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ABSTRACT 

Metal-insulator-semiconductor (MIS) junctions based on n-Si have proven to be effective 

electrodes in terms of electrocatalysis activity and durability for performing 

photoelectrochemical water oxidation. Here, we show that the modification of n-Si MIS systems 

with CoFe Prussian blue (CoFePB) and NiRu Prussian blue (NiRuPB) analogs can modify their 

properties and allow a direct probing of the interfacial energetics through their redox feature. Our 

investigations demonstrate the importance of the preparation route and attribute the large upward 

photovoltage variation found in n-Si/SiOx/Ni/NiRuPB to the increasing inhomogeneity of the 

metal thin film. Finally, the optimal photoanode was tested for oxygen evolution and urea 

oxidation reactions. Our findings provide important insights on MIS photoanodes for future 

development in the field of solar fuel production.  

 

 

KEYWORDS energy conversion, silicon, metal-insulator-semiconductor (MIS), oxygen 

evolution reaction, Prussian blue analogs 
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INTRODUCTION 

Photoelectrochemical (PEC) water splitting is a promising solution to convert intermittent 

sunlight into chemical fuels, which can be stored and used on-demand to produce electricity.
1–3

 

Upon light absorption, a p-type semiconductor photocathode generates excited electrons to drive 

hydrogen evolution reaction (HER), while a n-type semiconductor photoanode employs excited 

holes to drive oxygen evolution reaction (OER). One of the remaining challenges for the 

development of this technology is related to the photoanode, which needs to perform OER at a 

high overpotential (       
  = 1.23 V vs reversible hydrogen electrode (RHE)) and high reaction 

rates. Besides improving the photoanode performance by surface engineering strategies, a 

parallel concept that can be used to increase the yield of PEC cells consists in replacing OER by 

a less energetic and/or a more valuable reaction, as it is the case for the urea oxidation reaction 

(UOR), which allows to produce H2 from urea-contaminated waters.
4–7

 To achieve an efficient 

PEC design, careful consideration of the material aspects is crucial. Because Si can absorb a 

wide range of the solar spectrum down to the infrared region (bandgap (Eg) of 1.1 eV) and is 

widely used in microelectronics and photovoltaics industries, it is promising for meeting 

photoanode’s criteria in practical PEC applications.
8
 Moreover, Si exhibits a high hole mobility 

of 390 ±100 cm
2
 V

-1
 s

-1
,
9
 reducing the probability of charge recombination that would otherwise 

lead to the loss in performance. However, Si cannot be used as the stand-alone photoanode due 

to its poor OER activity and notorious instability in aqueous media.
10

 Metal-insulator-

semiconductor (MIS) junction is therefore a key structure of the modern Si photoanodes to 

resolve these issues.
11–13

 Coating a metal layer, such as Ni, on the Si photoanode passivated with 

its oxide layer (SiOx) can enhance OER catalysis and protect Si from the corrosive 

environment.
14,15

 Another important benefit of the metal coating is the creation of a Schottky 
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barrier at the MIS solid interface, leading to energy band bending in the semiconductor’s space 

charge region that can facilitate hole transfer to oxidize water.
16,17

 For n-type Si, a high work-

function metal is required to induce the large band bending; however, OER-active metals possess 

relatively low work function for the purpose (e.g. Fe 4.8, Co 5.0, and Ni 5.2 eV).
17,18

 Beyond the 

classical MIS interface, the Schottky junction formation can be improved by various strategies 

such as introducing surface inhomogeneity
19–24

 or adding a material having a higher work 

function.
16,25

 The first strategy is generally introduced by the electrodeposition of metal 

nanoparticles, which is a bottom-up approach. Recently, our group reported that increased 

performances could be obtained by the top-down electrodissolution of a metal thin film.
7
 

Prussian blue analogs (PBs) have been recognized as one type of coordination polymers 

constituted of transition-metal cations bridged via cyanide ions.
26

 CoFe Prussian blue (CoFePB) 

and NiRu Prussian blue (NiRuPB) analogs can undergo rapid and reversible redox transfer at 

formal potential (E
0’

) values of approximately 0.45 and 0.90 V vs saturated calomel electrode 

(SCE), respectively,
27,28

 which are typically more positive than the flat-band potential of n-Si.
29

 

If their immobilization at the MIS surface can increase the Schottky barrier at the MIS interface, 

they could be useful for their electrocatalytic properties as Co, Fe, Ru, and Ni have been 

considered as excellent active sites for the OER reaction.
30

 In particular, CoFePB has been 

regarded as a promising OER catalyst
31,32

 and has been coupled with several photoanodes such 

as BiVO4,
33–36

 α-Fe2O3
37

, TiO2,
38

, and Si nanowires.
39

 Besides, the redox feature in Prussian blue 

analogs can be utilized to directly probe the interfacial energetics of the photoanode. In our 

previous work,
7
 we reported a simple electrodissolution method that allows in a single step to 

increase the performance of Si/SiOx/Ni MIS photoelectrodes and, at the same time, coat the 

interface with a NiFe Prussian blue analog redox-active probe. We have also shown that such a 
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method is efficient for elucidating the PEC properties of catalytic MIS photoanodes in mild 

conditions.
7
  

Herein, we report the derivatization of Si/SiOx/metal (M = Co or Ni) MIS electrodes with two 

Prussian blue analogs (CoFePB and NiRuPB) by inherently different approaches: spontaneous 

chemical modification and electrochemical modification, respectively, to prepare 

Si/SiOx/Co/CoFePB and Si/SiOx/Ni/NiRuPB electrodes. We characterize these surfaces and 

demonstrate that their distinct photovoltage strongly depends on the morphology of the metal 

layer that is controlled by the preparation method. Finally, we test the best photoanode for OER 

and UOR photoelectrocatalysis. 

 

METHODS 

Reagents 

Acetone (MOS electronic grade, Erbatron from Carlo Erba) and anhydrous ethanol (RSE 

electronic grade, Erbatron from Carlo Erba) were used without further purification. The ultrapure 

water had a resistivity of 18.2 MΩ cm (Purelab Classic UV). Sulfuric acid (96%, VLSI grade 

Selectipur) and hydrogen peroxide (30%, VLSI, Sigma-Aldrich) were purchased from BASF and 

Sigma Aldrich, respectively. KOH (pellets for analysis) was purchased from Merck, KCl (99%) 

was purchased from Acros. K3Fe(CN)6, K4Ru(CN)6, HCl, and urea were purchased from Sigma 

Aldrich. 

Surface preparation 

All vials and tweezers used for cleaning of silicon were previously decontaminated in 3/1 v/v 

concentrated H2SO4/30% H2O2 at 105 °C for 30 min, followed by copious rinsing with ultrapure 



 6 

water. Caution: the concentrated aqueous H2SO4/H2O2 (piranha) solution is very dangerous, 

particularly in contact with organic materials, and should be handled extremely carefully. The n-

type silicon (0.3–0.7 Ω cm resistivity, phosphorus-doped, single side polished, 275–325 μm) 

(100) and p
+
-type silicon wafers (0.001 Ω cm resistivity, boron-doped, single side polished 275–

325 μm) (100) were purchased from Siltronix. All the Si surfaces were degreased by sonication 

in acetone, ethanol, and ultrapure water for 10 min, respectively. The surfaces were then 

decontaminated and oxidized in piranha solution at 105 °C for 30 min, followed by rinsing with 

copious amounts of ultrapure water.  

Metal thin film deposition 

The Co (thickness = 50 nm) and Ni (thickness = 25 nm) thin films were deposited on the clean 

Si/SiOx surfaces by sputtering with a Leica EM ACE600 coating system (target purity: 99.8%, 

Leica). For Co deposition, the Ar pressure for sputtering was 3.5 × 10
−2

 mbar, the current was 

115 mA and the deposition rate was approximately 0.04 nm s
-1

. For Ni deposition, the Ar 

pressure was 2 × 10
−2

 mbar, the current was 100 mA and the deposition rate was about 0.13 nm 

s
-1

. Pre-sputtering time of 1 min was performed for both Co and Ni thin films, the thickness of 

the film was determined in situ by a quartz crystal microbalance and TEM observation. After 

deposition, the system was degassed with N2. 

Electrode fabrication 

The coated surfaces were further processed to fabricate electrodes. The Ohmic contact was 

done on the backside of Si wafer by scratching the surface with a diamond glass cutter; then a 

droplet of InGa eutectic and a metal wire were applied on the scratched part. A thin layer of 

silver paste (Radiospares) was painted to cover the InGa eutectic contact as well as a part of the 

metal wire. After drying of the paste, epoxy resin (Loctite 9460, Henkel) was deposited to shield 
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the backside and frontside of the surface except an active area comprised between 0.1 and 0.25 

cm
2
, note that the exact geometrical value was precisely measured using the ImageJ software 

before the (photo)electrochemical experiments. The electrodes were baked in the oven at 90 °C 

for 1 h to cure the epoxy resin. 

Preparation of the Prussian blue analog coatings 

The Co-coated electrodes were chemically modified with CoFePB using a freshly-prepared 5 

mM K3Fe(CN)6 solution (pH = 5.5). After dipping for the required time, the electrode was 

removed from the electrolyte, copiously rinsed with ultrapure water, and dried under an Ar 

stream. The Ni-coated electrodes were electrochemically modified with NiRuPB using a freshly-

prepared 1 mM K4Ru(CN)6 electrolyte (pH adjusted to 2.5 with concentrated HCl). The 

electrodes were modified in a two-electrode setup using a SP-150 Bio-Logic potentiostat. The 

Ni-coated electrode was employed as the anode and a large Pt mesh electrode as the cathode in a 

beaker filled with the electrolyte. The Pt mesh was placed on the beaker wall and the anode was 

placed in front of the counter electrode and sequential oxidation pulses of 1 s at 0.67 mA cm
−2

 

were imposed followed by resting time of 3 s at 0 mA cm
−2

. The p
+
-Si substrates were modified 

in the dark and the n-Si substrates were modified under illumination through the Pt mesh counter 

electrode with a 150-W quartz halogen lamp equipped with an optical fiber (OSL2 from 

Thorlabs). After the desired number of cycles was imposed, the electrode was removed from the 

cell, copiously rinsed with ultrapure water, and dried under an Ar stream. 

Electrochemical and photoelectrochemical experiments 

Cyclic voltammetry (CV), chronoamperometry (CA), and open-circuit potential (OCP) 

measurements were performed in a three-neck cell comprising a quartz window. The reference 

electrodes were a KCl-saturated calomel electrode (SCE) for the measurements in 1 M KCl and a 
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Hg/HgO (1 M KOH) electrode for the measurements in alkaline solution. The working electrode 

was placed in front of the quartz window. The light was provided by a solar simulator (LS0106, 

LOT Quantum Design) equipped with an AM 1.5 G filter. The power density of the light source 

was measured before experiments at the position of the photoelectrode using an ILT1400 

radiometer (International Light Technologies) to ensure the right power density (100 mW cm
−2

). 

Electrochemical measurements were performed with a Zennium potentiostat (Zahner). The 

potentials versus Hg/HgO (1 M KOH) were converted into potentials versus reversible hydrogen 

electrode (RHE) using the following relation: 

ERHE = EHg/HgO + 0.098 + 0.059pH = EHg/HgO + 0.924 (1) 

All reported potentials were intentionally not corrected by the Ohmic drop. Unless specified, 

the CVs for CoFePB and NiRuPB were recorded at 10 and 25 mV s
-1

, respectively and CVs for 

OER and UOR were recorded at 10 mV s
−1

. Note that the sweep rate of 25 mV s
-1

 was used for 

preventing the degradation of NiRuPB that was found to occur at lower values. 

Solid-state impedance measurements 

The front contact of the photoanodes consisted of InGa eutectic, Ag paste and a metal wire and 

was covered by epoxy resin to increase resistance and and block light penetration. Impedance 

measurements were performed in a solid-state configuration by employing the back contact and 

the front contact as a working electrode and a counter/reference electrode, respectively. Space-

charge capacitances (Csc) of the semiconductor were extracted by fitting the impedance with an 

equivalent circuit (as shown in the inset of Figure S14) consisting of a resistor (Rseries) in a series 

connection with a parallel resistor (Rpar) and a parallel capacitor (Cpar). The parallel capacitor is 

combination of series contributions that consists of the space-charge capacitance (Csc) and the 

SiOx capacitance (Cox).  
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 (2) 

The Cox was determined by the following relationship: 

     
       

     

 (3) 

where is ε0 the vacuum permittivity (8.85 × 10
−14

 F cm
−1

), εSiOx is the relative permittivity of 

SiOx and is assumed to be the same as SiO2 (3.9). The thickness of SiOx is estimated (2 nm). 

Assuming only Csc that varies with the changing potential, the reverse-bias dependence of the 

inverse square of the space-charge capacitance (Csc
−2

) is given by the Mott-Schottky relationship: 

   
    

 

        
       

  

 
  (4) 

where εSi is the relative permittivity of Si (11.7), q is the elementary charge (1.6 × 10
−19

 C), Nd is 

the donor concentration in the semiconductor, V is the applied voltage, Efb is the flat-band 

potential, k is the Boltzmann’s constant (1.38 × 10
−23

 m
2
 kg s

−2
 K

−1
) and T is the temperature 

(298 K). Efb was determined from the value of the x-intercept of the linear region of the Mott-

Schottky plot plus kT/q (0.026 V). In order to check the validity of the curves, we have 

calculated the doping density based on the following relation, obtained by substitution of the 

Mott-Schottky equation: The slope of n-Si/SiOx/Ni/NiRuPB-150cy (Figure 4f), gives a Nd value 

of 6.27 × 10
16

 cm
−3

, which is in the same range of the resistivity value given by the wafer 

manufacturer (0.3–0.7 Ω cm). The barrier height (ϕb), was then calculated using the following 

relation:  

             (5) 

With Vn being the energy difference between the conduction band and the Fermi level, that was 

calculated using the following equation: 

         
  

  
  (6) 

Nc, the density of states in the conduction band was calculated by: 
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(7) 

With me* being the effective mass of electron in crystalline Si (9.389 × 10
−31

 kg) and h the 

Planck constant (6.63×10
−34

 J s). The above equations allowed to calculate a Vn value of 0.15 eV. 

Thus, using the x-intersect of the linear fit of the Mott-Schottky curves and the slope, the ϕb 

values of 0.75 eV and 0.57 eV were calculated for n-Si/SiOx/Ni/NiRuPB-150cy and n-

Si/SiOx/Ni/NiRuPB-0cy, respectively.  

 

Surface characterization 

Scanning electron microscopy (SEM) was performed using a JSM 7100 F (JEOL). The sample 

was prepared for transmission electron microscopy (TEM) analysis as follows. First, the sample 

was cut in half using a dicing saw fitted with a diamond wire (Precision Diamond Wire Saw, 

Well 3241, Escil). The two fragments were then glued (G1 epoxy resin with hardener, Gatan) as 

follows: Si/SiOx/CoFePB(NiRuPB)/glue/CoFePB(NiRuPB)/SiOx/Si. This mounting was then cut 

to fit the TEM-slot (Leica) using a dicing saw. It was then glued onto the slot with the epoxy 

resin. The slot was then fixed onto a tripod using a mounting adhesive (crystal bond 509, 

cat#50400–01, Electron Microscopy Sciences) then polished (on both sides) using a sequence of 

polyamide/diamond papers with a range of particle sizes (from 30 to 1 μm). Finally, a felt 

polishing pad with colloidal silica was applied, with a final thickness for the area of interest of 20 

μm. The slot was further thinned using dimpling grinder (Model 200, Fischione instruments) 

down to a 10-μm-thick target area before being further processed onto an ion milling machine 

(low angle ion milling and polishing system, Model 1010, Fischione instruments) to reach a final 

thickness of <100 nm for TEM analysis. TEM and scanning transmission electron microscopy 

(STEM) were performed with a JEM 2100 LaB6 (JEOL) equipped with a Silicon Drift Detector 
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(SDD) - X-Max (Oxford Instruments) and the AZtec software to perform energy-dispersive X-

ray spectroscopy and elemental mapping. XPS measurements were performed with an Mg Kalpha 

(hν = 1254.6 eV) X-ray source and an Al source (hν = 1486.6 eV) using a VSW HA100 

photoelectron spectrometer with a hemispherical photoelectron analyzer, working at an energy 

pass of 20 eV for survey and resolved spectra. The experimental resolution was 1.0 eV. Unless 

specified, C1s set at 284.8 eV was used as the energy reference for all the analyses. Reflectance 

spectra were acquired on a Shimadzu UV-3600Plus photometer with an integrating sphere (ISR-

603) and the data were converted into Kubelka-Munk function. 

 

 

RESULTS & DISCUSSION 

The Si/SiOx/M/PB preparation methods are illustrated in Figure 1a. First, the planar Si/SiOx 

substrates were prepared by chemically oxidizing (p
+
- or n-) Si (100) wafers to create the SiOx 

tunneling layer (~1.9 nm). Following that, a metal thin film (Co, thickness = 50 nm and Ni, 

thickness = 25 nm) were deposited on the SiOx surface by DC magnetron sputtering to prepare 

the Si/SiOx/M MIS surfaces. For the modification with CoFePB, the Si/SiOx/Co MIS surfaces 

were dipped in the K3Fe
III

(CN)6 solution (measured pH = 5.5) under gentle stirring. After an 

immersion time of 1 min, the color of the modified electrode was changed to deep blue (UV-VIS 

absorption spectra of the unmodified and modified electrodes are shown in Figure S1), implying 

that CoFePB spontaneously forms on the surface. The modification time was varied between 0 

and 30 min and the samples are referred to as ‘Si/SiOx/Co/CoFePB-#m’, with #m being the 

deposition time in minutes. In contrast, for the modification with NiRuPB, Si/SiOx/Ni MIS 

surfaces were modified by NiRuPB using an electrodissolution method, similar to that reported 
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in our previous report,
7
 but with an acidic (pH 2.5) K4Ru

II
(CN)6 solution. In short, we applied 

sequential current cycles comprising an anodic pulse (1 s), followed by a resting time (3 s, 

chronopotentiometry curves are shown in Figure S2). The electrode modification was controlled 

by the number of cycles between 0 and 200 cycles. The samples were designated as 

‘Si/SiOx/Ni/NiRuPB-#cy’, with #cy being the number of imposed electrochemical cycles.  

The elemental composition of the outermost part of the surfaces was analyzed by X-ray 

photoelectron spectroscopy (XPS), recorded before and after modification on the p
+
-Si/SiOx/M 

surfaces (Figure 1b). The XPS survey spectra confirmed the presence of all expected elements 

for both Co- and Ni-based samples: Co, Fe, C, N, and O for p
+
-Si/SiOx/Co/CoFePB-5m and Ni, 

Ru, C, N, and O for p
+
-Si/SiOx/Ni/NiRuPB-100cy. The presence of O before and after 

modification is attributed to the native metal oxide/hydroxide that spontaneously forms on the M 

surface in ambient conditions. In high-resolution XPS spectra (Figure S3 and S4), p
+
-

Si/SiOx/Co/CoFePB-5m electrode exhibited Co 2p3/2 and Co 2p1/2 peaks at 781.8 and 797.6 eV, 

which is in good agreement with the literature.
40

 In the Fe 2p region, the main peak at 708.4 eV 

corresponds to Fe 2p3/2 for Fe
II
.
41

 For p
+
-Si/SiOx/Ni/NiRuPB-100cy, the Ru 3d5/2 and Ru 3d3/2 

peaks were found at 280.6 eV and 286.8 eV, respectively, which is consistent with the 

literature.
42

 It is also interesting to note that K
+
 incorporation, which is known to occasionally 

occur in PBs,
40

 was only observed for p
+
-Si/SiOx/Co/CoFePB-5m. In both cases, the PB 

derivatization was evidenced by a drastic increase of the XPS C 1s and N 1s peaks after the 

modification. The presence of the CN bridges in p
+
-Si/SiOx/Co/CoFePB and p

+
-

Si/SiOx/Ni/NiRuPB electrodes was also evidenced by Raman spectroscopy, recorded in dry air. 

In Figure S5, Raman peaks were detected in a range of 2000 - 2200 cm
-1

, which is consistent 

with the stretching vibrations of the triple CN bond in PBs.
43
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Figure 1. (a) Schematics of Si/SiOx/Co/CoFePB prepared by sputtering and chemical deposition 

processes (top panel) and Si/SiOx/Ni/NiRuPB prepared by sputtering and electrodeposition 

processes (bottom panel). (b) XPS survey spectra recorded for (red) unmodified p
+
-

Si/SiOx/Co/CoFePB-0m and (blue) p
+
-Si/SiOx/Co/CoFePB-5m (top panel) and (turquoise) p

+
-

Si/SiOx/Ni/NiRuPB-0cy and (green) p
+
-Si/SiOx/Ni/NiRuPB-100cy (bottom panel).  

The electrochemical activity of the non-photoactive p
+
-Si/SiOx/M MIS anodes at different 

modification stages was recorded by cyclic voltammetry (CV) in 1 M KCl in the dark. Figure 2a  

shows that, in contrast to the unmodified p
+
-Si/SiOx/Co/CoFePB-0m surface, all CVs recorded 

on modified p
+
-Si/SiOx/Co/CoFePB revealed a marked redox activity at E

0’
 ~0.5 V vs SCE. 

According to the literature, this wave comprises two convoluted redox waves corresponding to 

the Fe
III

/Fe
II 

and the Co
III

/Co
II
 couples.

28
 Meanwhile, a similar behavior was observed on p

+
-

Si/SiOx/Ni/NiRuPB, that is, no redox wave was present at 0cy and a reversible wave appeared at 

E
0’

 ~0.96 V vs SCE (Figure 2b) for all modified electrodes, a value which is close to that 

reported for the Ru
III

/Ru
II
 system in NiRuPB.

27
 The small peak to peak difference as well as the 
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linear relationship between the current density and the scan rate (Figure S6) is well in line with a 

reversible redox immobilized system.
44

 Besides, the peak intensity as a function of the 

modification time or cycle is informative about the amount of deposited redox-active centers. In 

the case of p
+
-Si/SiOx/Co/CoFePB, an increasing time leads to an increase of the immobilized 

CoFePB while, for p
+
-Si/SiOx/Ni/NiRuPB, an increase in modification cycle is not correlated 

with an increase of the surface NiRuPB. According to Figure 2b, the number of NiRuPB redox-

active centers remains similar from 50cy to 150cy and decreases at 200cy, suggesting a more 

complex modification mechanism than that of CoFePB. Figure 2c compares the signal obtained 

for p
+
-Si/SiOx/Ni/NiRuPB-150cy and p

+
-Si/SiOx/Co/CoFePB-30m and shows clearly the  E

0’
 

difference of 0.44 V recorded for the two PB systems. 

 

Figure 2. Cyclic voltammetry of (a) p
+
-Si/SiOx/Co/CoFePB with different chemical deposition 

times (from 0 to 30 min) and (b) p
+
-Si/SiOx/Ni/NiRuPB electrodes with different number of 

cycles (from 0 to 200 cycles). (c) Comparison of the position of the reversible redox waves 

recorded with p
+
-Si/SiOx/Co/CoFePB-30m and p

+
-Si/SiOx/Ni/NiRuPB-150cy. All measurements 

were performed in 1 M KCl, the CVs of CoFePB- and NiRuPB-derivatized electrodes were 

recorded at 10 and 25 mV s
-1

, respectively. 

The photoelectrochemistry of the derivatized photoactive n-Si/SiOx/M/PB MIS photoanodes is 

now discussed. In Figure 3a and d, the redox waves measured on photoactive n-Si-based 

electrodes under illumination with simulated sunlight (red CVs) are compared with the ones 

recorded in the dark on non-photoactive p
+
-Si-based electrodes (black CVs). From these curves, 
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it can be seen that the PB redox waves appeared at a lower E
0’

 value on illuminated n-Si 

compared to that obtained on the p
+
-Si electrodes, evidencing the photovoltage generation. CVs 

under illumination were recorded for all modification time and cycle (Figure S7) and several are 

plotted in Figure 3b and e, for n-Si/SiOx/Co/CoFePB and n-Si/SiOx/Ni/NiRuPB, respectively. A 

considerable difference appears in these curves. Figure 3b and S7a show that that the E
0’ 

position 

remained relatively unchanged for all n-Si/SiOx/Co/CoFePB electrodes. Conversely, the E
0’ 

value of n-Si/SiOx/Ni/NiRuPB decreased with an increasing cycle number as illustrated in Figure 

3e and S7b. To verify the changes in the photovoltage with the modification steps, two different 

methods to determine the photovoltage values were conducted separately: (1) from dark and light 

open-circuit potential (OCP) measurements on the n-Si/SiOx/M/PB photoanodes (Figure S8a,b) 

and (2) the difference of E
0’

 values extracted from the CV of p
+
-Si/SiOx/M/PB in the dark and 

the n-Si/SiOx/M/PB CV under illumination. The resulting photovoltage values were plotted as a 

function of modification time and cycle number in Figure 3c and f for n-Si/SiOx/Co/CoFePB and  

n-Si/SiOx/Ni/NiRuPB, respectively. The photovoltage values determined for  

n-Si/SiOx/Co/CoFePB were relatively similar to both methods and the photovoltage did not 

change considerably as a function of the modification time, with an average value of 0.25 ±0.02 

V.  

The measurements on n-Si/SiOx/Ni/NiRuPB yielded different results. First, one can observe 

that the two measurement methods gave photovoltage values with a variation that increased with 

the cycle number. Although this is still not fully understood, we do think that this is related to the 

morphology change of the Ni/NiRuPB layer (vide infra). Indeed, it has been reported that OCP 

measurements are not always a suitable method for determining the photovoltage for 

semiconductor/catalyst systems, especially when the catalysts are electrolyte-permeable.
45
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However, both methods yielded a similar trend, with a photovoltage enhancement with an 

increasing modification time ranging from 0 to 150 cycles (Figure 3f), followed by a 

photovoltage decrease at 200 cycles. The optimum was reached for n-Si/SiOx/Ni/NiRuPB-150cy, 

which exhibited the highest photovoltage (0.37 V and 0.46 V as determined by OCP and E
0’

 

measurements, respectively).  

 

Figure 3. (a) CVs recorded in the dark on (black) p
+
-Si/SiOx/Co/CoFePB-30m and under 

simulated sunlight on (red) n-Si/SiOx/Co/CoFePB-30m. (b) CVs recorded under simulated 

sunlight on n-Si/SiOx/Co/CoFePB with modification times of 0, 2, 10, and, 30 minutes. (c) 

Photovoltages determined by OCP (black squares) and E
0’

 (red stars) measurements on 

Si/SiOx/Co/CoFePB as a function of the deposition time. (d) CVs recorded in the dark on (black) 

p
+
-Si/SiOx/Ni/NiRuPB-150cy and under simulated sunlight on (red) n-Si/SiOx/Ni/NiRuPB-

150cy. (e) CVs recorded under simulated sunlight on n-Si/SiOx/Ni/NiRuPB with 0, 50, 100, and 

150 cycles. (f) Photovoltages determined by (black squares) OCP and (green stars) E
0’

 

measurements on Si/SiOx/Ni/NiRuPB as a function of the number of cycles. All measurements 

were measured in 1 M KCl. CVs of Si/SiOx/Co/CoFePB and Si/SiOx/Ni/NiRuPB electrodes were 

recorded at 10 and 25 mV s
-1

, respectively. 

To understand these results and, particularly, the striking difference in the photovoltage 

evolution, we performed morphological characterizations of the modified surfaces. For that, p
+
-
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Si/SiOx/Co/CoFePB-5m and p
+
-Si/SiOx/Ni/NiRuPB-150cy were observed by scanning electron 

microscopy (SEM) and atomic force microscopy (AFM). While no considerable change was 

observed on top-view SEM images for the p
+
-Si/SiOx/Co/CoFePB surface before and after 

modification, (Figure S9a,b), the porosity of the p
+
-Si/SiOx/Ni/NiRuPB surface seemed to 

considerably increase after the treatment (Figure S9c,d). This observation was confirmed by 

AFM inspection (Figure 4a,d, and Figure S10) which revealed that the Co/CoFePB-5m coating 

consisted of densely packed nanosized grains with low roughness (root-mean-square (RMS) 

roughness = 1.24 nm) while Ni/NiRuPB-150cy contained many randomly-dispersed and non-

uniform islands and exhibited a much higher roughness (RMS roughness = 12.16 nm). The 

cross-sectional view of both derivatized MIS interfaces was observed by transmission electron 

microscopy (TEM), as shown by Figure 4b for p
+
-Si/SiOx/Co/CoFePB-5m and Figure 4e for p

+
-

Si/SiOx/Ni/NiRuPB-150cy. The analysis of both surfaces showed that the SiOx layer had a 

thickness in the order of 2 nm (Figure S11 and 4e). Figure 4b shows that a low density grey-

colored thin layer with a thickness of ~15 nm was deposited on the top of the Co thin film. 

Elemental analysis by energy-dispersive X-ray spectroscopy (EDS) revealed that layer to be the 

CoFePB coating (Figure S12). While the Co/CoFePB-5m film was observed to be homogeneous 

on Si/SiOx, TEM measurements revealed the high inhomogeneity of the p
+
-Si/SiOx/Ni/NiRuPB-

150cy surface. Indeed, Figure 4e and Figure S13 show that dispersed nanosized Ni islands are in 

contact with the SiOx surface on the p
+
-Si/SiOx/Ni/NiRuPB-150cy surface, in good agreement 

with what was previously observed by SEM (Figure S9d) and AFM (Figure 4d). In this case, 

although Ni was imaged by TEM, the NiRuPB layer could not be clearly observed (EDS 

investigation revealed that NiRuPB diffused inside the resin that was used for shielding the 

sample for TEM preparation). To summarize, SEM, AFM, and TEM analyses showed that the 
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Si/SiOx/Co/CoFePB-5m and the Si/SiOx/Ni/NiRuPB-150cy surfaces exhibited homogeneous and 

inhomogeneous Si/SiOx/M MIS junctions, respectively. The photovoltage trends that were 

previously observed can be rationalized by these distinct morphologies. Specifically, the 

chemical modification with CoFePB preserves the integrity of the homogenous n-Si/SiOx/Co 

Schottky contact and the CoFePB thin film only coats the outermost part of the Co (Figure 4c) 

and does not affect the thermodynamics of the MIS junction. In contrast, during electrochemical 

modification of n-Si/SiOx/Ni with NiRuPB, the initially conformal metal film is partially 

dissolved leading to a porosification of the Ni thin film, which makes the n-Si/SiOx/Ni MIS 

junction highly inhomogeneous as shown in Figure 4f. This relationship between inhomogeneity 

and photovoltage is in good agreement with what has been recently reported in the literature.
7
 

Indeed, several photoanodes based on n-Si Schottky junctions, prepared by electrodeposition or 

electrodissolution, exhibit an improvement of performance with increased inhomogeneity.
7,22,23

 

This phenomenon can be explained by the replacement of the low barrier n-Si/SiOx/M junction 

by another junction having a higher barrier height (Si/SiOx
46

 or Si/SiOx/MOxHy
23

),
47

 leading to 

an overall improvement of the photovoltage.
15,23

 Note that, in the present case, Si/SiOx/PB could 

also be generated and potentially affect the overall barrier height (this is, however, unlikely as 

we will discuss later). 

In order to understand how the morphology evolution of the n-Si/SiOx/M MIS junction affects 

the energetics of the surface, we performed solid-state measurements (see the method section for 

more details) on n-Si/SiOx/Ni/NiRuPB-0cy and n-Si/SiOx/Ni/NiRuPB-150cy, as NiRuPB 

modification leads to the highest photovoltages. As shown in Figure 4g, current-voltage curves 

of n-Si/SiOx/Ni/NiRuPB-0cy and n-Si/SiOx/Ni/NiRuPB-150cy solid-state cells show the 

expected rectifying behavior of a diode. When a positive voltage (V > 0) is applied on the 
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semiconductor side, the valence band edge bends upward near the surface and the majority 

carriers (electrons) are depleted.
48

 Impedance measurements were recorded in this regime to 

obtain space-charge capacitance values (Csc) that were fitted with an equivalent circuit described 

in the method section (experimentally determined and fitted Nyquist plots are shown in Figure 

S14). The effective barrier height can be obtained from Mott-Schottky analysis, which was done 

on our solid-state devices as reported in a previous report.
17

 The results of Figure 4h allowed us 

to determine the flat-band potential (Efb), the doping density (Nd), and the effective barrier height 

(ϕb) which were calculated to be -0.60 V, 6.27 ×10
16

 cm
-3

, and 0.75 eV, respectively for n-

Si/SiOx/Ni/NiRuPB-150cy. This value of ϕb is relatively in good agreement with previous reports 

for MIS photoanodes
7,19

 and is noticeably higher than the 0.57 eV found for the unmodified and 

homogeneous n-Si/SiOx/Ni/NiRuPB-0cy. To sum-up, our solid-state impedance results show that 

the transformation of the Ni thin film which occurs during the derivatization with NiRuPB 

induces a negative shift of the flat band potential which increases the barrier height of the MIS 

Schottky junction. This confirms our previous observations and explains why the photovoltage 

of n-Si/SiOx/Ni/NiRuPB-150cy is significantly higher (Figure 3f). To determine how NiRuPB 

influences the junction thermodynamics, we performed dark/light OCP measurements on the n-

Si/SiOx/Ni/NiRuPB-150cy photoanode before and after NiRuPB was selectively removed by 

soaking it into a KOH solution for 15 minutes.
27

 The photovoltages derived from these OCP 

measurements were statistically identical (Figure S15), showing that the photovoltage 

improvement is independent of NiRuPB but related to the nature of the n-Si/SiOx/M. 
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Figure 4. (a, d) Top-view AFM images, (b, e) cross-sectional TEM images and (c, f) schematics 

surface structures of (top panel) p
+
-Si/SiOx/Co/CoFePB-5m and (bottom panel) p

+
-

Si/SiOx/Ni/NiRuPB-150cy. (g) Current-voltage curves and (h) Mott-Schottky plots of (black) n-

Si/SiOx/Ni/NiRuPB-0cy and (red) n-Si/SiOx/Ni/NiRuPB-150cy; inset shows the band energy 

diagrams. 

Finally, we decided to test the best photoanode (n-Si/SiOx/Ni/NiRuPB-150cy) for 

photoelectrocatalysis. For that, we compared its activity and that of its non-photoactive 

counterpart (p
+
-Si/SiOx/Ni/NiRuPB-150cy) in a highly alkaline medium (1 M KOH) for OER 

and also for UOR because Ni-based compounds have been considered as prominent active sites 
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for both reactions.
4–7

 As observed from the typical characteristics of the CVs (Figure 5a), the 

non-photoactive surface operated in the dark triggered both reactions whereas n-

Si/SiOx/Ni/NiRuPB-150cy did so only under illumination. The latter showed high photocurrent 

density values of 8.3 and 17.5 mA cm
-2

 at 1.23 V vs RHE for OER and UOR, respectively, under 

simulated sunlight. The non-constant photocurrent in the saturated regime (blue CV of Figure 5a) 

was highly reproducible, several examples of such a non-conventional behavior on MIS 

photoanodes have been reported in the literature and might involve the SiOx layer.
46,49

 The onset 

potential, which was defined as the required potential to produce a photocurrent density of 1 mA 

cm
-2

, was measured to be 1.1 and 0.9 V vs RHE for OER and UOR, respectively. The 

photovoltage can also be estimated from the difference of onset potential obtained for p
+
-Si-

based electrode in the dark and the n-Si-based electrode under illumination and was found to be 

0.43 and 0.41 V for OER and UOR, respectively, which is in good agreement with previously 

measured in 1 M KCl for this photoanode using the E
0’

 method (Figure 3f, Figure S16b). In 

Figure 5b, the stability of the photoanodes during OER and UOR was evaluated by 

chronoamperometry (CA) at +1.23 V vs RHE under simulated sunlight. As reported, within 1 h, 

the photocurrent density of the photoanode maintained during OER, in contrast to UOR, for 

which the current density rapidly dropped to ~30% of the initial current density. This suggests 

that the photoanode is very stable for OER but not for performing UOR for a prolonged time, 

possibly caused by surface pollution, which is often encountered in UOR at Ni-based 

electrocatalysts.
7,50

 After electrolysis, CVs of the photoanodes were recorded in 1 M KCl to 

reveal the NiRuPB stability after operations, Figure S17 indicates that the redox wave of the 

NiRuPB disappeared, implying that NiRuPB did not remain on the electrode surface after 

operations. This is not surprising given the fact that PBs are not stable at such pH values.
51–53
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However, the stable OER photocurrent density recorded during the potentiostatic measurement 

(Figure 5b) confirms that the photoanode maintained its stability, and thus that NiRuPB is not 

acting as a catalyst in our case, in good agreement with our previous report.
7
 In contrast, 

electrolyte-exposed NiOOH sites present on the Ni film
54

 are likely responsible for the respective 

OER
55

 and UOR
56

 electrocatalysis. 

 

Figure 5. (a) CVs showing the OER and UOR electrocatalysis on p
+
-Si/SiOx/Ni/NiRuPB-150cy 

and n-Si/SiOx/Ni/NiRuPB-150cy in 1 M KOH and 0.33 M urea + 1 M KOH (b) CA curves 

recorded for OER and UOR at +1.23 V vs RHE. 

 

 

CONCLUSION 

In conclusion, we have reported on the structure-property relationships of redox-derivatized 

MIS anodes. We have shown that CoFePB and NiRuPB can be deposited on MIS electrodes and 

that these redox species allow to reliably probe the interfacial energetics of the photoanodes. Our 

studies revealed the importance of the preparation method and ascribed a considerably upward 

photovoltage variation, found in NiRuPB-derivatized photoanodes, to an increased Schottky 

junction inhomogeneity occurring through the partial dissolution of the Ni metal thin film. In the 
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frame of recent results of the literature, this phenomenon can be explained by the conversion of 

the low barrier n-Si/SiOx/M junction by another junction having a higher barrier height such as 

Si/SiOx
45

 or Si/SiOx/MOxHy.
23,47

 Conversely, this phenomenon was not observed for the 

chemically-derivatized CoFePB photoanodes which preserved the homogeneity of the Co thin 

film. Finally, the optimal inhomogeneous n-Si/SiOx/Ni/NiRuPB photoanode exhibited a marked 

photocurrent density of 8.3 mA cm
-2

 at 1.23 V vs RHE for sunlight-assisted OER with a stable 

photoresponse. As a short term perspective, we do think that the effect of the metal film 

thickness is an important parameter that should be studied. Our findings give new insights on 

MIS photoanodes which should open new pathways for improving MIS photoanodes through 

structuring strategies, which will be useful for solar fuel generation. 
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