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Nanotower- and nanowall-like indium oxide structures were grown directly on fluorine-doped tin oxide
(FTO)/In,O3; seeded substrates and pristine FTO substrates, respectively, by a straightforward
solvothermal method. The tower-like nanostructures are proposed to form via a self-assembly process on
the In,O5 seeds. The wall-like nanostructures are proposed to form via epitaxial growth from the exposed
edges of SnO, crystals of the FTO substrate. The nanotowers and nanowalls reveal highly crystalline and
ordered nanocrystals with preferred orientations in the [111] and [110] directions, respectively. The two
structures display remarkably different activities when used as photoanodes in solar light-driven water
splitting. X-ray photoelectron spectroscopy results suggest an increased density of hydroxyl groups in the
nanowalls, which results in a decrease in the work function and a concomitant shift in the onset potential
of photocurrent in the linear sweep voltammograms, which is further confirmed by Mott-Schottky and
flat-band potential measurements, indicating the importance of hydroxyl content in determining the
photoelectrochemical properties of the films. Morphology-controlled, nanostructured transparent
conducting oxide electrodes of the kind described in this communication are envisioned to provide
valuable platforms for supporting catalysts and co-catalysts that are intentionally tailored for efficient

light-assisted oxidation of water and reduction of carbon dioxide.

Introduction

Environmental problems resulting from the combustion of non-
renewable fossil fuels have compelled scientists to focus on
exploring green and renewable alternative energy sources.
Photoelectrochemical (PEC) water splitting using semiconductor
materials to produce hydrogen and oxygen has attracted much
attention due to its potential to efficiently utilize solar energy to
produce usable fuels.! In practical PEC devices, it is essential for
the semiconductor to be stable in the electrolyte and possess high
efficiency in catalyzing the photon-to-hydrogen/oxygen
conversion.® In terms of stability, metal oxide semiconductors
are the most suitable materials for PEC electrodes as most of
them possess exceptionally high resistances to photocorrosion.*
Many metal oxide semiconductors such as TiO,>® WO,,"®
Fe,05,%° ZnoY and BiVO,*'? have long been studied as
potential photoanode materials for PEC devices.

However, most metal oxide semiconductors typically display
low quantum efficiencies due to the short diffusion lengths of
charge carriers.*'° This is a result of the nature of the energy
bands in metal oxides,*® as well as trap states within the crystal
structures that act as recombination centers.* As a result, only
holes created in a region very close to the surface of metal oxide
photoanodes can diffuse to the material/electrolyte interface and
oxidize water, which means that the majority of holes created in

the bulk of the material will be lost through recombination before
reaching the interface.’’ In this regard, thin films should be
superior to thick films when used as photoelectrodes in PEC
so systems. Conversely, thinner films absorb less light due to their
shorter optical path length. Therefore, the ideal material
maximizes both the absorption of incident light as well as the
number of photogenerated charge carriers that can diffuse to the
electrode/electrolyte interface.
ss  An effective synthetic strategy to achieve this goal is the
fabrication of photoelectrodes using nanostructured films instead
of dense, planar films. Typical examples are the vertically grown
one-dimensional TiO,***® and Zn0O% nanorod and nanowire
arrays, which exhibit significantly enhanced photoelectron-
s0 chemical properties when compared to their corresponding planar
structures. Similarly, branched or dendritic semiconductor
nanostructures vertically grown on substrates are known to be
good candidates for PEC devices.’®??* Due to their open
structure, vertically aligned nanostructured films not only provide
es much larger surface areas, but also enable a greater fraction of the
photogenerated  minority carriers to diffuse to the
electrode/electrolyte interface, thus facilitating charge separation
and reducing electron-hole pair recombination.*?* In addition,
electron transport between the material and the substrate is
70 improved significantly due to the direct growth of the photoactive
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component on the electrode.! In this regard, high surface area
semiconductor nanostructured photoelectrodes vertically grown
on transparent conductive substrates are expected to significantly
enhance PEC device efficiency.

Indium oxide (In,03) is a well-known metal oxide
semiconductor material with a band gap ranging from 2.8 eV to
3.6 eV.%2?% The superior conductivity and stability of In,O; as
well as its suitable valence band edge for water oxidation make it
a very interesting material for PEC water splitting.?” In our
previous work, In,O3 nanowalls were grown on tin doped indium
oxide (ITO) substrates via an epitaxial growth mechanism.?® FTO
is a commonly used transparent conductive oxide (TCO)
substrate often superior in PEC devices due to its high stability.*
However, direct growth of In,O; on FTO is very challenging
because of the large lattice mismatch between In,05; and SnO,,
and to our knowledge such configurations have not been
previously reported.

In this work, we report two new synthetic strategies to achieve
vertically grown indium oxide nanostructures, denoted
nanotowers and nanowalls, on FTO substrates. Films were
characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), selected area electron
diffraction (SAED) and powder X-ray diffraction (pXRD). Their
photoelectrochemical activities were evaluated using linear sweep
voltammetry (LSV) under simulated sunlight (AM1.5G, 1 sun).
Differences in activity between the two morphologies were
correlated to changes in X-ray photoelectron spectroscopy (XPS)
binding energies and results from electrochemical impedance
spectroscopy (EIS) measurements.

Experimental

Materials: Indium (111) acetate (99.99%), indium (I11) chloride
(98%), thioacetamide (98%) and urea (98%) were purchased from
Sigma-Aldrich. Acetic acid (99.7%) and anhydrous ethanol were
purchased from Caledon and Commercial Alcohols, respectively.
All of chemicals were used as received. Glass slides coated with
fluorine-doped tin oxide (FTO, Tec 15) were purchased from
Hartford Glass Company, Inc.

Growth of Nanostructures on FTO: In,0; nanowalls were
grown on FTO by a seed induced method. Firstly, indium sulfide
(In,S3) nanocrystals were synthesized via a microwave method:
0.2920 g of indium (l11) acetate and 0.1465 g of thioacetamide
were dissolved into a solution composed of 15 mL of deionized
water and 1 mL of acetic acid and then heated rapidly in a
microwave reactor (Discover SP microwave reactor, CEM
Corporation) to 140<C with 200 W full power and maintained at
140<C for 1 h. The product was allowed to cool to room
temperature and washed three times with de-ionized water and
two times with ethanol. The particles were then dispersed in
ethanol to form a suspension with a concentration of about 4.0
mg/mL. A drop of the suspension was spin-coated onto an FTO
slide at 3000 rpm in order to seed the substrate with the In,Ss.
The seeded FTO substrate was heated at 10 <T/min to a
temperature of 600 and annealed at 600<C for 30 min in order
to convert the sample to In,04/FTO.

To grow nanotower-like In,O5 on FTO, a solvothermal process
was employed. Before the solvothermal reaction, the Teflon-lines
of the autoclaves were soaked in dilute HCI for 2 h, washed with
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deionized water and ethanol and dried under a flow of air. In a
typical synthesis, 0.0442 g of indium(ll) chloride and 0.15 g of
urea were ultrasonically dissolved in 30 mL of anhydrous ethanol.
After adding 20 pL of deionized water, the solution was poured
into the Teflon-lined stainless steel autoclave (50 mL volume).
One piece of the FTO/In,O5 seeded substrate was placed at an
angle against the wall of the Teflon-liner. The solvothermal
reaction was conducted at 190 <C for 24 h.

To grow In,0O; nanowalls on FTO, pristine FTO substrates
were placed into autoclaves as described above. Except for the
reaction temperature and time - which were 170C and 48 h,
respectively - the reaction solution loaded in the autoclave was
identical with that adopted for the nanotower-like In,05 growth.
As a control, In,O; powder films deposited on FTO were
fabricated. Specifically, In,S; thin films were firstly fabricated by
spin coating using the same In,S; suspension that was used to
fabricate the seeded substrate in the In,O5; nanotower preparation.
The In,S; was then converted to In,O; by annealing the In,S;
films at 600<C. By controlling the number of drops of the
suspension in the spin-coating process, the net load of the In,0;
film on the FTO could be controlled.

Characterization: Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) analyses of the
samples were performed on a FElI Quanta FEG 250
environmental scanning electron microscope at an accelerating
voltage of 10 kV. The SEM samples were adhered onto stubs
using carbon tape and reinforced using carbon paste.
Transmission electron microscopy (TEM, Hitachi H-7000) with
an accelerating voltage of 100 kV was used to examine the fine
structure of the nanowalls and nanotowers, and to conduct the
selected area electron diffraction (SAED). Powder X-ray
diffraction (pXRD) patterns were recorded on a Bruker D2
Phaser diffractometer (Cu Ko radiation) with a fixed voltage of
30 kV and a current of 10 mA at ambient temperature. UV-Vis
absorption spectra were measured using a Perkin-Elmer Lambda
1050 UV/VISINIR spectrometer equipped with an integrating
sphere. The percent of absorbed light (A) was calculated by
measuring the percent of transmitted (T) and reflected (R) light,
such that A=100-T-R. X-ray photoelectron spectroscopy (XPS)
was performed using a Perkin Elmer Phi 5500 ESCA
spectrometer. The Al Ko X-ray source was operated at 15 kV and
27 A with X-ray wavelengths of 1486.7 eV. All measurements
were carried out in an ultrahigh vacuum chamber with a base
pressure of 10° Torr. The Multipak program was used for all
data analysis. The NIST-XPS database and the Handbook of X-
ray Photoelectron Spectroscopy were used as references for
binding energy.**3 Ultraviolet Photoelectron Spectroscopy (UPS)
was used for valence band and work function measurements. The
UV photons (at 21.22 eV) for UPS measurements were generated
by helium plasma at a back pressure of 2 < 10° Torr. The UPS
measurements were performed under the same vacuum condition
as the XPS measurements. Samples used for UPS measurements
were prepared the same way as in the XPS measurements.

Photoelectrochemical (PEC) and incident photon to charge
conversion efficiency (IPCE) Measurements : PEC
measurements utilized simulated sunlight obtained by passing
light from a 150 W Xe arc lamp (Newport 67005) through an

us AM1.5G filter (Newport 81094) and calibrating the output to one
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sun (100 mW/cm?) using a reference cell and power meter (Oriel
91150V). Linear sweep voltammetry (LSV) was performed using
a Solartron Sl 1287 Electrochemical Interface in a three-electrode
configuration, with the semiconductor film as the working
s electrode, a Hg/HgO (20 wt% KOH, Koslow Scientific) reference
electrode and a Pt wire counter electrode. A 0.1 M aqueous
solution of NaOH was used as the electrolyte. For ease of
comparison with other literature reports, the measured potentials
vs. Hg/HgO were converted to the reversible hydrogen electrode
10 (RHE) scale according to the Nernst equation:

Erre = Engigo + 0.059 pH + EeHg/HgO 1)

where Egye is the converted potential vs. RHE, EeHg,Hgo =+0.098
V at 25<C and Epgngo is the experimentally measured potential

|

I -
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against the Hg/HgO reference electrode.

15 IPCE measurements were performed using monochromatic
light (monochromator, Newport 74100) and an applied potential
of 1.40 V (vs. RHE) using the same electrochemical setup
described above. The intensity of the monochromatic light was
calibrated using a power meter (Thorlabs, PM100D) with a

20 S120VC Si detector. The IPCE can be expressed by the equation:

12401

IPCE = A—]“gm 2

where | (in mA/cm?) is the measured photocurrent density at a

specific wavelength, 1 (in nm) is the wavelength of incident light

and Jjigne (in mW/cm?) is the measured irradiance at a specific
25 wavelength.

30 Fig. 1 SEM images of indium oxide nanotowers (a-b), as-synthesized nanowalls (d-e) and nanowalls after heat treatment (g-h). (a,d,g) are cross-sectional
views and (b, e, h) are top-views of the samples. (c, f, i) are the TEM images of the indium oxide nanotowers, as-synthesized nanowalls and nanowalls
after heat treatment, respectively, in which the SAED patterns of the corresponding samples are shown in the insets.

Electrochemical impedance spectroscopy (EIS)
Measurements: EIS measurements were performed using a
35 Solartron SI 1287 Electrochemical Interface coupled with a
Solartron SI 1260 Impedance/Gain-Phase Analyzer, using the
same three-electrode configuration described above but with a
Ag/AgCI reference electrode (BASI) in place of the Hg/HgO
electrode. The applied potential was converted to the RHE scale
40 using equation (1) but in this case using the reference potential
for the Ag/AgCI electrode (E"Ag,Agc. = +0.197 V at 25<C). The

frequency range was between 10° Hz — 0.1 Hz. The magnitude of
the alternating signal was +/-10 mV. The EIS measurements were
performed in 0.1M NaOH solution in the dark. Nyquist plots
s were fitted using ZPlot software (Scribner) and were modeled
using a simple Randles’ equivalent circuit.***® In this equivalent
circuit, Rg is the series resistance through the system and Rcry is
the resistance to charge transfer across the semiconductor-liquid
junction. The capacitance was actually measured as a constant
s0 phase element (CPE), however the exponential parameter was

This journal is © The Royal Society of Chemistry year
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found to be > 0.86 at all potentials, and the CPE was therefore
approximated as a pure capacitance.

Results and Discussion

Nanotower- and nanowall-like In,O5; structures were grown
s directly on FTO/In,0; seeded substrates and pristine FTO
substrates, respectively, by a straightforward solvothermal
method (see the detailed experimental processes in ESIT). Fig.
la-b show scanning electron microscopy (SEM) images of the
nanotower In,0Oj3 structures grown on the seeded FTO substrate at
10 190C for 24 h (an SEM image of the seeded substrate is
provided in ESI, Fig. Slat). These nanotowers have irregular top
cross-sections with area sizes ranging from 80x100 to 200x500
nm? and are distributed uniformly on the substrate with distances
of no more than 300 nm apart (ESI, Fig. S2at for zoomed out
15 view of Fig. 1b). Fig. 1b shows that each In,O; nanotower is
composed of smaller “bricks”. The edges and corners of these
small bricks can be observed clearly. The film thickness, i.e., the
height of the nanotowers, is ~ 500 nm as determined from the
cross-section image in Fig. la. Due to the thickness of the

20 nanotowers, it was difficult to acquire a clear TEM image. Fig. 1c
shows the TEM image of one fragment of a nanotower that was
obtained by extended ultrasonication of a nanotower sample
scraped from an FTO substrate. The corresponding SAED pattern
of this fragment is shown in the inset of Fig. 1c, and reveals the

25 crystalline nature of the nanotowers. The crystal phase and its
orientation with respect to the substrate were confirmed by using
powder X-ray diffraction (pXRD) and Rietveld refinement of the
resulting diffraction pattern. As shown in Fig. 2a, the pXRD
pattern of the tower-like In,O; on FTO exhibits two sets of

s diffraction peaks. One set of peaks originates from the FTO
substrate, which can be confirmed by the pXRD pattern of the
pristine FTO substrate. The other set of peaks can be indexed to
cubic indium oxide (JCPDS 65-3170, bottom of Fig. 2). No peaks
belonging to phases other than these two materials were observed,

35 indicating that the nanotower structures grown on FTO are cubic
In,05. The Rietveld-refinement of the diffraction pattern of the
nanotowers is shown in Fig. 2c (see detailed information in the
ESIT), and indicates a slight preference for growth of the towers
in the [111] crystal direction normal to the substrate.
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Fig. 2 (a) pXRD patterns of the pristine FTO substrate and the as-prepared indium oxide nanotowers and nanowalls grown on FTO. (b) pXRD patterns of
the nanowalls grown on FTO before and after heat treatment at 460<C. The bar-chart at the bottom of both plots indicates the diffraction peaks of In,O3
(JCPDS 65-3170). The final Rietveld refinement plot of the (c) nanotower In,O3 (Rp = 3.81; Rgragg = 4.92) and (d) heat-treated nanowall In,O;
45 nanostructures (Rp = 4.12; Rgragq = 6.18) are provided, showing the observed (red) and calculated (black) patterns as well as their difference (blue). Green
bars indicate the calculated Bragg peaks for both the In,O; cubic phase and the SnO, phase (FTO substrate). For both patterns the (hkl) reflections that
suggest a preferred orientation in the films are indicated.

Nanostructures grown on pristine FTO, i.e. without In,0O5 seeds,
were shown to have a nanowall morphology. Fig. 1d-e show the
so SEM images of the nanowalls prepared at 170<C for 48 h. They
reveal that the film is composed of vertically aligned nanosheets,
which are distributed uniformly on the substrate and form a cross-
linked nanowall network (ESI, Fig. S2bt for a zoomed-out view).
The nanosheets have a width of ~ 300 nm and a thickness of 15-
ss 20 nm (a higher magnification SEM image is shown in ESI, Fig.
S1bt). The cross-sectional image (Fig. 1d) shows that the

nanosheets are about 860 nm high and are vertically aligned on
the FTO layer. Fig. 1f shows a TEM image of the nanosheets and
their SAED pattern (inset), in which the lamellar and crystalline
60 Nature of the nanosheets is clearly shown. Further analysis using
pXRD is shown in Fig. 2a, which shows diffraction peaks
associated with the FTO substrate in addition to diffraction peaks
(marked with stars) which cannot be indexed to any known
indium oxide, (oxy)hydroxide or hydroxide crystal phase. It is
es speculated that the as-prepared nanowalls are an intermediate
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phase or a precursor of the typical In,Os.

To further investigate the structure of the nanowalls we first
performed energy-dispersive X-ray spectroscopy (EDX), which
revealed that chlorine is present in the nanowalls in addition to
oxygen and indium (ESI, Fig. S37), indicating that the nanowalls
are a complex phase rather than simply indium oxide,
(oxy)hydroxide, or hydroxide. Intensive investigations on the
composition and crystal phase of this intermediate product will be
carried out in future work. Secondly, we performed heat-
treatments on the nanowall samples. Specifically, at a heating rate
of 1<C/min in air, the nanowalls were heated to 460<C and held at

that temperature for 1.5 h and then cooled to ambient temperature.

As shown in Fig. 2b, after heat treatment, the sample possesses
the characteristic diffraction pattern of cubic bixbyite In,0s.
Rietveld-refinement of the diffraction pattern (Fig. 2d) indicates a
strong diffraction peak associated with the (440) crystal face,
indicating that the preferred orientation of the nanostructures is in
the [110] direction normal to the substrate. Apart from In,O5; and
FTO, no other diffraction peaks are found from the pXRD pattern
of the heat-treated sample. This indicates that the as-prepared
nanowall sample is an intermediate phase or a precursor of the
typical In,O3 that can be transformed into stable cubic In,05 via
heat treatment. The SEM images of the heat-treated nanowalls
shown in Fig. 1g-h reveal that the nanowall morphology is
maintained after the heat treatment and the nanosheets become
slightly thinner, with thicknesses of ~ 10 nm. The top-view and
cross-sectional SEM images with lower magnification (ESI, Fig.
S2ct and S4+t) show that the nanowall layer on FTO is uniform.
Moreover, during the SEM measurements, it was found that the
as-prepared nanowalls exhibited obvious charging effects under
the electron beam but that the heat-treated nanowalls showed
good conductivity, indicating good stability following treatment.
Fig. 1i shows the TEM image of one piece of the heat-treated
nanosheet, showing that the nanosheet is composed of small 10
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nm crystals. This crystal size corresponds with the thickness of
the nanosheets observed by SEM (Fig. 1h), indicating that the
nanosheet is composed of only one layer of nanocrystals. In
addition, the SAED pattern of the nanosheets shows a well-
defined set of diffraction spots typical for single crystals (inset of
Fig. 1i), indicating that all crystals in the nanosheet share the
same orientation.

Further experiments were carried out to investigate the growth
process of the nanostructures on FTO. It was found that the
reaction temperature played a key role in the formation of the
different morphologies of the indium oxide nanostructures. For
the nanowalls, a reaction temperature of no higher than 180<C is
necessary, otherwise large particles rather than nanowalls form
on the substrate (see an example of a sample that was formed at
190<C, ESI, Fig. Sbat). On the other hand, decreasing the
reaction temperature will increase the time needed for the
formation of the nanowalls. For example, at a temperature of
140<C, a reaction time longer than 48 h is needed for the
detection of diffraction peaks at 20 = 54.0°and 54.6< the two
strongest diffraction peaks for the intermediate phase of the
nanowalls. This result indicates the embryonic growth stage of
the nanowalls, as evident from the change in the XRD pattern.
For the nanotowers grown on seeded FTO substrates, the reaction
temperature must be >190°C. When the temperature is lower than
190<C, nanowalls form together with large and irregular particles
(ESI, Fig. S5bt). However the pXRD pattern for this lower
temperature synthesis confirms the formation of cubic In,O3 (ESI,
Fig. S67). Based on these detailed experiments and analysis, we
propose a probable growth mechanism of the as-synthesized
nanostructures: the nanotowers are formed by a self-assembly
process on the 1,05 seeds; the nanowalls are formed via epitaxial
growth from the exposed edges of SnO, crystals of the FTO (ESI,
Growth Mechanismt).
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7 Fig. 3 (a) LSV collected from In,03 nanotowers and nanowalls and pristine FTO samples under AM1.5G illumination at 100 mW/cm? (1, 11, I11) and in the

75

dark (I’, I, 1I"). (b) Photocurrent density vs. time of the In,O3 nanotowers and nanowalls obtained at 1.40 V (vs. RHE) under AM 1.5G illumination at
100 mW/cm?. (c) Mott-Schottky plots of the nanowall and nanotower films, derived from the capacitance values shown in ESI, Fig. S7+ using equation
(3). The Randles’ equivalent circuit model used to fit the data is shown as an inset, where Rs is the series resistance through the system, Rer is the
resistance to charge transfer across the semiconductor liquid junction, and C is the capacitance within the space charge region of the semiconductor. A, B,
C are fitted lines from the linear portions of the Mott-Schottky plots.

Using a standard three-electrode configuration, with a Hg/HgO
(20 wt% KOH) reference electrode and a platinum wire counter
electrode, the 1In,0O; nanostructures grown on FTO were
investigated as working electrodes for PEC water splitting. To
compare the PEC performance of the two nanostructures, the
nanotowers were heat treated under the same conditions as the

85

nanowalls (460<C for 1.5 h). Powder XRD patterns and SEM
images reveal that the nanotowers did not exhibit any changes
after the heat treatment. Linear sweep voltammograms were
collected in 0.1 M NaOH aqueous solution under simulated
sunlight (100 mW/cm?) using an AM1.5G filter. Fig. 3a shows
the linear sweep voltammograms (LSV) of the In,O3; nanowalls

This journal is © The Royal Society of Chemistry year
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and nanotowers both in the dark and under illumination. As can
be seen from red curve I in the figure., the photocurrent density of
the In,O3 nanotowers exhibits an onset potential of ~ 0.85 V (vs.
RHE, all potentials appearing hereafter are relative to RHE), at
which point the photocurrent increases steeply with increasing
applied potential. After a potential of about 1.30 V, a plateau
photocurrent density of ~ 0.4 mA/cm? is achieved. At this point,
bulk recombination of photoexcited charges limits the overall
photoactivity.? In the dark, the nanotower sample shows
negligible current density (< 1 pA/em?, red curve I in Fig. 3a) up
to 1.70 V, indicating that the charge transfer is prevented due to
the overpotential required to initiate water oxidation. This is
commonly observed for metal oxide photoanodes.® In addition,
the stability of the nanostructures in the PEC process was also
studied. As shown in Fig. 3b, the two samples possess a relatively
good photostability, showing a decay of only ~ 4.4% in 60
minutes. At the same time, further analyses by SEM and XRD
techniques revealed that both the morphology and crystal
structure of the two samples were unchanged following the PEC
measurements.

For the In,05; nanowalls, the photocurrent onset occurs at a
potential of ~ 0.75 V (Fig. 3a, black curve 1), which is negatively
shifted by ~ 0.1 V compared to the nanotower sample. The
photocurrent density also rises rapidly to a plateau photocurrent
of ~ 0.26 mA/cm? at potentials > 1.1 V. The current density
observed in the dark (Fig. 3a, black curve II’) almost overlaps
with that of the In,O; nanotowers. As a control, the PEC
performance of a pristine FTO substrate was also evaluated. As
seen from Fig. 3a (blue curve IIT and III’), the pristine FTO does
not show currents up to 1.7 V both under dark and under
AML.5G illumination (100 mW/cm?) conditions, indicating the
importance of the In,05 structures in the photoelectrochemically-
driven water splitting process.

Table 1 Flat-band potentials and donor densities for the three linear
portions of the Mott-Schottky plots in Fig. 3c.

Flat-band potential Donor density

Sample Line (Vrs Vs. RHE) (Np, incm’®)
nanowalls A +0.74 4.2 <107
nanotowers B +0.88 6.0 x10%
nanotowers c +0.74 1.6 x10%

To evaluate the difference in onset potential between the two
nanostructured films, Mott-Schottky plots (Fig. 3c) were
constructed from the capacitance values derived from
electrochemical impedance spectroscopy (EIS) measurements.
The capacitance plotted as a function of potential is shown in ESI,
Fig. S71. The inverse of the capacitance squared is plotted as a
function of applied potential and shown in Fig. 3c. From the
figure a linear relationship is observed and can be modeled using

the Mott-Schottky equation:>*%"

V= Ves = (5]

where C is the capacitance (in F/cm?), q is the elementary charge
(1.60%<10™%° C), ¢ is the relative dielectric constant of In,O; (taken
to be 4),%0 ¢, is the permittivity of free space (8.854%10™* F/cm),
Np is the donor density (in cm™®), V is the applied potential (vs.
RHE), Vg is the flat-band potential (vs. RHE), k is Boltzmann’s
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constant (1.38x10"% C- V/K) and T is the temperature (298 K).
Fig. 3c shows the linear portions of the Mott-Schottky plots and
Table 1 summarizes the flat-band potentials (Vgg) and donor
densities (Np) derived from these linear plots. It is clear that the
onset potentials for photocurrent observed in Fig. 3a match the
flat-band potentials measured using EIS. Specifically, the flat-
band potential of the nanowalls was found to be + 0.74 V (line A),
whereas the flat-band potential of the nanotowers was found to be
+ 0.88 V (line B). We note a second linear portion of the Mott-
Schottky plot observed for the nanotowers (line C), which results
in a flat-band potential that matches that of the nanowalls.
However, the photocurrent onset does not occur at this potential.
It is possible that the presence of multiple dopants (hydroxyls,
oxygen vacancies, chloride ions, etc) could explain the presence
of two linear segments with differing slopes.*! It is also possible
that there are multiple crystal facets exposed to the electrolyte
solution, and that each crystal facet exhibits a different work
function and surface structure, which will ultimately affect the
onset potential and the kinetic activity of the sample.*>*
However, in the Rietveld-refinement (Fig. 2c and 2d) only the
nanowalls showed a strong preferred orientation; the nanotowers
exhibited only a weakly preferred orientation. From this
information, and based on the TEM image in Fig. 1i, it is clear
that the nanowalls are composed of many smaller isotropic
nanocrystals, which should allow for many different facets to
interact with the electrolyte. It would therefore be expected that
the nanowalls, and not the nanotowers, should exhibit multiple
linear regions in the Mott-Schottky plot. As such, it seems
unlikely that different exposed crystal facets would create the
observed bifurcation.

Table 2 Work function and valence band maximum determined from
XPS and UPS measurements, respectively.

Work Function (V vs. RHE) Valence Band (V vs. RHE)

Sample
XPS UPS XPS UPS
nanowalls 0.58 0.36 3.57 3.53
nanotowers 0.74 0.46 3.52 3.57

The most likely reason for a shift in onset potential is a
difference in overall work function between the two films. To
investigate this further XPS measurements were performed in
order to determine the work function and valence band maximum
(VBM) energy levels of the nanowalls and nanotowers. Table 2
summarizes the results of the XPS measurements for the Fermi
level (work function) and the VBM as determined from the
secondary electron cut-off and the onset of photoemission,
respectively. The values have been converted to the RHE scale in
order to compare them to the onset potentials determined from
LSV and EIS measurements. It is clear that the nanowalls exhibit
a smaller work function than the nanotowers by ~ 0.16 V (vs.
RHE), consistent with the results of the LSV and EIS
measurements. The reason for this shift is apparent in the core
binding energies for the O1s photoemission peaks. Fig. 4a shows
the normalized O1s photoemission peaks for the two samples,
whereas Fig. 4b and 4c show the deconvolution of these peaks for

100 the nanowalls and nanotowers, respectively. The main peak is

associated with In-O-In lattice oxygen atoms in the cubic In,0;
structure, whereas the shoulder peak is associated with hydroxyl
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groups and oxygen vacancies present within the structure.®*

From the deconvolution of the peaks, it appears that the
nanotowers have a slightly greater number of oxygen vacancies
than the nanowalls. However, this apparent difference is likely
not significant because the donor densities of both materials are
very similar (Table 1). Oxygen vacancies generally function as n-
type donors in metal oxide materials so a substantial increase in
oxygen vacancy concentration should result in a significant
increase in donor density.* The deconvolution of the O1s peaks
also indicates that the nanowalls contain a greater number of
hydroxyl groups than the nanotowers; the ratio of peak areas for
In-O-In to In-OH is 1:0.9 for the nanowalls compared to 1:0.5 for
the nanotowers. It is possible that this difference could account

15

20

25

for the decrease in the measured work function for the nanowalls.
The VBM would not be expected to change dramatically, due to
the low lying energy levels of lattice hydroxyl species that are
well below the VBM.™® Indeed, both samples have very similar
VBM energies (Table 2). Additionally, a shift in photoemission
peak position is observed for the nanowalls both in the Ols
region (Fig. 4a) and in the In3d region (ESI, Fig. S8%). This
would also be consistent with the presence of hydroxyl groups,
which would act as electron withdrawing groups and shift the
binding energies of both the oxygen and indium atoms in the
lattice.

(@) (®)

nanotowers
nanowalls

Intensity (a.u.)
Intensity (a.u.)

O1s of nanowalls

(©

O1s of nanotowers

Intensity (a.u.)

534 532 530 528 534

Binding Energy (eV)

536 536

532
Binding Energy (eV)

534 532 530 528

Binding Energy (eV)

530 528 536

Fig. 4 (a) Ols core level photoemission spectra for the nanowalls and nanotowers. (b,c) Deconvolution of the O1s peaks for the nanowall and nanotower
samples; the peaks shown in red, green and blue color belong to In-O-In lattice oxygen, hydroxyl groups and oxygen vacancies, respectively; the ratios of
In-O-In to In-OH peak areas for nanowall sample and nanotower sample are 1:0.9 and 1:0.5, respectively.

Table 2 also shows the work function and VBM data obtained
from UPS measurements. Again, there is very little difference in
the VBM of both samples however it is interesting to note that the
work functions for both samples are slightly closer in energy than
those measured with XPS, which probes deeper into the sample.
Because UPS is a much more surface-sensitive technique, the fact
that the work function values are closer suggests that the surfaces
of both the nanowalls and nanotowers are similarly hydroxylated
and that the main difference between the two samples is the bulk
hydroxyl content. This might also explain the two separate onsets
in the Mott-Schottky plots in Fig. 3c. The difference in hydroxyl
content between the two samples may be related to the different
synthetic procedures. The nanotowers directly form as In,0;
during the hydrothermal synthesis, while the nanowalls form a
complex precursor phase during the hydrothermal step and only
form In,05 after calcination at 460<C. This complex precursor
likely consists of multiple hydroxide species and its
decomposition could result in residual hydroxyl species within
the bulk crystal.

We note that while the nanowalls exhibit an earlier onset
potential for photocurrent, the nanotowers exhibit a much higher
plateau photocurrent at potentials > 1.2 V. A variety of factors
could affect the observed discrepancy in photocurrent between
the two morphologies in this region. In order to narrow this down,
we first looked at the absorption properties of the two films tested
electrochemically. An increase in absorption could result in an
increase in photocurrent. We therefore measured the reflection
and transmission spectra (shown in ESI, Fig. S9f and S107,
respectively) of the two samples using an integrating sphere and
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calculated the percent of absorbed photons for each sample from
these measurements, as described in the Experimental section.
The absorption spectra in Fig. 5a show that the nanotowers
absorb more light than the nanowalls throughout the visible
spectrum and a significant portion of the UV spectrum. This
increased absorption is attributed to enhanced light scattering
from the nanotowers as compared to the nanowall structure. This
effect is manifest in the transmission spectra (ESI, Fig. S107),
which show transmission through the nanowall structure is
greater than through the nanotower sample. Furthermore, Fabry-
Perot fringes, reminiscent of reflection from homogeneous
transparent thin films, can be identified in the reflection spectra
from the nanowall structure (ESI, Fig. S9t). On the other hand,
on account of increased internal light scattering, Fabry-Perot
fringes are not apparent in the reflection spectra from the
nanotower sample. It can also be noted that the nanotower sample
appears visually opaque compared to the more transparent
nanowall sample.

While light absorption is greater in the nanotower sample,
IPCE measurements shown in Fig. 5b indicate that photoactivity
does not occur at wavelengths > 400 nm, which is consistent with
the direct-forbidden band gap of In,05.2%% Conversely, increased
absorption for wavelengths in the spectral region 300 nm < 4 <
400 nm leads to increased photoactivity in the nanotower sample.
However, in comparing the absorption spectra (Fig. 5a) to the
IPCE spectra (Fig. 5b) it is apparent that other factors must also
contribute to the enhanced photoactivity in the nanotower sample.
For example, at a wavelength of 2 = 325 nm absorption in the two
samples is comparable, however the IPCE of the nanotower

This journal is © The Royal Society of Chemistry year
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sample is approximately twice that of the nanowall sample. In s less than 350 nm, despite comparable absorption in the two

this context, we performed additional experiments to further structures.
investigate why the nanotowers exhibit a substantially higher
photoactivity than the nanowalls for photons with wavelength
100 -
nanotowers 40.4
(a) 40 !.(.b) = 201 (©) — nanowalls — E’
_ 80- ‘_‘I\. :‘: —— solar irradiation g
= 304 ! —=— nanotowers £ 15 103 g
¢ —nanotowers o .
: 604 —nanowalls = ! nanowalls ‘-B-’ ;
£ ' - -pristineFTO0 | & 5 =] £
e | 8 = 1.0 102 8
5404 = = £
= =
2 \ g e
j: ‘ = 5 40.1 2
204 P 0.5- 12
0 . » = - . . x 0.0 . . i 400 2
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Wavelength (nm) Wavelength (nm) W avelength (nm)

Fig. 5 (a) Percent of absorbed photons vs. wavelength for the nanotowers, nanowalls and the pristine FTO samples. The percent of absorbed photons for
10 each sample was calculated from the percent of reflected photons (ESI, Fig. S9t) and the percent of transmitted photons (ESI, Fig. S107). (b) IPCE spectra
of the In,05 nanotowers and nanowalls collected at a potential of 1.40 V. (c) Standard AM 1.5G solar spectrum (ASTM G-173-03, blue color) and
simulated total photocurrents of the In,O3 nanotowers and nanowalls as a function of wavelength. The simulated photocurrents were obtained by
integrating the IPCE spectra collected at 1.40 V with the standard AM 1.5G solar spectrum.

To rule out differences in charge transport through the s and have nearly identical charge transport properties, the amount

15 nanotower and nanowall structures, the series resistance through
the films (measured using EIS) was analyzed as a function of
applied potential. The contributions from the electrochemical
equipment and solution resistance to the series resistance have
been found to be negligible. As the same reference electrode and
20 solution were used to measure both samples, any differences in
series resistance would likely stem from the semiconductor
nanostructures. ESI, Fig. S111 shows the series resistance as a
function of applied potential for the two samples. While the
nanotowers exhibit a slightly lower series resistance at higher
25 applied potentials, this difference is not sufficient to explain the ~
1.4 fold increase in photoactivity under high positive bias. More
complex models were attempted in order to fit the data, including
a transmission line model.***4” Unfortunately the models were
unable to fit the data. This is likely due to the very efficient
30 transport of charge through the nanostructures and the lack of a
transmission line in the Nyquist plots.

Since charge transport changes could not explain the increased
photocurrent in the nanotower sample, we ultimately considered
surface area as the most likely enhancement mechanism. While
35 gas adsorption measurements could be used to determine
differences in surface area of the two morphologies, this would
also include semiconductor material that is not electrochemically
accessible and would give skewed results. We therefore used the
electrochemical capacitance of the films as a measure of their
40 surface area. ESI, Fig. S71 shows the capacitance values as a
function of applied potential for the nanowalls and nanotowers, as
derived using EIS. The inset shows a zoom-in of the potential
region where the plateau photocurrent is observed in Fig. 3a. In
this region, the applied bias is high enough that the space-charge
45 region of the semiconductor adjacent to the electrolyte is heavily
depleted, resulting in charge separation efficiencies close to unity.
The resulting photocurrent becomes solely limited by bulk
recombination in the semiconductor and exhibits a plateau. For
two nanostructures that are composed of the same cubic structure

of semiconductor exposed to electrolyte (i.e. the
electrochemically active surface area) will therefore determine
the maximum photocurrent output. From the inset in ESI, Fig.
ST+, itis clear that the nanotowers exhibit a ~ 1.4 fold increase in

ss capacitance compared to the nanowall sample. Given that the two

samples have identical geometric surface areas (3 cm?), it would
appear that the difference in real surface areas is responsible for
the difference in photocurrent output.

Additionally, based on the IPCE data and the standard AM

s 1.5G solar spectrum (ASTM G-173-03),% the total photocurrent

of the nanotowers and nanowalls under simulated global sunlight
can be obtained by integrating the IPCE spectra according to
equation (4): 101

IPCE(A)-E(A)-A

[1(yda = [ =222 d) )

es where E(2) (in mW/cm?nm) is the solar irradiance at a specific

wavelength 2 (in nm). The solar photocurrent calculated
according equation (4) is independent of the light source and
applied filters, and is therefore more accurate in evaluating the
water splitting performance of the films. As shown in Fig. 5c, the

70 simulated photocurrents of the In,O3 nanotowers and nanowalls

at 1.40 V as a function of wavelength between 300 to 650 nm are
0.37 and 0.25 mA/cm?, respectively, which closely match the
photocurrents measured in the PEC cell under simulated sunlight
(Fig. 3a, values of 0.38 and 0.27 mA/cm? for the nanotowers and

75 nanowalls, respectively).

Conclusions

In summary, In,03 nanostructures with nanotower and nanowall
morphologies were directly grown on FTO substrates using new
synthetic methods. The straightforward growth of oxide

80 semiconductor nanostructures on conductive oxide substrates

allows for enhanced electrical contact with the substrates. When
used as photoanodes for PEC water splitting, the In,0O;
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nanotowers and nanowalls both showed considerable
photocurrents under AM 1.5G simulated solar irradiation. The
nanowalls exhibited an earlier photocurrent onset than the
nanotowers, which was confirmed to coincide with a more
negative flat-band potential. The reason for this shift originated
from a decrease in the work function of the nanowalls as
compared to the nanotowers, and was suggested to be a result of
an increase in hydroxyl content within the films. The nanotowers
exhibited a much higher photocurrent output at high positive
potentials. Electrochemical impedance spectroscopy
measurements suggested that this improvement was primarily due
to an increase in surface area. These results suggest the merits of
combining nanostructuring and increased surface area, with
tailored compositions of dopants in semiconductors, which can
simultaneously decrease the applied energy required for
photocurrent onset and maximize the total photocurrent output
under depletion conditions. Such morphology controlled,
nanostructured transparent conducting oxide electrodes are
envisioned to provide valuable platforms for supporting catalysts
and co-catalysts that are intentionally tailored for efficient light-
assisted oxidation of water and reduction of carbon dioxide, the
subject of ongoing investigations in our solar fuels laboratory.
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