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Nanoscale interfaces play a central role in devices used 
for photoelectrochemical energy conversion and stor-
age. Catalyst nanoparticles are often sparsely deposited 

onto photoactive semiconductors such that they selectively collect 
either electrons or holes, drive fuel-forming reactions at low over-
potentials and minimally block incoming light1. The properties of 
the resulting semiconductor/catalyst nanojunctions are probably 
heterogeneous and vary substantially based on surface treatment, 
deposition method, particle size or electrochemical conditioning2,3. 
Additionally, heterogeneous nanoscale interfaces can be formed 
during device operation from initially homogeneous interfaces. 
For example, Ni catalyst films on n-Si photoanodes are thought to 
transform into isolated nanojunctions during photoelectrochemical 
operation4,5. Heterogeneous semiconductor/catalyst interfaces are 
difficult to characterize electrically, especially at the nanoscale reso-
lution required under relevant photoelectrochemical conditions. 
While the properties of uniform planar semiconductor/metal inter-
faces (Schottky contacts) have been studied in detail and provide a 
valuable reference6, major changes in interfacial electrical behaviour 
occur as the contact dimensions approach or become less than the 
semiconductor depletion width (~10–1,000 nm)7.

Techniques have been developed for mapping heterogeneous 
interfacial properties in photovoltaic and (photo)electrochemical 
systems. Nanoscale open-circuit-voltage mapping of solid-state pho-
tovoltaics is possible via Kelvin-probe force microscopy (KPFM)8. 
The application of KPFM, or related electrochemical-force micro
scopies9, to (photo)electrochemical systems is challenged by the 
presence of practical electrolyte concentrations10. Photoconductive 
atomic force microscopy (AFM) was used to illustrate heteroge-
neous electrical transport properties in semiconductor photoelec-
trodes11, but the measurements were performed ex situ and details 
of how nanoscale electrocatalysts interface with the semiconduc-
tor remain unexplored. Scanning electrochemical microscopy 

(SECM)12 and scanning electrochemical cell microscopy13 can map 
catalytic reaction rates by monitoring product formation, but do not 
directly provide information on the electrical properties of under-
lying semiconductor/catalyst interfaces. Scanning electrochemical 
potential microscopy can be used either to measure potential gra-
dients through electrical double layers or to map constant-potential 
surfaces. However, it is challenging to map nonconstant surface 
potentials in many experimental systems because the measurement 
conflates potential with topography14,15. Recently, we developed a 
potential-sensing electrochemical AFM (PS-EC-AFM) technique 
to measure the surface potential of continuous metal-oxyhydroxide 
catalyst films on metal-oxide photoelectrodes, showing how the 
oxyhydroxides behaved as both hole-collecting layers and catalysts 
for water oxidation4,16.

Here we use PS-EC-AFM to spatially resolve the interfacial elec-
tronic properties of nanoscale semiconductor/catalyst interfaces. As 
a model system, we study nominally hemispherical Ni nanocontacts 
electrodeposited onto n-Si, following ref. 17. The n-Si/Ni interface 
has been studied extensively as a ‘stabilized’ photoanode for water 
oxidation under neutral-to-basic conditions4,5,18–20. Generally n-Si 
photoelectrodes with thinner Ni films or smaller Ni nanoparticles 
perform better (following electrochemical conditioning) than those 
with higher Ni loading19,20. Here we find that electrodeposition of 
Ni nanoparticles on n-Si leads to low-Schottky-barrier (~0.61 V) 
contacts, which under dry conditions yield photovoltages of only 
~300 mV, independent of Ni nanoparticle size. Following photo-
electrochemical potential cycling, the surfaces of the Ni nanocon-
tacts convert to nickel (oxy)hydroxide (that is, Ni(OH)2 or NiOOH). 
Further ex  situ electrical measurements of the semiconductor/
catalyst junction are not possible because the catalyst resting state, 
Ni(OH)2, is electrically insulating. During photoelectrochemical 
oxygen evolution, Ni(OH)2 is oxidized to electrically conduct-
ing NiOOH. Operando photovoltages measured on individual 
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nanoscale n-Si/Ni/NiOOH junctions by PS-EC-AFM dramatically 
increase with cycling and show a strong dependence on nano-
contact size. We explain the size dependence quantitatively by the 
‘pinch-off ’ effect7,21,22, where the oxidized (high work function) 
NiOOH induces a large depletion region surrounding the n-Si/Ni 
interface during operation that increases the effective n-Si/Ni inter-
face barrier and enhances the interfacial selectivity for holes19,20,23. 
Here ‘selectivity’ is defined as the interface’s ability to collect minor-
ity carriers over majority carriers (that is, the ratio of the minority-
carrier exchange current to majority-carrier exchange current)24. 
This finding not only demonstrates a direct nanoscale measurement 
of the pinch-off effect in a photoelectrochemical system25, but also 
illustrates a potentially useful contact behaviour where selectivity is 
enhanced, during operation, by oxidation of an electrochemically 
active surrounding region. Such pinch-off or surface-gating effects 
are relevant to any semiconductor-based solar-energy-conversion 
device involving nanoscale elements26.

Photoelectrochemistry of n-Si with Ni nanoislands
The photoelectrochemical behaviour of semiconductor photo-
anodes is typically dependent on the amount of catalyst deposited. 
We study n-Si photoanodes (dopant density 5–8 × 1015 cm−3) onto 
which Ni metal islands have been deposited from 0.01 M NiCl2 in 
aqueous 0.1 M H3BO3 at −1.5 V versus Ag/AgCl for 5, 15 or 60 s. 
The photoelectrochemical response of these photoanodes, after 
50 cyclic voltammogram (CV) sweeps in aqueous 1 M KOH under 
~1 sun illumination, is shown in Fig. 1a. This photoelectrochemi-
cal activation converts the outer portion of the Ni to Ni(OH)2/
NiOOH. Iron impurities that catalyse the oxygen evolution reaction  

(OER) are incorporated from the electrolyte and are assumed 
to be present in all catalysts studied27. Formation of the Ni (oxy)
hydroxide is apparent from the increasing size of the Ni redox wave 
at potentials negative of the photocurrent onset (Fig. 1a) and from 
cross-sectional transmission electron microscopy (TEM; Fig. 1b 
and Supplementary Section 1). Samples prepared with 5-s deposi-
tion produced photoanodes with the most-negative photocurrent-
onset potentials (that is, the highest photoanode performance) 
and spatially distributed Ni nanoislands with radii ranging from 
35–150 nm (Fig. 1b,c). The 15- and 60-s depositions produced  
successively larger Ni islands (Fig. 1c). The thicker Ni led to more-
positive photocurrent-onset potentials as well as lower photocur-
rents due to parasitic light absorption.

Schottky barrier heights at individual n-Si/Ni nanocontacts were 
measured ex situ (that is, in air) via conductive AFM before photo-
electrochemical activation. A representative area was topographi-
cally imaged, single Ni nanocontacts were brought into contact with 
the conductive AFM tip (0.5-V piezo-deflection voltage) and dark 
J–V curves were collected (Fig. 2a, inset). The barrier height, ϕb, was 
calculated from exchange-current densities, J0 ¼ A*T2 e�qϕb=kT

� �

I
, 

where A* is the effective Richardson constant, T is the temperature, q 
is the elementary charge and k is the Boltzmann constant, by extrap-
olating the linear forward-bias region of the dark ln |J|–V curves 
to the y-intercept (ideality factors can be found in Supplementary 
Section 2). The fits show that the barrier height is independent of 
Ni island size (Fig. 2a), with a value (0.61 ± 0.01 V) near that of bulk 
n-Si/Ni contacts (~0.58 V)28.

The illuminated Voc of each nanocontact was measured under 
~5-sun-equivalent flux using a 690-nm laser contained in the  
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Fig. 1 | Characteristics of photoanodes fabricated by electrodeposition of Ni nanoislands onto n-Si. a, Photoelectrochemical data for n-Si/Ni collected at 
50 mV s−1 in aqueous 1 M KOH under 100 mW cm−2 AM1.5G illumination (1 sun) following 50 CV cycles to activate the photoelectrode. Vsem is the potential 
applied to the semiconductor ohmic contact. The photocurrent onset, defined at 1 mA cm−2, is improved by ~350 mV for 5-s Ni deposition relative to  
60 s. The inset depicts characteristic chronoamperometry data for 5-, 15- and 60-s of deposition. b, AFM data collected immediately after 5-, 15- and 
60-s depositions, with height line scans shown above each image. The results are characteristic of each specific surface, although regions of larger/smaller 
islands can sometimes be found. For the 5-s deposition, the Ni-island radius was 35–150 nm. c, High-resolution TEM (HRTEM) images and the associated 
energy-dispersive X-ray (EDX) analysis data show that activation of the n-Si/Ni photoelectrode converts the Ni surface to Ni(OH)2/NiOOH (a.u., arbitrary 
units). d, Energy-dispersive X-ray composition maps before (top) and after (bottom) photoanodic activation of n-Si with 5-s Ni deposition. The maps 
illustrate the conversion of Ni to Ni(OH)2/NiOOH. Additional elemental maps for nonactivated and activated islands can be found in Supplementary 
Section 1. e, SEM image (at 45°) characteristic of 5-s Ni deposition.
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AFM unit (Supplementary Section 3). The Voc values of 310 ± 10 mV 
show little dependence on island size and agree with the calculated 
Voc of 284 mV for a 0.61-V n-Si/Ni Schottky barrier under experi-
mental illumination (Fig. 2b). These barrier-height and Voc results 
indicate that size-dependent interface behaviour is not present  
for the as-deposited nanocontacts and thus cannot, per se, explain 
the photocurrent-onset-potential differences with Ni deposition 
time (Fig. 1a).

We next studied the nanocontacts under photoelectrochemi-
cal conditions. Conductive AFM cantilevers, in which the entire 
tip was isolated from the solution by a dielectric layer except for 
the apex, were used (inset in Fig. 2c)29. The custom AFM photo-
electrochemistry cell and measurement details are discussed in 
Supplementary Section 2. Under illumination, the semiconductor 
back-ohmic contact was biased at a potential such that the catalyst 
particles were held in the electrically conductive NiOOH state while 
few bubbles were produced (that is, near the photocurrent-onset 
potential; vigorous bubble generation interferes with the AFM mea-
surement). The surface was then topographically imaged and the 
photovoltage—that is, the difference between the measured AFM 
tip potential and the potential applied to the semiconductor ohmic 
contact (Vph = Vtip – Vsem)—was measured individually on each 

island. Photovoltages were collected both before and after activation 
with 50 photoanodic CV cycles (Fig. 2c,d); this activation was used 
because, even for the smallest islands, most of the original metallic 
Ni remains and the nanoislands retain a nominally hemispherical 
shape. Notably, the photovoltages are not only substantially higher 
(in some cases, >500 mV) than those measured under dry ex situ 
conditions, but they are also dependent on contact area (taken to 
be the two-dimensional geometric area in the AFM topography 
image) and increase with activation time. These results indicate  
a size-dependent mechanism for increasing the Ni-nanocontact 
carrier selectivity that is operative only in the presence of the  
OER-active NiOOH surface layer.

Analytical model for pinch-off at nanocontacts
The experimentally observed size-dependent photovoltage can be 
explained by the pinch-off effect22, which occurs when an interface 
has spatially heterogeneous electrostatic barrier heights with low-
barrier patches (here ϕNib

I
) surrounded by a higher-barrier back-

ground ϕ0b
I

 (Fig. 3a). Pinch-off occurs when the depletion region 
induced by the adjacent higher-barrier region overlaps with the 
patch’s depletion region (that is, with decreasing contact size the 
contact’s selectivity is increasingly dominated by the work function 
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of its surroundings). For the system studied here, electron current 
decreases as Ni contacts become smaller, resulting in an increased 
photovoltage due to reduced recombination. This model has been 
invoked to explain low-temperature deviations from ideal Schottky-
junction transport models6, and used to control contact selectivity 
in nanowire devices by using high-/low-work-function layers act-
ing as a surface gate26. In electrochemistry, the pinch-off effect has 
been used to explain the macroscopic behaviour of intentionally 
patterned semiconductor photoelectrodes;20,25 the effect, however, 
has never been studied by examination of individual pinched-off 
nanocontacts.

We fit the experimental size-dependent photovoltage data to 
an analytical pinch-off model with a circular patch geometry (see  
Fig. 3a for model schematic and Supplementary Section 4 for addi-
tional discussion)7,21,22. The expression for the current through the 
nanocontact (Ipatch) is given by the modified ideal-diode equation

Ipatch ¼ A*T2Ca e�
qϕ0

b
kT þCb

� �
e
qVapp
nkT � 1

� �
ð1Þ

where q is the elementary charge, Vapp is the applied potential, k 
is the Boltzmann constant, T is the temperature, n is the ideality  
factor, Ca represents the effective contact area and Cb represents a 
decrease in the barrier height relative to the background barrier ϕ0b

I
. 

The exact forms of Ca and Cb are dependent on the dopant density 

(ND), band bending (Vbb), nanocontact radius (r) and Δ, the differ-
ence between ϕNib

I
 and ϕ0b

I
:

Ca ¼
4πkT
9q

3Δr2

4

� �1=3
ϵs

qNDVbb

� �2=3

ð2Þ

Cb ¼
q
kT

3qΔr2VbbND

4ϵs

� �1=3

ð3Þ

The photovoltage data were assessed by assuming a patch barrier 
height of ϕNib ¼ 0:61V

I
 (the average n-Si/Ni contact barrier height) 

and then fitting the background barrier ϕ0b
� �

I
 to the analytical  

model to reproduce the contact size dependence (Supplementary 
Section 4). The fits indicate ϕ0b ¼ 0:82V

I
 for the n-Si/Ni sample 

before intentional activation and ϕ0b ¼ 0:91V
I

 after photoelectro-
chemical activation (Fig. 3b). The chemical nature of this high-bar-
rier region and the feasibility of the extracted ϕ0b

I
 values are discussed 

in the subsequent section.
Pinch-off increases selectivity by reducing the flow of majority  

carriers that lead to recombination in the contact. Significant  
pinch-off behaviour is expected when Δ

Vbb
> 2r

W

I
, where W is the  

depletion-region thickness30. For ϕ0b
I

 of 0.82 and 0.91 V with 
ϕNib ¼ 0:61V
I

, significant pinch-off is predicted for contacts with 
radius below ~110 and 140 nm, respectively. The Ni particles studied  
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I
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than the average 0.61-V barrier height measured ex situ. d, The macroscopic voltammetry is consistent with that predicted by the pinch-off model. The 
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the surface. j0cat

I
 is the catalyst exchange current density.
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here have radii between 30 and 150 nm. To illustrate the effect of 
pinch-off on majority-carrier electron current, we plot the calcu-
lated conduction-band potential (ECB) profile as a function of both 
the distance from the centre of a 60-nm-radius Ni nanocontact and 
the depth into the semiconductor (Fig. 3c). The junction is shown 
poised at open circuit under 1-sun illumination (corresponding 
to photoelectrochemical conditions where the back contact of the 
semiconductor is held at a potential near the photocurrent onset). 
A pinched-off ‘saddle point’ in the conduction-band energy with 
a maximum value near 0.8 V and a confined cross-section rela-
tive to the 120-nm Ni-particle diameter (Fig. 3b) is apparent. This 
increased barrier (relative to the macroscopic barrier of 0.61 V) 
results in a lower electron current and hence improved selectiv-
ity and reduced recombination. The pinch-off effect thus leads to 
photovoltages that are dependent not only on the contact’s work 
function, but also its size, its geometry and the work function of the 
surrounding medium.

The pinch-off model can explain the observed current-potential 
data for the n-Si/Ni oxygen-evolving photoanodes (Fig. 1a). The 
experimental data are modelled by solving current continuity for 
the modified diode expression in series with a circuit element rep-
resenting the catalyst driving the OER. The OER potential drop is 
obtained from a Butler–Volmer expression based on the measured 
OER activity of Ni electrodeposited on Pt (see Supplementary 
Section 4). The model is consistent with the experimental data for 
electrodes with 5-s deposition when the diode expression represents 
uniform Ni catalyst nanocontacts of radius 60 nm and 15% surface 
coverage (we observed 10–20% experimentally). These results 
suggest that, at least near the onset, the photocurrent is primarily 
passed through surface islands smaller than the average (radius 
80 ± 25 nm) that have larger effective barrier heights. This model 
illustrates that the photocurrent-onset potential shift observed for 
small particles is completely accounted for by enhanced selectivity 
due to the pinch-off effect. The 60-s deposition produces Ni par-
ticles too large to leverage pinch-off and thus the photoelectrode 
response in that case is consistent with the bulk n-Si/Ni Schottky 
junction driving charge separation (Fig. 3d).

Chemical identity of the high-barrier region
Although the model shows that the photovoltage trend with  
nanocontact size can be explained by pinch-off, this requires the 
presence of a high-barrier region surrounding the n-Si/Ni contact. 
Since the experimentally measured dry barrier heights and illumi-
nated Voc values are independent of Ni nanocontact size (Fig. 2a,b), 
such a region is not present before photoelectrochemical activa-
tion. The activation process results in oxidation of any exposed  
Si to SiOx and converts a portion of Ni to Ni(OH)2/NiOOH. To 
evaluate the barrier height in surface regions covered only by the 
SiOx layer (and not NiOOH or Ni), we performed Mott–Schottky 
impedance analysis in a ferro/ferricyanide electrolyte (aqueous 1 M 
KCl, 0.05 M K3Fe(CN)6 and 0.35 M K4Fe(CN)6) on bare n-Si pho-
toanodes. The ferro/ferricyanide solution potential sets the barrier 
height at the n-Si/electrolyte interface to ~0.7 V (larger than the 
n-Si/Ni barrier height of ~0.6 V). Anodic cycling of n-Si leads to 
the growth of a SiOx passivation layer. Subsequent Mott–Schottky 
analysis shows that the SiOx layer lowers the barrier height to 
~0.5 V (Supplementary Section 5). This indicates that SiOx cannot 
be responsible for setting the proposed large background barrier 
height around the Ni islands.

Another possible mechanism is that oxidized catalyst with a 
large work function induces the large background barrier. To evalu-
ate the barrier height of Ni(OH)2/NiOOH on n-Si, we fabricated 
dual-working-electrode devices by (1) depositing a 2-nm-thick 
uniform Ni metal layer on n-Si via electron-beam evaporation; 
(2) photodepositing additional Ni (oxy)hydroxide from saturated 
NiCl2 solution in 1 M aqueous K-borate buffer (pH 9.5) by applying 

0.625 V versus EO2=OH�

I
 under 1-sun illumination for 30 s; (3) photo-

electrochemically cycling the electrode in 1 M K-borate buffer until 
no photocurrent was evident (which oxidized remaining Ni metal 
and the n-Si surface); and (4) depositing a 10-nm-thick porous Au 
contact layer on the catalyst surface (Fig. 4a and Supplementary 
Section 6). The Au contact on these metal-oxide-semiconductor-
type devices was biased, in an electrochemical cell, to hold the cata-
lyst layer in either its reduced Ni(OH)2 or oxidized (NiOOH) form 
while impedance spectroscopy was performed at a series of fixed 
biases between the Au and back-semiconductor contacts (Fig. 4b). 
Mott–Schottky23 analysis of the extracted bias-dependent depletion 
capacitances yielded dopant densities consistent with the manufac-
turer’s specifications (5–8 × 1015 cm−3) and show that the interfa-
cial barrier is dependent on the redox state of the catalyst (Fig. 4b, 
inset). When the Au top contact is poised to hold the catalyst in the 
Ni(OH)2 state, the barrier height is 0.65 V; when the catalyst is oxi-
dized (that is, in the OER-active state), the barrier is 1.04 V, similar 
to the large background barrier heights indicated by the fit to the 
analytical pinch-off model (Fig. 3b). Figure 4c–e depicts the band-
bending and barrier-height differences between Ni, Ni(OH)2 and 
NiOOH contacts, respectively, to n-Si. This result is conceptually 
similar to so-called ‘adaptive junctions’, where the barrier height of 
a contact to an n-type semiconductor is enhanced during operation 
as an electrolyte-permeable contact is converted to a higher oxida-
tion state by accumulated holes31,32. It is also consistent with n-Si/
Al2O3/Pt/Ni photoanodes where the barrier height was increased by 
0.23 V following oxidation of the Ni catalyst, although it was noted 
that the thin Pt layer partially screened the effect33.

The dual-working-electrode results are consistent with the 
hypothesis that n-Si/Ni photoanodes exhibit an emergent pinch-
off phenomenon. After photoanodic generation of NiOOH, high-
barrier regions on n-Si are produced because the work function of 
NiOOH (>5.3 eV)34 is larger than that of metallic Ni (5.0 eV). This 
large barrier is also consistent with the Ni(OH)2/NiOOH redox 
potential (~1.35 V versus the reversible hydrogen electrode) being 
>1 V more positive than the flat-band potential of n-Si (~0.25 V ver-
sus the reversible hydrogen electrode)35. The improved photocur-
rent-onset potentials for activated devices with smaller Ni particles 
(5-s deposition) are therefore due to low-barrier n-Si/Ni interfaces 
pinched-off by high-barrier n-Si/SiOx/NiOOH interfaces (Fig. 5). 
The pinched-off n-Si/Ni junctions form selective contacts and sup-
press majority-carrier electron transfer to the catalyst, compared to 
nonpinched-off analogues, while maintaining direct, low-resistance 
electrical connection between the Ni and n-Si. Photoanodes deco-
rated with large islands (for example, radius >140 nm), or those that 
have not been activated to form the NiOOH layer (Supplementary 
Fig. 7), show poor performance due to the absence of this pinch-
off phenomenon improving Ni nanocontact selectivity. Continued 
activation (beyond 50 cycles) further improves the photocurrent 
onset until the underlying n-Si is oxidized when the Ni is completely 
converted to electrolyte-permeable NiOOH, blocking all current 
flow (Supplementary Section 7). The improvement is attributed to 
increased Ni oxidation, which enhances pinch-off by decreasing the 
n-Si/Ni contact area. The extent of NiOOH necessary to produce 
pinch-off is discussed in Supplementary Section 8 and is supported 
by COMSOL finite-element simulations of the nanoscale junction.

To further test the pinch-off hypothesis, we deposited Ni for 5 s, 
oxidized the Si and Ni surfaces via 50 photoelectrochemical poten-
tial cycles, deposited Ni for an additional 5 s, repeated the photo-
electrochemical potential cycling, and then electroplated Ni for an 
additional 50 s (Fig. 5b). The devices formed with this progressive 
deposition showed a photocurrent-onset potential ~250 mV more 
positive than n-Si/Ni devices fabricated with continuous 60-s Ni 
electrodeposition (Supplementary Section 9). The light-limited 
photocurrent and integrated redox peaks for the progressive sam-
ples, however, are similar to the continous samples indicating a 
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comparable Ni surface area. These results are explained by the fact 
that the potential-cycling step oxidizes the underlying Si surface 
in regions where Ni has not been deposited, and subsequent Ni 
deposition serves only to grow the existing Ni nanoparticles with-
out increasing the n-Si/Ni contact area. The pinched-off junction is  
thus maintained.

Pinch-off in photoelectrode devices
Our direct measurements of pinch-off help explain previous 
observations for a variety of catalyst-coated semiconductor photo-
electrodes. It was found that 2-nm-thick Ni layers on n-Si show a 
photocurrent onset 200 mV more negative than 5-nm-thick layers18. 
This difference cannot be explained by resistive losses through the 
thicker catalyst layer or parasitic light loss5. These data are read-
ily explained, however, by electrochemical activation of the 2-nm 
Ni film that produced nanoscale low-barrier semiconductor/metal 
contacts pinched-off by high-barrier semiconductor/oxide/metal-
oxyhydroxide contacts5. Similar observations have been noted for 
devices where catalyst nanocontacts were intentionally deposited. 
It was noted that a ~200-mV improvement in photocurrent-onset 
potential resulted after 40 photoelectrochemical conditioning cycles 
for n-Si coated with Ni nanoislands (59 ± 17 nm diameter) com-
pared to n-Si coated with a uniform Ni film17. A similar improve-
ment in photocurrent onset was found, without activation, when 
NiOOH was photodeposited after initial Ni metal island forma-
tion36. Annealing the Ni metal nanoparticles to oxidize their  
surface has also been shown to improve photocurrent onset  
without the requirement for electrochemical cycling37. For n-Si/Co 

photoanodes, the barrier height was found to be a function of Co 
coverage with low coverage (that is, coalesced islands of diameter 
21 ± 8 nm) yielding photoanodes with a 360-mV improvement in 
photocurrent onset relative to uniform Co films (pinch-off was also 
hypothesized and rationalized in this work, but not analysed via 
direct measurement)23. For p-GaAs photocathodes, better hydrogen 
evolution performance was achieved using small Pt nanoparticles 
10 nm in diameter relative to 90-nm particles38. p-Si nanowires  
decorated with NiCoSex nanoparticles showed a 110-mV improve-
ment in flat-band potential relative to a planar NiCoSex/p-Si39. 
For particulate semiconductors, size-dependent photocatalytic 
activity has been observed for particulate n-TiO2 decorated with 
Au nanoparticles, with the smallest nanoparticles being the most 
active40. The above results are probably due to pinch-off where  
the high-barrier region is attributed to contact with either oxidized 
catalyst or the electrolyte.

The insight illustrated here may be useful in designing improved 
devices by engineering nanocontact selectivity. Although high-
performance selective contacts to Si can be achieved by forming 
doped-semiconductor homo-/heterojunctions41, for some applica-
tions carrier-selective junctions formed by the deposition of elec-
trochemically stable contacts may be useful42. This approach is 
difficult, however, because of the lack of materials that form carrier-
selective heterojunctions while also remaining stable and electri-
cally conductive under electrochemical conditions. An alternative 
strategy might focus on the deposition of stable/conductive nano-
contacts before engineering the surrounding surface to induce selec-
tivity via pinch-off (see Supplementary Section 9). For emerging  
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photoelectrode materials, particularly oxides1 such as BiVO4  
or photoactive particulate semiconductors like TiO2 and SrTiO3 
(refs. 43,44), designing carrier-selective contacts is even more diffi-
cult. This challenge might be addressed by using sufficiently small 
catalytic contacts and engineering the surrounding surface (which 
does not need to provide catalytic sites or collect charge) to induce 
a large interface electrostatic barrier. The redox activity of such a 
selectivity-inducing material might be leveraged to improve selec-
tivity during operation.

Nanoscale potential sensing
Understanding and controlling the selective flow of electrons 
and holes is critical in the design of efficient photoelectrochemi-
cal devices. We provide an example of spatially resolved potential  
measurements on electronically isolated nanoscale features in  

operating photoelectrochemical systems. This capability enables 
direct interrogation of the interfacial behaviour of nanoscale  
contacts with semiconductor photoelectrodes. By translating this 
approach to polycrystalline thin-film11 or nanostructured45 photo-
electrodes coated with nanoparticle catalysts, heterogeneity in the 
underlying semiconductor properties could be probed through 
their effect on the photovoltage measured at individual nanopar-
ticle semiconductor/catalyst contacts. This technique should fur-
ther enable studies of catalyst-contact properties in particulate 
photoelectrochemical systems where both anode and cathode 
catalyst are dispersed on the same semiconductor particle44,46. We 
show that PS-EC-AFM enables nanoscale measurements of pinch-
off at individual nanocontacts. For photoelectrochemical devices, 
the pinch-off effect was previously experimentally studied only 
via macroscopic current–voltage measurements using intention-
ally nanofabricated monodisperse contacts and a reversible redox 
couple25. The pinch-off phenomena studied here provide evidence 
that the effect can be used, possibly in a wide range of semiconduc-
tor and catalyst systems, to create photoelectrochemical devices of 
high efficiency.

The ability to measure local surface potentials with PS-EC-AFM 
could be useful in other areas. The technique and data interpreta-
tion are straightforward, with measurements reliant only on elec-
trochemical potential equilibration between the AFM tip and the 
feature of interest. Nanoscale-resolved surface-potential sensing is 
perhaps useful in measuring the heterogeneity of processes in fuel-
cell/electrolyser catalyst–ionomer structures47 and intercalation/
de-intercalation phenomena in battery electrodes48. The technique 
might aid in biological research, where potential measurement of 
physiologically relevant electrolytes is challenging10,49, by allowing, 
with appropriate electrode architectures, local measures of bacte-
rial49 and membrane surface potentials50. The technique could  
also be adapted to apply potential to nanoscale features rather than 
sensing potential. It may be possible to locally study charge-trans-
fer processes and extract basic parameters related to conductivity,  
catalytic rates and double-layer capacitance on isolated nanoscale 
features in operating (photo)electrochemical systems.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41563-019-0488-z.
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Methods
Photoanode fabrication. Procedures for the fabrication of n-Si photoanodes 
with Ni nanocontacts were adapted from ref. 17. Phosphorus-doped n-Si [100] 
wafers (0.65–0.95 Ω cm, University Wafer) were diced into 1 × 1 cm2 squares and 
sequentially sonicated for 10 min each in acetone, isopropyl alcohol and water 
(18.2 MΩ cm). The n-Si squares were placed in boiling piranha (~100 °C, 3/1 
by volume concentrated aqueous H2SO4/30% aqueous H2O2, both from Fisher 
Chemical) for 30 min and then vigorously rinsed with water (18.2 MΩ cm) before 
drying under N2. An ohmic contact was established to the rear of each n-Si 
square by applying Ga-In eutectic (≥99.99%, Sigma Aldrich), scratching within 
the Ga-In with a diamond scribe to ensure contact and then affixing one end of 
a Sn–Cu wire (length ~25 cm, –30 American wire gauge, McMaster Carr) within 
the eutectic using hot glue (SureBonder Mini). The Sn–Cu wire was fed through 
a glass tube (diameter 7 mm) and constructed into an electrode suitable for side-
illumination with the n-Si rear and adjacent Sn–Cu wire insulated by hot glue. The 
Ni electrodeposition solution (aqueous 0.01 M NiCl2 + 0.1 M H3BO3) was produced 
fresh for each batch of electrodes, by dissolving NiCl2·6H2O (99.9%, Sigma Aldrich) 
and H3BO3 (≥99.5%, Sigma Aldrich) in water (18.2 MΩ cm) and sonicating until 
dissolution was complete (typically 10 min). Immediately before deposition, 
electrodes were submerged in a buffered HF etching solution (20/1 buffered oxide 
etch, J.T. Baker) for 2 min and then rinsed with water (18.2 MΩ cm). For deposition 
of the Ni islands, the electrode, a Pt wire coil serving as a counter-electrode and 
a commercial Ag/AgCl reference electrode (BASi MF-2052) were placed in the 
NiCl2-based deposition solution and −1.5 V versus Ag/AgCl was applied for 5, 15 
or 60 s using a Bio-Logic SP200 potentiostat (see Supplementary Section 1).

Photoelectrochemical characterization. The photoelectrochemical behaviour 
of photoanodes was tested in both aqueous 1 M KOH and a 1 M potassium 
borate buffer (K-borate) adjusted to pH 9.5. Characterization was conducted 
in 1 M KOH to illustrate the photoelectrochemical activity in an environment 
where oxygen-evolution catalysis is facile. However, 1 M K-borate buffer was 
selected for operando studies with PS-EC-AFM to decrease any etching of the 
Si surface that might occur between initial topographical characterization and 
photovoltage measurement, as well as to preserve the longevity of the EC-AFM 
tips. For photoelectrode characterization, the electrodes were activated via 
50 voltammogram cycles in either electrolyte solution under 100 mW cm−2 of solar 
simulation (Abet Technologies, 10500) using the Ag/AgCl reference and Pt counter 
electrodes. The activation potential range varied based on Ni deposition time,  
but was always conducted at 50 mV s−1 with one endpoint cathodic of the catalyst’s 
reduction peak, nominally NiOOH + e− + H2O → Ni(OH)2 + OH−, and the other 
endpoint positioned in the light-limited photocurrent range. Photocurrent-onset 

potentials (versus EO2=OH�

I
) and the magnitude of the light-limiting photocurrent 

were comparable for electrodes with the same electrodeposition time, irrespective 
of the electrolyte solution. Photocurrent-onset slopes were steeper when electrodes 
were measured in the 1 M KOH solution, consistent with higher OER activity and 
electrolyte conductivity relative to measurements in the buffered solution.

Potential-sensing AFM. Operando potential sensing was performed using 
commercial PeakForce SECM probes on a custom-modified Bruker Dimensional 
Icon AFM. Photoelectrodes were dissected, immediately following Ni 
electrodeposition, using a razor blade to remove hot-glue insulation. A custom 
cell was designed where the dissected n-Si square chip was affixed to a Kel-F 
baseplate featuring a hole to accommodate the ohmic back contact. Epoxy (Hysol 
Loctite 9460) was used to affix the photoanode and insulate the ohmic contact 
from the electrolyte. A groove was machined around the photoanode mounting 
area, which accommodated a Pt-coil counter-electrode and a standard Ag/AgCl 
reference electrode (Pine Research). During experiments the cell was filled with 
aqueous 1 M K-borate (pH 9.5) such that the photoanode was covered by at least 
1 mm of solution. A Bio-Logic SP300 potentiostat was used, with the working 
electrode connection attached to the photoanode’s ohmic contact and the counter-
electrode potential-sensing lead attached to the rear of the PeakForce SECM probe 
(through a strain-release module) to monitor the tip potential. The built-in AFM 
laser (power, 1 mW; illumination area, ~8 × 10–4 cm2; wavelength, 690 nm), which 
tracks with the AFM tip, was used as a local illumination source. The surface was 
then imaged in PeakForce Tapping mode to identify areas suitable for photovoltage 
measurement (ideally where most Ni nanoparticles could be well resolved from 
adjacent particles). After identification of a suitable area, bias was applied to the 
photoanode to oxidize the Ni(OH)2 shell while simultaneously producing no 
bubbles. This was accomplished by setting either a chronoamperometry condition 
(typically Vsem = 0.7 V versus Ag/AgCl) or chronopotentiometry condition 
(typically I = 1 μA). Once a stable bias was maintained, islands were contacted 
using the Bruker software’s point-and-shoot function and the surface potential  
was recorded.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Code availability
Code used for the pinch-off simulations can be downloaded as a Supplementary 
Information file.
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