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ABSTRACT: Protective insulating layers between a semi-
conductor and an electrocatalyst enable otherwise unstable
semiconductors to be used in photocatalytic water splitting. It
is generally argued that in these systems the metal
electrocatalyst must have work function properties that set a
high inherent barrier height between the semiconductor and
electrocatalyst and that the insulating layer should be as thin
as possible. In this study we show that, for systems which
suffer from inherently low barrier heights, the photovoltage
can be significantly improved by tuning the thickness of the
insulating layer. We demonstrate this in a case study of a
system consisting of n-type silicon, a hafnium oxide protective layer (thickness 0−3 nm), and a Ni electrocatalyst. By optimizing
the protective layer thickness, we observe increased efficiencies for photocatalytic oxygen evolution with a thick Ni
electrocatalyst supported on n-Si. Our findings open avenues for the use of inexpensive electrocatalysts with favorable
electrocatalytic and optical properties but poor work function characteristics.
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Photocatalytic splitting of water into oxygen and hydrogen
using sunlight is a critical bottleneck to the development

of sustainable chemical conversion processes. The materials
that have received the most attention for this application are
hybrids that contain a semiconductor light absorber and an
attached metal electrocatalyst that performs chemical trans-
formations. While significant progress in the design of these
multifunctional materials has been made, important inefficien-
cies have limited their viability. To mitigate these inefficiencies,
strategies must be developed to (1) increase the total amount
of absorbed solar irradiance by the semiconductor,1,2 (2)
improve the ability of the semiconductor to convert the
absorbed light into chemically useful charge carriers (i.e., the
charge carriers need to reach the reactive centers)3−6, and (3)
increase the activity of the attached electrocatalyst.7 The first of
these challenges is heavily dependent on the choice of
semiconductor, which needs to have a band gap of between
1.1 and 2.0 eV to achieve optimal efficiencies for dual-
semiconductor systems.1,2 Almost all semiconductors with
band gaps in this range (Si, GaAs, CdTe, etc.) are not stable
under relevant photocatalytic conditions.8 The main problem
is that under anodic reaction conditions (the O2-evolving
electrodes), these materials are more readily oxidized and
therefore degraded in comparison to the water reactant.
Recently, it has been demonstrated that these low band gap

semiconductor photoanodes can be stabilized by the use of
protective oxide layers. These structures often consist of a
semiconductor layer, a protective insulator, and a metallic or

metal oxide electrocatalyst (MIS system). While systems have
been studied extensively in photovoltaic applications,9−11

recently they have received renewed attention in photo-
electrochemical applications where insulator layers are
necessary to improve stability. Examples of insulator-protected
photoelectrodes often employ a Si semiconductor covered with
an Al2O3

12−15 and TiO2
14,16−20 protective layer onto which a

metal electrocatalyst was deposited. In these systems, the
choice of the semiconductor, protective layer, and electro-
catalyst materials affects the overall efficiencies. In general, it
has been recognized that electrocatalysts, in addition to
excellent electrocatalytic activity, need to have a work function
such that the inherent electrocatalyst/semiconductor barrier
height is high.21 This means that for the water oxidation half-
reaction (i.e., oxygen evolution reaction, OER), costly noble-
metal electrocatalysts with high work functions, such as Ir
(work function of 5.4−5.8 eV22), are desired. For electro-
catalysts with acceptable water oxidation activities but poor
work function characteristics, such as Ni23,24 (surface
anodized) and NiOx

12,25 (the work function of Ni is ∼5.15
eV26), more elaborate structures have been used to achieve
high efficiencies. These strategies include (1) forming a
bimetallic layer with one metal setting the barrier height of
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the system and another functioning as the electrocatalyst15,27

and (2) fabricating a p−n semiconductor junction beneath the
insulator layer.8,16,18 While these strategies can yield efficient
photocatalyst systems, the fabrication complexity may increase
costs. Additionally, these strategies are not easily implemented
in some semiconductor systems, such as Cu2O,

28 that are not
conducive to forming efficient p−n heterojunctions.
It has also been argued that, in addition to the interface

engineering required to optimize the semiconductor−electro-
catalyst barrier height discussed above, the insulating
protective layer should be as thin as possible.18 The reason
for this is that the transfer of photoexcited minority charge
carriers should not be impeded by the insulating layer. Another
study has shown an optimized photovoltage for moderate
insulator thicknesses.15 Both of these studies involved the use
of high-barrier n-Si−Pt or n-Si−Ir junctions in order to
suppress thermionic emission, which leads to recombination
and a loss in photovoltage. In this report, we show that, by
tuning the thickness of the insulating layer, even systems with
moderate inherent barrier heights can achieve high efficiencies.
We demonstrate that the thickness of the insulating protective
layer is an important parameter that can be tuned to optimize
the behavior of MIS photocatalyst systems: i.e., the thinnest
protective layers do not necessarily produce the optimal
performance. This is shown by the way of a concrete example
where we employed n-type Si, a Ni electrocatalyst, and a HfO2
protective layer as the MIS system for photocatalytic water
oxidation. We note that it has been shown previously that the
n-Si/Ni system exhibits a moderate barrier height, which limits
the photovoltage and therefore the performance.16 We show
that, by tuning the thickness of the HfO2 protective layer, we
can maximize the performance of this system, generating a
photovoltage that is 403 mV larger than that for the n-Si/Ni
system without a protective layer and comparable to the
highest reported value for similar systems that employ Ir
electrocatalysts.19 This strategy provides us with an additional

way to optimize the performance of MIS photocatalysts, which
can be used in place of the aforementioned p−n junction
fabrication strategies. We support our experimental findings
with a comprehensive model that captures the behavior of the
system.
We fabricated layered Ni/HfO2/Si MIS samples using

atomic layer deposition (ALD). ALD is a widely recognized
method to deposit pinhole-free, conformal layers with
subnanometer precision. We note that several papers in
water-splitting literature have reported atomic layer deposition
(ALD) of insulator layers in the 1−3 nm range with no
evidence of pinholes (see examples of atomic layer deposited
TiO2

17,29 and Al2O3.
13,15,30 ). The thickness of the insulating

HfO2 layer was controlled by varying the number of ALD
cycles.31 Geometric characterization data in Figure 1 show that
the synthesis yields layered Si/HfO2/Ni structures. Figure 1a−
d shows cross-sectional dark field scanning transmission
electron micrographs (STEM) of the MIS samples with
different HfO2 thicknesses. The data in Figure 1e show the
energy-dispersive X-ray spectroscopy (EDS) elemental line
scan of a representative cross-sectional sample with clearly
identifiable components of the layered nanostructures and
defined boundaries between the different materials. Data in
Figure 1f show the measured thickness of the HfO2 layers in
the MIS samples as a function of the number of ALD cycles
used in the fabrication process. The data show that on average
one ALD step results in 0.1 nm of deposited HfO2. STEM
images of the cross-sectional samples of the layered MIS
materials demonstrated that the HfO2 thickness was uniform
for all of the imaged samples. Several additional cross sections
were characterized for samples containing the thinnest
insulator layer, and there were no detectable pinholes in any
of the imaged samples, as shown in Figure S1.13,15,17,29,30,31,32

While we made attempts to completely remove possible SiO2
layers from the Si semiconductors, it is conceivable that very
thin layers of SiO2 persisted. If they existed, their effect on the

Figure 1. |Characterization of n-Si/HfO2/Ni samples. Cross-sectional STEM images for (a) 14 cycles HfO2, (b) 18 cycles HfO2, (c) 22 cycles
HfO2, and (d) 26 cycles HfO2. The layers are labeled in (c), and the scale bar represents 10 nm. The Pt layer was deposited to protect the Ni layer
before ion milling. (e) Energy-dispersive X-ray spectroscopy (EDS) line scan of the n-Si/22c HfO2/Ni cross-sectional sample. (f) HfO2 thicknesses
as a function of the number of HfO2 ALD cycles measured from the TEM images. The error bars represent 1 standard deviation based on 10
different points across a sample.
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MIS performance would be uniform across different MIS
samples. Additional characterization data are given in the
Supporting Information.
To evaluate the performance of these materials in the water

oxidation reaction, we performed cyclic voltammetry (CV)
measurements in a three-electrode setup in 1 M KOH
saturated with oxygen using an ∼100 mW/cm2 halogen lamp
(mimicking sunlight). The Methods section contains addi-
tional setup information. Data in Figure 2a show the measured

current (reaction rate) as a function of voltage (the potential of
majority charge carriers with respect to reversible hydrogen
electrode). In these experiments the redox waves prior to the
onset of water oxidation correspond to the Ni2+/Ni3+ oxidation
peak (thick Ni electrocatalysts have been shown to form a
nonpenetrating surface oxide,23,24 which is shown in Figure
S2). The data show that the performance improves
considerably from 0 to 22 HfO2 ALD cycles (0 to 2.1 nm)
and decreases for greater thickness. Data in the inset in Figure
2a show the measured HfO2-thickness-dependent photo-
voltage for various MIS samples. We defined photovoltage as
the difference between the voltage measured at a current of 1
mA/cm2 for the illuminated samples and the voltage for the p-
Si/Ni control system. The data show that the photovoltage
obtained for the n-Si/Ni system without the HfO2 protective
layer is very low (∼76 mV), corroborating the low work
function of Ni and a very poor n-Si/Ni barrier height. On the
other hand, the photovoltage significantly improves with the
introduction of the HfO2 protective layer, reaching a maximum
of 479 mV for the 2.1 nm HfO2 layer and then dropping for
greater HfO2 thicknesses. This observed volcano behavior of
the photovoltage for the MIS samples as a function of the
protective layer thickness suggests that there is an optimal
thickness of the insulating layers and that the highest

performance is not achieved by the minimum oxide layer
thickness. The photovoltage measured for the HfO2 thickness
of 2.1 nm is the highest reported for a thick Ni electrocatalyst
on Si.23,24

To further characterize the behavior of these MIS photo-
catalyst systems, the samples were tested as photocatalysts for
the ferro-/ferricyanide redox reaction. This redox reaction is a
one-electron-transfer process that exhibits no overpotential
losses, and therefore it can be used to deconvolute photo-
voltage generated by the system from the electrochemical
overpotential losses, which are significant for the OER kinetics
on Ni. Data in Figure 2b show the current−voltage response of
the photocatalysts in 10 mM ferri-/ferrocyanide and 1 M KCl
under 100 mW/cm2 broad-band light source illumination. For
this reaction photovoltage is defined as the difference in E1/2
between the n-Si/x-HfO2/Ni and the p-Si/Ni samples, where
E1/2 is the midpoint voltage between the oxidation and
reduction peak potentials. The data are consistent with the
OER results indicating that the photovoltage improves
significantly as the HfO2 thickness is increased from 0 to 2.1
nm and decreases for greater HfO2 thickness.

33,34−36

Since the presence of semiconductor/metal/electrolyte three
phase boundary in these systems introduces additonal level of
compelxities16,33−36, which can compromis the system stability,
we also exemined the viability of the HfO2 protective layer (we
note that this material has not been used previously as a
protective layer) in samples consisting of the Si and HfO2
layers covered by Ni islands (the Ni islands were 3 μm
diameter and 5 nm thickness). A detailed description of sample
fabrication is provided in Methods. A scanning electron
micrograph of the nSi/HfO2/Ni island sample is shown in
Figure S3. Chronoamperometry measurements were per-
formed to examine the stability of the HfO2 protective layer.
Chronoamperometry data in Figure 2c obtained in the
photolimiting current regime (1.8 V vs RHE) show that the
current is stable for over 2 h of continuous operation,
indicating that the HfO2 layer provides a high degree of
protection. This is not surprising, considering the demon-
strated stability of this material under highly oxidizing
conditions.37 The demonstrated stability also indicates that
there are no significant pinholes in the HfO2 layer, as pinholes
would enable direct contact between the electrolyte and the Si,
resulting in immediate degradation.
The data in Figure 2 show that the thickness of the

insulating HfO2 layer can be tuned to maximize the
performance of the MIS photocatalysts. To shed light on the
observed behavior of the Si/HfO2/Ni layered photocatalysts,
we developed a mathematical model, inspired by recent works
of Mills et al.,38 to model the performance of these systems as a
function of the thickness of the insulating layers. A detailed
description of the model is provided in the Supporting
Information. In short, numerical methods are used to solve
Poisson’s equation and charge carrier continuity equations for
both charge carriers iteratively to determine potential and
charge carrier concentration profiles across an illuminated
semiconductor. The Butler−Volmer equation is used to model
the rate of the electrocatalytic reaction on Ni. The rate of
charge transfer between the Si semiconductor and Ni catalysts
through the insulating HfO2 layer represents a boundary
condition to the continuity equation. This is an important
physical parameter, which is described using the equation (see
the Supporting Information and ref 38 for the justification)

Figure 2. |Electrochemical performance of the n-Si/x-HfO2/7 nm Ni
samples. (a) Current−voltage response upon illumination in 1 M
KOH for increasing HfO2 thickness. The inset shows the measured
photovoltage at 1 mA/cm2 as a function of the HfO2 ALD cycle
number. From 0 to 22 ALD cycles (0−2.1 nm HfO2) the
photovoltage improves, but it decreases for greater HfO2 thickness.
(b) Cyclic voltammograms performed under illumination in 10 mM
ferri-/ferrocyanide and 1 M KCl corroborating that photovoltage is
optimized for moderate HfO2 thickness. (c) Chronoamperogram for
an n-Si/22 cycle HfO2/Ni island sample showing that the HfO2-
protected n-Si is stable in 1 M KOH at a potential of 1.8 V vs RHE for
2 h of operation.
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= − ̅ − − ̅J k T p p k T n n( ) ( )p t s s n t s s (1)

where kp is the charge transfer rate coefficient for holes (mA
cm), kn is the charge transfer rate coefficient for electrons (mA
cm), ps is the hole concentration at the illuminated
semiconductor surface, p̅s is the equilibrium surface hole
concentration (at open circuit voltage in the dark), ns is the
surface electron concentration, and n̅s is the equilibrium
surface electron concentration. Tt describes the probability that
the charge carriers tunnel through the insulator layer. It has
been established that charge transfer rates for tunneling
through an oxide insulatorprevious studies have shown that
HfO2 transfers charge via a tunneling mechanismare
proportional to tunneling probability, as shown in eq 239

ϕ≈ −∝T dexp( )t t t (2)

where ∝t is a constant that is a function of the electron
effective mass in the insulator, d is insulator thickness (Å), and
ϕt is a tunneling barrier described as the difference between the
band edges of the semiconductor and insulator layer (V). Zhu
et al. experimentally determined the value of ϕt for a metal−
HfO2−Si MIS system to be 1.1 eV.40 With this value of the
tunneling barrier, the tunneling probabilities vary by a few
orders of magnitude for the HfO2 thicknesses explored in our
studies. In our simulations, charge transfer rate coefficients of
kn, kp = 1 × 10−12 mA cm were taken as a baseline (this value
corresponds to fast transfer with no insulator38) and the

tunneling parameter Tt was adjusted from 1 to 1 × 10−8. This
range corresponds to an insulator thickness range of ∼0−5 nm.
Additional justification is provided in the Supporting
Information.
Data in Figure 3a show the calculated current−voltage

behavior of the system as a function of the tunneling
probability, which as discussed above modifies charge transfer
rates. The data in Figure 3a support our experimental results,
showing that the performance of the system is a strong
function of the tunneling probability and therefore the
thickness of the protective insulating layer with intermediate
tunneling probabilities (charge transfer rates) leads to the
optimal performance.
Analysis of the computed band diagrams in Figure 3b−d

sheds light on the underlying reasons for the observed
thickness-dependent performance of these materials. The
representative band diagrams were computed for a current of
1 mA/cm2 and therefore a constant voltage of the Ni
electrocatalyst. In the limit of very high tunneling probabilities
(Figure 3b), which is consistent with a nonexistent or very low
HfO2 thickness, under illumination the minority charge carriers
are rapidly exchanged between the semiconductor and
electrocatalyst. This leads to equilibration in the potential of
the minority charge carriers at the semiconductor surface and
the electrocatalyst potential. Due to the inherently low barrier
height of the Ni/n-Si junction, characterized by similar Fermi
level positions, under the conditions of high tunneling

Figure 3. |Model results for variable tunneling probabilities. (a) Modeled current−voltage response showing optimized performance for moderate
tunneling probabilities, and therefore charge transfer rates. The potential is measured vs the solution potential Eo. (b−d) Calculated band diagrams
at 1 mA/cm2 for high (Tt = 1), moderate (Tt = 1 × 10−4), and low (Tt = 1 × 10−8) tunneling probabilities. The green and violet lines are the
conduction and valence bands, the blue and red lines represent the electron and hole quasi-Fermi levels, the horizontal black line is the potential of
the redox couple in solution, the brown dashed line is the applied potential (with respect to the potential of the redox couple in solution), and the
gray line is the electrocatalyst potential. The vertical dashed line marks the insulator layer at the semiconductor−metal boundary. The insets
represent the individual charge carrier fluxes as a function of applied potential for each tunneling probability. The blue and red dashed lines
represent the electron and hole currents, respectively. The black line marks the net current. The gray dot represents the point at 1 mA/cm2 net
current, where the band diagrams are calculated. The gray vertical lines highlight electron and hole flux overlap leading to recombination, with
longer lines indicating a higher electron/hole recombination current.
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probability there is also a significant leakage of the majority
charge carriers into the metal electrocatalyst, leading to fast
parasitic charge recombination in the metal. As a consequence,
these losses lead to low photovoltage and therefore poor
performance.
This situation can be improved by designing systems with

inherently lower charge transfer rates (Figure 3c). One way to
accomplish this is to introduce thin insulating layers between
the semiconductor and metal electrocatalyst. While decreasing
the tunneling probability decreases the rate of both minority
and majority charge carriers, it is possible to have a situation
where the minority charge carriers are still at the equilibrium
potential (or close to it) with the electrocatalyst (i.e., the
exchange rate on the minority charge carriers with the
electrocatalyst is still relatively fast), while the leakage current
of the majority charge carriers to the electrocatalyst is
significantly lowered. This is an ideal scenario, as it leads to
minimal charge carrier recombination rates and efficient
conversion of the minority charge carriers into the reaction
rate. After this point, any further decreases to the tunneling
probability do not increase the photovoltage (Figure 3d) but
rather lead to voltage losses due to the presence of the barrier
for the extraction of the minority charge carriers from the
semiconductor to the electrocatalyst.
Another way to describe our experimental observation is to

focus on the fluxes of majority and minority charge carriers
across the semiconductor−metal interfaces (shown as the
function of the applied potential in the insets in Figure 3b−d).
At identical current densities (for example, 1 mA/cm2), the net
charge carrier fluxes (flux of holes−flux of electrons) through
the insulator to the catalyst are identical. However, if the fluxes
of individual majority and minority carrier currents are high
(much higher than the net reaction rate), there will be large
recombination currents in the metal, resulting in low
photovoltage. If both charge carrier currents are decreased,
the recombination current in the metal can be reduced without
sacrificing the total net current. If the tunneling probabilities
are decreased too much, the minority charge carrier currents
become very small, which means external voltage must be
applied in order to achieve the same net current.
This analysis suggests that, by engineering nanostructures

that can control the fluxes of charge carriers from the
semiconductor to the electrocatalyst, we can improve the
performance of these layered photocatalyst materials. In this
particular case, we were able to accomplish this by tuning the
thickness of the insulating protective layer between the
electrocatalyst and semiconductor. The enhanced photovoltage
can further be explained in terms of a conventional description
of a semiconductor/electrocatalyst system, which is often
based on using an ideal diode approximation to describe the
behavior of a semiconductor light absorber. The illuminated
ideal diode equation can be expanded to account for MIS
junctions by applying the tunneling probability term:10

ϕ

ϕ

= − −∝ − − +

= −

J V J d
qV
kT

J

J AT
q
kT

( ) exp( ) exp 1

exp

s t t ph

s
2

(3)

In this equation Js is the reverse saturation current, A
represents Richardson’s constant, ϕ represents the barrier
height, k is the Boltzmann constant, T is temperature, Jph is the
photolimited current density, and V is the applied voltage

(voltage for majority charge carriers with respect to the
solution potential). For the case of J(V) = 0, and in the limit of
Jph ≫ Js, eq 3 can be solved for the open circuit voltage (Voc),
which is essentially a measure of photovoltage at zero net
current.

ϕ ϕ− ≈ + + ∝V
kT
q

J

AT
kT
q

dlnoc
ph
2 t t

(4)

Equation 4 suggests that, for a given barrier height and
photolimited current density, there should be a linear
correlation between the open circuit voltage (i.e., the
photovoltage) and the thickness of the insulator layer. Data
in Figure 2a (including the inset) and Figure 2b show the
measured photovoltage as the function of the thickness of the
HfO2 layer. The measured linear relationship between the
photovoltage and the HfO2 thickness clearly supporta our
thesis that the photovoltage is tuned by tuning the thickness of
the insulator. We note that eqs 3 and 4 do not apply for very
thick insulator structures, since the low tunneling probability
results in significant additional losses in potential which are
required to force the minority charge carriers through the
insulator. These losses are not captured in the ideal diode
equation, and they are the reasons for the declining
performance of the materials for HfO2 layers thicker than
∼2.1 nm (>22 ALD cycles).
Another way to test whether by tuning the thickness of the

inert oxide layer we are essentially adjusting the open circuit
voltage is to measure the flux of majority charge carriers in the
dark as a function of applied potential. In this case, if the
insulator thickness is increased, then lower applied potentials
(higher energy of electrons) are required to cross over the
barrier into the solution. This effect can be seen from eq 3 by
removing the Jph term (i.e., dark operation). To test this
experimentally, we monitored the reduction of the 50/50
ferri-/ferrocyanide solution under dark conditions. The
measurements were performed in a vigorously stirred solution
to avoid the limitations due to the transfer of the reactants
from the solution to the surface of the photocatalyst. The CV
data in Figure 4 show that, for greater thicknesses of HfO2,

Figure 4. |Majority carrier currents for increasing insulator thickness.
Current−voltage response of the n-Si/HfO2/Ni electrodes in a
vigorously stirred solution of 50-/50 ferri/ferrocyanide (FFC) for
increasing ALD cycle number. These measurements were performed
in the dark, causing majority carriers (electrons) to perform the
cathodic reaction. For an increasing number of ALD cycles (insulator
thickness 0−2.1 nm HfO2), more negative potentials are required to
induce the FFC reduction reaction, indicating that the flux of majority
carriers is impeded by the increase in insulator thickness.
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more negative potentials (higher energy electrons) are
required to induce the reduction reaction, which is consistent
with our hypothesis.
In conclusion, our analysis suggests that by engineering

insulating layers between a semiconductor and an electro-
catalyst we can improve not only the stability of photocatalytic
systems in water oxidation but also the photovoltage obtained
by these systems. We demonstrate that this is accomplished by
the insulator-induced tuning of the fluxes of charge carriers
from the semiconductor to the electrocatalyst, which can
minimize charge carrier recombination rates. The observed
behavior should apply for all MIS systems characterized by
relatively poor inherent barrier heights (low work function
difference between the semiconductor and electrocatalyst or
poor electronic properties of the semiconductor/electrocatalyst
interface) that employ insulators which conduct charge carriers
via the tunneling mechanism. This strategy can be used to
expand the phase space of potentially useful semiconductor−
electrocatalyst pairings for photocatalytic transformations by
allowing for the use of active electrocatalysts with poor work
function characteristics or for the use of semiconductors that
are not conducive for p−n junction fabrication. The MIS
systems that have large inherent semiconductor/electrocatalyst
barrier heights will not benefit from this approach, and these
should observe declining photovoltage for increasing insulator
thickness, as reported previously for the nSi−TiO2−Ir
system.18

■ METHODS
Sample Fabrication. Moderately doped n-Si (ρ = 1−10 Ω

cm) (Silicon Valley Microelectronics) and p-Si (ρ = 1−3 Ω
cm) (Silicon Resource Company) were cleaned with Nano-
Strip (a commercial piranha solution) for 10 min at 60 °C and
dipped in buffered hydrofluoric acid for 1 min. Thin (1−3 nm)
HfO2 layers were deposited via atomic layer deposition (ALD)
on the Si wafers using an Oxford Instruments OpAL Atomic
Layer Deposition System. In this process the ALD chamber is
pumped down to 25 mT and preheated to 275 °C. The
substrate is exposed to a number of ALD cycles in order to
deposit a monolayer of HfO2. An ALD cycle consists of (1) a
precursor dose of tetrakis(ethylmethylamino)hafnium
(TEMAH) for 800 ms followed by a purge and (2) a 30 ms
H2O dose followed by a purge. The pulses were performed at
∼250 mT. After the ALD process a 7 nm Ni layer was
deposited on the HfO2-coated wafers at a rate of 1 Å/s at a
base pressure of 2 × 10−6 Torr using electron beam
evaporation. The wafers were diced into 13 × 13 mm squares.
For the Ni island samples the HfO2 layer was deposited by the
same procedure as that described above. The HfO2 samples
were then spin-coated in SPR 220 (Dow) and baked at 115 °C
for 90 s. The wafers were exposed to light through a mask with
a GCA AS200 AutoStep and developed in order to make 3 μm
diameter holes in the photoresist layer. The wafer was then
subjected to an O2 plasma descum to remove any remaining
photoresist residue in the holes. The Ni evaporation procedure
was the same as that described above. After Ni deposition the
wafer was dipped in acetone to lift off the photoresist.
Sample Characterization. Scanning transmission electron

microscopy (STEM) and energy-dispersive X-ray spectroscopy
(EDS) was performed with a JEOL 2100 probe-corrected
analytical electron microscope with an accelerating voltage of
100 kV. The samples were prepared via focused ion milling
with a FEI Nova 200 nanolab SEM/FIB apparatus.

HfO2 Thickness Measurements. Bright field STEM
images were used to measure HfO2 thickness. The HfO2/Ni
boundary is marked by a change in contrast/grain structure.
This boundary was verified with EDS elemental mapping and
EDS line scans. The thicknesses were measured with IMAGEJ.

Electrochemical Testing. Electrochemical measurements
were performed in a three-electrode cell. A 1 M KOH (Fischer
Scientific) electrolyte was used for the water oxidation
measurements. Samples were illuminated with an ∼100 mW/
cm2 halogen lamp, the intensity of which was measured with a
thermopile detector. p-type samples were measured in the
dark. A Pt counter electrode and an Hg/HgO reference
electrode were used. The scan rate was 100 mV/s. Oxygen was
bubbled into the electrolyte throughout the experiments. The
electrodes were cycled 10 times before measurements to
ensure current stability. The following equation was used in
order to convert from the Hg/HgO reference to the RHE at
pH 14:

= + + ×V V H0.118 0.0591 pRHE Hg/HgO

The ferri-/ferrocyanide solution was made up of 10 mM
potassium hexacyanoferrate(II) trihydrate, 10 mM potassium
hexacyanoferrate(III) (EMD Millipore), and 1 M KCl (Fischer
Scientific). This study reports uncorrected values of the Ag/
AgCl reference for the samples tested in ferri-/ferrocyanide.
The samples were housed in a 3D-printed electrode. The back
contacts of the samples were scratched with a diamond scribe
to remove the native oxide, and a gallium−indium eutectic was
applied to ensure ohmic contact. The back contacts were then
pressed against a copper plate. The samples were exposed toa
light source via a 0.264 cm2 aperture. An O-ring pressed to the
sample surface prevented the electrolyte from leaking to the
back contact.
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