2 the crystallite size was estimated to be
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approximately 50 nm for CdS indicating that CdS layer was polycrystalline where
domain sizes were in the order of 50 nm.

Extensive SEM studies were carried out to investigate the morphology of the
electrodeposited nanostructures. Figure 4a shows a typical low-magnification SEM image
showing part of the nanotube arrays deposited over 70 x 70 um? area containing
approximately 225 nanotubes. The nanotubes were deposited entirely within the
nanoelectrodes whereas the surrounding PMMA layer was completely clean. The SEM
images also revealed that the nanotubes were extremely uniform in diameter and length
over the entire pattern indicating the high degree of monodispersity in the nanostructures.
Interestingly the wall thickness of the nanotubes could be controlled by tuning the area of
pattern definition. Typically, lithographic writing of the pattern on a smaller area led to
tubes with thicker walls and smaller diameters, while larger area of the pattern resulted in
tubes with much thinner walls but larger outer diameter (ESI Figure S3). This kind of
control might be very useful to optimize the photoconversion efficiency by tuning both
the scattering (inner diameter of the tubes) as well as light absorption (controlling tube
wall thickness). As mentioned above, length of the nanotubes could be altered through
pulsed electrodeposition, through which longer nanotubes protruding out of the PMMA
matrix could be grown (ESI Figure S1).

The composition and co-existence of Cd, S and Te in these nanostructures were
investigated in details through EDS spectral analysis and elemental line scans which
involved drawing a line across the nanostructure and following the elemental distribution
of Cd, S, and Te along that line. From the line scan analysis shown in Figure 4b and d it

was apparent that while the Cd and Te signals were higher in the nanostructure and
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zeroed down in the valley between the nanostructures, the S signal showed a more or less
uniform distribution across the lines, i.e. S was present both in the valley between the

nanotubes and the tubes themselves.
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Figure 4. CdS CdTe nanotube arrays. (a) SEM image of CdTe nanotubes grown on CdS
layer similar to a pseudo-superstrate configuration. (b) Elemental analysis through EDX
line scans showing maximization of Te and Cd within nanotube walls. (¢) SEM image of
CdS thin layer grown over CdTe nanotubes. Positions of the nanotubes beneath the CdS
layer can still be identified. (d) Elemental analysis with EDX line scans on CdS layer
grown on CdTe nanotubes.
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Both S and Te had Cd associated with them. However, EDS being a depth-
sensitive technique, the Cd associated with the Te showed up more prominently owing to
the height of the nanotubes (~500 nm). Hence, Cd signal followed the Te signal.

Fabrication of nanorod arrays were also carried out following the same protocol
used to prepare the nanotube arrays and Figure 5a shows a nanorod array covering an

area of 70 x 70 um? deposited on a thin layer of CdS.
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Figure 5. CdS CdTe nanorod arrays. (a) SEM image of CdTe nanorods grown on CdS
layer similar to a pseudo-superstrate heterojunction. Inset illustrates the schematic
representation of the layer arrangement. (b) Elemental analysis through line scan showing
maximization of Te and Cd within the nanorods while S is present uniformly over the
entire region. (c) SEM image of CdS layer grown over CdTe nanorods. Dotted circles
indicate the position of the nanorods beneath the CdS layer. Inset illustrates a cross
sectional illustration of the layer arrangement. (d) Elemental analysis with EDX line scan.
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There are 900 nanorods in the deposited pattern and similar to the nanotube
patterns, a clean deposition of CdTe with a uniform distribution of size and shape can be
observed in these nanorods patterns also. Another arrangement of the nanodevice was
prepared by depositing CdS layer on top of CdTe nanorod pattern as shown in Figure 5c.
EDX line scan was performed to locate the distribution of Cd, Te and S in the fabricated
pattern as shown in Figure 5b and d.

The CdS—CdTe junction in these nanostructured arrays were also observed
through cross-sectional SEM imaging of the CdTe-on-CdS superstrate configuration. For
these purposes, the tubular architectures were redesigned such that instead of cylindrical
tubes, a longitudinally sliced tube could be created such that the cross-section of the
interface between underlying CdS layer and the growing CdTe tubes could be seen more
clearly. Figure 6a and b shows the cross-sectional SEM images of the tubular and rod-
like architectures of CdTe-on-CdS, respectively. As seen in Figure 6a, the CdTe
maintains a uniform interface with the underlying CdS layer which continues throughout
the thickness of the tube walls.

The CdS and CdTe layers has been highlighted in false color in the inset of Figure
6a. As can be seen clearly, the underlying CdS layers also maintains uniform thickness
for each tubular structure throughout the entire array. The interface between CdS and
CdTe maintains similar uniformity and continuity in the rod-like architectures as shown
in Figure 6b. Inset in Figure 6b shows the CdS and CdTe layers in individual rods, and
the thickness of the CdS layer is seen to be similar to that obtained for the tube-like

architecture.
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Figure 6. Morphology of the patterns. SEM image of (a) a CdTe pattern modified to
write open tubular structures sliced longitudinally which exposes the growing edges
thereby showing the cross sectional view. Inset shows close up image of an individual
(open) tubular nanostructure. False color was used to show the CdTe and CdS sections.
(b) CdTe rod pattern viewed at an angle to show the 3D structure and the interface. Inset:
shows a close up view of an individual nanorod reinforced with false color to highlight
the CdS and CdTe regions.

Detailed XPS analysis was also carried out on electrodeposited samples for
further confirmation of formation of CdTe (ESI Figure S4). Cd 3d peaks were observed
at 412.5 and 406.5 eV were similar to that observed in standard CdTe samples and
confirmed the presence of Cd?*. Te 3d peaks were obtained at 573 and 583 eV which
were also characteristic of CdTe.?® The as-prepared devices were also characterized with
optical absorption spectroscopy and the absorption spectra was analyzed for near band
edge optical absorption using the classical relation a = A(hv — Eg)n/hv where the symbols
have their usual meanings, [A is a constant, n is 0.5 for direct transition, Eg is band gap
and hv is photon energy]. Band gap was determined from the optical absorption data as
shown in ESI Figure S5. The plot between (ahv)? and hv become linear near the

absorption edge. Extrapolating the linear portion of the plot to zero absorption coefficient
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gives the band gap energy (Eg). It was observed that the CdTe nanotube arrays showed a
band gap of 1.51 eV which is a 0.07 eV blue shift compared to the reported value for
electrodeposited CdTe.?® Band gap of CdS was determined as 2.31 eV (ESI Figure Sb)
which is comparable with the bandgap obtained for CdS prepared by chemical bath
deposition.?” The absorption spectra of the CdS—CdTe nanostructured device showed a

cumulative effect of both the layers as shown in ESI Figure S5.

4.2. PHOTOELECTROCHEMICAL ANALYSIS

It is important to investigate the junction geometries before actual device
formation. For this purpose, photoelectrochemical (PEC) measurements have been
carried out, where the electrolyte containing a redox pair forming a junction with the top
layer (CdS/CdTe) suffices for the top electrode of the actual device geometry. PEC
studies in liquid electrolytes provide useful information about the junction interfaces
since they provide conformal coverage across the junction topology. In this research
project, the CdS—CdTe architectures were created in two specific configurations. It has
been shown conventionally that CdS—CdTe solar cells can be fabricated either in
superstrate or substrate geometries.?® In superstrate configuration, the actual
photoabsorber (CdTe) lies below the window layer formed by the CdS which in turn is
capped by the TCO (transparent conducting oxide) electrode. The CdTe layer is
contacted by a back electrode which is generally a metallic contact. In the substrate
configuration however, CdTe is grown on a conducting electrode and the CdS layers is
coated on top of CdTe. Conventionally, for CdTe solar cells, the superstrate configuration

shows better solar energy conversion efficiency. However, the problem of high contact
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resistance in the CdTe—metal interface as well as non-flexibility of the device has led
researchers to investigate the substrate configuration also. Moreover, in the substrate
configuration as CdTe is grown directly on the conducting electrode, the interface
properties are expected to be much better. In the present case the CdTe nanotubes grown
on top of CdS layer coated on ITO-glass can be considered closer to the superstrate
configuration where the top electrode has been replaced with the liquid junction
electrolyte. On the other hand, CdTe nanotubes grown directly on the ITO-coated glass
and coated with CdS can be considered closer to the substrate configuration where the
ITO-coated glass acts as both the growth substrate and the electrode, while the electrolyte
forms the front contact.

PEC measurements were done on the as synthesized CdS-CdTe nanotube and
nanorod arrays on ITO substrate in a liquid junction electrolytic set-up. Acetate buffer
electrolyte was used in three electrode cell assembly containing Ag/AgCl as reference
electrode, Pt mesh as counter electrode and substrates containing nanostructure arrays as
working electrodes. Acetate buffer was prepared using 0.1 M acetic acid, 0.1 M sodium
acetate and 0.1 M sodium sulphite and maintained at a pH of 4.6.2° The nanodevice was
illuminated with a 400 W Xe lamp operating in UVA range (320-390 nm) with intensity
of 100 mW cm™.

Photoelectrochemical response of the nanodevices measured in illuminated and
dark conditions were compared with that obtained from CdS—CdTe thin film
electrodeposited on ITO by similar procedure (referred to as bulk film). A linear sweep
was applied from 0 V to —0.5 V potential, at the scan rate of 0.01 V s™! and the current

response from the sample was measured, while the light source was switched on and off
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periodically. As expected the CdS—CdTe nanotubes and nanorods were very stable in the

electrolyte solution and did not undergo degradation during the experiments.
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Figure 7. PEC characterization of nanotube array. (a) The on—off response of the
photocurrent obtained under alternate illumination and dark conditions from the CdTe
nanotube arrays grown on CdS layer during a potential scan. (b) Stability of the
photocurrent measured at a constant potential of —0.4 V for extended time under
intermittent exposure to the light source for CdTe nanotube grown on CdS. (c) The on-
off response of the photocurrent obtained under alternate illumination and dark
conditions from the CdS layer grown over CdTe nanotube arrays during a potential scan.
(d) Stability of the photocurrent measured at a constant potential of —0.4 V for extended
time under intermittent exposure to the light source for CdS layer grown over CdTe
nanotube arrays.

The acetate buffer electrolyte composition works as a hole scavenger thereby,

inhibiting degradation of the CdTe and formation of Te deposits which blocks the
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nanostructure—electrolyte interface that can affect the cell performance.®®3! For these
nanotube and nanorod arrays mostly cathodic photocurrent was observed. Figure 7a
shows the on—off current response obtained from the lateral type p—n junction CdTe-on-
CdS nanotube arrays under dark and illuminated conditions.

On the other hand, photocurrent generated from the CdTe nanotube arrays coated
with CdS layer was very similar to the previous arrangement (Figure 7a and c,
respectively). The photocurrent obtained was very stable as can be seen form the
chronoamperometric measurements done at —0.4 V for extended period of time (Figure
7b, d and S6). However, as is apparent from Figure 7b and d, the CdTe nanotubes grown
on CdS layers showed a slightly better photocurrent than the CdS coated CdTe nanotubes
under chronoamperometric conditions.

As illustrated previously in Figure 1, nanorod or nanowire devices can be
fabricated in addition to the nanotube devices by following same protocol. Figure 8
shows the on—off current response obtained from a nanorod lateral p—n junction device
fabricated according to this procedure. It was observed that the device made by
fabricating CdTe nanorods on CdS layer (Figure 8a) and CdS layer deposited on CdTe
nanorod arrays (Figure 8c) produced comparable photocurrents to each other under the
experimental conditions.

In all the above configurations it was observed that the photocurrent produced by
CdTe nanotubes/nanorods electrodeposited on top of CdS layer was better than the CdS
coated CdTe nanotubes/nanorods. As has been discussed previously, in the present case
CdTe grown on top of CdS was closer to the superstrate configuration in liquid junction

electrolyte, while the CdS coated CdTe nanotubes were similar to the substrate
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configuration. It has been observed previously by various researchers that typically
superstrate configuration produces better photoconversion efficiency possibly because of

more efficient charge depletion and carrier transport.

- . ~-12 F Light off
£ 5 (@) £ - i
< <
T 1 I
£ E .6k
E -17 g !
B 55 Light on 3
£ £ 20 :
£ 29 g Light on
= =
o o
_35 1 1 1 1 1 1 1 1 1 1 _24 i 1 n A A i 1 A A i
-0.6 0.4 0.2 0 0 50 100 150 200
Potential (v) Vs Ag/AgCl electrode Time (s)
0 -
o e
£ O
&, = <
E £
~-10 I
£ a
2 5
g -15 <
° -
- o
g -20 &
3 _ 3
25 Livvw vy [T S N T T T N T NS S T S S A T Y
-0.5 -0.3 0.1 0.1 0 50 100 150 200

Potential (v) Vs Ag/AgCl electrode Time (s)

Figure 8. PEC characterization of nanorod array. (a) The on—off response of the
photocurrent obtained under alternate illumination and dark conditions from the CdTe
nanorod arrays grown on CdS layer. (b) Stability of the photocurrent measured at a
constant potential of —0.4 V for extended time under intermittent exposure to the light
source for CdTe nanorods grown on CdS. (c) The on—off response of the photocurrent
obtained under alternate illumination and dark conditions from the CdS layer grown over
CdTe nanorod arrays. (d) Stability of the photocurrent measured at a constant potential of
—0.4 V for extended time under intermittent exposure to the light source for CdS layer
grown over CdTe nanorod arrays.
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Interestingly in these cases also, the pseudo-superstrate geometry exhibits a better
photocurrent, thus highlighting the effectiveness of the growth protocol. To further
investigate the effect of CdS layer on the photoconductor performance, PEC
measurements were carried out with CdTe nanotubes arrays in the absence of a CdS
layer. It was observed that there was ~25% increase of the photocurrent density in the
presence of CdS layer (ESI Figure S7). This can be attributed to the efficient separation
of generated charge carriers and improved collection efficiency in the presence of the
electrostatic potential of the p—n junction created between CdS and CdTe. Additionally,
in conventional thin film photovoltaics, one of the problems with the superstrate
configuration deals with the interface between CdS and CdTe which sometimes needs to
be reinforced by CdCl2 treatment.®? In the present case since CdTe is directly grown on
top of CdS through electrodeposition, intermixing and diffusion at the interface will be
more pronounced compared to vapor phase growth, thereby reducing the need for further
treatments.

Additional experiments were carried out to determine photoconversion efficiency
from detailed photoelectrochemical measurements by considering the open circuit
potential (Voc), short circuit current density (Jsc), and fill factor (FF) for each device. It
was observed that the photoconversion efficiency was highest with the tubular
architectures of CdTe (9.6%), compared to that of the pillar-like structures (7.2%) as
shown in Figure 9 and summarized in Table 1. It was observed that the Vo for the film-
like device was slightly higher that with the nanostructured arrays. This can be explained
as an effect of several factors including varying degree of crystallinity in the CdS-CdTe

layers as well as different carrier recombination rate and series resistance across the



junctions in the film and nanostructure arrays, respectively. Typically, it has been
observed that single crystalline Si shows a higher Voc, while commercially available

polycrystalline Si shows considerably lower Voc.
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Figure 9. Photoconversion efficiency. A comparison of CdS—-CdTe nanostructured
devices containing CdTe nanotubes, nanorods, and thin film.

In the present case degree of crystallinity of CdTe in the tubes and rods is
definitely lower than that obtained in the film morphology. Additionally, both of the
nanostructured architectures showed higher conversion efficiency than the film-like
morphology and typically, the efficiency was increased by almost 50% in changing the
morphology of the CdTe layer from granular film to tubular structures. The obtained
photoconversion efficiency with these nanostructured devices obtained from PEC
measurements was considerably high and with proper device fabrication they can be

possibly made comparable to the high quality CdTe solar cells being reported

120
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recently.3**® It should be noted that this photoconversion efficiency was obtained from
the bare nanostructure arrays without applying any anti-reflective coating.

Interestingly, the photocurrent obtained from both the CdS—CdTe nanotube and
nanorod devices were comparable to that obtained from the CdS—CdTe bulk film with a
much higher coverage of the photoactive material as shown in Figure 10. Specifically,
while the nanotube/nanorod arrays covered an area of 75 x 75 um? on the electrode
surface, the bulk film occupied an area of approximately 0.5 x 0.5 mm? as represented in

the schematic illustration shown in Figure 10c.

Table 1. Photovoltaic performance data of the fabricated devices

CdTe morphology | Js/mAcm? |  Ved/mV FF% n%
Nanotube array 23.8 631 64.5 9.6
Nanorod array 18.8 609 63.2 7.2
Thin film 14.8 739 57.8 6.3

This essentially means that the active material coverage required for the
heterojunction nanotube/nanorod device was less than 10% as compared to that of the
planar film to produce an equivalent amount of photocurrent. This observation is very
similar to the InP nanowire arrays reported recently by Wallentin et al. where the authors

observed that even with 12% coverage, the nanowire arrays could produce 80% of the
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current obtained from the thin film device.3® When nanotube and nanorod arrays are
compared, it was observed that same amount of photocurrent generated by nanorods can
be generated from nanotubes with less coverage of the active material than nanorods.
This is the true essence of miniaturization whereby, the same amount of efficiency can be
achieved with drastically scaled down device. From a comparative point of view, it was
observed that the photocurrent obtained from the nanotube arrays was maximum

followed by the nanorod arrays, while the bulk film showed the minimum amongst the

three.
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Figure 10. PEC study of thin films. (a) The on—off response of the photocurrent obtained
under alternate illumination and dark conditions from the 1 pm thick CdTe thin film
grown on CdS layer. (b) Stability of the photocurrent measured at a constant potential of
—0.4 V for extended time under intermittent exposure to the light source for CdTe thin
film grown on CdS. (c) Schematic representation of the coverage of the
nanotube/nanorod compared to the thin film device. Scale bar is 10 pm.
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This observation confirms that indeed the “holey” architecture as offered by the
nanotube geometry provides additional opportunity for increasing the photoconversion
efficiency through optimal tuning of the optical properties. Since the reported method
provides ample opportunities to tune the pore size and the wall thickness of the
nanotubes, this approach will be extremely useful to design these nanotube architectures
with the aid of some simulation studies to optimize the optical properties thereby
maximizing the efficiency.

Electrochemical Impedance Spectroscopy (EIS) was also measured with the
pseudo-superstrate configuration of the CdS—CdTe devices and the corresponding
Nyquist plots are shown in ESI Figure S8. The impedance data was analyzed based on
Randles equivalent circuit model (inset in ESI Figure S8) to determine EIS parameters
such as solution resistance (Rs), charge transfer resistance (RCT) and constant phase
element (CPE) representing double layer capacitance at the interphase (ESI Table ST1).
It was observed that the device with CdTe tubular architecture showed minimum charge
transfer resistance, thereby leading to the highest current density. The bulk film on the
other hand, showed the highest charge transfer resistance, possibly due to inefficient

junction geometry and inhibited transport.

5. CONCLUSIONS

In conclusion, we could successfully establish a simple yet versatile protocol for
the fabrication of lateral p—n junction, CdS—CdTe nanotube and nanorod arrays on

conducting ITO substrates. Photoelectrochemical measurements indicated the robustness
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of the nanostructure—substrate interface and revealed that these nanotubes and nanorod
arrays were capable of producing photocurrent which was comparable to that obtained
with CdS—CdTe thin film albeit with much higher coverage of the active photoabsorber
layer. Additionally, the nanotube array device showed a higher photoconversion
efficiency compared to the nanorod device and the bulk films. Such enhancement of
photocurrent can be caused either by increased absorption through resonant light
trapping, reduced optical reflection due to the three dimensional nanostructure or simply
by packing high density of nanostructures in parallel such that they act as parallel set of
resistors, where the total current flowing through the device is the summation of current
flowing through individual nanostructures. The influence of the “holey” architecture in
the photoabsorber layer was also evident from the increased photocurrent of the nanotube
devices compared to the nanorod devices, which also suggested that one of the major
factors for varying efficiency was tuning of the optical properties between the nanotube
and nanorod arrays. Further studies and simulations are being conducted to investigate
whether these CdTe nanotubes and nanorods can exhibit resonant light trapping and to
what extent. These results are of immense technological importance, since the
photocurrent can be potentially amplified even further simply by increasing the packing
density of the nanostructures. The simplicity and versatility of the protocol also implies
that other types of vertically ordered photovoltaic nanostructure arrays with tuneable
physical dimensions can also be grown as p—n heterojunctions on suitable window layers.
This protocol will be especially useful to grow nanotube and nanorod/nanowire arrays of
complex ternary and quaternary chalcogenides like copper indium gallium selenide

(CIGS), copper zinc tin sulphide (CZTS) and copper indium selenide (CISe).
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SUPPLEMENTARY INFORMATION

Figure S1. SEM image of a CdTe tube grown by pulsed electrodeposition. Compared to
the continuous deposition, lateral growth has minimized and tubes can be grown beyond
the thickness of the polymer by pulsed deposition.
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Figure S3. SEM image of one nanotube pattern written in three different sizes. It shows
the versatility of the protocol to fine tune the nanotube diameter and wall thickness
without changing the feature size of the original pattern used in EBL. When the pattern is
written in a larger area (a) the tube diameter as well as the distance between adjacent
tubes (pitch) becomes larger and the tube wall thickness become thinner. When the same
pattern is written in a small area (c) the tube pore diameter as well as pitch become
smaller and thickness of the nanotube wall become larger.
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Figure S4. XPS analysis of the CdTe nanotube arrays. (a) Binding energy spectrum of Te
3dsiz and 3dsy2 (d) Binding energy spectrum of Cd 3ds2 and 3ds/2 confirms the presence of
CdTe.
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Figure S6. Stability of the photocurrent response of the CdTe on CdS device under
photoelectrochemical testing conditions. Initially, the device response was monitored by
periodically turning on and off the light source. Then light source was kept on and
photocurrent was recorded. It can be seen that the photocurrent response was stable for
more than 2 h of continuous illumination.
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Figure S7. Comparison of light on-off response of the CdTe nanotube array with

CdS/CdTe nanotube arrays. It was seen that there is ~25% increase of current density in
the presence of n-type CdS layer.
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Figure S8. Impedance analysis. Nyquist plots of (a) CdS/CdTe nanotube arrays (b)
CdS/CdTe nanorod arrays and (c) CdS/CdTe thin film. The inset shows the equivalent

circuit diagram.

Table ST1. Evaluated EIS parameters of different geometries of the fabricated devices

CdTe morphology Rs/ohm Rc/kohm CPE/Fcm
Nanotube array 0.28 15.02 5.80 x 10
Nanorod array 0.38 18.52 7.02 x 10

Thin film 0.44 819.10 1.65 x10°°
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ABSTRACT

Highly uniform and vertically aligned p-type CulnSe2 (CISe) nanotube array were
fabricated through a unique protocol, incorporating confined electrodeposition on
lithographically patterned nanoelectrodes. This protocol can be readily adapted to
fabricate nanotube arrays of other photoabsorber and functional materials with precisely
controllable design parameters. Ternary CISe nanotube arrays were electrodeposited from
a single electrolytic bath and the resulting nanotube arrays were studied through powder
X-ray diffraction as well as elemental analysis which revealed compositional purity.
Detailed photoelectrochemical (PEC) characterizations in a liquid junction was also
carried out to investigate the photoenergy conversion properties. It was observed that the
tubular geometry had a strong influence on the photocurrent response and a 29.9%
improvement to the photo conversion efficiency was observed with the nanotube array
compared to a thin film geometry fabricated by the same process while the photoactive
material coverage of the nanotube morphology was only a fraction (~10%) of the thin

film device. This technique provides ample opportunities to study novel photovoltaic
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materials and device design architectures where structural parameters plays a key role

such as resonant light trapping.

1. INTRODUCTION

There has been a rapid increase of nanostructured solar cell research over the past
few years owing to their promising potential of increasing photoconversion efficiency. In
this regard, nanoparticles have been widely explored as potential candidates for
nanostructured photovoltaic (PV) solar cells due to their high surface area [1-4].
However, inefficient light scattering ability due to the small size of the nanostructured
photoabsorbers (10-30nm) and increased charge recombination due to electron scattering
at particle boundaries has prevented their efficiency improvement [5-7]. On the other
hand, solar cells having high aspect ratio architectures of the photoabsorbers such as
nanorods and nanowires (NW) have been reported to possess inherent advantages over
conventional thin film devices [8-12]. The ability to fabricate solar cells with a larger
tolerance of lattice-mismatched materials [13, 14] and the intrinsic strain relaxation
property along with the greater absorption cross section make NWs prospective
candidates for the fabrication of low-cost and highly efficient solar cells [15]. In addition,
well aligned nanowires have shown outstanding charge transport properties in solar cell
applications [16-21].

Likewise, porous geometry consisting of periodically arranged nanoholes has
also attracted significant attention as a surface modification technique of solar cells since

these types of architectures have demonstrated efficient light trapping [22-25] leading to
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improved photoconversion efficiency. Such improvements have been numerically
simulated and experimentally demonstrated in reports [26-29]. Therefore, a photovoltaic
device that can combine high aspect ratio nanostructure along with the nanohole
geometry can expectedly lead to enhanced efficiency by combining the advantages of
both of those architectures.

A well oriented array of photoabsorber nanotubes can be considered to be a
combined architecture of nanohole and nanowire arrays. However, one should be able
fabricate such well-ordered vertically oriented nanotube arrays systematically with well
controlled physical parameters such as nanotube wall thickness, diameter, length and
distribution pattern to observe the changes of photoconversion efficiency as a function of
variation of structural parameters in order to optimize efficiency. Nevertheless, there are
only a few reports available for such fabrication methods for vertically oriented
nanostructure arrays which often involves the assistance of a hard template such as
anodized aluminum oxide (AAO) or ZnO. Removal of such hard templates for exposing
full functionality of the nanostructure arrays requires harsh conditions similar to highly
acidic or basic treatments that can be detrimental to the fabricated photovoltaic
semiconductor performance. It must be noted here that although nanowire arrays using
AAO membranes [30-33] and nanotube arrays have been reported in the literature
previously [34-37], there is no reports of simple procedures for nanotube fabrication with
pre-determined parameters.

In the present study, we report a facile route for the direct fabrication of highly
oriented CulnSe2 nanotube arrays to investigate the advantage of both the aspect ratio and

the nanohole architecture on the photoconversion efficiency. Our fabrication technique
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involving confined electrodeposition on lithographically patterned nanoelectrodes, allows
us to precisely control structural parameters such as tube length, diameter, tube wall
thickness, array distribution density and periodicity which can then be optimized for
achieving maximum efficiency.

To the best of our knowledge, this is the first reports on CulnSe2 nanotube arrays
without numerous steps for fabrication and greatest flexibility on structure parameters for
customized fabrication. Additionally, there is no need of template removal using highly
acidic or basic conditions which limit their emergence as a scalable process. The results
obtained from the photoelectrochemical characterization of the CulnSe2 nanotube arrays
in this report has been compared with a thin-film solar cell morphology fabricated by the
same process under similar conditions. In addition, the investigation of morphology,

structure, composition, and optical properties are reported.

2. EXPERIMENTAL SECTION

2.1. GROWTH OF NANOTUBES

The CISe nanotubes were grown on indium tin oxide (ITO) coated conducting
glass substrates by electrodeposition technique using an Iviumstat potentiostat according
to a protocol recently developed by the authors and refers to as confined
electrodeposition on lithographically patterned nanoelectrodes (see ref. [38] for detailed
process). In this protocol, first the desired array of nanoelectrodes with specific size and
shape were patterned via electron beam lithography using Raith eLINE Plus

nanolithography system.
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The patterns were revealed on the surface of the ITO-glass after developing the
substrate following e-beam exposure. A chemical bath containing Cu, In and Se
precursors was prepared according to a reported procedure for CulnSe2 thin film
deposition [39] along with some modifications. A typical deposition bath consisted of 0.5
mM CuClz, 2.0 mM SeO2 and 6.0 mM InCls with 0.1 M KCI as the supporting electrolyte
in deionized water. After the solution was prepared 0.5M HCI was added to adjust the
solution pH to 2.

An lviumStat.h high power electrochemical set-up consisted of a conventional
three electrode system comprising patterned substrate as the working electrode, a
platinum mesh as the counter electrode and Ag/AgCl electrode as the reference was used.
Electrodes were vertically dipped in the electrolytic bath and electrodeposition was
carried out under chronoamperometric conditions in stirred solution at room temperature
for 20 s. In our experimental conditions, an applied potential of -0.7 VV vs Ag/AgCI
produced the optimal composition. After growth, the nanotube arrays were thoroughly
washed with deionized water to remove any residues from the precursor solution and
dried under a stream of nitrogen gas.

A layer of CdS has been widely used as the n-type layer of thin film CulnSe2
solar cells [40-44] to create a p-n junction to effectively separate photo-generated
electron hole pairs and is typically fabricated by chemical bath deposition (CBD). A
uniform layer of CdS was thus obtained under well-controlled CBD conditions using a
reported procedure [45]. The CBD process was carried out at 60 °C for 20 min to achieve

a ~80 nm thick uniform layer. Low temperature or shorter time resulted in CdS films of
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low thickness. CISe nanotube arrays having a p-n junction was obtained by growing these

nanotube arrays on nanoelectrodes patterned on CdS coated ITO glass.

3. CHARACTERIZATION OF NANOTUBES

Morphology and composition analysis of the nanotube arrays were carried out by
using Helios Nanolab-600 scanning electron microscope (SEM) equipped with Energy
Dispersive Analysis of X-ray (EDAX) detector (Oxford instruments) for elemental
analysis. High resolution transmission electron microscopy (HRTEM) images and
selected area electron diffraction (SAED) patterns were obtained using Tecani F20
Transmission electron microscope. X-ray diffraction patterns were collected using
PANalytical's X'Pert PRO Materials Research Diffractometer (MRD) employing Cu Ka
radiation (A = 1.5418 °A) at grazing incidence angles for the analysis of the crystal
structure. Optical properties were studied with Cary 5 UV-Vis-NIR spectrophotometer.
Photoelectrochemical (PEC) characterization, impedance and Mott-Schottky
measurements of the nanotube arrays were performed using the IviumStat.h potentiostat
and the light irradiation was provided with a 400 W Xe lamp with a light intensity of 100
mW/cm?. The electrolyte for photoelectrochemical measurement consisted of 0.1 M
aqueous solutions of sodium sulfite, sodium sulfate, sodium acetate and the solution pH
was adjusted to 4.6 with acetic acid [46]. Measurements were taken with the three
electrode configuration as explained earlier using nanotube array as the working

electrode.
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4. RESULTS AND DISCUSSION

4.1. COMPOSITION, MORPHOLOGY AND CRYSTAL STRUCTURE

In general, the overall composition of the electrodeposited CISe depends on the
relative concentrations of the precursor ions in the deposition bath and the applied
potential. It has been reported previously that the deposition rates of Cu, In and Se varies
with deposition time and applied potential [47]. Further, it has been reported that, under
chronoamperometric conditions, during the first few minutes of deposition, there is a
decrease in the In content while selenium content was increased in the deposition before
achieving a constant composition. On the other hand, when the applied potential was
increased the opposite trend was observed [47]. However, it has been shown that high
quality CISe devices can be fabricated with a range of compositions around the
stoichiometric point [48]. Nevertheless, in our experiments, the observed composition
changes in the deposition were minimum (less than 3%) since the deposition time was
much less (~60s) to observe such a change compared to longer deposition times used in
thin film deposition [39,47]. The deposition bath was also stirred very well do avoid
limitations due to diffusion. Shorter deposition time and constant stirring also helped to
avoid local pH variations near the working electrode and hence, avoid evolution of
gaseous hydrogen and formation of indium hydroxide on the working electrode.
Therefore, complexing agents such as citrates to maintain constant composition of the
deposition and pH buffers to avoid pH variations were not required during the deposition
process. In addition, at pH 2.0, the 0.1 M KCI added to the deposition bath acted as a

background electrolyte to increase conductivity of the bath and also low pH to help
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prevent the formation of insoluble species such as indium hydroxide in the electrolytic
bath.

An SEM image of as-deposited nanotube arrays has been presented in Figure 1
showing the formation of uniform nanotubes exclusively on the patterned nanoelectrodes
without any sideward growth or inter-space. The polymer coverage adjacent to the
patterned nanoelectrodes confines the formation of the nanotubes during
electrodeposition of the CISe inside the columnar channels and perpendicular to the
substrate thereby leading to the formation of a highly oriented, vertical array of uniform

nanotubes.

o)
o)
0
o)

0000000000C
) 00000000000
00000000000
) 00000000000
L 0000000000GQ

200000000000
200000000000
000000000000
»P 000000000000
b 000000000000
0000000000040
O C 00000000 O0C

Figure 1. Morphology and composition. SEM image of (a) view from top of an array of
fabricated ClSe nanotubes. (b) EDAX line scan across a single nanotube indicating the
Cu, In and Se elements.
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The elemental analysis of as-deposited array by EDAX shows a near
stoichiometric composition of CulnSe2 with a slight excess of Cu which also indicates
that the deposit is p-type [48, 49]. Figure S1(a) (supporting information) shows a tilted
view of the pattern indicating the growth of these arrays up to the top surface of the
polymeric resist and Figure S1(b) (supporting information) shows a pattern that is
intentionally damaged to better demonstrate the cross sectional view of tubular nature and
the vertical alignment of the structure. Figure S2 (supporting information) shows a
pattern that is covering a larger area and indicate the uniformity of the array.

Furthermore, it can be seen that due to the presence of polymer on the substrate,
no ClSe deposition takes place in other areas except on patterned nanoelectrodes.
Therefore, structural parameters of fabricated nanotube arrays such as tube diameter,
thickness of the nanotube walls, packing density as well as the distribution pattern of the
array can conveniently be controlled by making desired adjustments to the writing pattern
defined during the e-beam lithography process.

This illustrates the novelty of this protocol to fabricate uniform nanotube arrays
with pre-determined structure parameters. Analysis of the material from nanotube arrays
under HRTEM and selected area electron diffraction (SAED) pattern shown in Figure 2
reveals the crystalline nanotubes are dominated by (112) planes. Crystal structure of the
nanotube arrays was further examined by PXRD analysis. To obtain clean PXRD pattern,
the CISE array was fabricated on Au coated glass substrates to avoid overlapping XRD

peaks from the 1TO background.
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Figure 2. HRTEM image and SAED pattern showing dominant (112) crystal lattice
fringes of CISe

Crystallinity of the deposition was further improved upon annealing at 400 °C for
10 minutes in N2 saturated atmosphere [50, 51]. The crystallinity would improve further
if annealing was carried out for an extended period of time however, it also can lead to
the loss of Se from the structure and therefore, additional annealing was not carried out.
As shown in Figure 3, the PXRD pattern matched with the standard chalcopyrite phase of
ClSe (JCPDS 35-1102).

Other secondary phases such as CuzSe, CuSe or Inz2Ses or other impurity peaks
were not observed in the PXRD pattern indicating the phase purity of the sample. In
addition, an average crystalline domain size of 20 nm was calculated taking into
consideration the observed peak broadening in the obtained PXRD pattern by using the

Scherrer equation [52].
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Figure 3. XRD pattern of an array of CISe nanotubes. The spectra of the sample matches
well with the chalcopyrite structure of C1Se (JCPDS 35-1102). The peaks labelled with
an asterisk are from the gold substrate.

4.2. OPTICAL PROPERTIES

Prepared nanotube arrays were examined using UV-Vis-NIR absorption
spectroscopy to investigate optical properties. The absorption spectrum as given in Figure
4 shows a significant absorption in the visible region, which has been reported previously
as also originating from the nonbonding copper 3d localized states [53], suggesting
suitability of the device for use in entire solar spectrum. Measured absorption coefficient
values over the visible region is in the range of 10* cm™ and that lies in the range of
reported literature values for CISe [54-56]. The absorption curve has a characteristic tail
in the long wavelength region which is typically observed in single crystalline and
polycrystalline direct band gap materials such as ClSe. Such auxiliary absorption was
well explained using photon assisted transition and Dow-Redfield model referring to the

electric fields emerging from grain boundaries in polycrystalline materials [57]. In
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addition structural defects in grains and grain boundaries can also lead to gap states inside
the band edges which shows transitions in longer wavelength regions. When C1Se
samples are substantially heat treated at high temperature, it is known that loss of
selenium occurs leading to selenium vacancies in the structure. In this case, an additional
transition has observed in the low energy absorption region [58] and this sub band

response was not observed from our nanotube device.
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Figure 4. Absorption spectrum of the CISe nanotube arrays. It shows significant
absorption over the visible region and the inset shows the corresponding plot prepared for
optical band gap determination considering the variation of the absorption coefficient
with the photon energy.

Optical bandgap, Eg, was determined considering the variation of absorption
coefficient, o, with the photon energy, hv, using the plot of (ahv)? vs hv according to the

classical relation (ahv)? = A(hv-Eg) where A is a constant and the other symbols have
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their usual meaning. The linear region of the plot near the absorption edge was
extrapolated to (ahv)? = 0 to obtain the optical band gap energy as indicated in the inset
of Figure 3. The band gap of the nanotube arrays was determined to be 1.04 eV which
corroborates very well with the observed CISe band gap energies at room temperature as

reported in literature [54, 59,60].

4.3. PHOTOELECTROCHEMICAL (PEC) STUDY OF THE NANOTUBE ARRAY
A PEC analysis of the nanotube array was carried out in an acetate buffered
electrolyte solution following a reported procedure [46] where a redox couple forms a
liquid junction with the top surface of the nanotubes. The presence of polymeric e-beam
resist covering the inter-space of nanotube arrays provide an added advantage by
providing a barrier between the liquid and the back contact layer of the nanotube arrays.
Otherwise, a significant shunt conduction will produce as a result of the contact of the
electrolyte and the back electrical contact. A typical electrochemical bath consisted of 0.1
M solutions of sodium acetate, sodium sulfite and sodium sulfate and the pH was
adjusted to 4.6 with acetic acid. The conventional three electrode electrochemical set up
with a platinum mesh as a counter electrode, Ag/AgCl as the reference electrode and the
fabricated nanotube array as the working electrode was used in the experiment. The
illumination for the nanodevice was provided with a Xenon lamp working in UVA zone
(320 — 390 nm) with an intensity of 100 mW/cm?. The photochemical activity of the
nanotube arrays was compared with a ClSe thin film deposited on ITO-coated glass using

similar procedure as described above.
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Figure 5 shows the photocurrent response of the nanotube arrays compared with a
thin film geometry of ClSe fabricated by the same process. Current response of the
devices were monitored while a potential scan was applied from +0.3 VV t0 -0.6 V vs
Ag|AgCl at a scan rate of 5 mV/s. The illumination to the devices were turned off and on
periodically to record the dark current and the photocurrent responses, respectively.
When the devices are illuminated a rapid increase of the cathodic current was observed
and when the illumination was turned off, a rapid decrease of the current was observed
confirming the generation of photocurrent in response to illumination. Typically for p-
type materials, cathodic current is observed under illuminated conditions since the
photogenerated electron transfer take place from the conduction band of the
semiconductor to the oxidant in the solution [61,62]. However, the origin of electrons for
increased dark current under continues scan to the cathodic direction for p-type materials
has explained to be through valance band and the mechanism by which they arrive at the
surface has correlated to the band bending at the electrochemical interphase under
reduction conditions[61,63].  The stability of the photocurrents were monitored by
chronoamperometric method where the light source was turned on and off at constant
intervals under a constant applied potential.

Stable photocurrent could be obtained from the nanotube array for an extended
period of time as shown in Figure5(c) and it also was noted that the fabricated nanotube
arrays were stable in the electrochemical bath and did not undergo degradation under the
experimental conditions. It is known that the acetate buffer solution can act as an efficient

hole scavenger to prevent degradation of semiconducting material [46].



146

0
=~ 0 f(a) Light off . (b) Light off
E | ;

R 4 ~
.l £
z 3 z
e 6 F e
@ - <
° p °
£ 8¢ £
g ; &

5 -10 f 5
o . o

_12 ..............

0.6 0.4 0.2 0.0

Potential (V) vs Ag/AgCl electrode Time (s)

T o ple) Lghtoff < (d) Light off
: € o
B 2
E £ -10 ,
-10 -
£ Z-14 | ' |
5-15 @
3 818 |
§ %0 £ ‘
5-25 S
“ G % Light on
'30 “““““““ SEm— _30 ............................
06 04 02 0.0 0 25 SO 75 100 125 150 175
Potential (V) vs Ag/AgCl electrode Time (s)

Figure 5. PEC characterization. (a) PEC response of the thin film devices when the light
source was turned on and turned off periodically under a potential sweep (b) Stability of
the photo response of the thin film measured at an applied potential of -0.5V. (c) On- off
response of the nanotube device under a potential sweep (d) Stability of the photocurrent
of the nanotube device measured under applied potential of -0.5V

Further analysis was carried out with nanotube arrays to understand photovoltaic
behavior by fabricating PEC solar cell devices to measure photo conversion efficiency
(n) taking into consideration the short circuit current density (Jsc), open circuit voltage
(Voc) and fill factor (FF). A heterojunction was made to the device by coating an n-type
CdS buffer layer (~80nm) on ITO glass by CBD method before fabricating nanotube

arrays to improve separation of photo generated electron-hole pairs and suppress the
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recombination. As shown in the current density voltage (JV) plot given in Figure 6 and
the summarized data given in Table 1, the cell fabricated with nanotube arrays could
achieve a higher photo conversion efficiency (8.85%) compared to a thin film solar cell
device (6.82%) fabricated by the same procedure. It can also be observed that even
though the Voc is very close to each other for the two types of solar cell geometries,
when the morphology is changed to a tubular architecture, there is a notable enhancement
of the Jsc and the FF for the nanotube array solar cell achieving ~30% increase in photo
conversion efficiency compared to the thin film device. It should be noted that in addition
to the improved performance, the nanotube array device has much less photo active
material coverage (~10%) on the electrode surface area compared to the thin film device

which covers the entire electrode surface area.
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Figure 6. A comparison of the photo current voltage (JV) performance of the CISe
nanotube array and thin film devices.
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Table 1. Summary of PV performance and impedance parameters of the CISe devices

ClISe geometry |Jsc/mAcm?|Voc/mV| FF | n% |Rs/ohm|Re/kohm|CPE/Fcm

Nanotube array 15.28 785 | 75.78 | 886 | 11.69 | 1.22 7.1x10°3

Thin film 13.14 779 |67.26 | 6.82 | 1595| 284 5.5x107°

The enhanced performance is likely due to the shortened carrier transport length
coupled with the better light scattering ability and enhanced light trapping of the
nanotube array geometry which improve effective photoabsorption. Similar results have
been previously reported for InP nanowire arrays where, 83% of the Jsc obtained from a
thin film device was achieved by nanowire arrays despite material coverage of ~12%
[15]. In addition, it has been demonstrated that CdSe nanowire arrays shows higher
minority carrier collection efficiency and has the ability to absorb low energy photons
more efficiently than thin film electrodes fabricated to the similar thickness [64].

Enhancement of the fill factor in the nanotube array device can be related to the
enhanced charge transport across the junction which often produce a competition
between minority carrier collection across the junction and the surface recombination
[63]. The combination of one-electron transfer redox couple with the increased junction
area due to the tubular architecture of the device therefore, improves charge transfer
across the junction compared to the surface recombination because, at a given
illumination intensity, the minority carrier flux density decreases as the surface area of
the junction increases. This lead to an enhanced fill factor in the nanotube device

compared to the thin film device as observed in this experiment. Our devices show a
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proof of concept that CISe nanotube arrays can be fabricated by this method and shows a
base line performance. The significantly improved photoconversion efficiency shown by
the C1Se nanotube array indicates that this tubular morphology can be further tuned to
increase photoconversion efficiency by manipulating physical parameters such as
nanotube pore diameter, wall thickness, and distribution pattern of the array to further
improve light scattering, photoabsorption and light trapping with the aid of some
simulation studies since this fabrication protocol has the capability to make arrays with
pre-determined parameters.

Electrochemical Impedance Spectroscopy (EIS) analysis was carried out with the
nanotube device which showed a typical Nyquist curve as shown in Figure 7a, and the
charge transfer resistance (Rct), solution resistance (Rs) and constant phase element
(CPE) indicating the double layer capacitance was determined by fitting the measured
impedance data in to an equivalent circuit model. Evaluated EIS parameters have been
summarized in Table 1. The nanotube array showed a much less charge transfer
resistance and higher double layer capacitance than that of thin film geometry which can
in turn lead to a higher current density shown by the nanotube array due to the efficient
carrier generation and transport provided by the tubular geometry.

Figure 7(b) shows the Mott-Schottky plot calculated from the EIS data by
considering the capacitance, C, vs applied potential at 1000 Hz, 500 Hz and 250 Hz
frequencies with a small AC amplitude (10mV) at each potential [62]. The analysis was
carried out in the dark and the negative slope of the linear fit confirms that nanotube
arrays are p-type supporting the observed cathodic photocurrent in the

photoelectrochemical measurements.
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The flat band potential was obtained from the intercept of the slope with the x-
axis of the line drawn through the linear region of the 1000 Hz data. The flat band
potential obtained at -0.03 V (vs Ag/AgCl electrode), is in good agreement with the
observed photocurrent onset potentials of the photoelectrochemical measurements.
Generally, there is an increase in the resistive component of the electrode with applied
potential in the dark due to the formation of a depletion layer consisting of immobile

charges in the double layer region.
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Figure 7. Electrochemical Impedance Spectroscopy. (a) Nyquist plots of nanotube array
and the thin film device with the corresponding equivalent circuit as the inset. (b) Mott-
shottky plots of the CISe nanotube array in the dark. Data was recorded at 1000 Hz, 500
Hz and 250 Hz and the line was drawn considering the linear region of the 1000 Hz data.

Since free carriers are formed under illumination, this resistance is eliminated.
Therefore, the position of the flat band can be considered as the point where onset of the

photocurrent starts eliminating this resistance [61].
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5. CONCLUSIONS

We demonstrate a simple protocol for the direct fabrication of ClSe nanotube
arrays on a conducting substrate with controllable design parameters without using hard
templates such as Anodic Aluminum Oxide or other sacrificial templates. Use of e-beam
lithography on the patterning process enables one to utilize the potential of this ever-
growing powerful technique to manipulate all the key design parameters of the nanotube
array such as pore diameter, wall thickness, distribution pattern, distribution density, etc.,
for optimizing the photo absorption and maximizing the efficiency to obtain highly
efficient photo devices. The e-beam resist used in the process provides a soft and flexible
matrix for the growth of vertically aligned nanotube arrays and the thickness of the resist
can be used to control the length of the nanotubes. The photoelectrochemical
measurements showed that these nanotube arrays are capable of producing higher current
densities despite the use of much less active material coverage compared to thin film
devices making it is possible to use expensive materials for photo conversion at a lower
cost. The strong influence for the photo conversion by nanotube array can be caused by
the elongated effective absorption length through multiple scattering of light by tubular
architecture of the array and short carrier transport distance. In general, we believe the
present work as a source for further studies and this concept would be very useful in
energizing nanodevices as well as fabricating highly sensitive photodetectors and various
other optoelectronic devices. Further improvements to the PV performance can be made
by the application of surface passivation layers and optimizing the thickness of the buffer

layer to minimize recombination losses. Another avenue for improvement is the
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introduction of Ga to the system so that the bandgap can be manipulated for a broad light

harvesting range. These changes are continuing for further studies.
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SUPPLEMENTARY INFORMATION

Figure S1. view from SEM at an angle. (a) a tilted view of a CISe nanotube array
showing the growth of tubes to the top limit of the polymer layer. (b) an array of
nanotubes was scratched and some polymer was removed to show the cross sectional
view of tubes.
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uniformity of the array indicating the ability of this protocol to fabricate nanotube arrays

Figure S2. SEM image of a CISe nanotube array covering a larger area. It shows the
with accurate structure parameters.
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ABSTRACT

Designing high-efficiency water oxidation catalysts from earth-abundant
resources have attracted significant attention in the last couple of years owing to the
potential application of this technology in several energy conversion devices. Among the
transition metals, copper is one of the cheapest earth-abundant non-precious element
which can enhance its electrocatalytic activity due to heavily occupied d-orbitals. In this
article we have shown electrocatalytic activity of copper selenide for the first time for
water oxidation reaction. The copper selenide phases were synthesized by direct
electrodeposition on electrodes, as well as by hydrothermal and chemical vapor
deposition (CVD) techniques. Structure and morphology characterization through powder
X-ray diffraction, Raman, X-photoelectron spectroscopy, and electron microscopy
revealed that all the synthesized phases were pure crystalline copper selenide of
composition CuzSe and comprising nanostructured granular morphology. Electrocatalytic
performance for water oxidation was investigated in alkaline solution (1M KOH) and it
was observed that CuzSe showed a low overpotential of only 270 mV to achieve 10 mA
cm. This catalyst also displayed a low Tafel slope of 48.1 mV dec™. Interestingly Cu2Se
showed comparable electrocatalytic activity irrespective of the method of synthesis
indicating that it is indeed an intrinsic property of the material. Chronoamperometric
studies revealed that the catalyst retained its activity for prolonged period of continuous
oxygen evolution exceeding 6 h, while post-activity characterization revealed that

crystallinity and surface composition was preserved after catalytic activity. Copper
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selenides being found in nature as stable minerals, this article can initiate new concept for

efficient catalyst design.

1. INTRODUCTION

Electrochemical oxygen evolution reaction (OER) representing the challenging
anodic half-cell reaction in both Hz evolution through water splitting and conversion of
CO:z2 to fuel, has received considerable and persistent attention over the last several
decades.!™* Water splitting and CO: electroreduction are considered as two of the most
promising reactions for sustainable generation of renewable fuels. However, the
kinetically sluggish 4e” oxidation process in OER (40H" - Oz + 2H20 + 4¢°) requires
high energy and is the most challenging aspect for large-scale deployment of these
energy conversion processes.®8 One approach to address this problem is the development
of efficient catalysts for OER. Although iridium dioxide (1rO2) ® and ruthenium dioxide
(RuO2)° has been known as state-of-the-art OER electrocatalysts with low overpotential,
their high cost and scarcity of the elements makes these catalysts unsuitable for
economically feasible hydrogen production in a practically usable scale.

Recently, many efforts have been devoted to improve the OER electrocatalytic
activity by exploring noble-metal free electrocatalysts.'*"*’ Indeed, a variety of non-noble
metal-based compounds with attractive catalytic efficiency and stability have been
explored in recent years. Particularly, earth abundant transition metals comprising Ni, Fe
and Co, and their oxides were widely studied as OER catalyst in alkaline media.*> %’

Among these the transition metal chalcogenides (MxEy, M — Ni, Fe, Co and E = S, Se)
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have gained considerable attention due to their exceptional electrocatalytic activity
towards OER, ORR (oxygen reduction reaction) and HER in alkaline media.'®2°
Research from several groups including our own have shown high catalytic activity for
Ni-chalcogenides such as NiSe,'8 NisSe2,? NiSe2,?? NisS2,% NisTez,%’ cobalt selenides,
Co7Ses,*® 28 CoSe2,?® for OER, HER and ORR. However, apart from enhanced
performance, reducing the electrocatalyst coast without compromising performance has
still been the focus of further research and tremendous efforts has been devoted by many
researchers in that direction. One of the easiest way to reduce the cost is to design the
catalyst from the most earth abundant and cheap elements.

Copper is widely available in the earth crust and cheaper than most metals
including Ir, Ni, Co etc. Copper and its oxides can be easily synthesized via
electrodeposition and hydrothermal methods. Despite the lower price and earth-
abundancy, copper is rarely used as water splitting catalyst due to the poor catalytic
activity. Yang et al.®® synthesized Cu20/CuO bilayered composites by electrodeposition
and a subsequent thermal reduction and showed the high photochemical HER activity and
stability. In another report, OER activity of Cu(OH)2 based nanowire grown on Cu foil 3!
was reported, where 530 mV overpotential was required to achieve the current density at
10 mA cm. Unfortunately, the high overpotential renders it economically unsuitable as a
replacement for Ir. Previously we have observed that the catalyst activity can be
enhanced by increasing covalency in the metal-anion bond.?” Hereby, we propose that
Cu-based chalcogenides will show better electrocatalytic activity compared to the oxides

since covalency increases down the chalcogenide series away from oxygen.
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In this work we have reported the highly efficient electrocatalytic activity of

copper selenide (CuzSe) nanostructures obtained via different synthesis routes, such as
electrodeposition, hydrothermal method and chemical vapor deposition. These simple
binary copper selenides show improved oxygen evolution with high efficiency in alkaline
medium and exhibit high stability for prolonged period of time. The overpotential (1) at a
current density of 10 mA cm, was obtained at 270 mV, which was significantly lower
than the oxide-based catalysts including state-of-the-art RuO2 and IrOz2, and is among the
lowest overpotentials observed till date. The low Tafel slopes (48.1mV dec™) also
indicate better OER kinetics for these copper selenide electrocatalyst. It should be also
noted that there are very few reports of binary copper compounds as OER electrocatalyst
with Cu being the catalytically active site. Additionally, this is one of the first reports of

OER catalytic activity in the family of binary copper chalcogenides.

2. EXPERIMENTAL SECTION

2.1. MATERIALS

All the chemicals used for the synthesis were of analytical grade and were used
without further purification. All solutions were prepared using deionized water (DI :
resistivity 18 MQ c¢cm). Copper sulfate (CuSO4) was purchased from Fisher Scientific,
Selenium dioxide (SeO2) and hydrazine hydrate (N2H4-H20, 100%) were purchased
from the Acros Organics. Au coated glass slides (Au-glass, hereafter) were bought from

Deposition Research Lab Incorporated (DRLI) Lebanon, Missouri.
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2.2. ELECTRODEPOSITION OF COPPER SELENIDE (Cu.Se)

Conventional three-electrode system was used for the electrodeposition of copper
selenide films on different conducting substrates (e.g. Cu, Au-glass, glassy carbon (GC),
etc.). Ag|AgCl and Pt mesh were used as the reference and counter electrode,
respectively. Substrates were cleaned by micro-90 detergent followed by sonication in
mixture of isopropanol, ethanol, and deionized water. The clean and air dried substrates
were masked with a scotch tape, leaving a circular exposed geometric area of known
dimensions (0.08 cm?) for the electrodeposition. Electrodeposition of copper selenide
films were carried from an electrolytic bath containing 10 mM CuSQ4, 10 mM SeO: and
25 mM LiCl at 25 °C. Dilute HCI was added to adjust the pH at 2.4 . Before
electrodeposition, N2 gas was purged through the solution for 30 min to remove all
dissolved Oz from the elcetrochemical bath. Electrodeposition was carried out for 300 s
at-0.7 and -0.8 V (vs Ag|AgCl). After deposition the films were thoroughly washed with

DI water to remove any adsorbents from the surface of the film.

2.3. HYDROTHERMAL SYNTHESIS OF COPPER SELENIDE (Cu,Se)

In a typical synthesis, Cu20 (1.0 mM) was dissolved in 5.0 ml of deionized water
under magnetic stirring to form a homogeneous solution. After mixing the solution for 10
min, Se powder (1.0 mM) was added and stirred vigorously for 20 min. Finally,
N2H4.H20 (2.0 ml) was added to the mixture and stirred continuously for another 10 min.
The resulting solution was transferred to a Teflon-lined stainless-steel autoclave. The
autoclave was sealed and maintained at 185 °C for 24 h, then naturally cooled to room

temperature. The black product formed was centrifuged, washed several times with DI
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water and then with mixture of ethanol and DI water to remove impurities. The product

was dried in a vacuum oven at 25°C for 12 h.

2.4. CHEMICAL VAPOR DEPOSITION (CVD) OF COPPER SELENIDE

Cu2Se sample synthesized by chemical vapor deposition (CVD) technique were
carried out in a horizontal tube furnace at 700 °C under a constant flow of N2 as carrier
gas. Flow rate of N2 was maintained throughout the reaction at 120 sccm with the help of
mass flow controllers. Growth was carried out using Cu coated Si wafer cut into 1cm x 2
cm pieces as the substrate and typically substrates were placed at the middle region of the
furnace at 700 °C. Since Se sublimes at elevated temperatures, the Se shots were kept
near the inlet of the reaction tube such that the temperature of selenium exceeds the
sublimation temperature when the central zone of the furnace reaches 700 °C. Initially, Se
(0.5g of selenium shots) was kept outside of the heating zone by pushing the ceramic
liner of the furnace to the extreme left. Once the central zone of the furnace reached 700
°C, the ceramic liner was pushed to the right such that the Se shots were in the 400 °C
zone. This is a crucial step for the reproducibility of the reaction as this step prevents the
escape of Se before the growth zone at the center of the furnace reaching the intended
reaction temperature (700 °C). The reaction was carried out for 30 minutes and the
furnace was cooled down to room temperature at a rate of 8 °C min™. As prepared
samples were further annealed at 140 °C for 60 minutes under nitrogen atmosphere

before further characterization.
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2.5. ELECTRODE PREPARATION

The electrodeposited and CVD synthesized samples were prepared ditectly on the
electrode which were used as-synthesized for electrochemical measurements. To analyze
the activity of hydrothermally synthesized Cu2Se, a homogeneous catalyst ink was
prepared by adding 5.0 mg of catalyst powder in 250.0 pL of Nafion solution (50 pl of
1 % nafion solution in 50 pl of 50% IPA in water) followed by ultrasonication for 30
min. 20 pL of the dispersion was drop casted on a confined area (0.08 cm?) on Cu
substrate. The drop-casted film was then dried at room temperature and finally heated at
130 °C for 30 mins in an oven.

In this article, we have reported copper selenide (CuzSe) catalyst by using different
synthetic routes and hereafter electrochemically deposited catalysts will be denoted as
CuzSe (ED-1) and CuzSe (ED-2) for the deposition potential at -0.8 and -0.7 V vs Ag|AgCl,
respectively, hydrothermally synthesized catalyst as CuxSe (HD), and chemical vapor

deposited catalyst as Cu2Se (CVD).

3. RESULTS AND DISCUSSION

3.1. STRUCTURAL AND MORPHOLOGICAL CHARACTERIZATION

The variation of phase compositions of copper selenide synthesized by different
methods were investigated by powder X-ray diffraction (pxrd). Figure 1a shows the pure,
crystalline pxrd patterns of hydrothermally synthesized copper selenide which is nicely
consistent with the standard diffraction pattern for Cu2Se (PDF# 00-006-0680). The

electrochemically deposited Cu2Se(ED-1) (deposited at -0.8V vs Ag|AgCl) on the other
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hand, showed lesser degree of crystallinity as shown in supporting Figure S1. It has been
reported previously that electrodeposition frequently produces poorly crystalline or even
amorphous films. The crystallinity of the electrodeposited films was greatly affected by
the change of deposition potential in the same electrochemical bath. Crystalline Cu2Se
(PDF # 00-06-0680) was obtained at a deposition potential of -0.7 V (vs. Ag|AgCl) with

some CusSe2 (PDF# 01-071-0045) present as a minor impurity phase.
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Figure 1. PXRD patterns of Cu2Se. (a) hydrothermally synthesized Cuz2Se and (b) CVD
(blue) and electrodeposited (red) CuzSe catalysts along with the corresponding reference
spectra. SEM images of (c) electrodeposited CuzSe (ED-1 at -0.8 V)), (d)
electrodeposited CuzSe (ED-2 at -0.7 V), (e) chemical vapor deposited Cu2Se (CVD), and
(f) hydrothermally synthesized CuxSe (HD) catalysts.
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For CVD synthesis, the pattern also showed mainly CuzSe phase with minor
presence of CusSez as shown in Figure 1b. The closeness of the pxrd patterns with the
Cu2Se and CusSe2 confirmed that copper selenide was a major product for all of these
synthesis procedures. The morphology of as prepared copper selenide films were studied
by SEM. Figure 1c-f show SEM images of CuzSe (ED-1), Cu2Se (ED-2), Cu2Se (CVD)
and CuzSe (HD), respectively. It was revealed that the electrodeposited films (Figure 1c
and 1d) are relatively uniform, well-dispersed and composed of randomly oriented
nanoparticles. This type of morphology may lead to a very rough surface with high
porosity which is beneficial for enhanced catalytic activity. The CVD, Cu2Se (ED-2) film
and hydrothermally synthesized Cu2Se powder showed different morphologies as can be
seen in Figure 1e and 1f. These are mainly granular with size distribution of nanometer to
few micrometers. The chemical compositions of these films, as analyzed by EDS, are
shown in supporting Figure S2a, 2b, 2c and 2d. The EDS confirms the presence of Cu
and Se in the all samples and absence of even trace amount of oxygen. The atomic ratio
of Cu : Se was calculated as approximately 2.0:1.0,2.0:1.0,1.9:1.0and 2.0: 1.0 for
CuzSe (ED-1), CuzSe (CVD), CuzSe (ED-2) and Cuz2Se (HD), respectively which also
confirmed that the major phase was CuzSe in all these samples. The EDS measurements
were performed at several locations on the sample surface to confirm uniform chemical
compositions.

Transmission electron microscopy (TEM) images of the representative CuzSe
(ED-1) and Cu2Se (CVD) catalyst has been shown in Figure 2a and 2d, respectively. It
can be seen (Figure 2a) that the CuzSe (ED-1) are nanoparticles with smooth surfaces

have relatively symmetrical shapes with size in the range of 20-40 nm. On the other hand,
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chemical vapor deposited CuzSe (CVD) shows interconnected nanoparticles (Figure 2d).
HRTEM image of CuzSe (ED-1) showed multiple lattice fringes as shown in Figure 2b
with measured d-spacings of 3.38, 1.76 A corresponding to the (111) and (311) planes of
CuzSe, respectively. Lattice fringes correspond to (220) plane (spacing of 2.03 A) could
be easily indexed from HRTEM of CuzSe (CVD) catalyst (Figure 2e). In addition, the
crystallinity of catalysts was further confirmed by selected area electron diffraction
(SAED) patterns. A characteristic SAED pattern of CuzSe (inset of Figure 2b) was
indexed to the (111), (220) and (311) planes while SAED pattern for CuzSe (CVD)
showed spots corresponding to (020), (220), (040) reflections of Cu2Se, thereby
corroborating the indexed HRTEM (inset of Figure 2e).

The oxidation state of the elements in copper selenide samples were investigated
by X-ray photoelectron spectroscopy (XPS). Figure 2c represents the deconvoluted Cu 2p
XPS peak for CuzSe (ED-1) catalyst where the strong fitting of peaks at 932.2 and 952.2
eV for Cul* 2ps;z and 2p12 peaks and 934.2 eV and 954.3 eV for Cu?* 2paizand 2p12
peaks, respectively confirmed the presence of Cu in +1/+2 mixed oxidation states.
Obvious satellite peaks were observed at 943.2 and 962.4 eV possibly due to the
overlapping of antibonding orbital between the Cu and Se. Similar oxidation states of Cu
could be assigned for CuzSe (CVD) catalyst as shown in Figure 2f where peaks at 932.1
and 952.2 eV for Cul* 2psi2 and 2p12 peaks and binding energies at 934.2 eV and 954.4
eV for Cu?* 2ps;2 and 2p12 peaks. These binding energy values nicely matched with
previous report of Cu2Se.3>34 It should be mentioned that Cu at the surface of both
electrodeposited and CVD synthesized Cuz2Se showed mixed oxidation states of +1 and

+2. The coexistence of +1 and +2 mixed valence is well-known in Cuz2Se.®2 The
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deconvoluted Se 3d XPS spectra of Cu2Se (inset of Figure 2c) and chemically vapor
deposited Cu2Se (inset of Figure 2f) catalysts showed peaks at 54.1 and 55.0 eV for the
Se 3ds/2 and Se 3ds, respectively, in accordance with previously reported for CuzSe.*
The weaker shoulder peaks in Se 3d at 56.5 eV may result from the oxidation of Se? ions

on the surface of the catalyst.3
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Figure 2. TEM images of Cu2Se. (a & b) Cu,Se (ED-1) and (d & €) Cu,Se (CVD). The
insets (of b & €) show SAED of Cu,Se (ED-1) and Cu,Se (CVD), respectively. Figures
(c) and (f) are the XPS of Cu 2p of Cu,Se (ED-1) and Cu,Se (CVD), respectively. Insets
(of ¢ & f) show the corresponding Se 3d spectra.
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The Cu to Se atomic ratio of ~ 2.0 : 1.0 was calculated from the initial Cu2ps/2
and Se3ds2 peak areas, demonstrating that the catalyst indeed of Cuz2Se. Hydrothermally
synthesized pure CuzSe also exhibited similar XPS spectra as shown in supporting
information Figure S3 confirming the presence of mixed valent Cu coordinated to Se?".
Raman shift of CuzSe (ED-1) and CuzSe (CVD) is shown in Figure S4. The only intense
peak observed at 260 cm™!, can be assigned to the Se-Se stretch vibration in Se?” and is in
good agreement with the value previously reported for Cu2Se.*® The absence of peaks at
141 and 235cm™! confirm that the film contains no elemental Se. It has also been noted
that there is no evidence of oxidic phases as there is no substantial peak observed at about
500 cmt, characteristic of the oxide phase.

The electrocatalytic OER activity of Cu2Se catalyst was investigated in 1M KOH
solution. Typical three electrode system electrochemical cell was used in this study where
Cu2Se modified Cu and/or GC substrate served as working electrode, KCI saturated
Ag|AgCI as reference and glassy carbon (GC) plate as counter electrodes. The reference
Ag|AgCl electrode was calibrated by using open circuit potential (OCP, -0.199 V) with Pt
wire in Hz-saturated H2SOa4 solution and converted to a reversible hydrogen electrode
(RHE) using the following equation, Eq. 1:

Erug = Eagjagcl + 0.059pH + ERgiaqci ---(1)
where Erue is the converted potential vs. RHE, Eagagcl is the experimentally obtained
potential vs. Ag|AgCl reference electrode, and E°agjagci is the standard potential of
AglAgCl (0.199 V).
The linear sweep voltammetry (LSV) was performed in N2-saturated 1M KOH

solution at a scan rate of 10 mV s™*. Figure 3a and 3b shows the OER polarization curves
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recorded for different catalysts. It can be seen that Cu itself exhibits poor OER activity in
alkaline medium. However, the simple modification of Cu substrates by chemical vapor
deposition, hydrothermally synthesized and/or electrodeposition of copper selenide
demonstrates exceptionally high OER activity. The OER onset potentials for Cu>Se
(CVD), CuzSe (ED-2), Cu2Se (HD) and CuzSe (ED-1) were obtained as 1.45, 1.45, 1.50
and 1.53 V vs. RHE, respectively. Surprisingly, both of electrochemically (ED-2) and
chemical vapor deposited CuzSe catalyst shows the similar onset potential which
confirms the intrinsic properties of catalyst which is independent of synthesis history and
surface morphology.

The slower rise in oxidation current density for the hydrothermally synthesized
sample compared to the electrodeposited one can be attributed to the fact that while the
electrodeposited Cuz2Se grew directly on the electrode and produced a binder-free film,
the hydrothermally synthesized sample was assembled on the electrode with the help of
Nafion that limited exposure of the active sites as well as introduced contact resistance
between the catalyst and electrode. Such reduction in activity between the hydrothermally
synthesized and electrodeposited catalyst has also been observed for other OER
electrocatalysts.?” The efficiency of OER catalysts were obtained by measuring the
overpotential (1) required to get the geometric current density of 10 mA ¢cm™ which is
believed to be equivalent of 10% solar energy conversion efficiency.®® It was found that
the current density of 10 mA cm2 was almost unreachable for the bare Cu electrode over
the span of applied potential range. On the other hand, only 270, 290, 300 and 320 mV
overpotentials were needed to achieve the current density of 10 mA cm for Cu2Se (ED-

2), CuzSe (HD), Cu2Se (CVD) and CuzSe (ED-1), respectively. The lower overpotential
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(by ~30 mV) in electrochemically synthesized Cu2Se (ED-2) catalyst compared to CVD

catalyst implies that the surface morphology and nanostructuring also plays a vital role in

OER activity.
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Figure 3. OER polarization curves of Cu2Se. (a & b) in N, saturated 1M KOH solution

for different catalysts. c) OER overpotential, i to achieve 50 mA cm’” at different
catalysts and d) Tafel plots of catalysts.
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In addition, coexistence of CusSez as a minor phase in the CuzSe (CVD) and
CuzSe (ED) may also play a synergistic role in the enhancing the catalytic activity. The
effect of surface morphology, substrate effect as well as growth conditions can also be
seen when comparing the overpotential at higher current densities (50 mA cm2) as shown
in Figure 3c. Surprisingly the lowest overpotentials were required for the electrodeposited
samples, CuzSe (ED-1) and Cu2Se (ED-2) catalysts.

The rationale for this observation might be attributed to the highly porous
morphology and smaller nanoparticles in the catalytic film compared to other copper
selenide catalysts, as well as the advantages of direct electrodeposition of the catalyst
which produces a binder-free catalytic film with direct electrical contact with the
electrode and containing no non-active components thereby maximizing charge transport
and catalytic efficiency. The hydrothermally synthesized sample on the other hand was
attached to the electrode with the help of Nafion, which reduces the exposure of the
active sites to the electrolyte as well as inhibits charge transport. The difference observed
in catalytic activity between samples produced from different synthetic routes can also be
attributed to the difference in particle/grain size apart from the direct adherence of the
film to the electrode as well as surface morphology. It is also possible that degree of
crystallinity of the catalytic film plays an influential role on its activity. While Cu2Se(ED-
1) showing best catalytic activity was amorphous, the other films were crystalline.
Generally, amorphous catalytic films show better catalytic activity due to more exposure
of the active sites to the electrolyte. Apart from this, the onset potential as well as Tafel
slopes of Cu2Se (ED-2), Cu2Se (HD) and CuzSe (CVD) were almost similar. The

catalytic performance was also normalized with respect to catalyst loading as shown in
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Figure S5. It was observed that the electrodeposited samples showed the best gravimetric
current density at a fixed overpotential compared to the CVVD-grown and hydrothermally
synthesized samples, respectively. This observation further confirms that the
electrodeposited sample owing to its direct attachment to the electrode, smaller grain size
and lower degree of crystallinity, exhibits enhanced catalytic performance even with low
loading. Note that the OER activity of the copper selenide nanostructures was better than
state-of the-art of RuO2 as well as other reported CuO based catalyst.31:3-3" The greatly
improved electrocatalytic OER activity of Cu2Se (ED-1) compared to CuO can be
ascribed to the effect of lower electronegativity of Se vs O leading to increase in
covalency of the Cu-Se bond. Similar observations have been reported previously for
transition metal chalcogenides-based catalysts where more covalent metal-selenide bond
enhanced catalytic activity of the binary and ternary selenides.??22” The OER activities
of different Cu-based electrocatalyst are shown in Table 1.

The Tafel slope is an important factor for the evaluation of catalyst kinetics which
describes the influence of potential, or overpotential on steady-state current density. To
gain further insight into the OER activities of these catalysts, Tafel slopes, were retrieved
from the LSVs and are presented in Figure 3d. A linear dependency of n vs log(j) was
achieved for all copper selenide catalysts and slopes were presented in Table 1. The
lowest Tafel slopes was obtained for CuzSe (ED-1) catalyst (48.1 mV dec™) indicating
better OER kinetics, highlighting the effect of nanostructure of catalyst along with porous
network. Impressively, the estimated Tafel slopes of Cu2Se is lower than well studied
RuO2 (117.1 mV dec™?) catalyst. The OER activity tested for RuO2 in Figure 3 is in good

agreement with recently reported results in literature and it further validate our
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electrochemical measurements.*?-*3 Both electrochemically and chemical vapor deposited
CuzSe (ED-2 and CVD) catalyst exhibited almost similar slopes which indicated that the
reaction mechanism followed a similar pathway. The higher Tafel slope for
hydrothermally synthesized Cu2Se can be attributed as due to the effect of non-catalytic

Nafion which was used to adhere the catalyst film on the electrode surface.

Table 1. Comparison of OER activities at different Cu-based electrocatalysts.

Onset at 10 mA Catalyst Tafel
Catalysts Electrolyte | Potential / ncm_z / mV loading / | slopes/ |References
V vs. RHE mgem? | mV dec’!
Cu(OH)2
NWS/CF 0.1 MNaOH| 1.625 530 0.8 86 31
CuO 84
NWS/CF 0.1 M NaOH| 1.627 590 0.8 31
CuOx
NWS/CF 0.1 M NaOH 1.67 630 0.8 108 31
Annealed |y o yrgop| 15 |BOUMAL 614 36
CuO cm™)
H20: treated 520 (2.5
CuO 0.1 M KOH 1.57 mA cm-) - - 37
Cuo.3Iro.70s 0.1 M KOH - 415 - 105 38
(S:éll(\:/10204- ILOMKOH| 155 400 0.2 - 39
CuRhO: 1.0 M KOH 1.56 410 0.8 - 40
CusP /CF 0.1 M KOH - 412 (52 68.5 63 4
mA cm™)

CuzSe (ED-1)| 1.0 M KOH 1.53 320 0.8 48.1 This work
Cu2Se (CVD) | 1.0 M KOH 1.45 300 2.0 90.9 This work
CuzSe (ED-2)| 1.0 M KOH 1.45 270 0.7 107.6 | This work
CuzSe (HD) |1.0 M KOH 1.50 290 5.0 136.7 | This work
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Figure 4. Stability studies of the catalyst. (a) OER stability in 1M KOH solution at a
constant overpotential of 320 mV for Cu,Se (ED-1) and 300 mV for Cu,Se (CVD).

Comparison of LSVs of (b) Cu,Se (ED-1) and (c) Cu,Se (CVD) after
chronoamperometry. XRD (d) & XPS (f) for Cu,Se (ED-1) and XRD (e) & XPS (g) for
Cu,Se (CVD) after stability.
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The stability of the Cu2Se (ED-1) and CuzSe (CVD) electrocatalysts were
investigated with chronoamperometric studies whereby, the catalytic film was maintained
at a constant potential to generate oxygen in 1M KOH solution for an extended period of
time. The potential to achieve 10 mA cm current density was selected for the
chronoamperometric studies as shown in Figure 4a.

The potentials of 1.53 V and 1.55 V vs. RHE were chosen for the stability study
and the electrolyte was continuously stirred at 1200 rpm to get rid of accumulated O2
bubbles from the electrode surface. It was observed that both catalysts (electrodeposited
and CVD synthesized) showed exceptional stability of the OER catalytic activity in 1 M
KOH and the current density did not show any degradation (Figure 4a). The comparison
of LSVs before and after 6 h of oxygen generation were used to check the catalyst
stability and has been shown in Figure 4b and 4c for electrodeposited Cu2Se (ED-1) and
Cu2Se (CVD) catalyst, respectively. Interestingly, the LSV curves for both catalysts OER
did not show any noticeable decrease of onset potential and overpotential compared to
the as-synthesized catalysts, and the LSVs before and after chronoamperometric studies
were almost superimposable.

Composition of the catalysts following catalytic activity was investigated through
pxrd, XPS, and SEM analyses. Figure 4d and 4e show the comparison of pxrd patterns of
CuzSe (ED-1) and CuzSe (CVD) catalyst, respectively after stability test. There was no
change of pxrd patterns for both the samples after stability. Structural and compositional
integrity of both of the catalysts was further confirmed by XPS spectra of Cu 2p and Se

3d after OER activity and presented in Figure 4f and 4g. Surface morphology of the both
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catalyst checked through SEM imaging after activity did not reveal major changes in

morphology (Figure S6) for both CuzSe (ED-1) and CuzSe (CVD) catalysts.

3.2. TESTING OF EVOLVED GAS AND FARADAIC EFFICIENCY

Rotating ring disk electrode (RRDE) set up was used in bipotentiostat mode to
monitor and quantify the gas evolved at the anodic reaction as shown in Figure 5 and
Figure S7. For this procedure Cu2Se was electrodeposited on GC disk electrode in a
RRDE set-up and scanned at the anodic potential range while Pt ring was held a potential
of 0.2 V (vs. RHE). The idea was to hold the Pt ring potential suitable for ORR such that
if any O2 was being produced at the disk electrode, it will be collected and reduced at the

ring electrode resulting in an increase of the ring current.
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Figure 5. Plots for the ORR-OER reaction. (a) showing OER current density at Cu,Se
(ED-1) /GC disk electrode in N,-saturated 1.0 M KOH and ORR current density at Pt ring

electrode maintained at 0.2 V vs. RHE as a function of applied disk potential. Blue line
indicates the onset potential for OER at the disk electrode corresponding with the onset of
ORR at the ring electrode. (b) Faradaic efficiency of catalyst measured in N, saturated

1.0 M KOH at 1600 rpm rotation speed.
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Both the ring current and disk current were measured as function of applied disk
potential. Initially 1M KOH solution was purged with N2 gas for 30 min before starting
the reaction to remove dissolved O2 and blanketed in N2 atmosphere. The disk electrode
was scanned from 1.0 to 1. 5 V (vs. RHE) at a scan rate of 10 mV s at 1600 rpm.
Initially, the ring current was measured to be almost zero current when disk current was
almost zero. As soon as the disk current started to increase, the ring current also increased
proportionately, indicating that there was indeed oxygen reduction happening at the Pt
ring electrode and this O2 was being generated at the disk electrode. Such OER-ORR
coupled reaction also leads to precise determination of the onset potential for OER. From
Figure 5a the onset potential of OER was obtained as 1.44 V vs. RHE. The OER
faradaic efficiency of the catalyst was calculated from the ratio of ring and disk current
and has been presented in Figure 5b. The highest Faradaic efficiency was obtained to be
about 99.7% at the applied disk potential of 1.45 V (vs. RHE), and decreased to 58.5%
with the disk voltage increasing to 1.53 V (vs. RHE).

Copper has been known as catalytically active center for several chemical
conversion processes such as carbon dioxide reduction and hydrogenation catalysts.*->°
Nevertheless, reports for electrocatalytic activity for Cu-based compounds towards water
splitting is limited.%¢-*! The presence of Cu?* along with Cu* in this case is believed to be
responsible for enhancement of OER catalytic activity by redistribution of electronic
charge around the catalytic site through inductive effect of the neighboring metal atoms.
In Cu2Se, the bond between Cu'* and Se? has a certain degree of polarization due to the
electrostatic interactions between the anion and the cation. However, when Cu?*ions are

also present in the solid, the degree of covalency in the Cu-Se bonds can increase due to
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change in oxidation state of the metal (Cu?* being more electronegative). Hence co-
existence of Cul* and Cu?* makes the anion-cation bonds non-identical leading to
inductive effects. Such inductive effect will lead to redistribution of electron density
around the metal centers and can generate sites where OH group can bind more
preferentially. Additionally, the heavily occupied d-orbitals along with the increased
covalency in the Cu-Se bonds can be expected to push the occupied electronic states to be
closer to the water oxidation level leading to lower overpotential and faster charge
transfer across the catalyst (electrode)-electrolyte interference. Such an effect has
recently been observed in the Ni-selenide and Ni-telluride series. It is encouraging to
observe such influence of increased covalency on the OER catalytic activity in the Cu-
based chalcogenides also. It must be mentioned here that copper selenides are found in
nature as selenide minerals.>* Cu2Se in particular is known as berzelianite. Identifying
such naturally occurring ores as stable and highly efficient water splitting electrocatalysts
will lead to better catalyst design and have far-reaching implications for this energy

conversion technology.

4. CONCLUSIONS

In summary, we have synthesized copper selenide nanostructure based
electrocatalysts by electrodeposition, hydrothermal and CVD techniques and have
comprehensively evaluated their catalytic activities for OER in alkaline conditions. The
OER activity observed for all copper selenide samples which has been synthesized by

different routes, suggests that the catalytic activity is indeed an intrinsic property of the
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material and independent of synthesis procedure. Electrodeposited Cu2Se catalyst
exhibits enhanced catalytic activity that could afford a current density of 10 mA cm™ at a
overpotential as low as 270 mV and with a low Tafel slope of 48.1 mV dec™. This
catalyst shows excellent stability and structural integrity under continuous Oz evolution
condition for extended period of time (6 h). Cu being one of the cheapest and most earth-
abundant element available to mankind, this work makes an important contribution in
identifying high-performance catalysts that can be used for practical applications in water

splitting devices to produce sustainable and renewable energy for future need.
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SUPPLEMENTARY INFORMATION

1. CHARACTERIZATION
1.1. Powder X-ray Diffraction (PXRD). The catalysts were characterized
using powder X-ray diffraction (PXRD) using Philips X-Pert X-ray diffractometer

(PANalytical, Almelo, The Netherlands) with a CuKa (1.5418 A) radiation.
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For the electrodeposited film the PXRD pattern was collected from the as-
synthesized CuzSe layer on the Cu substrate.

1.2. Scanning Electron Microscopy (SEM). The SEM image was obtained
using a FEI Helios NanoLab 600 FIB/FESEM at an accelerating voltage of 10 kV and a
working distance of 4.5 mm. Energy dispersive spectroscopy (EDS) along with line scan
analysis was also obtained from the same SEM.

1.3. Transmission Electron Microscopy (TEM). High resolution TEM images
(HRTEM) and selected area electron diffraction (SAED) patterns of catalyst was
obtained using FEI Tecnai F20. The spot size was less than 2 nm and probe current was
1.2 nA. STEM mode in the TEM was also used for imaging with camera length of 30 mm
and the convergence angle of 13 mrad. Oxford ultra-thin (UTW) window EDS detector
was used to detect the elements in TEM mode.

1.4. X-ray Photoelectron Spectroscopy (XPS). XPS measurements of the copper
selenide were obtained through a KRATOS AXIS 165 X-ray Photoelectron Spectrometer
(Kratos Analytical Limited, Manchester, United Kingdom) using the monochromatic Al
X-ray source.

The spectrum was collected as is and after sputtering with Ar for 2 min which
removes immediate oxide layer from surface of the catalyst. C1s signal at 284.5 eV was
used as a reference to correct all the XPS binding energies.

1.5. Raman Spectra. Horiba Jobin Yvon Lab Raman ARAMIS model was used
to perform Raman microspectroscopy on the as-deposited catalyst films. The laser used
was He-Ne with a power of about 1.7 mW over a range of 100 — 2000 cm™. The spectra

were iterated over an average of 25 scans.
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1.6. Tafel Plots. The Tafel slope is the important parameter to explain the

electrocatalytic activity and kinetics of a given reaction and can be expressed as follows:

23RT .
n=a+ s log j (S1)

where 1) is the overpotential, a is transfer coefficient, n is number of electron involved in
the reaction, F is Faraday constant and | is the current density and slope is given by
2.3RT/anF.

Faradaic efficiency of the CuzSe catalytic film was estimated by combined ORR-
OER studies obtained from bipotentiostat mode of the lviumStat using a Rotating Ring
Disk Electrode (RRDE) set-up where Pt and glassy carbon (GC) were used as ring and
disk electrodes, respectively. The Faradaic efficiency was calculated using equation S2.

2i
Faradaic efficiency = . (S2)
igN

where ir and ig are the measured ring and disk currents, respectively, and N is the

collection efficiency of RRDE, 0.17 in this work.
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Figure S3. Raman spectra of CuzSe catalysts.
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Figure S7. Plots for the ORR-OER reaction.OER current density at Cu2Se (ED-2) /GC
disk electrode in N2-saturated 1.0 M KOH and ORR current density at Pt ring electrode
maintained at 0.2 V vs. RHE as a function of applied disk potential. Dashed vertical line
indicates the onset potential for OER at the disk electrode corresponds with the onset of
ORR at the ring electrode.
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ABSTRACT

We have synthesized multifunctional anisotropic Au3Pd—-CoSe nanoparticles on
Si substrate through a catalyst aided chemical vapour deposition technique. The
technique utilized volatile cobalt acetylacetonate and elemental selenium as precursors
while sputter coated Au—Pd (3 : 2) film acted as a catalyst. The typical growth conditions
led to clear segregation of the hetero-compositions (i.e. AusPd and CoSe) in the product
nanostructures thereby preserving the functionality of both the phases. The degree of
crystallinity of the individual phases in the composite nanostructure was fairly high. The
bifunctional nanoparticles show soft ferromagnetic behaviour at room temperature and

optical activity making them ideal for opto-magnetic applications.
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1. INTRODUCTION

Multifunctional nanostructures are explored extensively for their various
applications including those in biosciences such as molecular imaging, magnetic
separation, fluorescent label- ling and other theranostic uses.'? The capability to tune the
size, shape and morphology in addition to the composition of these multifunctional
nanomaterials provides them with even more versatility. Multifunctional nanomaterials
can be categorized according to their morphologies as core—shell (where hetero-
composition is expressed radially),® dumbbell shaped (where heterocompositions are
segregated along the long axis of the nanostructure)* and barcode structures.® The
functionalities of the individual regions can be varied to obtain various types of
multifunctional nanomaterials. The dumbbell shaped nano- particles containing two
compositions of widely different functionalities sharing a common interface is especially
lucrative since it provides opportunities to fully utilize both the functionalities in the
nanoparticle ensemble. These types of multifunctional particles are also referred to as
Janus particles when they are more spherical than elongated.® Amongst these,
nanostructures including a metallic and a magnetic composition have been of
considerable interest due to their promising applications in magneto-optic and
optoelectronic devices. Development in the field of nanotechnology has also contributed
to the advancement of practical applications of the multifunctional nanoparticles in
nanomedicine as theranostic agents.” Owing to its, biocompatibility and localized surface
plasmon resonance (SPR) properties, Au nanoparticles have been very well analyzed

component of the multifunctional nanoparticle assemblies.’® The optical properties of the
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Au imparts major advantages, as the SPR peak of the Au nanoparticles can be adjusted to
near-infrared region, by tuning the size of the nanoparticles where the biological tissues
being ‘nearly transparent’ at these wavelengths, do not absorb in these regions thus
reducing background noise. Accordingly, various multifunctional nanoparticles
containing Au, such as Au—Fe203, Au-FePt, Au—-FesO4 has been synthesized by different
techniques involving solution-based chemistry 810

The transition metal chalcogenides (MEXx) [M = Fe, Co, Mn; E = Se, S, Te] have
attracted the solid state chemists for a long time owing to their interesting electronic and
magnetic prop- erties.!* Among them, CoSe is a semiconducting material with the band
gap of 1.52 eV. Cobalt selenides typically show compositions ranging from the
stoichiometric CoSe, CoSe2 phases to the non-stoichiometric CoogsSe phase.*?*> Cobalt
selenide is known to be a metallic conductor and exchange enhanced Pauli paramagnet in
its ground state with a Tc of approximately 125 K.*>> Recently cobalt selenides have
shown lot of promise as catalysts for oxygen reduction, decomposition of hydrazine
hydrate, magnetic refrigeration and as electrodes for Li-ion batteries.'® CoSe in bulk form
has been synthesized through electrochemical deposition technique,'” high pressure solid-
state synthesis'® and through mechanical alloying.*® However, reports of cobalt selenide
nanostructures are very limited.?-?2 CoSe nanoparticles have been synthesized through
microwave assisted methods®® while CoSe nanocrystals were also formed using metal
acetate—paraffin approach, in the presence of oleylamine,? and by hydrothermal method
in presence of hydrazine, cobalt chloride and selenium.??

In this article, we report the synthesis, characterization and properties of AusPd—

CoSe bifunctional nanoparticles, which show magnetic ordering as well as optical
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activity. These nanoparticles have been produced by a simple chemical vapour deposition
(CVD) reaction and are the first of its kind. The bifunctional nature of these composite
nanoparticles was characterized through optical and magnetic properties. The fusion of
optical and magnetic properties in these nanoparticles will be useful for applications in

various fields like opto-magnetic devices, biomedical and bio-imaging platforms.

2. EXPERIMENTAL

2.1. MATERIALS & METHODS

Si substrates used for chemical vapour deposition were purchased from Si quest
international. These Si substrates were cut into pieces of 1 x 1 cm? and prewashed with
isopropanol and acetone in order to remove dirt particles. No extra precau- tionary step
was taken to remove the native oxide layer. The substrates were then sputter coated with
Au-Pd (3 : 2) for 120 seconds creating a thick layer (approximately 100 nm) of Au-Pd
over the substrates. Cobalt acetylacetonate [Co(CsH7O2)3, Co(acac)s] and Se shots, used
as precursors for Co and Se, respectively were obtained from Sigma-Aldrich and used as

such, without further purification.

2.2. SYNTHESIS OF AuzPd-CoSe COMPOSITE NANOPARTICLES
AusPd-CoSe nanoparticles were synthesized by catalyst aided CVD reaction

carried out in a horizontal tube furnace at 800 °C under a flow of N2 as carrier gas (120

sccm). A Au-Pd (3 : 2) coated Si wafer used as the substrate for growth was kept at the

central region of the horizontal furnace at 800 °C. With the help of a mass flow controller
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the reaction assembly was maintained at a continuous N2 flow of 120 sccm. Both the
Co(acac)s and Se sublime at elevated temperatures and hence they were strategically
placed within the reaction tube such that the temperature at the precursors just
exceeded their sublimation temperature when the central zone of the furnace was at
800 °C. Selenium shots were positioned at 400 °C, while the Co(acac)s was kept at a 250
°C region. Initially, the Co(acac)s and Se were kept outside the heating zone by pushing
the ceramic liner to the extreme left. Once the central zone of the furnace reached the
reaction temperature (800 °C), the ceramic liner was pushed to the right such that the Se
and Co(acac)s were at 400 °C and 250 °C respectively. These steps were crucial for
reproducibility of the reaction, as it avoids the sublimation and escape of the reactants (Se
and Co(acac)s vapors) before the Au/Pd catalyst reaches the melting temperature. The
reaction was carried out for 30 minutes, and the furnace was cooled down at the rate of 8
°C min-1. After completion of the reaction a golden brown deposition was observed on
the Si substrate. This deposition was further characterized for elucidation of the

morphology and composition of the product.

2.3. CHARACTERIZATION TOOLS & TECHNIQUES

2.3.1. Powder X-ray diffraction. The product was characterized without any
subsequent purification through powder X-ray diffraction (pxrd) with Philips X-Pert
using CuKoa (1.5418 A) radiation.

Pxrd pattern was collected from the as-synthesized product spread on the Si
substrate. Because the product formed a very thin layer on the Si substrate, the pxrd was

collected at grazing angles in thin film geometry (Gl mode with Gobel mirrors).
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2.3.2. Electron microscopy characterizations. For transmission electron
microscopy (TEM) imaging, the sample was prepared by loosening a small amount of
product from the Si substrate (typically, the deposition on Si substrate was scratched) and
dispersing it in ethanol. A drop from the “as prepared” dispersion was placed a holey
carbon coated Cu TEM grid and dried in air thoroughly prior to TEM imaging and
Energy dispersive X-ray spectroscopy (EDS). TEM images were obtained on FEI Tecnai
F20 and Tecnai Osiris TEM operating at 200 kV. For FEI Tecnai Osiris TEM the probe
current is 1 nA with a spot size of less than 1 nm. The convergence angle is 10.3 mrad
and the camera length is 200 mm for HAADF imaging. High resolution TEM in Figure 3
was obtained with the Tecnai Osiris operated at 200 keV with a probe current of 2.5 nA.
The Fast Fourier Transform (FFT) patterns generated from the lattice fringes clearly
demonstrated the crystalline character of the individual regions, i.e. AusPd and CoSe.
Scanning electron microscope (SEM) imaging was performed using FEI Helios

NanoLab 600 FIB/FESEM directly onto the Si substrate covered with the nanoparticles.
SEM and EDS imaging was also performed by isolating a small amount of powder from
the Si substrate and putting it on the sample holder. The EDS line scan and mapping as
shown in Figure 2 was conducted on an FEI Tecnai F20 TEM operated at 200 keV in
STEM mode. The probe current is 1.2 nA with a spot size of less than 2 nm. The
convergence angle is 13 mrad and the camera length is 30 mm for dark field imaging.
This scope is equipped with an Oxford ultra-thin (UTW) window EDS detector, which
allows detection of carbon. The X-ray transmission efficiency for carbon with this

window is 42%.
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2.3.3. Magnetic characterizations. A magnetic moment was collected from a
SQUID magnetometer in the VSM mode. The Si-substrate containing large density of
AusPd-CoSe composite nanoparticles was loaded into a gel cap and was inserted into the
magnetometer with the help of standard sample loader. The diamagnetic signal from the
gel cap was collected separately and subtracted as a background from the signal obtained
from the sample. The zero field cooled (ZFC) data was obtained after cooling the sample
down to ~2K under 0 magnetic fields and then by measuring the magnetization under an
applied field during the warming up cycle. The field cooled warming (FCW) data was
collected by cooling the sample down from room temperature to 2 K under a non-zero
magnetic field and then collecting the warming up data under an applied field. The
magnetization of a blank Si substrate which was heat treated under similar conditions was
also collected separately and used as a reference.

2.3.4. Optical characterizations. Varian Cary 50 UV-Vis Spectrophotometer
was used for optical property measurements. Sample preparation for the UV-Vis
spectroscopy involved two separate methods. In one method the composite nanoparticles
were dislodged from the Si substrate and sonicated in ethanol for about 30 minutes. This
dispersion was then loaded in a quartz cuvette and the absorbance spectra were recorded
while the nanoparticles were still dispersed.

The second method involved functionalization of these bifunctional nanoparticles
through the affinity of Au with thiol-based ligands. Typically the AusPd—CoSe
nanoparticles were dislodged from the Si substrate and added to an ethanolic solution of
1-octadecanthiol forming a stable dispersion. This dispersion was then dried on top of

glass slides which were then loaded in the sample chamber of the UV-Vis spectrometer.



202

3. RESULTS & DISCUSSION

3.1. MORPHOLOGY AND STRUCTURAL CHARACTERIZATION

Figure 1a demonstrates the pxrd pattern obtained from the product, confirming the
presence of hexagonal CoSe (JCPDS card no. 42541) and AusPd (JCPDS no. 180872)
formed from the catalyst. The intense and sharp pxrd peaks suggest highly crystalline
nature of the formed product. Noticeably, the product purity was very high and it did not
exhibit presence of any crystalline impurity from other cobalt selenide phases. Figure 1b
shows the SEM image of the product, revealing a huge yield of the elliptical-shaped
nanoparticle morphology. The shape and nature of these nanoparticles are very
representative of the bifunctional Janus particles.® The presence of hetero- composition
zones in the nanoparticle was very apparent as can be seen from the different contrasts in
the SEM images. The composite nanoparticles were mostly elliptical in shape with the
short axis ranging from 100-150 nm while the catalyst tip was less than 100 nm. The
nanoparticle size distribution was estimated by analyzing large number of these
nanoparticles and the corresponding histogram is shown in Figure 1c (corresponding to
the short axis of the elliptical particles) and 1d (corresponding to the catalyst tip/cap).
Histogram analysis also showed that the particle sizes (along the long axis) were mostly
in the range 200-250 nm. In almost all the nanoparticles, heterozones were observed
longitudinally while radial hetero- junctions (core—shell) were not present. The size of
these composite nanoparticles could be somewhat controlled by changing the size of the

initial Au—Pd nanoalloy catalyst particles.
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Figure 1. Crystal structure and morphology. (a) PXRD pattern of the AusPd-CoSe
nanoparticles showing presence of CoSe along with AusPd. (b) SEM image of the
bifunctional nanoparticles. Brighter tip represents AusPd, while darker region contains
CoSe. (c) Particle size distribution (along short axis) of AusPd—CoSe nanoparticles. (d)
Particle size distribution (i.e. diameter) of the Au-Pd region.

The elemental compositions of these bifunctional nano- particles were
investigated in details through extensive elemental analysis studies including EDS line
scan and mapping in STEM mode. The elemental mapping from these individual
nanoparticles showed that Co and Se were concen- trated at the thicker end of the

nanoparticle while Au and Pd was immobilized at the slender tip as shown in Figure 2.
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Figure 2. Elemental mapping of the Au—CoSe nanoparticles. As shown in upper left
panel, preferential location and segregation of the Au, Pd, Co and Se are shown in the
mapping images. The lower left panel shows elemental line scan across the same
nanoparticle which corroborates with mapping.

The Au(Pd) and Co—Se regions shared a common interface. There was no
noticeable mixing of Au in the Co-Se regions, and likewise there was almost no mixing
of Co-Se in the Au region. This indicates that the phase purity of the individual phases in
these bifunctional nanoparticles was very high. Although pxrd showed that the metallic
part was mainly formed by AusPd, there is a possibility that trace amounts of Au was also
present. Au and Pd forms AusPd alloy in a narrow temperature range.?® The composition
of these nanoparticles was also confirmed through X-ray photoelectron spectroscopy

(XPS) which showed the presence of peaks corresponding to Co (2p) [778 eV] and Se
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(3d) [54 eV] in addition to Au (4f) and Pd (4d) as shown in Figure S1 in supporting
information (ESI). These values agree well with the reported values for CoSe.?

These composite nanoparticles were studied through detailed high-resolution
TEM microscopy (HRTEM) to get a better insight into the composition of individual
regions of the bifunctional particles as well as nature of the interface between these.
These HRTEM studies showed that the thicker portion was actually crystalline CoSe
phase with lattice fringes corresponding to the [100] planes, while the darker region
showed mostly the presence of crystalline AusPd (Figure 3a and b). SAED pattern could
also be collected from the CoSe region, which showed diffraction spots corresponding to
(010), (1-01) and (1-11) lattice planes while the zone axis was along the <111> direction.
HRTEM images collected near the interface revealed that the junction between CoSe and
Au(Pd) phases were very clean and sharply defined (Figure 4a and b).

There was minimal mixing at the interface and there was no loss of crystalline
order across the interface. The nature of the interface is very crucial since in these
magnetic nanostructures pinning of magnetic flux at the interface by another magnetic
material may lead to exchange bias interactions. However, in this case, the interface was
very clean indicating that there was no major magnetic phase other than CoSe present in

the interface.

3.2. OPTICAL PROPERTIES
Au nanostructures are well-known for their plasmonic property which gives a
characteristic peak in the UV-Vis spectra.?® It has been reported by other researchers that

formation of AusPd nanoparticles also shows surface plasmon bands similar to Au.?6:?’
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Figure 3. TEM images of nanoparticles. (a) Magnified view of the single nanoparticle,
clearly showing the union of the two nanoparticles, through a common interface. (b)
HRTEM image of the CoSe region showing the lattice fringes which could be matched
with <100> lattice planes of CoSe phase. Inset showing the SAED pattern depicting high
degree of crystallinity.

=t 23A
AuzPd <111>

AuPd <111>
2.3A
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CoSe <101> ft L 27A
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Figure 4. HRTEM images of a single nanoparticles. (a) and (b) shows clean interfaces
and exhibits lattice fringes corresponding to AusPd and CoSe on either sides.
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Hence UV-Vis absorbance spectra and magnetization was collected from an
ensemble of these AusPd—CoSe nano- particles to study their opto-magnetic properties
respectively. The UV-Vis spectra of AusPd—CoSe nanoparticle ensemble show a peak
around 565 nm which is characteristic of Au nano- structure with a size of ~90 nm
(Figure 5a). The UV-Vis spectra also show a peak at 735 nm with a band-edge at ~750
nm corresponding to band gap energy of around 1.64 eV. This corresponds to the
electronic excitation in the CoSe region, where bulk CoSe is reported to have a band-gap

of 1.55 eV.12-15

Absorbance (a.u)
Absorbance (a.u)

Au3Pd-CoSe in Octadecanethiol
Octadecanethiol - background

400 600 800 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 5. Absorbance spectra from AusPd—CoSe bifunctional nanoparticles. (a) In
ethanol and (b) as a film spread on glass slide.

It should be noted that the plasmonic property of Au is not dampened in these
composite nanoparticles. The absorbance spectrum was also collected by dispersing the

AusPd-CoSe nanoparticles in solution in the presence of octadecanethiol which gave a
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stable dispersion. This dispersion was then dried on a glass slide to form a uniform [JIm-
like deposition. This slide was then subjected to UV-Vis spectroscopy and yielded a clean
spectrum with peaks at 560 nm and 750 nm similar to the ones obtained in the ethanol
(Figure 5b). It should be noted here that the octadecanethiol by itself does not show any
well- defined feature in the 400-850 nm range of wavelength. Hence, the absorbance
peaks obtained from the sample slide can be ascribed solely due to the AusPd—CoSe

nanoparticles.

3.3. MAGNETIC PROPERTY MEASUREMENT

While Au is the optically active component in these nano- structures, CoSe on the
other hand is a magnetic solid which shows Pauli paramagnetism.>1> Magnetic property
of the composite nanoparticles was studied through temperature dependent magnetization
and isothermal magnetization as a function of applied field. The magnetization as a
function of temperature was collected both at zero-field (ZFC) and field cooled (FC)
conditions. Both ZFC and FC plot shows characteristic of a ferromagnet-like interaction
at low temperatures (<10 K) (Figure 6a). However, the data was a little bit noisy probably
due to the composite nature of these nanoparticles and also the presence Si (from the
substrate) in the ensemble used for magnetic measurement.

The magnetic signal from Si was also collected as background, which showed
featureless M vs. T plot as would be expected (Figure S2). The isothermal magnetization

vs. field for the composite nanoparticles was collected at 300 K and 5 K (Figure 6b).
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Figure 6. The magnetization behaviour of AusPd—CoSe nanoparticles. (a) M vs. T plot of
the nanoparticles under zero-field cooled and field-cooled conditions. (b) Isothermal M
vs. H at 300 K. Lower right inset shows the zoomed in view showing the small
coercivity. Upper left inset shows the M vs. H plot at 5 K.

The hysteresis plots were consistent with soft ferromagnetic behavior of the
composite nanoparticles. At 300 K the hysteresis loop showed a very small coercive field
of rv40 Oe (Figure 6b, right insert). At low temperatures (5 K) a clear hysteresis was also
observed (Figure 6b, left insert). However, there was a marked absence of coercivity and
the magnetization had a cross-over near 0 Oe. This kind of behavior has been observed in
single molecule magnets and mesoscopic granular ferromagnetic particles.?2° It is
explained mainly by the occurrence of magnetic relaxation by quantum tunneling at low
temperatures near zero fields. These kinds of magnetic relaxation are very dependent on
the particle size and anisotropy. Also the presence of surface spin states causes
anomalous behavior in the low temperature hysteresis loops of the nanosized magnetic
particles. Hence, we suspect that the polydispersity of the CoSe regions along with
varying degree of anisotropy between particles and the presence of interface with AusPd

give rise to competing magnetic interactions, especially at low temperatures, contributing
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to the complex nature of the hysteresis curve. However, the nature of the hysteresis loops
indicates that the nanoparticles have considerable ferromagnetic interactions within the
ensemble. The very low value of the coercive field also suggests superparamagnetic
behavior, which is expected for ferromagnetic nanoparticles with sizes below the critical
limit for forming monodomain magnetic particles. It was also observed that the AusPd—
CoSe nanoparticle ensemble was weakly attracted to a common laboratory magnet and
could be magnetically separated over several days. Hence it can be concluded that the
AusPd-CoSe nanoparticles have soft ferromagnetic interactions within the ensemble with
low coercivity which makes them weakly responsive to external magnetic fields. Their
diminishing hysteresis loop and nature of the ZFC— FC curves indicate that at 300 K they
might be very near to the superparamagnetic blocking temperature separating the ordered
state with the superparamagnetic state.

It was observed that the AusPd—CoSe nanoparticles could be stabilized in solution
by adding a thiol-based ligand (e.g. octadecanethiol) which shows affinity towards
AusPd-region. The dispersion formed by AusPd—CoSe nanoparticles in ethanol in the
presence of octadecanethiol was stable for several days. Interestingly, placing a magnet
near the dispersion led to the very slow accumulation of AusPd—CoSe nanoparticles near
the magnet. This indicates that these nanoparticles reported here can be functionalized
with appropriate head groups and will be ideal for application which requires
multifunctional opto-magnetic components, where the magnetic part can be utilized for
targeting and tracking, while the optical part aids in identification. Currently, the authors
are trying to functionalize these nanoparticles with some peptide aptamers and use them

for in vitro studies related to theranostic applications.
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3.4. MECHANISM OF FORMATION

To elucidate the growth mechanism, the authors performed several experiments
by varying the reaction parameters. It was realized that the first step in this reaction
scheme was the formation of AusPd alloy which is the stable phase in the Au— Pd binary
phase diagram within the Pd rich zone.? This AusPd then acts as the catalysts for further
decomposition and growth of the Co-rich phases. The next stage in the nano- structure
growth comprises of vaporization and transport of Co(acac)s and Se. The Co(acac)s
pyrolyzes under the reaction condition and the Co-rich vapours generated dissolve and
diffuses preferentially within the AusPd region of the catalyst. As Se vapours are fed into
the system, the Co end of the catalyst gets converted into CoSe which precipitates out
from one end of the active catalyst region (AusPd). The limited solubility of Co and Se in
AusPd, facilitates the anisotropic precipitation of the CoSe phase. It should be noted here
that in the composite nanoparticle there was no evidence of elemental Co and the
formation reaction of CoSe was complete.

The method for nanostructure growth reported here is similar to the growth of
superconducting FeSe nanocables and entrapped nanoparticles by the current authors. 303
In the case of FeSe nanostructures, however, the entire FeSe was encapsulated within a
carbon nanofiber and carbonaceous shell, respectively, and the growing FeSe shared an
interface with Pdi7Se1s, while Au did not take part in the reaction at all. There was no
evidence of AusPd formation in the case of FeSe. In the current case, however, the
marked difference between the phase diagrams of Fe—Pd and Co—Pd results in completely

different composition-zones in the nanostructures, viz. AusPd alloy formation.
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4. CONCLUSIONS

We have successfully synthesized, anisotropic, bifunctional AusPd-CoSe
nanoparticles, through facile, catalyst aided, chemical vapour deposition technique. The
magnetic characterization of these bi-functional nanoparticles revealed their soft
ferromagnetic nature. Optical activity of these nanoparticles was confirmed through
observation of the plasmonic bands for Au and the absorbance peak corresponding to
CoSe. The method described in this report can be used to synthesize new multifunctional
nanostructures by carefully choosing various other metal-acetylacetonate precursors, and
catalyst particles to synthesize metal selenide-noble metal multi-functional

nanostructures.
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Figure S1. The XPS spectra collected from the AusPd-CoSe composite nanoparticles
after sputtering for 10 s.
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ABSTRACT

This research work describes a methodology for the fabrication and
characterization of a free standing catalyst film prepared combining different catalytic
materials such as nickel telluride (Ni3Te2), platinum/carbon (Pt/C) with carboxylated

polyacrylonitrile styrene butadiene (cCABS) copolymer dispersion, activated carbon and
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other supportive ingredients. The aim of this work is to produce a low cost, flexible,
standalone catalyst film with improved electrical conductivity, mechanical properties and
durability for future electrocatalytic applications such as photo/electro catalytic water
oxidation, membrane for reduction of gaseous carbon dioxide to useful chemicals,
electrocatalytic water purification, etc. The catalyst film can be prepared from scalable
common tecniques such as dip coating, spray painting, roller painting and roll to roll
coating. The prepared films were characterized for electrical conductivity, catalytic
activity, scanning electron microscopy (SEM), thermal behavior through
thermogravimetric analysis (TGA) and stress-strain test. Electrical properties observed to
be varied depending on the amount of conducting carbon in the catalyst film.  The
minimum sheet resistance achieved was 180 /sq and the highest conductivity was 820
Sm! observed for the catalyst film having the composition of ~70% carbon in the film.
Catalyst film was evaluated both under oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER) conditions and it was stable for more than three hours under

OER conditions.

1. INTRODUCTION

Recent progress achieved in the field of nanoscience and technology has been
made possible to make materials with controllable size, shape and composition. This is
particularly interested in the field of catalysis research since it provide ample
opportunities to study the influence of morphology and composition of catalyst particles

towards interested reactions. Especially catalytic materials in the form of nanoparticles
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exhibit surprisingly enhanced catalytic activity mainly due to the increase in surface
reactivity'®. As a result, well dispersed catalytic materials in the reaction medium is
preferred to carry out catalytically driven reactions since maximum contact between
catalytic particles and the reactants can be achieved in this process. However, there is an
immense difficulty of separating the catalyst from its products or unreacted reactants at
the end of the catalytic cycle’®. These types of systems, therefore, create problems of
contamination of the product with catalytic materials and also greatly affects the
recycling ability of the catalysts. In industry, heterogeneous catalysis is preferred over
homogenous catalysis due to the same reasons.'® Recovery of the catalyst at the end of
the catalytic cycle is a much greener approach in terms of cost, environmental concerns
and the product quality. Use of nanofiltration!?, scavenging columns'?, complexing
agents in solution®®, use of liquid biphasic solutions** have been demonstrated as some of
the potential solutions. However, these problems can be addressed by anchoring catalytic
materials to a solid support so that the process can be easier to handle, catalyst can be
separated and recycled without additional complicated steps. One of the disadvantage in
this method is that efficiency of the catalyst is compromised to some extent since the
catalytic reaction takes place close to the interface region of the material and hence,
porous supports are used to expose a maximum surface area of the material to the
catalytic medium. Various types of supporting media such as porous organosilica*>’,
stabilized magnesia and other oxides*®?%and zeolytes?'-?* has been investigated for this
purpose. Additionally, the conductivity of the catalyst support is an important parameter
in electro catalysis. In these instances, conducting substrates such as carbon fibers?,

carbon nanotubes and graphene®-28 has been shown promise. Pristine carbon nanotubes,



220
however, chemically inactive and need to be functionalized to introduce oxygen and
other functional groups to make them more hydrophilic and improve the catalyst-support
interaction. As a result, conducting polymeric materials have seen as a potentially
attractive system to support catalytic materials since suitable functionalities can be
introduced to the polymer to improve polymer-catalyst interactions in addition to their
capability of electron and proton conductivity. Viologen based polymers?: 2, poly vinyl
acetic acid (PVAA)%L, poly(4-vinylpyridine) (PVP)*, polyaniline (PA)**3*, polypyrrole
(PPy)%3 and perfluoro sulfonic acid containing polymers such as Nafion®’ are the most
common polymers used for this purpose. These material has the potential to be ideal
candidates with further developments in the future. However, an optimal material that
combines low cost, mechanical strength, stability in acid and base environments and a
simple fabrication method capable of expanding into industrial scale manufacturing
process still remains challenging.

Carboxylated polyacrylonitrile butadiene is a commercially available aqueous
based polymer dispersion and certain grades of these polymer are available as
copolymers of styrene at a very reasonable cost but has not been studied extensively for
these types of applications. Presence of carboxylic groups in the polymer may be
advantageous since they can exert a strong interaction with catalyst particles to make
them attach well with the polymer promoting the long term stability of the catalyst films.
On the other hand, aqueous based polymeric systems are preferred in every possible
instances because there is a greater flexibility of material processing and dispersion
preparation and those processes are less complicated, scalable and much greener

compared to organic solvent based polymer systems and thermoplastic resin based
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systems. Presence of carboxylic groups make the polymer hydrophilic and similarly make
it compatible with other polar additives in a composite. This study explores the capability
of carboxylated polyacrylonitrile butadiene styrene (CABS) polymer dispersion to be used
in a catalyst ink and to fabricate a free standing catalyst film to be employed in catalytic
and electrocatalytic applications in aqueous medium. With the recent progress of research
in the area of water oxidation to generate oxygen and hydrogen fuels, a flexible,
conducting and free standing catalyst film with the capacity to fabricate in larger scale
with simple techniques such as using a roller paint brush, spin coating, screen printing,
dip coating or printing at a minimum cost is highly desirable. The large area fabrication
of these free standing catalyst films were achieved with cABS dispersion and electrically
conducting carbon to deliver substrate independent and low cost composite films suitable
for electrodes operating under dry or wet conditions. This wet-based novel fabrication

process is simple, scalable and contains inexpensive common materials.

2. EXPERIMENTAL

2.1. MATERIALS

Chemicals used in the current study i.e. Carboxylated polyacrylonitrile butadiene
styrene polymer (Nychem® 1578x1) from Emerald Specialty Polymers, LLC (OH,
USA), activated conducting carbon from Aldrich Chemical Company, Inc. (WI, USA),
Sodium carboxymethyl cellulose (Mw~700,000) from Sigma-Aldrich Co. (MO, USA)
and Triton® X-100 from Acros organics (NJ, USA) were used without further

purification steps.
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2.2. FABRICATION OF CATALYST FILM

2.2.1. Preparation of Conducting Carbon Dispersion. First, Triton® X-100
was diluted with deionized water to make a 5% (v/v) solution. Then, 1 mL of this
solution was mixed into a 20 mL of deionized water while stirring with a magnetic stirrer.
Activated carbon (3 g) was slowly added in small quantities into this solution and stirring
was continued for further 30 minutes. A solution of Sodium carboxymethyl cellulose (10
mg/mL) was prepared by completely dissolving sodium carboxymethyl cellulose powder
in deionized water at 90°C and 6 mL of this solution was added to the carbon mixture and
stirring was continued for further 30 minutes.

2.2.2. Preparation of the Catalyst Dispersion. Hydrothermally synthesized
catalytic materials in our lab including selenides, NisSez, NiSe, FeNi2Ses, Co7Ses, Cu2Se,
and telluride NisTez, etc. were dispersed in deionized water typically in 10mg/mL
concentration. Finely divided catalyst power was directly mixed into deionized water and
sonicated in a Fisher Scientific FS20 sonicater to make a uniform dispersion. Then the
mixture was stirred with a magnetic stir bar for 15 minutes to ensure complete
homogenization of the catalyst and as-prepared dispersion was stored under ambient
condition in air-tight vials. The dispersion was stirred again for 15 minutes prior to use to
ensure homogeneous mixing.

2.2.3. Preparation of Catalyst Ink-Base. Figure 1 illustrates a typical process for
fabricating the free standing catalyst film base.

CABS polymer (20 mL) was mixed with 0.5mL of 5% Triton® X-100 solution

under stirring and stored in a closed vial at room temperature at least 24 hours before
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using it to prevent formation of lumps and aggregations during further processing of the

dispersion and labeled the mixture as stabilized polymer solution.

SRR )
Activated carbon, Sodium carboxy
and other methy! cellulose

additiVAeS/
‘onylated

polyacrylonitrile styrene
Carbon dispersion

butadiene based polymer

Figure 1. Schematic representation of preparing the free standing catalyst film-base

Catalyst ink base was typically prepared by mixing six parts of conducting carbon
dispersion with one part (v/v) of the stabilized polymer solution at room temperature
while stirring with a magnetic stirrer. This mixing ratio can be changed depending on the
desired strength and conductivity of the finished layer. As an example, if high strength is
preferred, the fraction of polymer solution can be increased.

Table 1 shows some typical example mixing ratios and the properties of resulting

films. As prepared catalyst ink base could be applied onto a desired substrate such as
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glass, metal, wood, paper, cloth, plastic, polymer films etc., by using a preferred
application method such as with a paint brush, spin coating, spray painting, dip coating,
drop casting, screen printing, roll-to-roll coating etc. and dried as described below to
obtain a free standing catalyst film-base.

2.2.4. Preparation of Catalyst Ink. For the preparation of the catalyst ink, ten
parts of the catalyst dispersion was mixed into four parts (v/v) of the conducting carbon
dispersion while stirring with a magnetic stirrer. A diluted polymer solution was
separately made by mixing 0.5mL of the stabilized polymer solution with 9.5 mL of
deionized water.

Then one part (v/v) of this diluted polymer solution was mixed into the
carbon/catalyst dispersion already prepared and stirring was continued for further 15
minutes at room temperature. This mixing ratio can be changed depending on the desired
catalytic activity and conductivity of the catalyst ink. As an example, if more catalytic
activity is preferred, the fraction of the catalyst dispersion in the ink can be increased.
This catalyst ink also can be applied onto a given substrate in a similar manner described
in catalyst ink-base.

2.2.5. Preparation of Substrate Supported Catalyst Films. In a typical sample
preparation, a thin layer of catalyst ink-base was applied to a given substrate such as
glass, fabric, etc. and completely dried in an oven at 70 °C.

After the sample was cooled to room temperature, catalyst ink was directly coated
on the dried catalyst ink-base and placed in an oven at 70 °C to achieve complete drying.

Drying time typically depends on the thickness of the catalyst film and the coated area.
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After the catalyst film is completely dried, it was allowed to cool to room temperature.
Another layer of same catalyst ink can be coated again if multiple coatings are desired.

2.2.6. Preparation of Free Standing Catalyst Film. First, a layer of catalyst
ink-base was applied onto a smooth substrate such as glass Petridis and completely dried
in an oven at 70 °C. After that it was allowed to cool to room temperature naturally, then
a layer of catalyst ink was applied on top of the dry catalyst ink-base layer and dried and
cooled similarly. The composite film can simply be peeled off from the substrate as a free
standing catalyst film after dipping the sample in a hot water bath at ~90°C for about 5
minutes. Figure 2 shows a typical free standing catalyst film preparation process and as-
prepared films.

2.2.7. Preparation of Free Standing Films with Electrodeposited Catalyst
Layers. Although, the catalyst materials of interest were used as the powdered form to
prepare free standing catalyst films, due to the conductivity of the catalyst ink-base layer,
free standing catalyst films can also be prepared by electrodeposition of the catalyst of
interest directly on the catalyst ink-base films.

First, a layer of catalyst ink base was applied onto a smooth substrate such as
glass and completely dried in an oven at 70 °C. Then, these films were peeled off from
the substrate after dipping the sample in a hot water bath maintained at ~90 °C. The films
were dried again in the oven to get rid of water and insulated the films with clear tape
leaving the area only for electrical contact with external circuit and the area for

electrodeposition to take place.
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Flgure 2. Free standing catalyst film. (a) Schematic illustration of preparing the catalyst
ink and free standing catalyst film. The photographs shows the (b) flexibility and (c) a
large composite film fabricated from this process

Then, electrodeposition of the catalysts were carried out on these films in a
similar fashion to a normal conducting substrate, such as gold coated glass, using

reported procedures 38 %,

3. CHARACTERIZATION OF FREE STANDING CATALYST FILM

Helios Nanolab- 600 equipped with an Oxford INCA detector was used for
Scanning electron microscopy (SEM) imaging and Energy Dispersive Spectrometry

(EDS) for elemental analysis respectively. Powder XRD (pxrd) analysis was performed
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on free standing films using PANalytical’s X’Pert PRO Materials Research
Diffractometer (Cu Ka 1.5418 1&). UV-Vis absorption spectra were recorded using
Varian Cary® 50 UV-Vis Spectrophotometer. Electrochemical measurements were
carried out using an IviumStat potentiostat using three electrode system. Ag|AgCl, carbon
cloth and the catalyst film were used as reference, counter and working electrodes,
respectively. All potentials observed vs Ag|AgCl were converted to the reversible
hydrogen electrode (RHE) by using the following equation.

Erne = Eaglagel + 0.059 pH + E%agiagel (1)
where, E RHE is the calculated potential vs RHE, Eaglagcl is the experimentally
measured potential vs Ag|AgCl reference electrode, and E%agagci is the standard
thermodynamic potential of Ag|AgCl at 25 °C (0.197 V). Electrical conductivity, o, of
the samples were measured using the relationship, ¢ = (LI/AV) where, L is the thickness
of the sample, I is the measured current, A is the area of the sample and V is the voltage
applied. A C4S 44/5S four-probe measurement system from Cascade Microtech, Inc.
used for the measurements at room temperature. Current was applied using a Keithley
220 programmable current source and the voltage was measured using a HP 3457A

multimeter.

3.1. EVALUATION OF CATALYTIC ACTIVITY
Performance of the free standing catalyst film towards the oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER) were monitored by linear sweep

voltammetry (LSV) in 1M KOH solution. A Tafel plot was created to understand the
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kinetic behavior of the catalyst when fabricated as a free standing films. Tafel slope,
(2.3RT/anF), can be obtained from the plot between 1 and log j of the Tafel equation;

n=a+ (2.3RT/ anF)log j 3)
Where, 1 is the over potential, R is the universal gas constant, T is the room temperature,
o is the transfer coefficient, n is the number of electrons involved in the reaction, F is
faraday constant and j is the current density.

On demand hydrogen production for electrocatalytic reactions by free standing
catalyst film was demonstrated by catalytic reduction of 20mL of 0.01M p-nitrophenol
(PNP) to p-aminophenol (PAP) at room temperature (25 °C) in the presence of Pt/C
(10%) catalysts loaded on the polymer composite. In a typical PNP reduction reactions
NaBHa4 use as the source of hydrogen however, in this study HER was utilized to
generate the required hydrogen for the reaction by applying a -0.6Vto the working
electrode under chronoamperometric conditions and Pt already available on the free
standing film employed as a catalyst for the reaction. Aliquots of 50uL. from the reaction
mixture was taken at different time intervals and diluted 20 times with deionized water
before taking the absorbance measurements.

Two control experiments were carried out using identical solutions by bubbling
hydrogen gas from a different source in the absence of a catalyst film and in another
experiment, dipping a catalyst film in an identical solution in the absence of hydrogen.
Electrochemical accelerated durability test (ADTs) was employed to evaluate the long-
term performance of the catalysts films. ADT has reported in literature as an inexpensive

and convenient technique for evaluating catalysts for stability and performance®. Using
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the similar experimental set up as in a LSV test, ADT was conducted in the current study

with cyclic voltammetry (CV) curves between 0.2 and 1.5 V (vs RHE).

4. RESULTS AND DISCUSSION

4.1. ELECTRICAL CONDUCTIVITY

Several catalyst ink base compositions were prepared by mixing different ratios of
conducting carbon dispersion and the stabilized polymer solution according to the Table
1 to evaluate electrical conductivity, physical performance and morphology of the
finished catalyst ink base films.

Since cABS in intrinsically non-conducting, it is important to bring the
conductivity to the free standing film by mixing conducting materials such as conducting
carbon to perform electrocatalytic activity. Conducting carbon is a well-known,
inexpensive material to mix with insulating polymers to produce conducting
composites*. Electrical conductivity of insulating polymers such as cABS is not sensitive
to small changes of conducting carbon at low loading in the composite films.

However, at higher loadings of conducting particles, it has reported that
conducting particles maintain contact with each other creating an uninterrupted
conducting pathway. When the conducting particle loading is at this critical
concentration, known as percolation threshold, a rapid increase of the conductivity of the

film has been observed*2.



Table 1. Electrical and mechanical properties of catalyst ink base films
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) Electrical )
Sample Carbon: polymer | Carbon % in o Sheet resistance
_ _ ) conductivity
name (dispersions, v/v) the film (Q/sq)
(Sm™)
cABS-0.25 3:0.25 69.8 820.0 180
cABS-0.4 3:04 60.4 769.2 183
cABS-0.5 3:0.5 55.4 714.3 237
CABS-1 31 39.1 32.1 353
CABS-2 3:2 24.7 30.8 1183
CABS-3 3:3 18.0 20.0 6279
CABS-4 34 14.2 18.8 222E+3
CABS-5 3:5 11.7 1.1 Over limit
CABS- 0 0:1 0.0 0.0 Over limit

Similar observations has made during this study. Furthermore, some studies

suggest that conductivity can also be facilitated by tunneling in the absence of continuous

pathways if the proximity of conducting particles are small*® %4, Figure 3 shows the

dependence of electrical conductivity as a function of conducting carbon content of the

polymer films.

Apart from giving rise to conductivity to the composite polymer film, the

presence of carbon alters the mechanical properties of the polymer. It should be noted

that, in this study, when the carbon content of the films were beyond 60%, the films lost

most of its elasticity and therefore, not suitable as free standing films without a support of

a substrate such as a solid support or another low carbon loaded composite film as a

support.
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Figure 3. Effect of carbon content to the electrical conductivity of composite films. At
low carbon content the conductivity of the films are much lower compared to the
conductivity of the composite films beyond their percolation threshold.

This is because at this level of carbon percentages the available content of
polymer is not sufficient to strongly bind the carbon particles together. However,
electrical conductivity increases with the increase of the carbon content of the films.
Considering both the mechanical strength and desired electrical conductivity cABS-0.5

was used as the free standing catalyst base film in all the electrochemical studies.

4.2. SCANNING ELECTRON MICROSCOPY (SEM)

Samples prepared in Table 1 was observed under the SEM as shown in Figure 4.
It can be seen from the images that when the polymer content was gradually decreased
the conducting carbon particles become in contact with each other creating a continuous
path forming an excellent conductivity network. At high polymer contents the carbon
particles become scattered in the polymer matrix and lose their interconnection. This

evidence explains the observed high electrical conductivity of the composite films at
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higher conducting carbon loading and diminished conductivity at low carbon loadings.

Moreover, the observations are also in good agreement with reported explanations of

enhancing the conductivity of insulating polymers in the literature?.
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Figure 4. SEM images of free standing catalyst base films prepared in Table 1. (a)
cABS-0.25, (b) cABS-0.5, (c) cABS-1, (d) cABS-2, (e) cABS-3 and (f) CABS-4. The
image are arranged according to the increasing order of polymer (bright areas in images)
content in the composite films. The length of the scale bar in 30 um.

In addition, it was observed from the SEM images that when the carbon content
was increased the roughness of the films were also increased introducing a porosity to the
composite films. This intern, increases the effective surface area of these films and

provide strong binding sites to the catalyst layer
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Catalyst films loaded with different types of catalyst materials such as NisTez,
Pt/C were prepared according to the illustration in Figure 2 and observed under SEM to
understand the surface morphology of the catalyst films. It should be mentioned that
those catalytic materials were made in our lab, has been fully characterized and
previously reported in literature 3. EDAX mapping of catalyst films were done to
identify the distribution of catalyst particles in the free standing catalyst film. A sample
prepared with Ni2Tes in Figure 5 shows the surface morphology of the free standing

catalyst film and the distribution of catalyst particles in the film.

Figure 5. Free standing catalyst film prepared with NisTez catalyst. (a) SEM image (b)
EDAX elemental map of the catalyst film showing the presence of (b) nickel and (c)
tellurium. It should be noted that catalyst particles has dispersed well within the matrix
without a significant segregation.

The catalyst films had a very rough morphology and a significant amount of
porosity, which is an advantage in catalysis because it increases the contact area with the
electrolyte and the catalyst film during electrochemical applications. SEM images and

EDAX mappings of other catalyst films were shown in supplementary Figure S1.
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4.3. EVALUATION OF CATALYTIC PROPERTIES

Free standing catalyst films prepared with NisTe: catalysts were evaluated
towards OER activity by recording polarization curves with linear sweep voltammetry
(LSV) at a scan rate of 5 mV/S in nitrogen saturated 1M KOH solution with a catalyst
loading maintained at 6.25 mg/cm?. A controlled experiment of the free standing film
was carried out without loading any catalyst for comparison. It can be seen from Figure
6(a) that LSV curve of the free standing catalyst film (FSF) with NisTez catalysts displays
lower onset potential for starting the OER activity. Benchmark experiments with pristine
catalyst materials drop casted on gold coated glass (Au glass), carbon fiber paper (CFP),
carbon cloth (CC), nickel foam (NF), and glassy carbon (GC) were also carried out for
comparing the effect of the substrate. Onset potentials of the catalysts showed similar
trend however, the tafel slope of the polarization curve of the free standing film are much
smaller indicating slow reaction kinetics of the catalysts on free standing catalyst films
compared to other substrates. This can be attributed to the high sheet resistance, as
indicated in table 1, of the free standing films compared to the other substrates which are
typically in the range of ~10-20 Q/sq.

However, there is lot of room for improving the charge transfer of the free
standing film by incorporating materials such as other types of highly conducting carbon,
carbon fibers, carbon nanotubes, graphene, etc. to the composite thereby to expedite the
catalytic activity. Figure 6(b) shows a typical experiment carried out for evaluation of the

stability of a catalyst.
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Figure 6. Evaluation of free standing catalyst film. (a) loaded with NisTe2 catalysts for
OER activity using LSV curves (b) monitoring the long term stable current density of the
catalyst film

A constant potential was applied to the free standing film to obtain a current
density of ~15 mA/cm? and the current was monitored over extended period of time. The
absence of a significant current degradation is an indication of the capability of the free
standing film to carry out the catalytic reaction for an extended period of time.

Hydrogen evolution reaction (HER) capability of the free standing films were
investigated to see the possibility of using these catalyst films to produce gaseous
hydrogen on demand. Catalytic hydrogenation of p-nitrophenol (PNP) to p-aminophenol
(PAP) was selected as a model reaction and Pt/C loaded (10%) free standing catalyst
films under applied potential of -0.6V (HER conditions) was maintained to generate
hydrogen as the source of hydrogen gas for the reaction. The chemical reduction of PNP
can be conveniently monitored by UV-Vis spectroscopy.*® Up on dissolution of PNP in
the 1M KOH solution, a strong absorption peak at 400nm can be observed in the UV-Vis

spectrum due to the formation of p-nitrophenolate ion. Previous research works report
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that upon catalytic hydrogenation of PNP, intensity of this peak decreases rapidly and a
new peak starts to appear at 300nm region corresponding to formation of PAP.5! Similar
observations was made during this study as the HER starts. The light yellow color of the
starting solution was diminished gradually and finally, the solution turned into colorless
indicating the completion of the reduction reaction. The progress of the reaction was
followed by monitoring the UV-Vis spectrum as shown in Figure 7(a). The rate of the
reaction was calculated as shown in Figure 7(b) and the results agrees with the first order

Kinetics previously reported in literature. 4
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Figure 7. Evaluation of HER and catalytic activity of free standing catalyst film. (a)
electrocatalytic conversion of PNP to PAP showing the production of hydrogen on
demand (b) determination of the rate constant of the reaction

It also was confirmed using a separate source of hydrogen, when either hydrogen
gas or the catalyst were absent in the reaction medium the conversion reaction does not
take place. Hence it is evident that the free standing catalyst film is capable of producing

hydrogen for a longer period of time under electrochemical reaction conditions.
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5. CONCLUSIONS

This study shows a proof of a concept that these free standing catalyst films
fabricated from cASB and catalytic materials have a significant potential to be used in
electrtocatalytic reactions such as water oxidation and on demand hydrogen production.
These free standing catalytic films deserve a detailed investigation to improve them as
flexible model electrodes for electrocatalytic applications by fine tuning the electrical
conductivity and surface resistance especially taking into account the relatively low cost
of the polymer and the other materials used and the simplicity of the fabrication process.
Combination of this method with improved catalytic material synthesis techniques could
create revolutionary changes in high performance, long lasting electrocatalytic
applications. However, more detailed studies are still required to monitor the behavior of
these films under ‘real’ application conditions. Outcome of this research provides very
important insights into the fabrication process and properties so that these free standing

films can be optimized use in promising electrocatalytic applications.
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SECTION

2. CONCLUSION

This research work introduces a novel protocol that shows vast potential for
growing vertically ordered semiconducting nanotube arrays of uniform dimensions over a
large area. This in turn provides new directions and opportunities to explore innovative
nanostructured architectures in solar energy harvesting and generation of solar fuels. The
nanoelectrodes were defined on conducting substrates such as ITO coated glass slides
through e-beam lithography and then semiconductor nanotubes arrays were
electrodeposited from an electrochemical bath containing relevant precursors. Insulating
matrix of the polymeric resist used (PMMA) confined electrodeposition to a columnar
growth on the nanoelectrodes thereby producing nanotubes with very uniform diameter,
length, composition and morphology. It was observed that the aspect ratio of these
nanotubes was fully controllable by tuning the diameter of the nanoelectrode and
thickness of the PMMA film. Electrodeposition took place only over the nanoelectrodes
leaving the polymeric surface (PMMA) completely clean. PMMA could be removed by
simple soaking of the nanotube device in acetone leaving the nanotubes on the substrate,
indicating robustness of the nanostructure-substrate interface. It should be emphasized
that the length of the nanotubes was dependent on the thickness of the resist with a
thinner layer of the resist leading to more nanoshell-like geometry. The creation of
nanotube arrays was unique and the most novel part of this research, and interestingly,
preliminary photoelectrochemical measurements from the nanotubes device revealed that

these nanotube arrays with less than 10 % coverage of the electrode surface were capable
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of producing photocurrent densities in the mA/cm? range, which was even higher than
that obtained with thin films of similar thickness. This is very important since
photocurrent can be potentially amplified even further simply by manipulating physical
parameters, packing density and pattern of the nanotubes and optimizing the optical
properties. Interestingly, this protocol provides ample opportunities to make changes and
identify the optimum geometry of the arrangement.

This methodology was used successfully to create p-n heterojunction assemblies
where p-type CdTe nanotubes were either electrodeposited on n-type CdS layer or n-type
CdS layer was deposited on p-type CdTe nanotubes. Additionally, the CdS-CdTe
nanotube assembly also showed appreciable photocurrent. Most importantly, the tubular
array architecture showed a better photoconversion efficiency compared to the planar
device as well as the nanorod arrays. Similar methodology was used to create ClSe
tubular nanostructures with proper stoichiometry and crystallinity. The compositional
purity of these ternary photovoltaic material obtained through this simple
electrodeposition procedure was notable providing proof that indeed high-quality
material deposition can be achieved. These nanotubes could be grown on different
substrates including Mo-glass, FTO-glass as well as Cu-coated Si, underlying the
versatility of the protocol.

Photoelectrochemical experiments carried out on CdS-CdTe and CdS-ClSe
devices to determine photoconversion efficiency shows that CISe cell fabricated with
nanotube arrays could achieve a higher photo conversion efficiency (8.85%) compared to
a thin film solar cell device (6.82%) fabricated by the same procedure. It was also

observed that even though the Voc was very close to each other for the two types of
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photoabsorber geometries, when the morphology was changed to a tubular architecture,
there was an enhancement of the Jsc and the FF. Similarly, for the CdS-CdTe device, it
was observed that the tubular architectures showed highest photoconversion efficiency
(9.6%), compared to that of the pillar-like structures (7.2%). It was also observed that the
film-like device had a slightly higher Voc than that of the nanostructured arrays. Several
factors including varying degree of crystallinity in the CdS-CdTe layers as well as
different carrier recombination rate and series resistance across the junctions in the film
and nanostructure arrays, respectively, can cause such variance in Voc.

Additionally, a method for making semiconducting nanoelectrode patterns over a
much larger area was demonstrated taking the advantage of patterning capability of
Nanosphere Photo Lithography (NPL) process. Since NPL can pattern large area in a
single step, CdTe nanorod arrays were grown over cm? areas. This method is important
for translating patterning process into a larger scale processing technique. This technique
will also be very fruitful in substantially minimizing the use of chemical resources
without compromising on the quality, since the arrays of nanowires potentially amplify
optical absorption efficiency by many orders of magnitude. This is especially significant
for CdTe based photoabsorbers, where, even though CdTe gives high efficiency, scaling
of CdTe photovoltaic devices is limited by the availability of Te. The nanotube/nanowire
arrays reduce the amount of CdTe needed to absorb all the sunlight.

For the purpose of fabricating a solar fuel generating architecture, this work also
focused on developing Cu2Se as a water oxidation catalyst and also fabrication of a free
standing electrocatalytic membrane. The conclusions driven from each paper has been

summarized in the following:
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Copper selenide nanostructure based electrocatalysts was synthesized by different
techniques such as electrodeposition, hydrothermal and CVD and evaluated catalytic
activity for OER in alkaline media. Catalytic activity was observed by samples made by
all the routs indicating the intrinsic property of the material. Electrodeposited Cu2Se
catalyst showed enhanced catalytic activity and a current density of 10 mA cm was
obtained at an overpotential as low as 270 mV. In addition a lower Tafel slope of 48.1
mV dec! was observed. Since Cu is one of the most earth-abundant material, this
research provides contribution in identifying affordable catalytic materials that can be
used for real-world applications in sustainable and renewable energy generation process.

A free standing catalyst membrane was fabricated to incorporate electrocatalytic
materials to be used in renewable energy generation applications. The work shows proof
of a concept that these free standing catalyst films made from readily available polymeric
materials, conducting carbon and catalytic materials have a significant potential to be
used in electrtocatalytic applications. Initial results showed the capability of catalytic
activity such as water oxidation and on demand hydrogen production. Incorporating this
method with highly active catalytic materials can significantly advance the application of
electrocatalysis since the electrode fabrication process strongly bind the catalysts to the
film and hence catalyst can be protected for long term performance. However, more
detailed studies are still required to improve conductivity, mechanical performance, etc.
This research work reveals the detailed fabrication process and examples of catalytic
performance hence these films can be further enhanced to be used in promising large

scale electrocatalytic applications.
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