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Abstract

The solar-to-hydrogen conversion efficiencies for overall water splitting on particulate systems is
low, below 3%. This limitation is in significant part due to the poor understanding, and thus inability
to engineer, carrier-selective electron and hole contacts to the hydrogen- and oxygen-evolving
electrocatalysts on the light-absorbing semiconductor particle. With dual-working-electrode and
element-specific electric-potential measurements on SrTiO₃ model semiconductors by operando
ambient-pressure X-ray photoelectron spectroscopy, we show that selective carrier collection
emerges from cooperative adaptive junctions. Under illumination, hole collection by metal-oxide
electrocatalysts drives metal cation oxidation that increases the effective interface electron barrier
and improves hole selectivity. Simultaneously, electrons accumulate on metal hydrogen catalysts
like Pt, forming hydridic species that lower the electron barrier. These findings challenge the idea
that differences in crystal-facet work function govern charge separation and establish the new
conceptual framework of cooperative adaptive junctions for improving particulate photocatalysts
across materials systems.
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Abstract: 

The solar-to-hydrogen conversion efficiencies for overall water splitting on particulate 
systems is low, below 3%. This limitation is in significant part due to the poor understanding, 
and thus inability to engineer, carrier-selective electron and hole contacts to the hydrogen- 
and oxygen-evolving electrocatalysts on the light-absorbing semiconductor particle. With 
dual-working-electrode and element-specific electric-potential measurements on SrTiO₃ 
model semiconductors by operando ambient-pressure X-ray photoelectron spectroscopy, 
we show that selective carrier collection emerges from cooperative adaptive junctions. 
Under illumination, hole collection by metal-oxide electrocatalysts drives metal cation 
oxidation that increases the effective interface electron barrier and improves hole selectivity. 
Simultaneously, electrons accumulate on metal hydrogen catalysts like Pt, forming hydridic 
species that lower the electron barrier. These findings challenge the idea that differences in 
crystal-facet work function govern charge separation and establish the new conceptual 
framework of cooperative adaptive junctions for improving particulate photocatalysts 
across materials systems. 
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Main 
 

Overall water splitting (OWS) on photocatalyst particles converts solar to chemical energy 
without wires1-3. Both the optoelectronic properties (including light absorption, carrier  
lifetimes and mobilities, etc.) of the semiconductor photocatalyst, and the carrier-selective 
contacts used to extract the photoexcited holes that drive oxidation and electrons that drive 
reduction reactions, are key parameters that govern performance4. SrTiO3 (STO) is a widely 
studied OWS photocatalyst that can yield external quantum efficiencies of up to 96% with 
ultraviolet (UV) light. However, STO exhibits poor solar-to-hydrogen conversion efficiencies 
with visible light because it has a large bandgap of 3.2 eV. Bandgap engineering via cation or 
anion substitution improves solar absorption, but not solar-to-hydrogen conversion 
efficiency2,5-7. Oxides with narrower bandgaps, including BiVO4, Fe2O3, and TaON,8-11 have 
better solar absorption, but do not generate sufficient photovoltage for OWS, even with band 
gaps > 2 eV8-11. If these absorbers were coupled to optimally selective electrocatalyst 
contacts, they likely could drive OWS with much higher efficiency than STO12. Unfortunately, 
the processes that govern charge separation and selective carrier collection at particulate 
semiconductor surfaces are poorly understood. 

The influence of crystal-facet termination on photocatalytic activity has received much 
attention,13-15 with electron-hole separation attributed to differences in work function 
between facet orientations. Multiple studies report increased OWS rates when specific 
facets are exposed where hydrogen-evolution-reaction (HER) catalyst particles decorate 
lower-work-function facets and collect electrons while oxygen-evolution (OER) catalysts 
decorate higher-work-function facets and collect holes1,3,9,14. Consistent with facet-
dependent carrier collection, nanoprobe measurements showed asymmetric J-V curves 
when measured across different exposed facets (<100>, <110>, and <111> on 
nanoparticles, see Figure S1) with single-crystal studies on STO yielding similar 
asymmetries13,16,17. These results indicate asymmetric charge transport due to different 
barriers for electrons and holes associated with the different work functions between 
facets. This physical picture has been used to explain the near-unity quantum efficiency of 
OWS on STO with HER/OER catalysts selectively decorated on each appropriate facet3.  

While the observed differences in work function likely drive a degree of asymmetric carrier 
collection, the magnitude of the difference is insufficient for explaining OWS. The voltage 
across opposing crystal facets (acting as selective contacts) must significantly exceed 1.23 
V for OWS to proceed under standard conditions, but the difference in facet work functions, 
and thus barrier heights, is no more than 200 mV13,18. Based on the established physics of 
photovoltaic action, the difference in barriers is the physical limit for the photovoltage 
developed across the hole and electron contacts19-21. However, we have demonstrated that 
at both hole- and electron-selective semiconductor/electrocatalyst junctions on n- and p-
type semiconductors, respectively, the rates of interfacial charge transfer are not solely 
dictated by equilibrium junction properties22-27.  Electrocatalysts are complex materials that 
undergo ion insertion, redox, and surface absorption when driven to catalytic conditions 
that modify both the effective work function and the underlying contact properties to the 
semiconductor light absorber.   
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Here we show that cooperative adaptive electrocatalyst–semiconductor (cat|sem) 
junctions, rather than crystal facet asymmetry, are the key drivers of charge separation in 
operating STO-based photocatalysts. We use single-crystal substrates doped with oxygen 
vacancies to increase conductivity (n-STO) as a model system and apply both dual-working-
electrode and operando ambient-pressure X-ray photoelectron spectroscopy (AP-XPS)28,29 
measurements to track dynamic junction properties and interfacial photovoltages. We find 
that Pt and CoOx contacts simultaneously and dynamically modulate their interfacial 
energetics under operation. This simultaneous and mutually dependent process appears 
required, in addition to crystal-facet asymmetry, to generate the photovoltage required for 
OWS on STO and related systems. 

Crystal facet asymmetry in selective carrier collection for OWS. Facet-specific carrier 
selectivity may drive initial charge separation to begin electrochemical charging of the two 
catalysts. The differences in work function on the dominant <100> and <110> facets of bare 
(without added electrocatalyst) n-STO are established3,13-16,18. Larger flat-band potentials are 
observed at <110>-oriented n-STO than at <100>-oriented n-STO, having a difference of 0.16 
V with a ferri/ferrocyanide redox couple13. Illuminated cyclic voltammetry indicates larger 
photovoltages for <110> n-STO photoanodes driving the OER13. We found similar differences 
in crystal-facet work function and resulting photovoltages on bare n-STO in 1.0 M NaOH 
(Figure 1). The commercially epi-polished single crystals of STO, reduced together in H2, 
used here yielded similar n-type oxygen-vacancy doping concentrations (evident from the 
Mott–Schottky slopes in the Figure 1 inset, Nd = 1.7 × 1019 cm-3 for <110> and 1.4 × 1019 cm-3  
for <100>). The <110>-oriented n-STO shows ~150 mV more-negative flat-band potential 
than the <100>-oriented n-STO and thus a ~150 mV larger photovoltage than the reversible 
potential for OER at 1.23 V vs. RHE which persists as a function of pH (Figure S2).  To test if 
the facet asymmetry alone can drive OWS, we shorted the two ohmic contacts of the <110>- 
and <100>-oriented photoelectrodes together, and as expected, detected no OWS 
photocurrent (Figure S3) due to inadequate barrier-height asymmetry. Photocurrent was 
observed only before N2 sparging, likely due to O2 reduction at the cathode (<100>) and OH- 
oxidation at the anode (<110>), indicating a regenerative electrochemical process rather 
than a photosynthetic one30.   
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Figure 1. Comparison of hole collection at different crystal facets. Dark and light (approximately one sun 
of solar simulation) cyclic voltammetry curves of bare n-STO in 1.0 M NaOH. The inset shows Mott–Schottky 
analyses in the same electrolyte under dark conditions. Both results indicate that the small crystal-facet 
asymmetry is not sufficient to drive OWS.  

Although the crystal-facet carrier-collection asymmetry is not sufficient for driving OWS, it 
does appear to be important.13,14,31 For particulate STO, catalyst loading on specific facets, 
such as Pt on the <100> facet and CoOx on the <110> facet, improves quantum 
efficiency1,3,14,31. Prior to the OWS studies, electrocatalysts are typically selectively 
deposited onto specific crystal facets by photodeposition, often called photolabeling14,31. 
This process is an indication that the asymmetries are sufficient to drive initial charge 
separation and generate a small photovoltage. We found individual Pt nanoparticles 
deposited on different crystal orientations of n-STO had Schottky barrier heights with an 
average difference less than ~100 mV using conductive atomic force microscopy (Figure 
S4). This suggests that even at the nanoparticle scale, with the influence of local 
environments (i.e. pinch-off effect, surface defects, etc.), the work-function difference 
between crystal facets is small when (photo)electrochemical reactions are not being driven. 
Therefore, while crystal-facet asymmetry alone cannot explain OWS on STO, experimental 
evidence does indicate the asymmetry is sufficient to drive initial selective materials 
deposition reactions, such as Pt plating, which requires little photovoltage.  

Simulations of cooperative adaptive junctions. We hypothesized that the facet-
asymmetry drives selective deposition of different catalyst material and that under 
photoexcitation, the local cathode and anode catalysts each change their junction 
properties with the semiconductor as they start to accumulate electrons and holes. If the 
chemical potentials and barrier heights both dynamically adjust to match the redox 
potentials of the reactions being driven, this could lead to large photovoltages at steady 
state. We term these cooperative adaptive cat|sem junctions.  

We used numerical simulations to assess the possible role of cooperative adaptive 
junctions in OWS, where two catalysts are attached to a single semiconductor 
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photoabsorber such as STO. Figure S5 compares simulated current-voltage curves for 
adaptive junctions (𝐽jxn,adapt) to those of the traditional buried junction (𝐽jxn,buried). Equations 
1.1 and 1.2 were used to model the interfacial currents following our previously studies25 that 
make use of simple Butler–Volmer kinetic models.  The fraction of the voltage dropped in the 
electrolyte vs. in the semiconductor was calculated using Equation 1.325.   

𝐽jxn,buried  =  𝑘p(𝑝′
s

− 𝑝s) − 𝑘n(𝑛′
s − 𝑛s)       (1.1) 

𝐽jxn,adapt  =  𝑘p (𝑝′
s

− 𝑝s𝑒
𝑞𝑉cat

𝑘𝑇 ) − 𝑘n (𝑛′
s − 𝑛s𝑒

−𝑞𝑉cat
𝑘𝑇 )      (1.2) 

𝐽cat =  𝑗0,cat (𝑒
𝑞𝑉cat

2𝑘𝑇 − 𝑒
−𝑞𝑉cat

2𝑘𝑇 )    (1.3) 

The terms q, K, and T are the fundamental charge, Boltzmann’s constant, and absolute 
temperature , respectively; 𝑘p and 𝑘n are the rate constants for interfacial hole and electron 
transfer, respectively; 𝑝′

s
  (𝑛′

s) and 𝑝s (𝑛s) are the steady-state and equilibrium surface hole 
(electron) concentrations, respectively. For the adaptive junction, the (pseudo)equilibrium 
electron and hole concentrations are modified by the state of the catalyst (Vcat), which 
changes under operation. The value of 𝑝s is found from the generalized Gärtner equation that 
accounts for transport and recombination in the illuminated semiconductor32. The full 
simulation code is given in the Supplementary information. 

We simulate two different contacts to n-type STO. The Pt contact must, under steady-state 
conditions, selectively collect electrons and drive HER. CoOx must selectively collect holes 
and drive OER. The simulations shown in Figure S5 predict that if electrons accumulate on 
Pt particles and the Pt | n-STO junction is of the adaptive type, it will become more ohmic 
(electron selective) as the Pt Fermi level rises on the vacuum scale. This is distinct from the 
static buried-junction case in which charge separation and catalysis are series processes 
modelled by an equivalent circuit with a constant photodiode element. Below, we discuss 
experimental data mechanisms through which the Pt | n-STO junction may yield such a 
response. 

Experiments also suggest adaptive junction behavior is expected for electrodeposited CoOx 
on STO because transition-metal redox chemistry is coupled with ion movement inside the 
electrocatalyst to balance charge23,25,33,34. Simulating the CoOx | n-STO junction with the 
adaptive-junction model, we predict a dynamic change in the barrier height as CoOx is 
oxidized (that is, Ecat moving lower in Figure 2), becomes more selective for holes, and thus 
generates a larger photovoltage. In Figure 2 the degree of band bending and the distance to 
the vacuum level (Evac) reflects the electrostatic potential distribution throughout the 
junction (Figure S5). The simulations show that within the adaptive junction limit, 
photovoltages at the OER catalyst junction with n-STO are larger than for typical 
(unoptimized) buried junctions.  
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Figure 2. Dual adaptive junctions.  Pt | n-STO | CoOx (a) buried (dashed) and adaptive-junction (solid) 
schematic and band-bending diagrams depicting the formal potential of electrochemically active species 
in the electrolyte (qξ, with superscripts indicating each electrolyte, 1 or 2), the kinetic overpotential (η), and 
the hole Fermi level with (Ef,p) and without (Esem) illumination. (b) Numerical simulation of buried and 
adaptive junctions taking as examples J0,cat = 1 and 10-3 mA · cm-2 for Pt and CoOx driving the HER (red) and 
OER (blue), respectively. JHER and JOER must be equal and opposite at steady state for this system to drive 
OWS11. Simulated buried junctions and combinations of buried and adaptive junctions were not observed 
to develop sufficient photovoltage to drive OWS. Only the cooperative (dual) adaptive junctions in this 
simulation, with modest effective barrier heights of 0.4 and 1.9 eV, were observed to drive OWS, as shown in 
(b) inset. 

A OWS photocatalyst must drive two half reactions, here the HER and the OER. To simulate 
OWS, we required the OER and HER cat|sem junction currents to be equal and opposite at 
steady state (Figure 2), similar to the conditions outlined in Takata et. al3 for near-unity 
quantum efficiency.  For the reaction 2H2O → 2H2 + O2 to proceed, the magnitudes of the 
oxidation and reduction current densities must be equal for a given Vsem (Figure 2b). The non-
adaptive-junction systems have small Voc constrained by the static work function difference 
of the contacts, resulting in lower efficiency and no single Vsem that meets the criteria for 
driving both half reactions simultaneously. In contrast, the adaptive photoanode junctions 
provide increased Voc, while the photocathode junction becomes ohmic, both because the 
electrocatalyst work function becomes a function of the current driving through the contact. 

The OWS current, represented by the crossing of the two J-E relationships, is defined by the 
OER and the HER cat|sem junction independently for a given common Vsem. We did not 
observe a positive crossing of the reduction and oxidation current densities, even when one 
adaptive with one buried junction were used. These simulations suggest that both the HER 
and the OER electrocatalysts, Pt and CoOx, respectively, must form adaptive junctions to 
drive OWS on STO.  

Experimental assessment of adaptive junctions on single-crystal STO. To test if CoOx 
and/or Pt form adaptive junctions on n-STO, the dual-working-electrode technique26,27 was 
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used to study each cat|sem interface during operation. Here the catalyst, either CoOx or Pt, 
was held at a potential Ecat vs. the reference electrode, setting its chemical/redox state. We 
used commercial epi-polished STO reduced under H2 at 1000 °C for 6 h to form O vacancies 
and increase n-doping and conductivity. A direct electrical contact to the catalyst layer was 
then used to set Esem vs. Ecat using a second potentiostat channel, and the resulting current 
through the semiconductor Jsem was measured. The resulting J-Vapp curves were fit to the 
Schottky diode equation, and the barrier height φb extracted was plotted vs. Ecat (Figure 3). 

 
Figure 3. Electrical measurements of adaptive junctions. Panels (a) and (c) display the device geometry 
used for the DWE measurements on Pt | n-STO and CoOx | n-STO junctions, respectively, for both <100> (red 
circles) and <110> (black squares) oriented single crystals. Panel (a) highlights the growth of a proton-rich 
interface (MOx-H) in purple when the electrocatalyst is driving the HER. Panel (b) shows the electron barrier 
height from the Pt | n-STO junctions, and (d) shows the electron barrier height from the CoOx | n-STO 
junctions, both of which were calculated from the J-V curves where the total current through the junction 
was measured vs the potential across the junction (Vapp) as a function of catalyst potential (Ecat) in 1.0 M 
NaOH. Values of Ecat > 1.3 V in the CoOx  | n-STO experiments caused the thin film to break up. In both (b) 
and (d), the data points are the average of three separate experiments and the error bars indicate the 
standard deviation. Mott-Schottky plots for the interfaces using the DWE setup are in Figure S7. 

https://doi.org/10.26434/chemrxiv-2025-sd6mj ORCID: https://orcid.org/0000-0001-8971-9123 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-sd6mj
https://orcid.org/0000-0001-8971-9123
https://creativecommons.org/licenses/by-nc-nd/4.0/


 
8 

 

As the Pt catalyst is held at a more-negative Ecat, particularly as it approaches the RHE and 
Pt starts to form Pt-H and evolve H2, the apparent Φb at Pt | n-STO decreases with a slope of 
dΦb/dEcat = 0.35 ± 0.02 V (Figure 3b). As the CoOx catalyst is held at more-positive Ecat, 
approaching and into the OER region, the apparent Φb at CoOx | n-STO increases with a slope 
of dΦb/dEcat = 1.4 ± 0.3 V (Figure 3d).  

These DWE results show that both the metal-HER and oxide-OER catalysts create adaptive 
junctions with STO on both the dominant crystal facets. The behavior of CoOx is analogous 
to that of other oxide/(oxy)hydroxide catalysts previously studied on oxide 
semiconductors25,26. CoOx catalysts typically convert from Co(OH)2 to CoOOH with 
increasing nominally Co4+ density as the potential is driven positive for the OER33,34. As the 
redox-state changes, the CoOx exchanges ions with the electrolyte to compensate the 
electronic charge, similar to a battery electrode material, forming adaptive junctions that 
increase in barrier height as holes accumulate (increasing hole selectivity; Figure 3c) 25. 

The adaptive behavior of Pt | n-STO is more surprising. Pt is a solid ion-blocking metal that 
does not undergo bulk redox chemistry as it drives the HER but forms surface Pt-H 35-37. The 
Pt | n-STO interface is likely hydrated with water and mobile ions in the electrolyte, as the Pt 
was deposited at room temperature by electrodeposition. The adaptive junction behavior of 
Pt is likely due to both ion accumulation and Pt-H formation at the Pt | n-STO interface, which 
screens electronic charge placed on Pt, lowering its apparent steady-state barrier height 
compared to that at equilibrium. A similar effect was observed at the Pt | n-STO interface in 
H2 gas (Figure S6). As this process changes the band bending in the semiconductor, and 
thus the density of majority carriers at the interface, it is also the basis for classes of solid-
state H2 gas sensors38. The observation that Pt | n-STO has dΦb/dEcat = 0.35 ± 0.02 V, far less 
than unity, indicates that the screening of the electronic charge in Pt by ions or surface 
absorbates is only partially effective. The electronic charge in CoOx, which can (de)insert 
ions into the bulk structure39-41, appears fully screened with dΦb/dEcat = 1.4 ± 0.3 V (the limit 
is dΦb/dEcat = 1 within the physical model used to explain the behavior; there may be other 
non-idealities and uncertainties in the quantitative value). 

AP-XPS measurement of cooperative adaptive junctions. The above studies on the 
individual Pt | n-STO and CoOx | n-STO junctions show notable adaptive-junction behavior. 
Based on the simulations discussed above, these adaptive cat|sem junctions could explain 
how small facet-dependent differences in carrier selectivity are amplified to provide the 
photovoltage necessary for OWS.  

We next assessed whether cooperatively adaptive-junction behavior can be observed on 
single-crystal STO model systems without wires or external bias. Tracking material-specific 
electric potentials across surfaces is difficult with conventional electrochemical 
techniques, particularly when complementary half reactions occur on the same surface, 
such as in STO <111>undergoing OWS and collecting both electrons and holes at spatially 
distinct sites on the surface.42  AP-XPS analysis provides information on both the chemical 
and electrostatic environment in an element-specific manner and can be performed through 
a thin electrolyte layer28,29,43,44.  
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Here, we used commercial epi-polished STO reduced in H2 atmosphere as in the DWE 
experiment. We introduced HER and OER sites by photodeposition of Pt and CoOx, 
respectively, creating a planar, single-crystal analog to the OWS particles (Figure S8)3,14. Like 
Rh | n-STO | CoOx, the Pt | n-STO | CoOx particles can drive OWS in pure water and aqueous 
electrolyte3,14,31. Early work by Wagner and Somorjai also showed OWS on single-crystal STO 
<111> that was sensitive to surface composition and OH- concentration42,45. 

The initial work-function difference between Pt and CoOx is expected to be less than 1.23 V. 
Pt has a high work function of 5.6 – 5.8 eV. The work function of CoOx is similarly large and 
varies from 5.2 - 6.2 eV depending on composition and oxidation state. Given the physical 
picture presented above, these contacts would not be able to support carrier collection for 
OWS without the formation of adaptive junctions where their work functions change during 
operation. 

AP-XPS measurements revealed that the environmental conditions control the cat|sem 
junction properties. Under high vacuum, no significant light-induced changes were observed 
in the Pt 4f and Co 2p 3/2 spectra (Figure 4a). The Pt features (including those corresponding 
to the metal and oxide states) were observed to be electrostatically shifted to higher binding 
energies than their expected positions, indicating selective hole collection from X-ray 
generated carriers. The collection of holes from STO by Pt is consistent with the large Pt 
workfunction,36,46 but is inconsistent with the Pt serving as a HER site collecting electrons 
during OWS. CoOx showed strong Co2+ character, with the presence of a Co2+ satellite 
feature, indicating a lack of hole collection. 

The catalyzed STO was then exposed to 18 torr water vapor (saturated at room temperature). 
Again, no large changes were observed in the Pt 4f and Co 2p spectra between light and dark 
cycling (Figure 4b). The Co2+ satellite feature decreased in intensity compared to high-
vacuum, likely due to increased coordination of CoOx with surface water. The Pt spectra 
contained proportionally more metallic Pt0. The Pt-related binding energies remained 
positively shifted, again indicating hole collection on Pt.  This result is consistent with 
Wagner’s study42, in which water splitting was not observed in water vapor alone. 

With the addition of surface KOH and 18 torr water vapor, notable transitions are observed 
in the AP-XPS spectra (Figure 4c). Under solar simulation, the Pt 4f spectra lose their highest 
oxidation peak, and the Pt0 peak shifted to lower binding energies. This negative shift 
indicates that Pt now functions as an electron collector. The Pt0 4f peak under simulated 
solar illumination aligns with both the accepted literature value and the internal metal 
reference. This result is consistent with the data in Figure 3 that outlines a reduction in the 
electron barrier, making the contact more ohmic. The shifts were reproducible under 
dark/light cycling. Although Pt-H formation occurs on the electrode surface during the HER, 
and has been observed in small amounts via operando AP-XPS in KOH36, the shift to lower 
binding energies shown in Figure 4 are unlikely due to Pt-H formation but associated with 
the Pt | n-STO interface becoming ohmic. This is because the amount of formed Pt-H is small 
and the complete transformation required to shift the peak via chemical change has not 
been observed in controlled studies of Pt driving HER in KOH36. In contrast, the Co 2p 
spectrum shows an obvious transition to an oxidized state with KOH present, shifting from 
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Co²⁺ to Co³⁺, as confirmed by the attenuation of the Co²⁺ satellite feature at 785–787 eV. 
Thus, CoOx now serves as a hole collector47.  

The combination of KOH and water vapor, providing a path for ion-transport through a 
surface-electrolyte phase and electron transport through the solid, enables the 
concomitant oxidation of CoOx and reduction of Pt upon illumination. Pt, which formed a 
large-barrier Schottky contact with n-STO, collected holes in vacuum/water but switched to 
collecting electrons once ions were present to allow for the coupled photooxidation of 
Co(OH)2 to CoOOH.  

Central to this interpretation is the finding that Pt0 shifted to lower binding energies in the Pt 
4f spectra (collecting electrons) only when coupled with oxidation of Co(OH)2 to CoOOH. 
This likely proceeded at reconstructed surface-defect sites, commonly observed at all 
dominant single-crystal terminations of STO48-51. We thus hypothesize that local (within the 
minority-hole-diffusion length) electron- and hole-selective adaptive contacts enable the 
collection and conversion of the electrocatalyst to the active phase for their intended redox 
reactions in a positive feedback loop. 
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Figure 4. Adaptive junction and photovoltage measurements by AP-XPS. The left-most diagrams on 
panels (a), (b), and (c) respectively illustrate high-vacuum AP-XPS conditions, 18 Torr water vapor, and 20 µL 
0.0133 M KOH in 18 Torr water vapor. The data was collected at 4 keV photon energy under grazing incidence 
(<1°) with dark then light cycling. All gray vertical lines in the spectra labeled “dark” indicate literature values 
for present oxidation states. Colored lines in the top “light” spectra indicate the fitted species (Co 2p spectra 
in 18 Torr + KOH was loosely fitted with Co2+ or Co3+ satellite peaks to indicate their expected locations, but 
this is intended only for qualitative demonstration of their position). An internal gold foil was used as an 
energy reference for all respective atmospheric conditions. The analyzer was shorted to the Au reference 
and the ohmic back contact of the n-STO samples established with Ga-In eutectic enclosed in vacuum-
compatible epoxy. Analogous data for <100> and <110> STO is in Figures S9 and S10, and <111> STO O 1s 
data is in Figure S11. 

The role of cooperative adaptive junctions in OWS.  Collectively, the data here indicates a 
new coupled mechanism of carrier separation and collection in particulate photocatalysts 
(Figures 5 and S12). Crystal-facet asymmetry is unlikely to play a central role in separating 
charge carriers under co-catalyzed OWS conditions.  Instead, the crystal-facet asymmetry 
may provide the initial conditions that set up positive feedback loop that improves charge 
separation to the two catalyst sites. First, both electrocatalysts are photodeposited onto the 
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crystals without external electrical biasing. Upon illumination, Pt is reduced preferentially 
on sites where there is a higher concentration of photogenerated electrons, and CoOx 
precursors are oxidatively deposited at locations of larger hole concentrations. Once the 
catalysts are deposited, they further increase their selectivity for their respective carrier as 
they accumulate the reductive or oxidative charge needed to drive the HER or the OER, 
respectively. This process would continue to increase selectivity until a steady state is 
reached. These changes in chemistry, work function, and barrier height may thus yield a self-
reinforcing charge-separation mechanism much different than the buried Schottky-junction 
model52,53. 

These results establish new engineering principles for OWS systems. (1) Carrier-
selective junctions must be designed with consideration of adaptive-catalyst mechanisms 
that allow for electrolyte/ion permeation either through, as in CoOx, or around, as in Pt/Pt-H 
structures. Photochemical deposition methods of both metal or metal oxide 
electrocatalysts onto semiconductor absorbers likely provide better adaptive junction 
interfaces due to the lack of a buried heterojunction that cannot be accessed by ions or 
chemical species. Alloys of Pt, for example with Pd that form bulk hydrides, might allow for 

 
Figure 5. Mechanism of cooperative adaptive junction formation in STO-based overall water splitting 
(OWS) particles. (a) Faceted SrTiO₃ (STO) particles are immersed in a solution containing first a Pt⁴⁺ 
precursor, illuminated and Pt is selectively deposited on the <100> facet. (b) Under illumination and now 
with both precursors in the solution, crystal facet asymmetry drives initial charge separation, enabling 
selective photodeposition with CoOx oxidatively deposited on <110> facets. (c) Upon continued 
illumination, the deposited catalysts begin to form adaptive junctions. Pt accumulates surface protons  and 
Pt-H species, and CoOx transitions to CoOOH through oxidative ion insertion and valence change. (d) At 
steady state, both electrocatalysts cooperatively maintain asymmetric junction energetics, Pt functions as 
an electron-selective HER site, and CoOOH as a hole-selective OER site, enabling light-driven overall water 
splitting. 
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improved adaptive junctions due to better charge screening. (2) Ion transport across the 
semiconductor-electrocatalyst interface must be explicitly considered, as ion motion 
directly impacts charge separation and formation of the effective selective contacts. (3) 
Facet-selective catalyst deposition can be leveraged to trigger positive feedback loops in 
interfacial carrier selectivity, increasing photovoltage. (4) Interface properties measured ex-
situ are insufficient to understand carrier collection under OWS.  

These principles are applicable to lower-bandgap particulate photocatalysts that can 
achieve high solar conversion efficiency once their interfacial selective hole and electron 
contacts are improved. 

 

Methods: 

Single-crystal STO fabrication: SrTiO3 intrinsic single crystals were purchased from Crystal 
Substrates and MTI epi-polished (single side) with an offcut of <0.5°. Samples were then 
reduced in a H2 furnace at 1000 °C for 6 h. Ohmic contacts were produced by rubbing Ga-In 
eutectic on the unpolished face; subsequently, a wire with Ag paste was used to make an 
electrical connection. Electrodes were sealed in chemically resistant and vacuum-
compatible epoxy (Hysol Loctite 9460).  

Simulation: The governing equations were solved numerically by SciPy’s fsolve and 
root_scalar functions. These functions use Newton's method with a scaled gradient 
approach and Brent's method with a hybrid root finding algorithm to iteratively solve systems 
of nonlinear equations, requiring an initial guess and assuming local differentiability. 

DWE electrode fabrication: DWE configurations used reduced STO with an ohmic back 
contact using Ga-In eutectic and were encased in epoxy to expose only the polished single-
crystal surface. 

(Pt DWE): With the sides of the epoxy masked, 40 nm Pt was deposited by electron-beam 
evaporation at 0.2 Å/s. A tinned-copper wire was then connected to the Pt thin film on the 
epoxy with a small amount of Ag paste, and the wire and electrode were encased again in 
epoxy, with only the active area of the sample exposed. 

(Co DWE): With the sides of the epoxy masked, 2 nm of Co was deposited by electron-beam 
evaporation 0.2 Å/s. Excess CoOx was photodeposited onto the electrode surface from a 1 
M CoCl2 solution buffered to pH 9.5 with K-borate solution by applying +1 V vs. SCE for 90 s. 
The electrode was then cycled for 25 cycles at 50 mV/s in the dark then 25 cycles under 1 
sun to fully convert the CoOx film to redox-active Co(OH)2/CoOOH. The solar simulator (HAL-
320 Solar Simulator, Asahi Spectra USA Inc.) output was measured with a UV005 
photodiode. A 10 nm porous Au film was then deposited by thermal evaporation to create an 
electrolyte-permeable top contact and to enable electrochemical control the oxidation 
state of the catalyst film. A tinned-copper wire was then connected to the Au thin film on the 
epoxy with a small amount of Ag paste. Subsequently, the wire and electrode were encased 
again in epoxy, with only the active area of the sample exposed. 
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AP-XPS: The Advanced Light Source beamline 9.3.1 was used for all AP-XPS experiments. A 
photon energy of 4 keV was used for all pressures and sample conditions. Pt and CoOx 
electrocatalysts were sequentially deposited from H2PtCl6 and CoCl2, respectively, on 
reduced STO (n-STO). To observe light-induced effects, all viewports were covered except for 
the solar simulator’s quartz viewport. An extreme grazing incidence (<1°) was used to 
decrease the X-ray flux. The solar simulator (HAL-320 Solar Simulator, Asahi Spectra USA 
Inc.) light output measured with a UV005 photodiode in-situ at the sample was 
approximately 0.1 sun or 10 mW/cm2). Between each atmospheric condition, a new sample 
location was chosen, and each comparative spectra had a similar amount of beam 
exposure. An internal gold foil was used as an energy reference for all respective 
atmospheric conditions. The analyzer was shorted to the Au reference and the ohmic back 
contact of the STO samples established with GaIn eutectic enclosed in vacuum-compatible 
epoxy. 

Data availability 

All data that support the findings of this study are included in the article and its 
Supplementary Information.  
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