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photons, forming electron–hole pairs in 
which the electrons move to a hydrogen 
evolving electrocatalyst and holes move 
to an oxygen evolving electrocatalyst. The 
performance of nanoparticle electrocata-
lyst/semiconductor (np-EC/SC) photo-
electrocatalysts is largely governed by 
the interface between the semiconductor 
and the electrocatalyst as it governs the 
transfer of photo-excited electrons and 
holes from the semiconductor to the elec-
trocatalyst and therefore the generated 
photovoltage which is one of the key per-
formance metrics for solar water splitting 
performance.[4–9]

Despite the pivotal role of the np-EC/SC  
interface, its physical and chemical prop-
erties are poorly understood and difficult 
to characterize. The challenge is that the 
interface is complex on atomic scales 
and inaccessible to direct experimental 
probes. Furthermore, the interface may 
be dynamic under reaction conditions and 
the atomistic composition could be signifi-
cantly different compared to as-prepared 
materials.[10,11] The atomistic changes to 
the interface can affect the work func-

tion, oxidation state, and catalytic function of the catalyst and 
semiconductor.[12–16]

In this contribution, we shed light on the complexities asso-
ciated with the evolution of the np-EC/SC interface under pho-
toelectrochemical water oxidation conditions. We do this by 
focusing on systems that contain planar Si semiconductor in 
contact with planar Ni electrocatalysts where the interface is 
effectively protected from the reactive electrolyte environment, 
and planar Si in contact with nanoparticle Ni electrocatalysts 
where the interface is exposed to the operating oxygen evolu-
tion reaction (OER) conditions. These Ni/Si photoanodes are of 
great interest for solar water splitting,[15,17–26] but the role of the 
interfacial layers is often neglected in the literature. To address 
this shortcoming, we observe that when exposed to electrolyte, 
there are significant atomistic changes to the interface mani-
fested in the evolution of oxide phases. More importantly, we 
show that these atomistic interfacial features need to be built 
into any physical model that can capture the current–voltage 
behavior of these systems. For the first time for np-EC/SC 
systems, we show that the interfacial oxide layers play a crit-
ical role in (1) minimizing the electron/hole recombination by 

The materials that are receiving the most attention in photoelectrochemical 
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1. Introduction

Photoelectrochemical water splitting is one of the most prom-
ising chemical transformations to form renewable hydrogen. 
The key components of many water splitting photoelectro-
catalysts are metallic electrocatalyst nanoparticles that are 
attached to the surface of a semiconductor light absorber.[1–3] 
In these multicomponent systems, the semiconductor absorbs  
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influencing the charge carrier fluxes and (2) modifying the bar-
rier height of the EC/SC junction. The findings show that to 
capture and optimize the behavior EC/SC systems, the atom-
istic structure of the interface under reaction conditions needs 
to be characterized. These results offer new insights and design 
principles to optimize the charge carrier fluxes through EC/SC 
interfaces and therefore minimize recombination losses and 
maximize photovoltage in photoelectrocatalysts.

2. Physical, Electrochemical, and Atomistic 
Characterization of Photoanodes
We fabricated and analyzed three experimental systems:  
(1) 5 nm of planar Ni film electrocatalyst evaporated on BHF-
etched Si (pf-Ni/Si). Here, the native SiO2 layer was removed 
from the Si surface by surface etching by BHF, (2) 5  nm 
of planar Ni film evaporated on Si with a native SiO2 layer  
(pf-Ni/SiO2/Si), and (3) nanoparticles of Ni electrodeposited 
on BHF-etched Si (np-Ni/Si). The data in Figure 1a–c show the 
OER performance under 1-sun illumination for each system. 
We measure the photovoltage by comparing the onset potentials  

(i.e., the voltage at 1  mA  cm−2) for illuminated n-Si samples 
and dark electrochemical p+-Si control samples with iden-
tical Ni electrocatalysts for the respective samples. The data in 
Figure 1a show that pf-Ni/n-Si, exhibits poor performance, gen-
erating only ≈65 mV photovoltage under solar illumination. On 
the other hand, pf-Ni/SiO2/n-Si yielded a higher photovoltage 
of 230  mV. The data also show that np-Ni/n-Si generated an 
enhanced photovoltage of 480  mV, consistent with previous 
reports.[15,25] The redox peaks present prior to the onset poten-
tial in Figure 1a–c are attributed to the oxidation and reduction 
of the surface of the nickel electrocatalyst.

Figure 1d,e shows the scanning electron micrograph (SEM), 
top-down views of np-Ni/n-Si and np-Ni/p+-Si systems (after 
the electrochemical cycling). For the electrodeposited Ni nan-
oparticles on both n-Si and p+-Si, the average nanoparticle 
radius was 37.5 ± 18.7 nm and 43.8 ± 22.9 nm respectively and 
the nanoparticle size distributions are similar (Figure 1f), con-
firming that the p+-Si samples are valid electrocatalytic controls 
for evaluating the photovoltage. The top-down SEM images also 
reveal that ≈22% of the Si surface is covered by the Ni nano-
particles. Unlike the nanoparticle systems, the SEM images for 
the planar samples show minimal features indicating that the 

Figure 1. Water oxidation current density–voltage (J–V) plots measured at a scan rate of 50 mV s−1 of 1-sun illuminated photoelectrocatalysts and 
respective electrocatalyst control samples for a) pf-Ni/Si, b) pf-Ni/SiO2/Si, and c) np-Ni/Si collected after 30 voltage sweeps. The full voltage sweeps 
are provided in the Supporting Information. d) SEM characterization of an np-Ni/n-Si system after electrochemical testing. The data show an average 
particle radius of 35.7 ± 18.7 nm and 20.7 ± 0.3% coverage. Magnification is 25kx, and the white scale bar represents 2 μm. Comparisons between before 
and after electrochemical testing are provided in the Supporting Information. e) SEM characterization of an np-Ni/p+-Si system after electrochemical 
testing with an average particle radius of 43.8 ± 22.9 nm with 22.9 ± 1.8% catalyst coverage. Magnification is 25kx and the white scale bar represents 
2 μm. f) Size distribution on Ni nanoparticle for np-Ni/Si systems.
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catalyst is planar and covering 100% of the Si surface (see Sup-
porting Information).

We also monitored the performance of these systems over time 
after 3, 10, 20, and 30 potential sweeps. The data in Figure  2a 
show that under illumination the onset potential of each sample 
improves by ≈3 mV for every ≈10 voltage sweeps. The onset poten-
tial is governed by two factors: (1) the photovoltage generated by 
the system and (2) the electrocatalyst overpotential (i.e., the elec-
trocatalytic performance of Ni). These contributions can be decon-
voluted by comparing the n-Si and p+-Si data in Figure 2a,b. For 
all p+-Si systems, the electrocatalytic overpotential improves at the 
same rate as the onset potentials for the n-Si samples (≈3  mV 
every 10 cycles). Meanwhile, the generated photovoltage for each 
system is largely unaffected by the voltage cycling (<1 mV every 
10 cycles in Figure 2c). The onset potential improvement for each 
sample is therefore attributed to the increase in catalytic activity 
as more Ni is oxidized and incorporated with incidental Fe ions 
present in trace amounts from the electrolyte which has been pre-
viously demonstrated to improve the OER performance of Ni.[27] 
These trends also continue for longer term cycling and stability 
testing (see Supporting Information for details).

To understand the significant differences in the measured 
photovoltage for the three systems in Figures 1 and 2, we charac-
terized the Ni/Si interface using scanning transmission electron 
microscopy (STEM) cross-sectional imaging. The STEM images 
of representative Ni nanoparticles on Si in Figure 3a,b show that 
the contact radius at the Ni nanoparticle/Si interface is signifi-
cantly smaller than the nanoparticle radius. Specifically, the actual 
contact area of the Ni/Si interface is a factor of ≈2 times smaller 
than the amount of Si surface that appears to be covered based on 
the SEM images in Figure 1d–f. ≈11% of the Si surface is in the 
direct contact with Ni (see Supporting Information for details).

We also performed elemental mapping of the interfaces for 
each photoelectrocatalyst system. Figure 3c,d shows the cross-
sectional STEM images for pf-Ni/Si and pf-Ni/ SiO2/n-Si after 
electrochemical testing. In these planar systems, the Ni atoms 
at the surface of the Ni electrocatalyst that are directly exposed 
to the electrolyte are oxidized, but the electrolyte does not  

penetrate entirely through the Ni film which leaves the under-
lying interfaces unaffected by the oxidizing electrolyte. STEM 
imaging of the pf-Ni/Si interface in Figure  3d shows a direct 
Ni/Si interface without detectable oxide layers. STEM imaging 
of the pf-Ni/ SiO2/n-Si sample in Figure 3c, where Si contained 
a native SiO2 layer before the Ni deposition, shows that the SiO2 
layer is 1.60 ± 0.14 nm thick.

The STEM image in Figure  3e shows that as-deposited Ni 
nanoparticles on Si are in metallic state. On the other hand, 
Figure  3f shows that after OER testing, a thin NiOx shell is 
formed, resulting in a core-shell Ni/NiOx structure. This NiOx 
shell is formed in situ due to the interaction between the 
system and the electrolyte under the oxidizing conditions of 
OER. The thickness of the NiOx shell surrounding the nanopar-
ticles was measured to be ≈2.4 nm. The cross-sectional images 
also show that the interface between the Ni and the Si is fully 
oxidized, i.e., there are NiOx and SiO2 layers that evolve. Com-
paring Figures  3e and  f shows that the as-prepared and used 
np-Ni/Si samples contained SiO2 layers of similar thickness of 
2.31 ± 0.28 nm. This indicates that the SiO2 layer is formed rap-
idly as BHF-etched Si is exposed to the electrolyte even during 
the electrodeposition of Ni nanoparticles. The data also shows 
that SiO2 appears to be stable (i.e., not growing or being etched) 
throughout the timescale of the water oxidation experiments 
(30 voltage sweeps). We note that it is generally assumed in 
the literature that the interface does not change under the reac-
tions conditions and in many cases a direct contact between 
pristine Si and metallic Ni is presumed in the analysis of these 
systems.[15,24–26] It is important to quantify how these atomistic 
features of the interface impacts the performance of the Ni/Si 
photoelectrocatalysts in OER. The interfacial changes that can 
play a significant role in affecting the photovoltage are:

i) The formation of the interfacial NiOx layers can lead to the 
change in the barrier height between EC and SC. For metal-
EC/SC contacts, the equilibration between the SC and EC 
Fermi levels results in an electric potential barrier height 
that promotes the selective transfer of one charge carrier (in 

Figure 2. Evolution of the onset potentials with respect to the reversible hydrogen electrode (RHE) after 3, 10, 20, and 30 voltage sweeps for 1-sun 
illuminated photoelectrocatalysts and respective dark electrocatalyst control samples for a) pf-Ni/Si and pf-Ni/SiO2/Si and b) np-Ni/Si. c) Photovoltage 
as a function of voltage sweeps for pf-Ni/Si, pf-Ni/SiO2/Si, and np-Ni/Si systems, defined as the difference in onset potentials between the illuminated 
systems and respective dark electrocatalytic controls.
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this case, holes) while impeding the transport of the opposite 
charge carrier.[28] This potential barrier (also known as the 
barrier height), governs the e–/h+ recombination rates and is 
dependent on the properties of the metal/semiconductor in-
terface. A smaller barrier leads to higher recombination rates 
and photovoltage losses.

ii) The formation of the interfacial SiO2 layers can also impact 
the magnitude of the barrier height since the direct Si/Ni 
contacts can lead to formation of Ni silicide or the undesired 
Fermi level pinning.[29,30]

iii) The formation of the thin SiO2 insulator layers can lead to the 
change in the flux of energetic electrons and holes across the 
metal/semiconductor interface since these charge carriers 
need to tunnel through the insulator to reach the electrocata-
lyst. This also can affect the recombination rates and impact 
the photovoltage.[4,31–34]

iv) The geometry of the interfacial contact area will also modu-
late the transfer of charge carriers across the interface, i.e., 
the rate of the collection of charge carriers by the EC is  
affected by the interfacial contact EC/SC area.[35]

Figure 3. a,b) Cross-sectional STEM images of np-Ni/n-Si after at least 30 cycles of electrochemical testing demonstrates the difference in the 
actual contact radius compared to the nanoparticle radius. Elemental mapping of the interface of: c) tested pf-Ni/n-Si, d) tested pf-Ni/SiO2/n-Si,  
e) as-deposited np-Ni/Si, f) tested np-Ni/Si.
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To test whether the barrier height is different for the oxidized 
Si interface in contact with Ni compared to the non-oxidized 
Si/Ni interface (mechanisms i and ii above), we performed 
the Mott–Schottky analysis (see Supporting Information for 
details). The measured Mott–Schottky barrier height of pf-Ni/Si  
was 0.59  eV which is consistent with previously reported 
values.[15,21] Such a low barrier height is typically attributed to 
Fermi level pinning or the formation of nickel silicide at the 
interface.[29,30] Meanwhile, the Mott–Schottky barrier height 
of the pf-Ni/SiO2/n-Si was measured to be 0.67  eV. The SiO2 
interfacial layer modestly improves the Mott–Schottky barrier 
height, probably by preventing the formation of Ni silicide at the 
interface.[29,30] We note that the introduction of SiO2 adversely 
impacts the ideality factor in the pf-Ni/SiO2/n-Si system which 
negates the benefits of the increased Mott–Schottky barrier 
height (see Supporting Information and discussion below).[4,36]

While the heterogeneous nature of np-Ni/Si prevents us 
from directly evaluating the barrier height using Mott–Schottky 
analysis (i.e., a fraction of Si is covered by Ni and the rest with 
the electrolyte), it is reasonable to assume that the barrier 
height between Ni nanoparticles and Si is equivalent to the  
pf-Ni/SiO2/n-Si barrier height since both contain SiO2 interfacial 
layers which prevent Ni silicide formation. The np-Ni/Si systems, 
however, have an additional interfacial NiOx layer that evolved 
under OER conditions, so we explored how NiOx could impact 
the barrier height. We synthesized planar Si/SiO2/NiOx/Ni  
systems by oxidizing the Ni layers in the planar Si/SiO2/Ni 
sample and depositing additional Ni layers on the NiOx. The 
Mott–Schottky analysis showed that the barrier height was not 
enhanced by the interfacial NiOx layer (see Supporting Infor-
mation). This result suggests that the evolution of a thin NiOx 
layer (≈2.4 nm) in np-Ni/Si systems has a negligible impact on 
the barrier height of the much larger Ni nanoparticles (>30 nm 
radius). In other words the effective work function of the Ni 
nanoparticles is dominated by the thick Ni core rather than the 
thin interfacial NiOx.[37] We also note the possibility that the 
pinch-off effect, induced by the evolution of a high work func-
tion NiOx shell surrounding the Ni nanoparticles, may affect the  
photovoltage.[15] To investigate this possibility, we modeled these 
systems with COMSOL finite-element simulations, and the 
results demonstrate that the pinch-off effect is negligible for the  
nanoparticles dimensions studied herein (see Supporting Infor-
mation for details). This was further supported by the experi-
mental observation that no photovoltage enhancement was 
seen as a function of voltage cycling (Figure  2c) despite the 
extensive oxidation of Ni over time, confirming that the evo-
lution of NiOx (which is not present in as-deposited samples) 
does not significantly impact the photovoltage. Therefore, we 
assume that in reacting environment the barrier height charac-
teristics are similar for the np-Ni/n-Si and the pf-Ni/SiO2/n-Si 
systems.

To summarize, the experimental data in Figures  1–3 show 
that: (1) due to the geometry of Ni electrocatalyst nanoparticles, 
the EC/SC contact area is significantly lower than the area out-
lined by the circumference of the nanoparticles. In our example 
of np-Ni/n-Si, while ≈22% of the Si surface appears to be cov-
ered by Ni nanoparticles from a top-down SEM view, a smaller 
fraction of the Si surface (≈11%) is in direct contact with the 
nanoparticle electrocatalysts and (2) in the case where the  

electrolyte can reach the interface, there is a degree of oxidation 
of the interfacial Ni and Si atoms. The presence of the inter-
facial SiO2 increases the Mott–Schottky barrier height from 
0.59 eV for a direct Si–Ni contact to 0.67 eV for systems with the 
interfacial SiO2. Furthermore, the presence of the SiO2 insu-
lator at the interface will impact the flow of energetic charge 
carriers, which now need to tunnel from the semiconductor to 
the electrocatalyst through the insulator.[4,34]

3. Modeling of the Photoelectrocatalysts Behavior

To describe and quantify how these atomistic changes to the 
EC/SC interface impact the system performance, we developed 
an analytical model that can capture the behavior of the sys-
tems. The model is based on the illuminated diode equation, 
in which the relationship between the photovoltage (Vph) and 
the net current (Jnet) through an EC/SC interface is given by the 
following expression:[31]
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where n is the ideality factor, k is the Boltzmann constant, T is 
temperature, Jph is the photo-limited current density, and Js is 
the dark saturation current which is related to the rate at which 
electrons migrate to the metal electrocatalyst and recombine 
with holes. Js is a critical parameter governing the e–/h+ recom-
bination rates and the generated photovoltage, and in general Js 
needs to be minimized to maximize the system photovoltage. 
For the case of a planar metal/semiconductor interface (i.e., no 
interfacial insulator present), Js can be evaluated using the fol-
lowing expression:[30]
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Here, A* is Richardson's constant, and ϕb is the equilibrium 
(zero-bias) barrier height which is defined as the difference 
between the Si conduction band and the effective work function 
of the Ni at the interface (see Figure 4a).

To capture the behavior of systems with Ni nanoparticles and 
the SiO2 interfacial layer between Ni and Si, we need to account 
for a few physical changes compared to the planar systems 
with the direct Ni–Si contact. These changes include a different  
Ni/Si contact area (mechanism iv above) and a different barrier 
height. The interfacial SiO2 insulator layer also limits the flow 
of charge carriers which must tunnel through the insulator to 
move from the semiconductor to the electrocatalyst (mecha-
nism iii above).[4,38] To account for these changes, the equation 
describing the dark saturation recombination current needs to 
be modified to

exp exps c
2

e
φ φ( )= −



 − ∝∗J f A T

q

kT
db  (3)

Here, fc is the fraction of the semiconductor surface in direct 
contact with the catalyst (fc  =  1 for planar films, fc  < 1 for 
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nanoparticles). These parameters are illustrated in Figure 4a. The 
second exponential term ( exp( )t eφ= − ∝T d ) in Equation (3)  
is the probability that an electron will tunnel through the SiO2 
insulator and recombine in the metal, where ∝ is a constant, d 
is the insulator thickness, and ϕe is the offset between the insu-
lator conduction band and semiconductor conduction band.[38] 
This probability is equal to 1 for the direct Ni–Si contact. For 
crystalline bulk SiO2, ϕe exceeds 3  eV for an Si–SiO2 contact, 
but the offset for non-crystalline, nanoscale SiO2 is significantly 
lower.[39,40] Using previously described methodology,[31] we 
calculate the Si–SiO2 insulator offset of 0.17  eV for the pf-Ni/
SiO2/Si system with measured SiO2 thickness of 1.6 nm. These 
values yield a tunneling probability of 1.4 × 10–3. Assuming the 
same 0.17  eV insulator offset for np-Ni/Si with a measured 
SiO2 thickness of 2.3  nm, the tunneling probability becomes 
7.2  ×  10–5. These tunneling characteristics are comparable to 
previously reported probabilities obtained for ≈2 nm thick SiO2 
on Si.[38,40,41]

By plugging Equation (3) into Equation (1), we can relate the 
photovoltage (Vph) as a function of the net current density (Jnet) 
density in which every parameter (n,  Jph, fc, ϕb, d,  ϕe) has been 
independently experimentally measured. To model J–V curves 
that can be compared to the experimental data, in addition to 
Equation (1)–(3), we introduce the contribution from the elec-
trocatalytic reaction by fitting the dark p+-Si control samples to 
the Butler–Volmer equation and using a series circuit approach 
as described previously[31] (see Supporting Information for 
details). Data in Figure 4b show the modeled J–V curves for the 
pf-Ni/SiO2/n-Si system. The results show an excellent agree-
ment between the experimental and modeled curves demon-
strating that the model accurately reproduces the behavior of 
planar systems.

We have also modeled the J–V curves for the np-Ni/Si 
system using the same general procedure including the same 
barrier height and ideality factor as the pf-Ni/SiO2/Si. The 
key differences are the measured EC/SC contact area (11% of 
the Si surface is in close contact with Ni) and the lower tun-
neling probability due to the thicker SiO2 layer. Since there is 
a degree of uncertainty in the measured experimental para-
meters (particularly the SiO2 thickness), we have also calculated 
the model’s upper and lower bounds based on plus and minus 
one standard deviation (shaded region in Figure 4c). The data 

in Figure 4c show that the measured J–V curves are within the 
bounds of the model.

4. Analysis and Discussion

The modeling data shed light of how the interface geometry 
affects the performance of these systems. The analysis is cap-
tured in Figure 5. As we discussed above, the magnitude of the 
dark saturation current (Js) governs the recombination rates 
and therefore losses in these systems. The saturation current 
for the baseline case of a planar metal/Si interface with a bar-
rier height of 0 V equals A*T2 (1.1 × 1010 mA cm−2). As shown 
in Figure 5, the existence of a potential barrier height decreases 
the recombination rates for all the systems by many orders of 
magnitude; however, a small barrier height cannot yield high 
photovoltages. This is the case for the pf-Ni/n-Si system where 
the direct Ni/Si contact has a low barrier height due to Ni sili-
cide formation or Fermi level pinning. This low barrier height 
yields a low photovoltage of 62 ± 4 mV.

The interfacial SiO2 layer in the pf-Ni/SiO2/n-Si systems 
affects the barrier height and the flux of charge carriers tun-
neling through the insulator. We measured that the SiO2 layer 
slightly increases the Mott–Schottky barrier height, likely by 
preventing the formation of Ni silicide phases; however, we also 
measured that the presence of SiO2 introduces nonidealities 
that offset these gains in the barrier height[4,31] (see Supporting 
Information for details). These nonidealities may manifest as 
a voltage drop within the SiO2 insulator layer which lowers 
the barrier height and leads to the undesired recombination 
losses.[31,36,38] More importantly, we find that the most critical 
role of the SiO2 layer is that it limits the dark saturation recom-
bination current (through the tunneling probability term in 
Equation (3)) which dramatically improves the photovoltage. 
Specifically, the tunneling probability term (Tt) for the 1.6 nm 
thick SiO2 layer (measured for pf-Ni/SiO2/Si) decreases the 
recombination current (by lowering the undesired flux of ener-
getic electrons from SC to EC) by a factor of ≈700 (Figure  5), 
yielding a higher modeled photovoltage of 220 ± 12 mV which 
matches the experimental photovoltage of 230 ± 10 mV.

A significantly higher photovoltage totaling 480  mV was 
measured for np-Ni/n-Si. In these systems, the SiO2 interfacial 

Figure 4. a) Energy band diagram of a nanoparticle-based system that illustrates the key variable that affect the system performance. Experimental 
current–voltage forward sweeps overlaid with the corresponding modeling results for b) pf-Ni/SiO2/Si and c) np-Ni/Si. The shaded region represents 
the upper and lower bounds (plus and minus 1 standard deviation) of the modeling results based on the uncertainties of the experimentally measured 
parameters (see Supporting Information for details).
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layer was ≈2.3 nm thick (Figure 3e,f). Due to the exponentially 
lower tunneling probability through a 2.3  nm SiO2 layer, the 
recombination current is predicted to decrease by a factor of 
20 compared to the 1.6 nm SiO2 layer. This thicker SiO2 layer 
results in an additional ≈130  mV photovoltage enhancement 
compared to the thinner SiO2 layer that is present in pf-Ni/ 
SiO2/n-Si.

Besides the tunneling probability, an additional decrease in 
the recombination current by a factor of ≈9 is attributed to the 
fact that only ≈11% of the Si surface is in close contact with the 
Ni. This leads to an increase in the photovoltage by ≈110  mV 
compared to an identical planar system with 100% catalyst cov-
erage. These combined characterization, modeling, and experi-
mental efforts yield a predicted photovoltage of 456  ±  28  mV, 
which agrees well with the experimental photovoltage of 
480 mV.

It is important to analyze the above-presented results with 
respect to previous studies of EC/SC junctions. We show that 
the critical features governing the photocatalytic performance 
of these systems that are affected by the operating environment 
include the barrier height and the tunneling probability. While 
previous reports have speculated on the role of the interfacial 
layers,[24,42] the analysis presented above is the first to fully char-
acterize these interfaces at atomistic levels and quantify their 
role in modulating the performance of the np-EC/SC system. 
Also, the prevailing view in the literature is that the high  

photocatalytic performance of np-EC/SC (e.g., np-Ni/n-Si) water 
oxidation systems compared to pf-Ni/n-Si can be attributed to 
the pinch-off effect which is described by the formation of a 
high work function NiOx semi-shell surrounding the metallic 
Ni nanoparticles (i.e., a high barrier oxide shell surrounding a 
low barrier metal nanoparticle, with both interacting with Si at 
the interface).[15,17,18,20,24] Our data and analysis above show that 
the entire np-EC/SC interface is rapidly oxidized, and it is not 
necessary to invoke the pinch off effect when describing the 
performance of np-Ni/n-Si systems. The data can be well cap-
tured by quantifying the role of the oxidized interfacial layers 
that evolve in these systems as a water reactant reaches the 
interfacial sites. Our analysis presented above is further sup-
ported by COMSOL modeling (see Supporting Information) 
that shows that the pinch-off effect is relatively small even for 
the cases of rather small ≈15  nm Ni particles surrounded by 
a ≈10  nm NiOx shell. We note that in the COMSOL analysis 
we used the highest possible band bending at the Si/NiOx  
interface. In other words, the pinch-off effect as traditionally 
described in the literature cannot explain the experimental  
photovoltage for our systems since the low barrier associated with 
the direct Ni/n-Si contact leads to elevated saturation currents. 
Overall, the data discussed above identifies a number of design 
approaches that can be used to enhance the photovoltage of  
EC/SC photoelectrocatalysts, including (1) decreasing the  
EC/SC contact area, (2) introducing an interfacial insulator 

Figure 5. Modeled dark saturation recombination current densities evaluated at equilibrium and modeled photovoltages for each of the fabricated sys-
tems. The blue dashed lines represent the recombination current considering only the barrier height. The red dashed lines represent the recombination 
current after additionally accounting for the impact of the SiO2 layer which limits the probability that the electrons will tunnel through and recombine 
in the metal. The green dashed represents the recombination current after additionally accounting for the effect of catalyst coverage.
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layer with lower electron tunneling probability, (3) using alter-
native high work function metals that have an inherently higher 
barrier height (such as Ir), and (4) introducing a high-quality 
interfacial layer that minimizes defects (more ideal interface). 
By implementing these strategies, the photovoltage can exceed 
600 mV, approaching the limit of the flat-band potential.[31]

5. Conclusions

In this contribution, we experimentally compared the perfor-
mance of planar nickel and nickel nanoparticle electrocatalysts 
deposited on Si photo-absorber to demonstrate the pivotal role 
of the interfacial layer in modulating the recombination rates 
for Ni nanoparticles on Si. We demonstrate that to rigorously 
capture and explain the behavior of EC/SC water splitting 
photo electrocatalysts under reaction conditions it is necessary 
to unearth the atomistic features of the interface between nano-
scopic electrocatalysts and semiconductor light absorbers. Our 
combined experimental and modeling efforts show that the 
combination of low catalyst/semiconductor contact area and 
the formation of the interfacial SiO2 layer, which forms when 
the interface is exposed to water-based electrolyte, significantly 
improve the performance of Ni/Si photoelectrocatalysts. The 
main mechanism by which the interfacial SiO2 affects the per-
formance is that it suppresses the undesired electron flux from 
SC to EC. This electron flux would otherwise recombine with 
holes and decrease the photovoltage. We also show that under 
reaction conditions, a nickel oxide shell forms, completely sur-
rounding the Ni metallic core. While the formation of the NiOx 
phase that has a small positive impact on the catalytical activity, 
it does not significantly impact the barrier height and the gener-
ated photovoltage. Each of the factors discussed herein, particu-
larly the role of interfacial insulator layers, must be quantified 
to understand, and accurately predict their performance of  
photoelectrocatalysts. Overall, the insights from this work based 
on in-depth modeling and rigorous experimental validation can 
be used to guide the design of a variety of photoelectrocatalysts 
as well as photovoltaics in which interfacial structures play a 
pivotal role.

6. Experimental Section
Resource Availability–Lead Contact: Further information and requests 

for resources should be directed to and will be fulfilled by the Lead 
Contact, Suljo Linic (linic@umich.edu).

Materials Availability: This study did not generate new unique 
reagents.

Nickel Nanoparticle and Planar Sample Fabrication: Phosphorous 
doped (n-type, resistivity 0.1–1  ohm  cm, (100)-oriented, 525  um thick) 
and boron doped (p-type, resistivity 0.001–0.005 ohm cm, (100)-oriented, 
525 μm thick) Si wafers were purchased from Addison Engineering. The 
Si wafers were hand-diced to 12 × 12 mm square pieces for all samples.

For pf-Ni/Si systems, Si pieces were cleaned with NanoStrip  
(a commercial piranha solution) for 10  min at room temperature and 
etched in buffered hydrofluoric acid (BHF) for 2  min to remove the 
native silicon oxide layer. For pf-Ni/SiO2/Si, Si pieces were sonicated 
in isopropanol for 10  min and rinsed with water (18.2  MΩ  cm). These 
were not etched to preserve the native SiO2 layer. Ni planar films were 
deposited simultaneously in the same chamber for pf-Ni/Si and pf-Ni/

SiO2/Si samples. Ni was e-beam evaporated (base pressure 2.5e-6 Torr) 
on Si pieces at a rate of 1 Å s−1 to a target thickness of 50 Å which was 
monitored by a quartz crystal microbalance.

Fabrication procedures for np-Ni/Si was adapted from previous 
works. Si pieces were cleaned using piranha solution (3/1 by volume 
concentrated aqueous H2SO4/30% aqueous H2O2) for 15 min and etched 
in buffered hydrofluoric acid for 2  min. Nickel was electrodeposited 
on wafer pieces using a solution of 0.01  m NiCl2 and 0.1  m boric acid 
(H3BO3). Nickel chloride and boric acid were purchased from Sigma 
Aldrich with 99.95% and 99.5% purity respectively. The solution was 
sonicated for 10 min and then stirred for 5 min before electrodeposition. 
An Ag/AgCl reference electrode (Pine, FODR-0021) and platinum wire 
were placed in the electrodeposition solution. The position of the 
reference electrodes was kept constant from sample to sample. The 
wafer piece was scratched using a diamond tip scribe, excess silicon 
dust was removed, and gallium-indium eutectic paint (99.99%) was 
applied to the scratched area to ensure an ohmic contact. The prepared 
wafer piece was then housed in a 3-D printed electrode with an O-ring 
and aperture of 0.459 cm2 exposed to the electrolyte. The back contact 
was placed against a copper plate.

Once the electrode was submerged in the electrodeposition solution, 
EIS was used on each sample to evaluate the overall resistance, which 
includes the solution resistance and the resistivity from the wafers. The 
applied voltage selected for the electrodeposition was then selected b 
accounting for the ohmic losses such that the chronoamperometry 
plot is consistent from sample to sample and between the two 
semiconductor types. By accounting for the different resistance loses, 
the chronoamperometry plots for the n-Si and p+-Si very closely overlap 
which results in comparable particle sizes and distributions. The applied 
voltage was adjusted for a final value of ≈−1.5V versus Ag/AgCl for 5 s 
using a Gamry potentiostat. The sample was then rinsed with DI water 
and immediately tested electrochemically.

Electrochemical Testing: For all electrochemical experiments, 
samples were scratched, painted, and housed in a 3D printed 
electrode using the same method as nickel electrodeposited samples 
described above. The illuminated area and the area exposed to the 
electrolyte were defined by an O-ring with an area of 0.459  cm2, 
and the current was normalized to this planar geometric area. All 
electrochemical experiments were performed using a three-electrode 
setup in a square quartz beaker.

For OER experiments, a 1 m KOH electrolyte prepared using 45 wt% 
KOH (Sigma Aldrich) and magnetically stirred. Samples were illuminated 
using a 300  W UV 16S-Series Solar Simulator (Solar Light Company) 
with AM 1.5 G filter. Light intensity was calibrated to 100 mW cm−2, or 
one sun, using a thermopile detector. N-type samples were illuminated 
during water oxidation measurements while p-type samples were 
measured in the dark. A graphite rod counter electrode and Hg/HgO 
(Pine, RREF0038) reference electrode were used to complete the 
three-electrode setup. Cyclic voltammetry was conducted at scan rates 
between 50–200  mV  s–1. Data in Figures  1 and  2 were obtained using 
50 mV s–1. For n-Si samples, voltages were typically cycled from −0.2 V 
up to about 0.9 V while for p+-Si, voltages were typically cycled from 0 V 
up to about 0.7 V (voltages are vs Hg/HgO). Voltages were converted to 
RHE by calibrating the Hg/HgO reference electrode and accounting for 
the pH of 14 for the KOH.

0.591. . /V V calibrated reference potential pHvs RHE vs Hg HgO= + + ∗  (4)

For a typical set of OER experiments, the voltage was swept a 
total of 30 times. Then a few additional voltage sweeps as well as EIS 
measurements were performed to evaluate the solution resistance. All 
J–V cyclic voltammogram plots present were IR-corrected using the 
solution resistance. These tested samples were then rinsed with water 
and prepared for SEM and STEM analysis.

Mott–Schottky, EIS, and open-circuit voltage measurements for 
planar systems were conducted in a ferri-/ferrocyanide (FFC) solution 
consisting of 350  ×  10–3  m potassium hexacyanoferrate(II) trihydrate, 
50 ×  10−3 m potassium hexacyanoferrate(III) (EMD Millipore), and 1 m 
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KCl (Fischer Scientific). A graphite rod reference electrode and a Pt wire 
counter electrode were used to complete the three-electrode setup. The 
light intensity was varied using neutral density filters (Newport) which 
uniformly attenuate the incident light source over a broad range of 
wavelengths. In typical experiments, the light intensity was modulated 
between 0.6 Suns (60 mW cm−2) and 1.5 Suns (150 mW cm−2). At each 
light intensity, linear sweep voltammetry was performed with a scan 
rate of 100  mV  s−1 to evaluate the photo-limited current density. The 
open-circuit photovoltage was measured before and after each linear 
sweep for about 60  s until stable values were reached. After varying 
the light intensity, the light was turned off and EIS measurements were 
performed at 0.1 V intervals between 0.2 and 0.8 V versus Fe(CN)3-/4-  
with a frequency range of 1000–100  000  Hz and an AC voltage of 
10  rms  mV. Each EIS measurement was fit to an equivalent circuit to 
determine the space charge capacitance needed for the Mott–Schottky 
plots (see Supporting Information for details).

Sample Characterization: Scanning electron microscopy were 
performed using the TSF Nova 200 Nanolab with an accelerating 
voltage of 5 kV. Nanoparticle size, size distribution, and coverage were 
analyzed using IMAGEJ software. Scanning transmission electron 
microscopy (STEM) was performed with the TFS Talos F200X G2 to 
gather energy dispersive X-ray spectroscopy (EDS) and performed 
with a JEOL 2011 probe-corrected analytical electron microscope 
to gather high resolution interfacial images. STEM samples were 
prepared using focused ion-beam milling (FIB) on the TFS Nova 200 
Nanolab. Samples were tested under OER conditions for 30 voltage 
sweeps and subsequent EIS testing prior to STEM preparation. Oxide 
thicknesses were measured using STEM imaging high-resolution 
TEM imaging where the Ni/NiOx/SiO2/Si interfaces were marked by 
changes in contrast and atomic lattice structure. The thicknesses were 
determined by analyzing several nanoparticle samples with IMAGEJ 
software. Additional detail on STEM image processing is provided in 
the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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