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ABSTRACT: In this study, systematic geometric tuning of core— Geometric Tuning  Simulated Light  Photoelectrochemistry
shell nanowire (NW) architectures is used to decouple the Absorption  ® [—L=1.6um '
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contributions from light absorption, charge separation, and charge = N, 5 A E4|—08
transfer kinetics in photoelectrochemical water oxidation. Core— E T
shell-shell NW arrays were fabricated using a combination of 23— |
hydrothermal synthesis of ZnO and atomic layer deposition (ALD) L ¢ g 5
of SnO, and BiVO,. The length and spacing of the NW scaffold, as =
well as the BiVO, film thickness, were systematically tuned to £

.. . 3 dark current

optimize the photoelectrochemical performance. A photocurrent of ©
4.4 mA/cm? was measured at 1.23 V vs RHE for sulfite oxidation 00~ s — o '1 s

and 4.0 mA/cm* at 1.80 V vs RHE for water oxidation without a ZnO BVO Sno, V vs. RHE
cocatalyst, which are the highest values reported to date for an ALD-

deposited photoanode. Electromagnetic simulations demonstrate

that spatial heterogeneity in light absorption along the core—shell NW length has a critical role in determining internal quantum
efficiency. The mechanistic understandings in this study highlight the benefits of systematically optimizing electrode geometry at the
nanoscale when designing photoelectrodes.
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H INTRODUCTION multiple dimensions, which enables rational design of the
optical and electrochemical properties of the material system.'”
For example, core—shell nanowires (NWs) can separate light
absorption and charge carrier separation onto orthogonal
directions, allowing them to be independently optimized.”*™*’
This can be leveraged to overcome limitations in materials with
mismatched optical absorption depths and carrier diffusion
lengths. However, precise tuning of multiple geometric
parameters including shell thickness, NW length, and inter-
NW spacing is often not performed within a single study. This
frequently results in a general comparison of nanostructured
electrodes to planar control samples, rather than decoupling
the individual influences of these geometric variables on
quantum efficiency and photovoltage.

Inspiration can be taken from studies of Si NW and
microwire arrays, which have been thoroughly investigated
both computationally and experimentally. These studies
highlight the impact of geometric features, such as NW/
#73! and profile’ on spectral light

Metal oxide semiconductors are frequently used as photo-
anodes for photoelectrochemical (PEC) water splitting, owing
to their improved stability against photocorrosion compared to
Si and III-V compounds.1 However, metal oxide semi-
conductors are typically limited by wide bandgaps and poor
optoelectronic properties, including a mismatch between the
length scales required for complete light absorption and charge
carrier diffusion.”” Nanostructuring is a common approach to
overcome these optoelectronic limitations.” Nanostructures
can increase light absorption through their light trapping and
antireflective properties.”” Additionally, their increased surface
areas reduce kinetic overpotentials compared to planar
geometries.” The coupled relationships between light absorp-
tion, charge transfer kinetics, and quantum efliciency are
strongly dependent on the specific nanostructured geome-
try,"~"® which motivates studies to optimize electrode
architecture.

Nanostructures composed of the “bulk” light-absorbing
semiconductor can be formed using a range of top-down or

. . . 28 .
microwire size,” density,

bottom-up manufacturing techniques including lithogra- Special Issue: Emerging Materials for Catalysis and
phy,"*™'° wet/dry etching,'”"'® chemical vapor deposition, >’ Energy Applications

and hydrothermal synthesis.'”*' Alternatively, a semiconduc- Received: May 19, 2021

tor absorber layer can be deposited onto a heterogeneous Accepted:  July 7, 5021

template to create a core—shell structure.””~>° The core—shell Published: July 20, 2021

approach allows for independent control of geometry in
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Figure 1. (a) Design parameters for a core—shell BVO NW array. (b—d) Top-down SEM images of BVO photoanodes, varying the number of
supercycles (s.c), corresponding to 20, 40, and 80 nm of as-deposited ALD BVO, respectively. (e—h) Cross-sectional SEM images of photoanodes
with average NW lengths from 0.1 to 1.6 um, with 1 s.c. of deposited BVO. (i—1) Top-down SEM images of photoanodes with average inter-NW
spacing between 0.26 and 1.52 ym, with 1 s.c. of deposited BVO. All SEM images show photoanodes after BVO annealing.

9,28,30,31 9,28,31

absorption, surface recombination, electrolyte
mass transport,29 and reaction kinetics.”" However, core—
shell metal oxide NWs have material-dependent properties,
advantages, and limitations that are distinct from single-
material systems. Therefore, an improved understanding of
how the core—shell NW geometry influences performance will
enable rational design of optimized photoanodes.

Bismuth vanadate (BVO) is a promising photoanode
material for solar water oxidation. BVO has a relatively narrow
~2.5 €V bandgap,’” enabling absorption within the visible
spectrum, and moderate charge carrier diffusion lengths of ~70
nm.>’ Nanostructured geometries have resulted in some of the
highest reported photocurrents for BVO photoanodes to
date 2225263439

In this study, a series of core—shell NW photoanodes were
developed to study the influence of geometric parameters on
optical properties and PEC performance. The NW geometry
was chosen as a model system because of its well-defined and
tunable geometric parameters, although the conclusions
developed here can be extrapolated to other geometries. A
template of hydrothermally grown ZnO NWs was used to tune
the core geometry (length, inter-NW spacing) independently
from the thickness of the BVO shell. BVO was deposited on

the NWs using atomic layer deposition (ALD), which provides
conformal coverage of the NW array and enables precise
control of the film composition and thickness independent of
the properties of the underlying NW template.”>***" ALD was
also used to deposit an interlayer of SnO, between the ZnO
NWs and ALD BVO, which serves a dual purpose to protect
the ZnO NW from photocorrosion and serve as a hole
blocking layer.”>**

As a result of the geometric optimization in this work, a
maximum photocurrent of 4.4 mA/cm” was measured at 1.23
V vs RHE, which is the highest value reported to date for an
ALD-deposited photoanode. External and internal quantum
efficiency spectra were collected and analyzed as a function of
shell thickness, NW length, and inter-NW spacing. These
trends are rationalized using electromagnetic simulations,
which highlight the critical role of electrode geometry on the
spatial distribution of light absorption (and thus carrier
excitation) throughout the NW volume. The insights from
this study demonstrate how rational design of photoelectrode
architectures can be used to take full advantage of the
increased surface area in nanostructured electrodes, resulting in
substantial increases in quantum efficiency.

https://doi.org/10.1021/acsami.1c09236
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Figure 2. (a) BVO NW photoelectrode light absorption as a function of as-deposited BVO thickness. (b) Linear sweep voltammetry (LSV) for
sulfite oxidation under 1-sun illumination (borate buffer, pH: 9.2). (c) IPCE and (d) APCE measurements. (e—g) Simulated carrier generation
rates from a 420 nm incident plane wave source in NW arrays with 1, 2, and 4 s.c. of BVO, respectively. The upper 50% of the NWs are shown for
clarity. Carrier generation rates are plotted on a logarithmic scale, given the strong gradient along the NW length.

B RESULTS AND DISCUSSION

Tuning the Electrode Geometry. Figure 1 shows the
parameters that were tuned in the ALD BVO core—shell NW
photoanodes, with accompanying scanning electron micros-
copy (SEM) images. Geometric parameters of the ZnO NW
array, such as length (L, Figure le—h) and average inter-NW
spacing (D, Figure 1i—I), were controlled usin§ Ereviously
developed surface-directed assembly methods.”* In this
approach, an ALD seed layer is used to direct the nucleation
of NWs, which facilitates independent control of NW angular
orientation and spacing.”"**** The thickness of the as-
deposited BVO (tgyo, Figure 1b—d) can be tuned by adjusting
the number of ALD deposition cycles.””

These geometric parameters act together to influence
performance metrics including light absorption, charge
separation, surface charge recombination, and mass transport
within the electrolyte.*""****% In a core—shell NW array,
light is absorbed along the length of the NW, while charge
carriers diffuse and are collected radially.”>~*>" Thus, light
absorption can be increased by lengthening the NWs without
increasing the required carrier diffusion lengths.

Nanostructured geometries can also introduce new
challenges. Increased surface area provides a greater number
of potential reaction sites, but it may also result in increased
surface and interfacial recombination. High-aspect-ratio
nanostructures can also introduce concentration gradients in
the electrolyte phase within the electrode.””*” Furthermore,
changing the nanostructure geometry (including shell thick-
ness) can result in greater focusing of light absorption near the
top of the photoelectrode, which reduces the usefulness of
active surface area deeper within the electrode.”****** In this
study, to decouple these effects, independent control of
multiple geometric parameters is used to provide fundamental
insights into the factors that limit the performance of
nanostructured photoelectrodes.
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In ALD of ternary oxides, a supercycle (s.c.) approach is
often implemented. In this method, an alternating sequence of
binary oxide layers is blended within the ALD process. Film
stoichiometry can be controlled by tuning the ratio of these
binary oxides within the sequence. We have previously
demonstrated this approach by using ALD to synthesize
BVO films with tunable composition and phase.”” In the
optimized recipe, each s.c. consists of 270 cycles of Bi,O;
followed by 230 cycles of V,0;s. Further details on the ALD
process can be found in the Experimental Section.

Variations in Shell Thickness. The first geometric
parameter that was considered is shell thickness. The BVO
absorber layer was deposited with varying thicknesses of
approximately 20, 40, and 80 nm, corresponding to 1, 2, and 4
ALD s.c., respectively (Figure 1b—d). The average NW length
was 1.6 pum. Figure 2a shows ultraviolet—visible (UV—vis)
absorption spectra for NW photoanodes with varying as-
deposited BVO thicknesses. The three photoanodes each
absorb approximately 95% of light intensity at wavelengths
below 450 nm, while near-gap absorption at longer wave-
lengths increases with increasing BVO film thickness.

Figure 2b shows the photocurrent vs potential curves for
sulfite oxidation in the three NW samples. Despite the
increased near-gap photon absorption in the samples with
the thicker shells, the NW array with the thinnest BVO shell
provided the highest photocurrent. This illustrates that there
was a difference in quantum efficiency for samples with varying
shell thickness.

The incident photon to electron conversion efficiency
(IPCE) spectra, Figure 2c, show that while external quantum
efficiency improves at longer wavelengths for the thicker films,
the high total photocurrent in the 1 s.c. sample is dominated
by the higher IPCE over a range of wavelengths from 375 to
475 nm. The IPCE drops for wavelengths below 375 nm as
shell thickness decreases, which is due to increased UV light

https://doi.org/10.1021/acsami.1c09236
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Figure 3. (a) BVO NW photoelectrode light absorption as a function of NW length. The 0 ym sample is a planar electrode with no NWs. (b) LSV
for sulfite oxidation under 1-sun illumination (borate buffer, pH: 9.2). (c) IPCE and (d) APCE measurements. (e—h) Simulated carrier generation

rates from a 420 nm incident plane wave source.

absorption in the ZnO NWs (further details in Supplementary
Note 9). Holes generated in the ZnO core cannot easily
transfer to the BVO surface due to the valence band offset in
the ZnO/Sn0,/BVO structure (Supplementary Note 3).**
However, this has a limited impact on the overall photocurrent
due to the relatively low intensities in the UV region of the
AM1.5G spectrum. Additionally, the absorbed photon to
electron conversion efficiency (APCE) was calculated from the
IPCE and light absorption data. Since all three electrodes
absorb nearly 100% of the light below the bandgap, the trends
in the APCE differ very little from the IPCE.

While the as-deposited BVO thickness can be controlled
linearly with the number of ALD s.c., postdeposition annealing
of the BVO films results in additional trends in thickness and
morphology (Figure 1b—d). In all cases, the BVO forms
monoclinic crystalline grains.”> Consistent with previous
transmission electron microscopy (TEM) imaging and
energy-dispersive X-ray spectroscopy (EDS) analysis,”” as the
BVO film crystallizes, the film roughens and forms discrete
grains along the NW surface. As the number of s.c. increases
from 1 to 4, the shell thickness increases and the space
between the NWs begins to decrease, which becomes
particularly apparent in the 4 s.c. sample (Figure 1b—d).
This reduces the interfacial area with the electrolyte and may
result in electrolyte mass transport limitations. Furthermore, as
the shell thickness increases, the required distance that
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photoexcited charge carriers must diffuse increases, both in
the radial direction (through the shell thickness) and in the
axial direction (due to any potential pore clogging). Each of
these factors would contribute to a decrease in APCE as shell
thickness increases.

Beyond simply considering total light absorption by the
photoelectrode, the spatial variation in light absorption within
the electrode will also affect the quantum efficiency. As light
absorption increases, within a specific location, the excited
carrier generation rate will also increase. This will, in turn,
generate a higher flux of photoexcited carriers to the
electrode—electrolyte interface, which must be transferred
across the interface before recombination occurs. Therefore, to
probe the spatial variations in light absorption as a function of
NW geometry, electromagnetic simulations [using a finite
element method (FEM) solver for the frequency domain form
of Maxwell’s equations]’’ were performed. A complete
description of this simulation method is found in ref S0.

To decrease computational cost, 2D simulations were used
as a simplified model. Additionally, ALD BVO was treated as a
uniform shell, which did not significantly affect the trends in
absorption compared to densely spaced BVO grains (detailed
methods in Supplementary Notes 6 and 16). From the
simulated electric-field intensity data and photoelectrode
material properties, volumetric carrier generation rates are
calculated according to a previously published model:*"

https://doi.org/10.1021/acsami.1c09236
ACS Appl. Mater. Interfaces 2021, 13, 52063—52072


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09236/suppl_file/am1c09236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09236/suppl_file/am1c09236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09236/suppl_file/am1c09236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09236/suppl_file/am1c09236_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09236?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09236?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09236?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09236?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Forum Article

N |E|zimag(8)
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where C,, is the carrier generation rate (1/ cm®/s), E is the
simulated spatially varying electric field (V/m), imag(¢) is the
spectral imaginary component of permittivity (F/m), and h is
Planck’s constant. Values for imag(¢) were calculated based on
literature values of the real and imaginary components of the
refractive index for each material (further details in
Supplementary Note 6).

In Figure 2e—g, the simulated spatially varying carrier
generation rates are shown for the 1, 2, and 4 BVO s.c. samples
using normally incident light with a wavelength of 420 nm
(additional wavelengths are shown in the Supporting
Information). Although each of the three NW arrays absorb
nearly all of the incident light, as the BVO thickness increases,
light absorption is increasingly focused near the tips of the
NWs. As a consequence of this concentrated absorption, the
flux of photogenerated charge carriers are confined to a smaller
active area, which will result in a higher overpotential and
increased recombination rate.** In addition to the mass and
carrier transport phenomena described above, this optical
effect further helps to rationalize the increased quantum
efficiency of the 1 s.c. sample, since the flux of photogenerated
carriers is more uniformly distributed along the NW length.

Overall, the shell thickness investigation points toward
multiple contributing factors that must be considered when
designing nanostructured photoelectrodes, including surface
area, spatial distribution of light absorption, near-gap
absorption, mass transport within the electrolyte, and required
charge carrier diffusion length. To further decouple these
effects and optimize performance, geometric variation of the
NW length and spacing was performed. In these experiments,
the ALD film thickness was fixed at 1 s.c. to maximize the
relative photocurrent.

Variations in NW Length. The length of the NWs can
influence photoelectrode performance in several ways. Longer
NWs can increase total light absorption, but also have
increased interfacial area. In PEC systems, increased surface
and interfacial area can result in a trade-off between improved
charge transfer kinetics and increased interfacial recombina-
tion. To study these effects, Figure 3a and b show the light
absorption properties and photocurrent response for photo-
anodes with different average NW lengths ranging from 0 um
(planar) to 1.6 ym. Accompanying SEM images are shown in
Figure le—h.

The light absorption above the BVO bandgap first increases
with NW length and then saturates at a NW length of 0.8 ym
(Figure 3a). This is mirrored in Figures 3e—h, which show the
simulated carrier generation rates at a wavelength of 420 nm.
In the sample with a NW length of 0.3 ym (Figure 3e), the
NWs are not long enough to absorb all of the incident light,
and a significant percentage of light is lost to transmission. The
0.8 um NW length (Figure 3f) is approximately the minimum
height necessary to absorb all of the incident light. Extending
the NW length further (Figure 3g—h) yields minimal
additional absorption toward the bottom of the NWs.
However, in contrast to increasing shell thickness, further
increases in NW length do not result in carrier generation
concentration toward the tips of the NWs. Therefore,
increasing light absorption by increasing NW length is a
more effective means of light management than increasing shell

thickness, since the flux of photogenerated carriers is
distributed more homogeneously along the electrode surface.

The photocurrent data show a similar trend to the light
absorption, where the photocurrent at a potential of 1.23 V vs
RHE first increases with increasing NW length and then
reaches a plateau at ~4.4 mA/cm’ (Figure 3b). However,
while the light absorption reaches a saturation value at a NW
length of 0.8 um (Figure 3a), the photocurrent continues to
increase until a longer NW length of 1.1 ym. Although the
photoanode only absorbs significant amounts of light along the
top ~0.8 um of the NW length (Figure 3g—h), there is
increased surface area available for the reaction deeper than
this, that is, closer to the substrate. As the length increases
from 0.8 to 1.1 um, the additional surface area at the bottom of
the NWs contributes to the interfacial charge transfer reaction,
which helps to explain the improved photocurrent. However,
as the length of the NWs continues to increase from 1.1 to 1.6
um, the increase in surface area at the bottom of the NWs no
longer contributes. We attribute this to the minority carrier
diffusion length in BVO, which is approximately 70 nm.>
Therefore, adding more surface area in regions with minimal
light absorption only contributes if the additional area is within
a short diffusion distance to the locations where light
absorption occurs.

In Figure 3b, the initial photocurrent onset is also shifted to
slightly lower potentials as NW length increases, indicating
decreased overpotentials. The reduction in overpotential
corresponds to the increased surface area, providing further
evidence for the benefit of extending NW length despite
saturated light absorption. This is in agreement with Butler—
Volmer kinetics, where the lower current density associated
with increasing the electrochemically active surface area
corresponds to a reduction in activation overpotential.”

Quantum efficiency measurements were performed to
further investigate the impact of NW length on photocurrent
(Figure 3c—d). The IPCE increases with average NW length
up to 1.1 um, which is consistent with the increased
photocurrents observed in Figure 3b. Additionally, the IPCE
at longer wavelengths increases with increasing NW length,
which is consistent with the near-bandgap light absorption
data.

However, while a major benefit of longer NWs is
overcoming light absorption limitations, the APCE data
indicates that total light absorption is not the only factor
contributing to the photocurrent trends. If insufficient light
absorption was the only factor affecting the performance of the
electrodes with different NW lengths, the APCE, which
accounts only for absorbed photons, would converge for all
electrodes. The fact that the APCE at a given wavelength
increases from the planar geometry until the 1.1 um NW
length indicates that the increase in APCE is correlated with
the increased surface area.

The highest photocurrent at 1.23 V vs RHE was 4.4 mA/
cm?, which is 2.95X higher than the photocurrent for the
planar control. This is the highest photocurrent for an ALD-
deposited photoanode material reported to date, and
represents an 1.5X increase over our previous reported value
(2.9 mA/cm?), which was measured using unoptimized ALD
BVO-NW architectures.”” On the basis of the 2.52 eV bandgap
for ALD BVO® this corresponds to 75% of the maximum
theoretical photocurrent under 1 sun illumination.

In summary, increasing NW length results in coupled trade-
offs between light absorption, interfacial kinetics, carrier

https://doi.org/10.1021/acsami.1c09236
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Figure 4. Samples are identified by the average NW spacing. (a) BVO NW photoelectrode light absorption as a function of average NW spacing.
(b) LSV for sulfite oxidation under 1-sun illumination (borate buffer, pH 9.2). (c) IPCE and (d) APCE measurements. (e—g) Simulated carrier

generation rates from a 420 nm incident plane wave source.

recombination, and charge transport along the NW length. To
further decouple these variables, we explored independent
control of inter-NW spacing as an additional design parameter.
Varying the inter-NW spacing offers the ability to tune surface
area and light absorption without changing NW length, and
also allows us to study if mass transport limitations occur in the
electrolyte by varying the open volume within the
electrode.””*’

Variations in Inter-NW Spacing. Core—shell BVO
photoanodes were grown on NW arrays with varying spacing,
D, as shown in Figure la. The NW spacing was controlled
using a submonolayer ALD TiO, overcoat on top of the ALD
ZnO seed layer, which inhibits NW nucleation during
hydrothermal synthesis.”> This allowed the average inter-NW
spacing to be monotonically increased from 0.26 to 1.52 um.
Quantification of the NW density and inter-NW spacing is
included in Supplementary Note 2. Accompanying SEM
images for each of the arrays with different average NW
spacings are shown in Figure 1li—1

Figure 4a and b shows the light absorption and photocurrent
data for these photoanodes. The arrays with the lowest average
spacing, 0.26 pum, correspond to the same spacing of the
samples used in Figures 2 and 3. The NW Ilength was
maintained at approximately 1.1 gm and a shell thickness of 1
s.c. of BVO was deposited in each case.

Both the light absorption and photocurrent values, Figure 4a
and b, decrease as the inter-NW spacing increases. For large
inter-NW spacings, substantial planar regions of the substrate
are exposed to the electrolyte between the NWs. Con-
sequently, as the inter-NW spacing increases, the photocurrent
converges to that of the planar geometry.

As expected, the IPCE data (Figure 4c) follow the trend
observed in the photocurrent measurements. However, the
APCE data (Figure 4d) show a relatively smaller variation as a
function of inter-NW spacing. The smaller differences in APCE
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as a function of inter-NW spacing indicate that in these
samples, total light absorption is a significant factor in
determining photocurrent. Furthermore, the fact that the
APCE does not increase as inter-NW spacing increases
indicates that under these conditions, mass transport in the
electrolyte is not a limiting factor. These APCE data can be
contrasted with the trends of increasing NW length (Figure
3d), where APCE was a stronger function of length.

One potential contributing factor to these observations is the
fact that surface area increases for both increasing NW length
and decreasing inter-NW spacing. However, the reduction in
surface area as NW length decreases is smaller in magnitude
than the change in surface area as inter-NW spacing increases.
This is because NW surface area scales linearly with NW
length, while it scales quadratically with inter-NW spacing.
Therefore, a larger inter-NW spacing results in a faster
decrease in surface area than reducing the NW length.
Estimations of the total surface area for each electrode
geometry investigated in this study are calculated in
Supplementary Note 2.

For example, as the average NW length is reduced from 1.1
to 0.8 um, the total surface area decreases by ~24%. As
described above, this decrease in surface area results in a
decrease in APCE as NW length is reduced, even though the
total light absorption did not change. In contrast, as inter-NW
spacing increases from 0.26 to 0.48 um, the electrode surface
area decreases by ~48%. This decrease in surface area is even
more amplified in the case of a spacing of 0.82 ym, which
represents a decrease in surface area by ~73%. Despite these
dramatic changes in surface area, the APCE decreases by <20%
as the inter-NW spacing is increased from 0.26 to 0.82 um,
which is significantly less than the APCE drop as NW length
decreases below 1.1 ym (as shown in Figure 3d). Even in the
extreme case when the inter-NW spacing was increased to 1.52
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um, representing a reduction in surface area by ~82%, the
APCE only decreases by ~25%.

To reconcile the differences in APCE when tuning NW
length and spacing, we examine the simulated carrier
generation rate maps in Figure 4e—g. As the inter-NW spacing
increases, light absorption is distributed more uniformly along
the NW length. Therefore, the reduction in surface area is
somewhat compensated for by a more homogeneous carrier
generation rate along the length. This is analogous to the
trends observed with changing shell thickness, where reduced
light focusing near the NW tips increases APCE. Therefore, we
conclude that an optimized geometry for nanostructured
photoanodes is one that simultaneously maximizes light
absorption and optimizes active surface area, which requires a
homogeneous carrier generation rate throughout the electrode
volume. This highlights the importance of balancing the flux of
light absorption and interfacial charge transfer kinetics in PEC
systems, and demonstrates the power of rational design of
geometry to optimize performance.

OER Performance. While the data shown in Figures 2—4
were collected for sulfite oxidation, it is also interesting to
examine the performance of these optimized NW arrays for the
oxygen evolution reaction (OER). Figure S shows a
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Figure 5. Comparison of water oxidation and sulfite oxidation LSV
for planar and optimized NW BVO photoelectrodes.

comparison of the photocurrent versus potential response for
sulfide oxidation and OER using the optimized photoelectrode
geometry (1.1 ym NW length, 0.26 ym inter-NW spacing, and
1 s.c. BVO shell thickness). These measurements were
performed without using an OER cocatalyst, which results in
higher overpotentials, since the charge transfer kinetics for
OER are significantly slower than those for sulfite oxidation.
This can be seen in the more anodic onset of photocurrent for
OER. However, despite this increased overpotential, the
saturated photocurrent for OER (4.0 mA/cm® at 1.80 V vs
RHE) is similar to that of sulfite oxidation. This indicates that
an optimized NW geometry would perform well if paired with
an appropriate OER cocatalyst, which will be the subject of
future studies.

B CONCLUSIONS

In this study, the impacts of geometry were investigated on the
PEC performance of core—shell-shell BVO@SnO,@ZnO
NW photoanodes fabricated by ALD. The NW design
parameters studied include BVO shell thickness, NW length,

and inter-NW spacing, which were independently varied to
investigate their impact on performance. Optical modeling was
performed to develop a mechanistic understanding of the
experimental trends observed when varying each geometric
parameter. The optimized geometry resulted in a sulfite
oxidation photocurrent of 4.4 mA cm™ at 1.23 V vs RHE,
which is 75% of the maximum theoretical photocurrent under
1 sun illumination.

The key points of understanding that arise from tuning the
geometry are as follows:

(1) As shell thickness increases, light absorption focuses near
the tips of the NWs. This results in a high local carrier
generation rate, which does not take full advantage of
the increased surface area from the NW geometry.
Therefore, shell thickness should be optimized to
maximize the homogeneity of carrier generation
throughout the electrode volume.

(2) Increasing NW length can enhance total light absorption
until a saturation value is achieved. Further increases in
NW length beyond this point result in improvements in
photocurrent and APCE up to a certain point, beyond
which diminishing returns exist. This is attributed to the
minority carrier diffusion length in the absorber layer,
which limits the distance photoexcited carriers can travel
to take advantage of the increased surface area as NW
length increases.

(3) Increasing inter-NW spacing results in a decrease in
photocurrent, if light absorption becomes limiting.
Ultimately, this strategy converges to a planar electrode
geometry. However, the reduction in electrode surface
area associated with increasing NW spacing can be
somewhat compensated for by an improvement in
homogeneity of light absorption along the NW length.
This acts to spread out the flux of photogenerated
carriers more uniformly. Therefore, although the total
surface area is an important factor to PEC performance,
it must be normalized by the homogeneity of the carrier
generation rate along the surface.

In the future, the lessons learned from this study provide
broadly applicable guidelines to further improvements in the
performance of nanostructured photoelectrodes. For example,
in materials with longer carrier diffusion lengths, increases in
surface area beyond the point of saturated light absorption may
be beneficial to a greater extent, since the photogenerated
carriers can “take advantage of” this increased surface area. In
addition, optical modeling is a powerful tool to optimize
geometry to identify architectures that simultaneously max-
imize surface area and light absorption, while also ensuring a
homogeneous distribution of carrier generation throughout the
volume. Beyond the 2-D NW geometry, hierarchical
architectures, such as branched NWs," present additional
opportunities for rational design. Finally, it is important to
consider the kinetic “demands” on the interface, which will
become increasingly challenging for multielectron charge
transfer reactions beyond water splitting. These kinetic
limitations will essentially modulate the needs for increased
surface area, suggesting that the optimal geometry will vary for
a specific reaction. Our hope is that the fundamental insights
provided in this study can provide inspiration and guidance to
future studies, in particular by highlighting the critical role of
heterogeneity in local light absorption and current density as a
function of electrode geometry.
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B EXPERIMENTAL SECTION

Sample Preparation. Substrate Preparation. ZnO NWs were
grown on fluorine-doped tin oxide on glass (FTO, Delta
Technologies, R, < 14 Q). FTO was solvent-cleaned by sonicating
in acetone, isopropanol (2X), and DI water (3X) for 10 min each.
Immediately prior to ALD, substrates were cleaned using air plasma
for 10 min (Harrick Plasma, PDC-001-HP). The plasma power was
10.2 W and the pressure was ~100 mTorr.

Atomic Layer Deposition. ALD of BVO, SnO,, ZnO, and TiO,
were performed as detailed by previous publications.””** A custom
lab-built, hot-walled, cross-flow ALD reactor’> was used for all
depositions. The precursors for ALD BVO were vanadium(V)
oxytriisopropoxide (VTIP, Sigma-Aldrich), Bi(OCMe,Pr);, and DI
water. The precursor source temperatures were 55 and 90 °C for
VTIP and Bi(OCMe,Pr);, respectively. The DI water source was
maintained at room temperature in all ALD depositions. To assist
with precursor mass transport to the ALD chamber, a vapor boost
strategy was used in BVO depositions (details in ref 21). SnO, was
deposited using tetrakis(dimethylamino)tin(IV) (TDMASn) and DI
water as precursors. ZnO was deposited using diethylzinc (DEZ) and
DI water as precursors. TiO, was deposited using tetrakis-
(dimethylamido)titanium (TDMAT) and DI water as precursors.
The source temperatures for TDMASn and TDMAT were 65 and 75
°C, respectively. The DEZ source was unheated. In all ALD recipes,
purging was performed using Ultra High Purity Ar (99.999%). The
deposition temperature was 175 °C for TiO, depositions, and 150 °C
for all other materials.

Post-Annealing of ALD Films. Postannealing of both BVO and
SnO, was performed at 450 °C in air using a tube furnace. For
annealing BVO films, the ramp time was 30 min, followed by a hold
for 2 h, and natural cooling lasting ~1.5 h. SnO, films were annealed
using a ramp time of 85 min, followed by a hold for 15 min, and
natural cooling lasting ~1.5 h.

Hydrothermal Nanowire Synthesis. ZnO NW synthesis used ALD
ZnO and TiO, to control nucleation and direct inter-NW spacing, as
detailed in Bielinski et al. 2017.”* NW growth was performed at 90
°C. The NW growth solution contained zinc nitrate hexahydrate (25
mM), hexamethylenetetramine (25 mM), and polyethylenimine (S
mM) in DI water. All substrates were faced downward to prevent
settlement of homogeneous precipitates in the growth solution. NW
length was controlled by adjusting the hydrothermal growth time
from 0 to 2 h.

Materials Characterization. Scanning Electron Microscopy.
SEM images collected on a FEI Nova 200 Nanolab with a 3 kV
accelerating voltage or a TESCAN MIRA3 or TESCAN RISE with a
10 kV accelerating voltage.

Ultraviolet—Visible Spectrophotometry (UV—vis). UV—vis meas-
urements were performed using a Schimadzu UV-2600 UV-—vis
Spectrophotometer with an integrating sphere. Reflectance spectra
were referenced to BaSO,, and transmittance spectra were referenced
to bare FTO. The absorption (%) was calculated from the measured
transmittance and reflectance using eq 2:

A(%) = 100% — T(%) — R(%) (2)

Photoelectrochemical Measurements. PEC measurements were
performed as detailed by Bielinski et al. 2019.” To fabricate
photoelectrodes, silver paint (Ted Pella) was used to attach a
tinned-copper wire to exposed FTO on the surface. The wire
connection was sealed with inert epoxy (Hysol EA, Loctite) while
leaving ~0.6—0.7 cm? of active area on the electrode. The epoxy was
allowed to cure for 24 h at room temperature. For PEC
measurements, a quartz three-electrode cell was used. The reference
electrode was Ag/AgCl immersed in 3 M NaCl (CH Instruments)
and the counter electrode was a Pt wire (23 cm, CH Instruments).
The electrolyte for the sulfite oxidation experiments was an aqueous
solution of 1 M Na,SO; (ACS Reagent, Sigma-Aldrich) and 0.25 M
potassium borate buffered at pH 9.2 (Sigma-Aldrich). The electrolyte
used for the OER experiments included the same borate buffer (pH
9.2) without the addition of Na,SO;. An Interface 1000 Potentiostat

(Gamry) was used to gather linear sweep voltammogram (LSV) data.
The light source was a 300 W Xe arc lamp (Newport) equipped with
an AML.5G filter (Newport) and a quartz diffuser (Newport). Front-
side illumination was performed at an intensity of 1 sun. Additional
information about PEC measurements, including pH measurement
and incident light calibration, iR compensation, and IPCE/APCE data
collection and calculations are detailed in Supplementary Note 4.
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