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Abstract

Electrodepositing low loadings of metallic nanoparticle catalysts onto the surface of
semiconducting photoelectrodes is a highly attractive approach for decreasing catalyst costs and
minimizing optical losses. However, securely anchoring nanoparticles to the photoelectrode
surface can be challenging—especially if the surface is covered by a thin insulating overlayer.
Herein, we report on Si-based photocathodes for the hydrogen evolution reaction that overcome
this problem through the use of a 2-10 nm thick layer of silicon oxide (SiO,) that is deposited on
top of Pt nanoparticle catalysts that were first electrodeposited on a 1.5 nm SiO»|p-Si(100)
absorber layer. Such insulator—-metal—-insulator—-semiconductor (IMIS) photoelectrodes exhibit
superior durability and charge transfer properties compared to metal—insulator-semiconductor
(MIS) control samples that lacked the secondary SiO, overlayer. Systematic investigation of the
influence of particle loading, SiO layer thickness, and illumination intensity suggests that the
SiO, layer possesses moderate conductivity, thereby reducing charge transfer resistance associated
with high local tunneling current densities between the p-Si and Pt nanoparticles. Importantly, the
IMIS architecture is proven to be a highly effective approach for stabilizing electrocatalytic
nanoparticles deposited on insulating overlayers without adversely affecting mass transport of
reactant and product species associated with the hydrogen evolution reaction.
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As the cost of solar photovoltaic technology continues to drop, a major hurdle limiting the
widespread use of variable solar energy is the lack of efficient and cost-effective energy
storage.1~3 Photoelectrochemical cells (PECs) provide one promising approach for storing
solar energy by converting it into chemical energy, much as nature accomplishes with
photosynthesis.*~” Central to the operation of PEC technologies are semiconducting
photoelectrodes that convert sunlight into an electronic driving force, or photovoltage, which
is then used to drive nonspontaneous electrochemical reactions such as water electrolysis.
By this means, PEC technology is capable of converting abundant and renewable sunlight
into storable “solar fuels” such as hydrogen (Hy).

Despite the great promise of PEC technology to contribute to a sustainable energy future,
there remain several key barriers in the development of commercially viable PEC materials
and devices that must be overcome.8-10 One major challenge for PEC water-splitting
technology has been the trade-off between photoelectrode stability and efficiency.>6:11
Consequently, many recent efforts in the field have focused on stabilizing efficient narrow
band gap materials like silicon (Si) by coating them with thin, transparent overlayers of
insulating materials such as SiO,12-17 or Ti0,.18-20 These efforts have included the
protection of buried p-n junctions,?1-24 as well as photoelectrodes based on a metal—
insulator—semiconductor (MIS) architecture in which photovoltage is generated across an
MIS Schottky junction.11:14.18.25 |n MIS photoelectrodes the metallic component is of great
importance for generating high photovoltage across the MIS junction as well as for enabling
efficient electrocatalysis at the electrode/electrolyte interface.26-2% Additionally, it is
critically important that the metal itself also be stable.3%31 This requirement entails not only
resistance to oxidation and dissolution, but also strong physical adhesion and robust
electronic contact to the underlying photoelectrode. The latter two issues are especially
important when the metal layer takes the form of metallic nanoparticles, which naturally
have a small contact area with the underlying electrode surface. Despite this challenge,
nanoparticle catalysts are attractive for minimizing the loading and cost of expensive
catalysts,32 minimizing optical losses,33 and taking advantage of pinch-off effects to achieve
higher photovoltages.34-37
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One potentially scalable and low-cost means of depositing metal nanoparticles or ultrathin
films on photoelectrodes is electrodeposition.38-41 However, it has been observed that the
adhesion of metal nanoparticles to the surface of thin insulating materials like SiO5 is very
poor,1742 creating a large challenge for the use of electrodeposition for PEC applications. In
this paper, we present a means of stabilizing electrodeposited Pt nanoparticles on a SiO,/p-
Si surface while simultaneously reducing charge transfer resistance across the nanoscale Pt
SiOy|Si MIS junction. These improvements were achieved by coating the nanoparticle-
containing photoelectrode surface with a thin (2-10 nm) silicon oxide (SiO,) overlayer,
which was applied by a simple, room-temperature UV-ozone process.*3 Adding this
secondary SiO, layer creates what is referred to herein as an insulator-metal-insulator—
semiconductor (IMIS) photoelectrode, which is illustrated schematically in Figure 1a. The
SiO-coated Pt nanoparticle structure is similar in nature to core—shell nanoparticles that
have previously been used for high temperature heterogeneous catalysis to enhance thermal
stability,44-46 improving the stability of Pt for oxygen reduction catalysis,*” and for
suppressing undesired back reactions in photoelectrochemical applications.#84% However,
the IMIS photoelectrode takes this core—shell concept a step further, anchoring the catalytic
core directly to the surface of the photoelectrode in an architecture that protects both the
nanoparticle and the semiconductor.

The basic operating principles of the IMIS photoelectrode are shown schematically in Figure
1c. First, excitons must be generated within a distance less than the sum of the depletion
width (W) and effective minority carrier diffusion length (L) in order for the minority
carrier electrons to reach the MIS nanojunction at the base of the metal nanoparticle. Once
the minority carrier electron reaches the SiO,/Si interface, it tunnels through the thin SiO,
layer to reach the nanoparticle catalyst, a process that depends strongly on the SiO, layer
thickness.> Protons in solution are concurrently transported to the nanoparticle surface
where they are reduced by the electrons, resulting in the hydrogen evolution reaction (HER).

This initial study of IMIS photoelectrodes was based upon photocathodes made from p-
Si(100) wafers. First, the MIS structure (Figure 1a) was fabricated by photoelectrodepositing
platinum nanoparticles onto native SiO,/p-Si(100) from a 3 mmol L= K,PtCl, solution. The
platinum loading was controlled by varying the number of cyclic voltammetry (CV) cycles
during electrodeposition (Figure S1). The resulting average particle size, coverage, spacing,
and Pt loadings were determined from SEM analysis (Figure S2) and are provided in Table
S1. The average particle size and spacing were observed to increase and decrease,
respectively, with increased Pt loading. SEM images in Figure S3 reveal that the as-
deposited Pt nanoparticles have a relatively rough and dendritic morphology. Following
electrodeposition of the Pt nanoparticles, polydimethylsiloxane (PDMS) was spin-coated
onto the MIS and converted into SiO, by a room-temperature ultraviolet (UV)-ozone
treatment to give the final IMIS structure (Figure 1a). X-ray photoelectron spectroscopy
(XPS) characterization of the as-deposited SiO, layer indicates that Si predominantly exists
as silicon dioxide (SiO») and residual carbon from PDMS remains in the SiO,, consistent
with previous studies of thin SiO, films grown by this method (Figure S4).4351 These
previous studies reported that, more than 55% of the C atoms are eliminated from PDMS
films after 2 h of UV ozone exposure for SiO, films under 20 nm. Additional details on the
UV-ozone treatment and characterization of SiO, thin films can be found in literature.
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43,51-53 Cross sectional HAADF-STEM and energy dispersive X-ray spectroscopy (XEDS)
mapping images of an IMIS sample, 10 nm SiO ,/Pt/native SiO,/p-Si, (Figure 1b,d) shows a
well-defined ~1.5 nm thick native SiO, layer under the Pt particle and a 10 nm thick SiO
layer covering the electrode surface in between the Pt nanoparticles. From other HAADF-
STEM images, the observed SiO, + SiO, thickness varies across the sample (Figure S5). In
areas of high Pt particle density the SiO layer is thicker (up to 17 nm) and thinner (*9 nm)
in areas where particles are relatively far apart. The cross sectional HAADF-STEM and
XEDS mapping images in Figure 1b,d and S6 also clearly show a thin SiO, overlayer
covering the surface of the Pt nanoparticle. Additional STEM images (Figure S5) suggest
that some of the larger particles do not have a complete SiO, shell, allowing some dendritic
Pt nanoparticles to protrude out the SiO, shell and directly contact the electrolyte. The
observation of partial or full coverage of Pt nanoparticles by the thin SiO layer is further
corroborated by a significant decrease in the Pt 4f XPS signal from the surface of an IMIS
sample compared to an MIS sample of identical Pt loading, presumably due to screening by
the SiO overlayer (Table S2).

PEC performance of the MIS and IMIS photoelectrodes was evaluated by performing
consecutive linear sweep voltammograms (LSVs) in deaerated 0.5 mol L= H,SO, under
simulated AM 1.5 G illumination. Figure 2 contains the initial LSV curves for MIS and
IMIS photoelectrodes with 1 zg cm™2, 5 g cm™2, and 20 g cm=2 Pt loadings (Figure 2a—c).
The SiO overlayer on the IMIS samples was 2 nm thick, as measured by ellipsometry on
control areas lacking any Pt nanoparticles. From Figure 2, it is immediately evident that
there is a substantial improvement in the current—potential (I-E) characteristics of the IMIS
samples compared to the MIS samples, with the former exhibiting larger limiting
photocurrents and substantially steeper slopes in the LSV curve as it transitions from the
photocurrent onset potential to the photolimiting current plateau. The PEC LSV
performance of an UV-ozone treated MIS and “X” nm SiO,/SiO,/p-Si control electrodes was
also evaluated, confirming that the difference in PEC performance between the MIS and
IMIS photoelectrodes was due to the presence of the SiO, overlayer and not a result of the
UV-ozone treatment nor HER catalysis associated with residual carbonaceous species in the
SiO, (Figure S7). Table 1 summarizes the performance of all photoelectrodes, as measured
by the operating potential required to achieve —10 mA cm=2 for the first LSV measured. The
MIS photoelectrode with the lowest Pt loading exhibited the worst performance, requiring
-280 mV vs RHE to achieve —10 mA cm™2. By contrast, the IMIS photoelectrode with
equivalent Pt loading was able to operate at +60 mV vs RHE at the same current density.
Significant improvements in the operating potential of IMIS samples with 5 g cm™2 and 20
1 cm~2 Pt loading were observed compared to their MIS counterparts, though not as
dramatic as for the low Pt loading samples. The presence of the SiO, overlayer created the
additional benefit of increasing the photolimited current density. For IMIS samples, the
limiting current density decreased monotonically with increasing Pt loading and can be
explained by increased optical losses associated with the opaque Pt particles. The ability of
the 1 19 cm=2 IMIS sample to achieve a photolimiting current density close to the theoretical
maximum for crystalline Si (42 mA cm=2 under AM 1.5 illumination) indicates that neither
the Pt nanoparticles nor the SiO, overlayer contribute to any significant optical losses for
that sample.
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IMIS photoelectrodes with varied SiO thickness and a constant Pt particle loading of 5 (g
cm~2 were also fabricated to view the influence of SiO,, thickness on PEC performance.
Figure 2d shows LSV curves for IMIS samples with 2, 5, or 10 nm of SiO layers. Although
the onset potential of the LSV curves changed very little, there was a notable increase in the
limiting photocurrent upon addition of just 2 nm of SiO,, which can be attributed to reduced
reflection losses due to the presence of the thicker UV-ozone SiO layer compared to the
native SiO,/Si interface. Increasing overlayer thickness beyond 2 nm resulted in a nominal
increase in limiting photocurrent. More importantly, the thicker SiO, layers did not cause
any decrease in PEC performance by limiting mass transport of protons to the Pt surface.
This observation may have two explanations. First, some of the larger, dendritic Pt particles
may not be entirely covered by the SiO, overlayer, meaning that proton transport from the
bulk electrolyte will be unimpeded for those particles. In the case of encapsulated Pt
nanoparticles, such as that shown in Figure 1b, facile proton transport may also take place by
diffusion through the thin SiO, overlayer. This explanation is consistent with evidence from
previous studies that have reported the presence of proton and water transport through thin
SiO, layers that were used to encapsulate Pt microelectrodes®* and Pt oxygen reduction
reaction catalysts.#” It should also be noted that the SiO, thin films fabricated by the same
UV-ozone process used in this study have been used as selective gas separation membranes
for small molecules.52,53,55

The short-term stability of MIS and IMIS photocathodes was first evaluated by conducting
two additional LSVs immediately following the LSVs of Figure 2 (Figure S8). The change
in operating potentials at —10 mA cm~2 between the first and third LSV are compared in
Table 1. All of the MIS samples exhibited substantial instability in these measurements, with
the operating potential shifting more negative by 30-200 mV at an operating current of —10
mA cm~2. The 20 19 cm~2 MIS sample showed substantially less degradation in
performance than the 1 zg cm=2 sample. In contrast to MIS photoelectrodes, all of the IMIS
photoelectrodes demonstrated excellent stability, with very little change in operating
potential (8—40 mV) between the first and third LSV curves. The stability was also
investigated under a constant applied current (chronopotentiometry (CP)) over the course of
1 h, during which time the samples were intermittently subjected to open circuit operation to
simulate the periodic cycling conditions in a real device (Figure S9). The operating potential
of the MIS samples decreased at 45-140 mV h~1, whereas the IMIS samples exhibited
excellent stability (5-14 mV h™1). The changes in operating potentials for all samples are
compared in Table 1. Interestingly, the change in operating potential at =10 mA cm=2 for the
MIS samples during the 1 h CP test was very small compared to the >110 mV shifts in
potential observed in LSV curves before and after the 1 h CP test (Figures 3a and S10). This
observation indicates that operating the MIS photoelectrodes under potential cycling is far
more detrimental than continuous operation at a set current density or potential. In a separate
experiment, the long-term stability of freshly prepared 12 1g Pt cm=2 MIS and IMIS
photoelectrodes was investigated by monitoring the change in operating potential required to
sustain —10 mA cm~2 during a 12 h CP measurement (Figure 3b). The operating potential of
the MIS electrode decreased at 40 mV h™1, whereas the IMIS electrode remained very
stable, only a 2.5 mV h~1 decrease, for the duration of the 12 h test.
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The results of Figures 2 and 3 highlight the ability of the IMIS photoelectrode architecture to
be employed for stable and efficient PEC energy conversion, but also raise three underlying
questions: (i) Why do the electrodeposited MIS photoelectrodes have such poor LSV
performance in the first place?; (ii) How does the addition of the secondary SiO layer
improve the LSV performance for IMIS photoelectrodes?; and (iii) Why are IMIS
photoelectrodes so much more stable than MIS photoelectrodes?

In addressing the first two questions, it is useful to recall the four fundamental processes
illustrated in Figure 1c that are essential to MIS photoelectrode operation: (i) light
absorption/electron—hole generation, (ii) minority carrier transport to the MIS junction, (iii)
tunneling across the insulator, and (iv) electrocatalytic charge transfer at the electrode/
electrolyte interface. UV-vis and LSV measurements performed on control samples
consisting of electrodeposited Pt particles on transparent indium tin oxide reveal that neither
light absorption nor kinetic overpotential losses can explain the poor performance of the
MIS photoelectrodes. These measurements show that the 5 149 cm=2 Pt loading possesses
>85% light transmittance across the visible wavelengths (Figure S11a) and is capable of
achieving =10 mA cm=2 with less than 40 mV kinetic overpotential loss (Figure S11b).
Differences in carrier collection efficiency between the MIS and IMIS samples can also be
ruled out because the effective minority carrier diffusion length of both samples was found
to be nearly identical (L ~ 103 pm, see Figure S12). This distance is far greater than the
average distance between adjacent particles (<1 4#m), meaning that the carrier collection
efficiency in both samples should be similar.

At first glance, one would not expect that tunneling of carriers through the native SiO layer
would be a major source of inefficiency in the MIS photoelectrodes because the tunneling
probability through an SiO, layer of thickness ~1.5 nm is very high,%0:56 and many MIS
photovoltaic (PV) cells have been reported with excellent fill factors.5-61 However, the key
distinction between the aforementioned studies and the MIS photoelectrodes investigated in
this work is the mismatch between the illuminated area and the MIS junction area. In most
MIS PV cells and photoelectrodes demonstrated to date, the MIS junction (A4;) area is
similar or equal to the illuminated area (Ay,), meaning that the current density that is
normalized by the junction area (/j = //A4;) is very similar to the photogenerated current
density that is normalized by the illuminated area (/_ = //Any). Under AM 1.5 illumination,
these current densities are typically 25-40 mA cm~2 for ¢-Si. However, the photoelectrodes
investigated in this work have a relatively small coverage of Pt particles, meaning that the
net junction area is significantly smaller than the illuminated area (A; << Apy). The
consequence of this inequality is that / can substantially deviate from / , as described by eq
1:

1-=IL'_%

J AJ

0]

In this work, the upper limit of A; can be estimated as the net area covered by Pt particles,
which was determined from the projected 2D area of Pt particles in SEM images. Taking as
an example the 1 g cm™2 Pt MIS sample with 6 = 0.03 and /4=~ 21 mA cm-2 illuminated
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area, the sample-averaged limiting current density through the MIS nanojunctions is =700
mA per cm? of junction area (Figure S13). This current density is likely to be even larger
when one considers that the physical contact area between the electrodeposited Pt particles
and SiO, substrate is smaller than that indicated by SEM images (Figure S5). At such high
local current densities, voltage losses due to tunneling will be significant, even for tunneling
through a very thin 1.5 nm thick SiO, insulator (Figure S14).26

For the reasons highlighted above, we conclude that the poor /-£ performance of the MIS
photoelectrodes is explained by large voltage drops needed to support high local current
density across the MIS nanojunctions. It follows that the presence of the SiO, overlayer
substantially decreases or eliminates these tunneling-related voltage drops in the IMIS
samples, but how? One possibility is that the SiO, overlayer is moderately conductive,
providing additional pathways through which minority carriers can reach the Pt
nanoparticles (Figure 4a). This has the effect of increasing the effective MIS junction area,
thereby reducing the local tunneling current densities directly underneath the Pt particles. In
addition to the conventional charge transfer pathway (Figure 4a, path 1), we hypothesize that
the SiO, overlayer enables carriers to reach a given Pt particle by tunneling from the p-Si to
the SiO, (Figure 4a, path 2), and possibly by lateral transport along SiO , between
neighboring Pt particles (Figure 4a, path 3). In this latter case, the SiO, overlayer can serve
to distribute electrons between particles, especially those not in intimate electrical contact
with the substrate.

The viability of the proposed alternative electron transport pathways is contingent upon the
electronic conductivity of the SiO,, overlayer material. Pure SiO5 is an excellent insulator,%2
but defects, impurities, or slight variation in stoichiometry may change this. In this study, it
is likely that traces of carbonaceous impurities remaining in the spin-coated SiO  overlayers
provide some degree of electrical conductivity. Indeed, XPS analysis of control samples with
spin-coated SiO contain 30% higher C 1s signal compared to samples containing native
SiO, where the carbon only arises from adventitious carbon species. Furthermore, it is likely
that the highest amount of unconverted carbon will remain in the SiO, layer immediately
surrounding the Pt particles due to shadowing during the UV-o0zone process, thus providing
the highest conductivity at the MIS nanojunction where it is most needed. Another source of
conductivity in the SiO, layer could be protons or hydrogen atoms taken up from the acidic
electrolyte. Previous studies have proposed that protons in silicon dioxide may be reduced to
hydrogen atoms, which then serve as electron mediators for electrochemical reduction as
demonstrated with 6 nm thick thermally grown SiO,.%3 Furthermore, the presence of Si-H
bonds within SiO, have been found to increase tunneling current through chemical SiO,,64
which could also facilitate charge transfer in this study.

The conductivity of the SiO, overlayer was investigated with cyclic voltammetry (CV) to
measure charge transfer rates across continuous SiO, films of varying thickness using a
standard ferri/ferrocyanide redox couple, as previously used to evaluate the conductivity of
ALD TiO, layers in MIS photoanodes.18:65 These measurements were conducted on a series
of samples on which a bilayer film of 1 nm of Ti and 3 nm of Pt were sequentially deposited
by physical vapor deposition onto “x’ nm SiO,/native SiO,/p-Si electrodes (0 nm < x< 10
nm), as depicted in the inset of Figure 4b. The electron transfer kinetics of ferri/ferrocyanide
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at the surface of the Pt top layer are very fast such that the largest source of resistance is
associated with charge transfer across the SiO,/SiO, stack. A control sample lacking the
catalytic Pt layer exhibits orders of magnitude lower current density and no observable Fe2*/
Fe3* redox features. As seen in Figure 4b, the CV for the control sample with 0 nm of SiO,
demonstrated relatively small peak-to-peak splitting (<100 mV). However, the addition of 2
nm of SiO, resulted in an increase in the peak-to-peak splitting to 410 mV, indicating a
significant increase in charge transfer resistance across the stack. Interestingly, increasing
the SiO, thickness beyond 2 nm did not lead to a significant increase in peak-to-peak
splitting. The lack of sensitivity of the charge transfer resistance on the SiO  thickness
suggests that the SiO, does not behave like a typical tunneling oxide, for which increasing
oxide thickness should lead to an exponential decay in tunneling current and exponential
increase in peak-to-peak splitting.18:19.65 |nstead, the nearly constant peak-to-peak splitting
for all three SiO, layer thicknesses indicates the SiO layer is moderately conductive and
that the effective charge transfer resistance associated with conduction across the SiO is
very small compared to that associated with tunneling between the p-Si substrate and SiO
overlayer (Figure 4c and Figure S15). Thus, the measurements in Figure 4 support the
hypothesis that the spin-coated SiO, layer enables additional charge transfer pathways
between the Si substrate and Pt nanoparticles, thereby reducing the voltage drops needed for
tunneling across the MIS nanojunctions at high current densities. It should be noted that the
initial increase in charge transfer resistance upon deposition of the first 2 nm of SiO, can be
explained by a decrease in the tunneling probability across the native SiO, layer due to a
decrease in density of states of SiO, compared to the metallic Pt/Ti layer.

The source of poor stability for the uncoated MIS photoelectrodes is less clear, with possible
explanations including catalyst poisoning, particle detachment, and reduced quality of the
electrical contact. Control samples based on Pt particles electrodeposited on ITO/glass
substrates reveal no loss in catalytic activity during HER experiments (Figure S11b),
supporting the conclusion from the stable operation of the IMIS samples that the Pt particles
are not being poisoned by a contaminant in the system. In addition, the possible role of the
SiO, layer to serve as a “glue” to physically adhere the nanoparticles to the substrate during
operation was evaluated by taking SEM images of identical locations on a MIS
photoelectrode before and after three consecutive LSVs in 0.5 mol L= H,SO,. Despite
significant decrease in performance of the MIS photoelectrode during these measurements,
these images reveal no substantial particle detachment over this short time period (Figure
S16). In contrast, SEM images taken after the longer 12 h CP stability test (Figure 3c,d)
suggest that particle adhesion does become an issue over longer time periods. These SEM
images reveal a highly nonuniform Pt distribution on the surface of the MIS photoelectrode
and a uniform Pt distribution on the IMIS photoelectrode, suggesting Pt particle migration
and/or detachment from the MIS surface. Large circular features are also evident on the MIS
photoelectrode surface, which may correspond with the location of Hy bubbles that remained
attached to the photoelectrode surface for prolonged times. It is possible that H, bubbles on
MIS electrodes reduce the ECSA, forcing higher local current densities through accessible
Pt nanoparticles near the bubble edges and thereby accelerating local degradation. In the
case for IMIS electrodes, small H, bubbles are also present on the surface, but the
hydrophilic SiO overlayer facilitates bubble detachment at smaller diameters and reduces
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its average residence time on the photoelectrode surface. This facile bubble removal is
evident in the IMIS chronopotentiometry stability tests, where the stochastic fluctuations
associated with bubble dynamics are very small in comparison to those observed for the MIS
electrode (Figures 3b and S9a). This observation suggests a detrimental role of surface-
bound H, bubbles on the durability of the uncoated Pt nanoparticles.

Another possible cause of instability is degradation of the SiO, and/or the SiO4/Si interface
at MIS junctions resulting from heat dissipation under conditions of high local tunneling
current densities that are present in samples with low and medium Pt loadings, and MIS
electrodes masked with H, bubbles. Typically, such thermal degradation of MIS junctions is
observed in solid-state devices that undergo oxide breakdown and dielectric breakdown-
induced epitaxy (DBIE) of the Si substrate®6-68 under application of a large reverse bias® or
current surge.”0 It is possible that the large photodriven current densities present in our
samples could lead to similar phase change effects or particle detachment due to heat
dissipation associated with the tunneling across the SiO, insulating layer.

Regardless of the exact mechanism by which MIS sample performance degraded, it was
consistently observed that the extent of performance degradation was proportional to the
current density through the MIS nanojunctions. This was already noted in Table 1, which
shows that performance degradation decreased with increasing Pt particle loading. In order
to investigate this relationship further, MIS electrodes with 11% and 30% Pt coverages were
tested in 0.5 mol L=1 H,SO,4 under 0.25 and 1 sun intensities to systematically vary the
current densities through the junctions (Figure S17). At 0.25 sun intensity, corresponding to
low current density through the junction, both electrodes remained reasonably stable during
the 5 CV cycles. However, upon operation under 1 sun illumination, corresponding to higher
current density, the performance degraded after just 1 cycle. Importantly, the performance
degradation was far greater for the MIS sample with low Pt loading and at high light
intensity. The observations of poor stability for higher light intensity and/or lower loading
thus indicate that degradation is greatest when the current density through the nanojunctions
is highest. In IMIS electrodes, the SiO, overlayer may alleviate this issue by decreasing
local current densities through the MIS nanojunctions. Our observations are consistent with
both thermally induced degradation, as well as H- or H, induced damage, which are
expected to be more prominent at higher current densities.

In summary, this study has described a room-temperature and scalable means of stabilizing
electrodeposited Pt nanoparticle catalysts on an insulating substrate for MIS photoelectrodes
for solar water splitting. The enhanced performance with the SiO, overlayer modification
indicates improved carrier transport between the native SiO»/p-Si substrate and the
electrodeposited Pt nanoparticles. Additionally, the IMIS photoelectrodes exhibit excellent
stability, while the unmodified MIS photoelectrodes undergo gradual performance
degradation related to the presence of H, bubbles on the photoelectrode surface. We
hypothesize that the improved current—potential performance of the IMIS samples results
from a decrease in tunneling losses across the MIS nanojunctions, which is made possible by
an increase in the effective junction area between the substrate and Pt particles. Based on
this proposed mechanism, we expect that the IMIS approach will be broadly applicable to
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improving the efficiency and stability of MIS photoelectrodes based on low-loadings of
nanoparticle catalysts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Nanoparticle-based MIS and IMIS photoelectrodes. (a) Schematic side views of a metal—
insulator—semiconductor (MIS) photoelectrode decorated with electrodeposited Pt
nanoparticles and an insulator-metal—insulator-semiconductor (IMIS) photoelectrode
containing an additional SiOx overlayer. (b) Cross-sectional HAADF-STEM image of a
SiO,/Pt/native SiO,/p-Si IMIS nanojunction based on a 10 nm thick SiO, overlayer with Pt
protection layer. (c) Schematic side-view illustrating the basic operating processes occurring
in an IMIS photoelectrode. (d) Cross-sectional HAADF-STEM image of an IMIS
nanojunction described in (b) with a C protection layer (top) and XEDS map of Pt (red) and
Si (green) peak signals (bottom).
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MIS and IMIS performance. LSV measurements for |Pt| native SiO,|p-Si(100) MIS (red)
and |2 nm SiO JPt|native SiO,|p-Si(100) IMIS (blue) photoelectrodes for (a) 1 g cm=2 P,
(b) 5 19 cm™2 Pt, and (c) 20 g cm~2 Pt. (d) LSV measurements for |”X” nm SiO,J5 1g cm™2
Pt|native SiO|p-Si(100) for various SiO, thicknesses from 0 to 10 nm. All LSV
measurements were performed at 20 mV s1 in 0.5 mol L™ H,SO4 under AM 1.5 G
illumination. Current densities are normalized with respect to the geometric area of the

exposed photoelectrode.
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MIS and IMIS stability. (a) LSV measurements for MIS (red) and IMIS (black) samples
with 5 g cm~2 Pt loading before (solid lines) and after (dashed lines) the 1 h CP stability
test conducted at —10 mA cm~2 for 1 h. The IMIS sample was fabricated with a 10 nm thick
SiO overlayer, and the LSV sweep rate was 20 mV s~L. (b) CP stability measurements for
MIS (gray curve) and IMIS (black curve) samples with 12 g cm=2 Pt loading operating at
-10 mA cm~2 for 12 h. Measurements performed in 0.5 mol L~ H,SO,4 under simulated
AM 1.5 G illumination. Low resolution SEM images of (¢) MIS and (d) IMIS samples after

the 12 h CP stability test.
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Figure 4.
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illustrating possible charge transfer pathways between the Si substrate and Pt nanoparticles.
Pathways include (1) conventional tunneling through MIS nanojunction and (2, 3)
alternative charge transfer routes involving conduction through the SiO,. (b) CV
measurements in 10 mmol L™ ferri/ferrocyanide, 1 mol L=1 KCI solution for 3 nm Pt/2 nm
Ti/“X’ nm SiO /native SiO,/p-Si(100) for various SiO thicknesses from 0 to 10 nm. The
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CV sweep rate was 100 mV s7L. (c) Peak-to-peak splitting voltage (circles) and
corresponding charge transfer resistances (squares) associated with the CV curves in b.
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