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Abstract 

NiCeOx OER Co-catalyst on Hematite Photoanode for 

Photoelectrochemical Water Oxidation 

Joseph Lim Tyberg, M.A. 

The University of Texas at Austin, 2017 

Supervisor:  Charles Buddie Mullins 

There has been debate on whether Ni(OH)2 is truly catalytically active for the 

photo/-electrocatalytic oxygen evolution reaction. In this report, we have synthesized a 

Ni(OH)2 co-catalyst on a hematite photoanode and showed that, as has been proposed in 

other studies, the current density varies as a function of scan rate, which arises due to a 

photo-induced capacitive charging effect. We have discovered that this photo-induced 

charging of Ni2+/3+ can be overcome by mixing cerium nitrate into the Ni precursor 

solution. Under illumination, the NiCeOx co-catalyst on a hematite photoanode exhibited 

an approximately 200 mV cathodic shift in onset potential and a ~53% enhancement in 

photocurrent at 1.23 V vs. RHE compared to its bare counterpart. Material 

characterization by electrochemical impedance spectroscopy revealed that the Ni species 

create a p-n junction across the space charge region, which facilitates the collection of the 

photo-generated holes by the co-catalyst layer, and core level X-ray photoelectron 
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spectroscopy showed that Ce incorporated into the Ni-based co-catalyst layer may induce 

the oxidation of the Ni species. In addition, we have observed a decrease in binding 

energies of Ni species after photoelectrochemical water splitting reactions, which 

suggests that the lattice oxygen of the NiCeOx is consumed in the catalytic cycle, forming 

oxygen vacancies. The NiCeOx co-catalyst, however, was incapable of passivating the 

surface recombination centers of the hematite photoanode, as indicated by the unaltered 

flat-band potential determined with Mott-Schottky analysis.  
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Chapter 1: NiCeOx OER Co-catalyst on Hematite Photoanode for 

Photoelectrochemical Water Oxidation1 

 

INTRODUCTION 

Photoelectrochemical (PEC) water splitting is an environmental-friendly 

alternative to the current steam reforming hydrogen production systems.1–3 Since the 

pioneering work of Fujishima and Honda in 1972 using TiO2 as a photoelectrode,4 

numerous works have been dedicated to fabricating an efficient PEC water splitting system. 

To make PEC water splitting system feasible, a photoanode material that has a sufficiently 

narrow band gap, properly aligned band edges, high activity towards the oxygen evolution 

reaction, and good chemical and electrochemical stability must be used.5 However, finding 

such a material has been an obstacle to making PEC water splitting systems viable.  

Of the photoanode materials examined up to date, α-Fe2O3 (hematite) is regarded 

as one of the most promising candidates for application.6,7 It has a narrow band gap of 1.9-

2.2 eV, which facilitates photon absorption across a wide range of the light spectrum with 

a valence band edge suitably positioned to carry out the water oxidation reaction. It has 

excellent stability in alkaline conditions, which is desirable for the oxygen evolution 

reaction (OER), and is earth-abundant. However, its short hole-diffusion length (2-4 nm) 

and poor catalytic activity towards the OER have prevented hematite photoanodes from 

reaching their theoretical maximum solar-to-hydrogen (STH) efficiency.6,8–10 

Numerous attempts to address the problems hematite photoanodes possess have 

been proposed in the past and some have been found to be beneficial. Nanostructuring thin 

                                                 
1 Portions of this chapter have been previously published: Hyungseob Lim, et al. Activation of a Nickel-

based OER Catalyst on a Hematite Photoanode via Incorporation of Cerium for Photoelectrochemical 

Water Oxidation, 2017. 



 2 

films of hematite have been shown to be an effective route to alleviate the charge carrier 

recombination in the bulk, yielding photocurrents considerably higher than the planar 

equivalents.11,12 Doping with foreign metals such as Pt,7,13 Ti,14–16 Si,12,17 Zr,18 or Cr,19 etc. 

has also shown to be an effective strategy in increasing hole lifetime as the charge carrier 

dynamics within the bulk of the hematite film improves with the enhanced electrical 

conductivity brought about by the metal dopants.13,17,19,20 Coating the surface of the 

hematite photoanode with an electrocatalyst to promote charge carrier separation at the 

electrode-electrolyte interface and/or to improve catalytic activity towards OER has also 

been employed frequently.21 Primarily, these co-catalyst layers suppress the surface charge 

carrier recombination and/or improve OER kinetics to better assist the OER activity of the 

photoanode materials. Some noble metal oxides such as IrO2 or RuO2 were used in the 

early studies,22 and more robust earth-abundant materials such as cobalt phosphate,7,23 

nickel borate,24,25 iron oxyhydroxide,26 and nickel hydroxide derivatives14,18,27,28 have been 

studied in more recent years. Of these earth-abundant OER catalyst materials, nickel 

hydroxide derivatives have gained much attention with the recent discovery of the superior 

performance of the NiOOH co-catalysts on BiVO4-based photoanodes.29  

However, whether nickel hydroxide, Ni(OH)2, is truly active for the OER has been 

debated in the last few years. Recent studies have suggested that the Ni2+ of nickel 

hydroxide is not responsible for the oxygen evolution reaction.14,28 Yat Li and coworkers 

demonstrated that the observed photocurrent of the Ni(OH)2 decorated hematite decays 

rapidly under constant applied potentials and that such decay occurs due to the 

accumulation of Ni3+ species on the surface.28 They reported that the slow formation of 

Ni4+, which is the active species responsible for water oxidation, hinders the OER activity 

of the Ni-decorated hematite photoanodes. In the same context, Can Li and coworkers 
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showed that Ni(OH)2 on hematite acts as a charge storage layer and that it needs to be 

coupled to a more catalytically active IrO2 to realize its full catalytic capabilities.14 

Nonetheless, Ni-based electrocatalysts still remain amongst the best of the earth-

abundant co-catalyst materials. Specifically, studies have shown that nickel oxyhydroxide 

(NiOOH) co-catalysts can bring a large shift in onset potential in the cathodic direction on 

various semiconductor photoanode materials including hematite.18,27 However, the only 

valid synthesis route to making NiOOH up to this date is the (photo-assisted) 

electrodeposition, and other facile method of depositing Ni-based co-catalyst is desired. 

In this study, we employ a simple solution-based synthesis of a NiCeOx co-catalyst 

on a hematite photoanode. Unlike NiOOH, which could only be fabricated via photo-

assisted electrodeposition, the NiCeOx could be deposited using a successive ionic layer 

adsorption reaction (SILAR) method. Recent reports in the field of electrocatalysis have 

shown that the multivalent properties of Ce in CeO2 can electronically affect its 

neighboring materials.30,31 Based on this idea, we have demonstrated that unlike Ni(OH)2 

on α-Fe2O3, which shows a decreased photocurrent due to the accumulation of the Ni3+ 

surface states, NiCeOx on α-Fe2O3 shows both an enhanced photocurrent and a cathodic 

shift in onset potential for the photoelectrochemical water oxidation reaction. We have 

discovered that oxygen vacancies are formed in the PEC water oxidation process and that 

the photo-induced redox cycle of Ce4+/3+ may catalytically tune the oxidation state of the 

Ni species to the active state most beneficial for OER. 
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EXPERIMENTAL 

Hematite photoanodes were prepared by a simple solution-based synthesis method 

as noted elsewhere.7 First, β-FeOOH were grown on fluorine-doped SnO2 (FTO) coated 

glass by immersing the clean 1.5 x 2 cm FTO covered glass substrates in an aqueous bath 

containing 0.15 M FeCl3∙6H2O and 1.0 M NaNO3 and heating in a drying oven set at 100 

⁰C for 7 hours. The fabricated yellow β-FeOOH thin films were then washed with DI water 

and dried in an ambient atmosphere overnight. β-FeOOH thin films were then thermally 

annealed at 800 ⁰C for 20 minutes in a muffle furnace to yield a dark-red film of α-Fe2O3. 

To coat the surface of the hematite photoanode with a thin layer of Ni(OH)2 co-

catalyst, a modified successive ionic layer adsorption reaction (SILAR) method was 

employed.14 Here, 100 μL of 0.05 M Ni(NO3)2∙6H2O solution was dropped onto the 

hematite photoanode for 5 minutes and was blow-dried with compressed air. Then, 100 μL 

of 1.0 M NaOH solution was dropped onto the Ni-deposited film for 5 minutes and was 

blow-dried with compressed air. To incorporate cerium into the Ni(OH)2 co-catalyst, 

different amounts of a Ce(NO3)3∙6H2O salt were mixed into the 0.05 M Ni(NO3)2∙6H2O 

precursor solution.  

X-ray Diffraction (XRD) patterns were obtained with a Rigaku R-axis Spider 

diffractometer employing Cu Kα radiation. Morphology and film thickness 

characterization was performed using a Quanta 650 FEG scanning electron microscope 

(SEM) and a JEOL 2010F high resolution transmission electron microscope (HRTEM) 

along with an Oxford energy dispersive spectroscopy (EDS) instrument with a SiLi 

detector for elemental analysis. For the HRTEM imaging and mapping, samples were 

prepared by grinding the surface of the hematite and hematite/NiCeOx films with sandpaper 

and dispersing it in ethanol. A few drops of the suspended samples was placed on lacey 

carbon coated copper grids. X-ray photoelectron spectroscopy (XPS) data were acquired 
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by a Kratos Axis Ultra spectrometer using a monochromatic Al Kα source. The obtained 

spectra were calibrated by assigning the C 1s feature to be at 284.6 eV.  

For the electrochemical and photoelectrochemical measurements, a CH 

Instruments 660D electrochemical workstation coupled to a Newport 150 W solar 

simulator (Newport, model 9600) with an air mass 1.5 (AM 1.5) filter was employed. The 

solar simulator was calibrated to 1 sun (100 mW/cm2) prior to all measurements using a 

Newport thermopile detector. In a typical experiment, a three-electrode cell composed of 

a hematite photoanode with an exposed area of approximately 0.22 cm2 as the working 

electrode, Ag/AgCl in saturated KCl as the reference electrode, and Pt wire as the counter 

electrode was used in a 1.0 M NaOH electrolyte. Unless noted otherwise, all 

photoelectrochemical measurements were acquired using a front-illumination 

configuration. Electrochemical Impedance Spectra (EIS) were measured at an applied 

potential of 0 V vs. Ag/AgCl and AC potential frequencies ranging from 100,000 Hz to 0.1 

Hz with an amplitude of 10 mV under illumination. The spectra measured were fit to an 

equivalent circuit using Zview software. Mott-Schottky measurements were recorded using 

a CH Instruments 660D and the built-in software to measure capacitance vs. applied 

potential at a fixed frequency value.  

 

 

RESULTS AND DISCUSSION 

Hematite and Ni-based co-catalyst layers were fabricated by simple solution-based 

methods.7,14 To control the amount of cerium incorporated into the co-catalyst layer, the 

concentration of the cerium nitrate hexahydrate salt in the precursor solution was varied 

from 12.5 mM to 100 mM. While the Ni(OH)2 deposited on hematite photoanode without 
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cerium incorporation showed a significant decrease in photocurrent, films with cerium 

incorporated maintained enhancements even at high potentials. Within the parameters 

tested, we have found the optimal concentration of the cerium to be 25 mM in a 50 mM 

nickel nitrate precursor solution, and the best sample (25 mM) showed an enhancement of 

52% at 0.2 V vs. Ag/AgCl compared to the bare hematite (Figure 1). For the photo-

/electrochemical tests and characterizations, films fabricated from 50 mM Ni(NO3)2 and 

25 mM Ce(NO3)3 precursor solutions with 5-minute deposition time were used.  

 

Figure 1. Photocurrent enhancements observed from depositing a co-catalyst overlayer on 

top of hematite photoanode with various cerium precursor concentrations. 

 

Figure 2 shows the nanostructured morphology of the fabricated hematite films. 

Crystallites formed on the surface of the FTO substrate were approximately 80-120 nm in 
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size with wormlike morphologies.7 The films coated with co-catalysts showed no apparent 

change in morphology, signifying that the co-catalyst deposition was either conformal 

and/or minuscule in the amount. The XRD patterns in Figure 3 show that the fabricated 

photoanode material is mainly composed of α-Fe2O3, with the dominant peak at 2θ = 35.6 

indexed for the (110) phase (PDF#01-072-0469). Other weak diffraction peaks that belong 

to (018), (214) and (119) phases were also assigned, but all the weak diffraction peaks 

overlapped with the diffraction patterns of the tin oxide substrate. Hematite films coated 

with Ni(OH)2 and NiCeOx showed no additional diffraction patterns other than that of the 

hematite and the tin oxide substrate, suggesting that the deposited Ni-based co-catalyst was 

too thin to be detected by the XRD or was amorphous.  

 

 

Figure 2. Scanning Electron Microscopy images of (a) bare hematite, (b) hematite 

decorated with Ni(OH)2, and (c) hematite decorated with NiCeOx. 
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Figure 3. XRD patterns of bare hematite (black line), hematite decorated with Ni(OH)2 

(red line), and Hematite decorated with NiCeOx (blue line). 

 

To further evaluate the morphological nature of the fabricated films, high resolution 

transmission electron microscopy (HRTEM) was utilized. The HRTEM image of the bare 

hematite photoanode, presented in Figure 4a, shows the crystalline particles for which the 

lattice fringes were measured to be 2.5 Å.26 In contrast, the images in Figure 4b show the 

presence of an additional amorphous particle on the hematite film. Energy dispersive 

spectroscopy (EDS) mapping confirmed that the overlayer is composed primarily of nickel 

and cerium with an approximate atomic ratio of 1:1 (Figure 5). The thickness of the 

overlayer was measured to be approximately 5~20 nm, with an even distribution of Ni and 

Ce on the hematite particle.   
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Figure 4. HRTEM image of (a) α-Fe2O3 sample with its dominant lattice fringes of (110) 

phase. (b) HRTEM image of α-Fe2O3/NiCeOx sample with a hematite 

particle and an amorphous overlayer. (c) STEM image of α-Fe2O3/NiCeOx 

sample and (d) its EDX elemental distribution within the marked region 

showing Fe (red), Ni (green), and Ce (blue). 

 

 

Figure 5. Energy dispersive spectrum (EDS) of a α-Fe2O3/NiCeOx sample showing 

approximately 1:1 atomic ratio in Ni:Ce composition.  
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The linear sweep voltammograms (LSVs) presented in Figure 6 show the 

photoelectrochemical performance of the fabricated films under 1 sun irradiation at a scan 

rate of 25 mV∙s-1. The onset potential of the hematite photoanode shifts to a more negative 

potential with the deposition of the Ni(OH)2 overlayer. However, the photocurrent 

degrades quickly to a lower value at around 1.1 V vs. RHE compared to that of the bare 

hematite. LSV tests under irradiation with different scan rates (Figure 7) showed that the 

photocurrents are largely dependent on the scan rates, with higher photocurrents observed 

for LSVs at faster scan rates. This indicates that the increase in photocurrents arises 

primarily from the photo-induced charging effect.28 When photo-generated holes migrate 

from the hematite layer to the co-catalyst layer, they are consumed to oxidize Ni2+ species 

on the surface to Ni3+ species. However, oxidation of Ni3+ to the OER active Ni4+ is a slow 

process, and Ni3+ species accumulate on the surface, causing capacitive current to arise. 

This is corroborated by the current density-time profile of the α-Fe2O3/Ni(OH)2 samples 

under simulated irradiation. As shown in Figure 8, the current density of the α-

Fe2O3/Ni(OH)2 samples rise sharply to values higher than that of bare hematite but decay 

rapidly to lower values in the first 50 seconds. Yat Li and coworkers have suggested that 

such behavior for Ni-Fe2O3 resembles the activity of a pseudo-capacitor and that the true 

catalytic activity of the Ni(OH)2 towards OER can only be realized by suppressing the 

photo-induced charging of the Ni3+ species.28  

On the other hand, the α-Fe2O3/NiCeOx sample showed almost no scan rate 

dependence, suggesting that the enhancement arises primarily from the increased OER 

activity of the overlayer as an electrocatalyst. The hematite photoanode decorated with the 

NiCeOx co-catalyst showed both a cathodic shift in onset potential and an increase in 

photocurrent at more positive potentials. Compared to the current-potential profile of the 

bare hematite, the hematite photoanode decorated with NiCeOx showed an enhancement 
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in photocurrent of approximately ~53% at 1.23 V vs. RHE and a more than 200 mV 

decrease in onset potential (Figure 6).  

 

Figure 6. Current density-potential profile of a bare hematite photoanode (black), a 

hematite photoanode decorated with Ni(OH)2 (blue), and a hematite 

photoanode decorated with cerium doped NiOx under 1 sun illumination. 

 

 

Figure 7. Current density-potential profile of (a) a bare hematite photoanode, (b) a 

hematite photoanode with NiOx co-catalyst, and (c) a hematite photoanode 

with NiCeOx co-catalyst at different scan rates under 1 sun illumination. 
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Figure 8. Current density-time profile of a bare hematite photoanode (black) and a 

hematite photoanode decorated with Ni(OH)2 overlayer at 1.23 V vs. RHE 

under 1 sun illumination. 

 

In a typical photoelectrochemical water splitting system, enhancements in 

photocurrent with the application of an overlayer could be brought about either by 

improved charge carrier dynamics21,32,33 or improved reaction kinetics.5,14,22,23 While the 

strict definition of catalysis refers to the latter case, many co-catalyst materials that enhance 

the PEC performance by improving charge carrier dynamics have been reported as 

well.26,32,34 Whether an overlayer material is catalytically active or is improving charge 

carrier dynamics can be verified by further electrochemical tests, although complications 

may arise if both processes are involved. To investigate on how the NiCeOx co-catalyst 
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layer improves the PEC performance, we have performed electrochemical impedance 

spectroscopy (EIS) to infer how the charge transfer resistances across the interface of a 

multilayer electrode have changed. 

Figure 9a shows the Nyquist plot of α-Fe2O3 and α-Fe2O3/NiCeOx performed at 0 

V vs. Ag/AgCl under irradiation. Two arcs obtained from the Nyquist plot were fit to an 

equivalent circuit commonly used for the hematite/co-catalyst system (Figure 9b).26,27,35,36 

We have assigned the solution resistance, Rs, to be in series with a parallel RC circuit that 

models the charge transfer resistance within the bulk of the hematite photoanode (Rbulk) 

with a constant phase element (CPEbulk) that considers the space charge region of α-Fe2O3 

and the charge transfer resistance of the surface states at the electrode/electrolyte interface 

(Rinterface) with a correction made through a constant phase element (CPEinterface). This 

model is especially beneficial because it displays the component-by-component change in 

the charge transfer resistances after the application of a co-catalyst. 

 

 

Figure 9. (a) Electrochemical Impedance Spectroscopy (EIS) Nyquist plots of the bare 

hematite photoanode (black squares) and the hematite photoanode decorated 

with NiCeOx (red circles) at 0 V vs. Ag/AgCl under illumination. (b) 

Equivalent circuit used to fit and interpret the EIS results and (c) the fitted 

result. 
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The fitted impedance spectra showed a near two-fold reduction in the charge 

transfer resistances both within the bulk of the hematite photoanode (171.9 Ω∙cm-2 → 93.3 

Ω∙cm-2) and at the electrode/electrolyte interface (862.4 Ω∙cm-2
 →475.9 Ω∙cm-2). This 

signifies that with the application of a NiCeOx co-catalyst layer, the photo-generated holes 

were more efficiently collected from the bulk to the space-charge region of α-Fe2O3 and 

that the relative rate of electron-hole recombination at the electrode/electrolyte interface 

has decreased. While the effect of the improved charge carrier dynamics was clear, it was 

difficult to conclude how the overlayer affected this improvement. This could be due to 

passivation of surface defects, formation of a p-n junction across the interface, increased 

donor concentration within the bulk of the material, or a combination of all these effects. 

Additionally, whether the decreased resistances arises solely from 1) the improved charge 

carrier dynamics or 2) effects from the improved water oxidation kinetics could not be 

determined from analyzing the fitted Nyquist plots alone. 

To further probe how the NiCeOx co-catalyst overlayer affects the charge carrier 

dynamics, we performed Mott-Schottky (M-S) analysis on both α-Fe2O3 and α-

Fe2O3/NiCeOx films in the dark. From the generated M-S plot (Figure 10), we could extract 

the donor concentration (ND) and the flat-band potential (VFB) of a semiconductor by fitting 

the Mott-Schottky equation to the linear region of the M-S plot. The Mott-Schottky 

equation is given by: 

  (
1

𝐶𝑠
2) =

2

𝐴2𝑞𝜀𝜀0𝑁𝐷
(𝑉 − 𝑉𝐹𝐵 −

𝑘𝐵𝑇

𝑞
)    (1) 

where A is the area of the electrode, Cs is the space charge capacitance, V is the 

applied potential, VFB is the flat-band potential of the semiconductor, kB is the Boltzmann 

constant (1.38 × 10-23 J K-1), T is the temperature (298 K), q is the electron charge (1.602 

× 10-19 C), ε0 is the permittivity under the vacuum (8.85 × 10-12 C2 J-1 m-1), and ε is the 

dielectric constant (80 for α-Fe2O3).
37 
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Figure 10. (a) Mott-Schottky plots for a bare hematite photoanode, a hematite photoanode 

decorated with NiCeOx co-catalyst, and a hematite photoanode decorated 

with NiOx co-catalyst. (b) Calculated flatband potentials (EFB) and donor 

concentrations (ND) based on the Mott-Schottky results. 

For some co-catalyst materials, the shift in flat-band potential results as a direct 

consequence of the mitigated potential drop across the Helmholtz layer.26,38 In this case, 

surface defects that act as the recombination centers are passivated by the overlayer, which 

correlate to both the improved charge carrier collection at the interface and the shift in 

onset potential for the PEC water oxidation activity. However, we could not observe any 

significant change in the flat-band potential after the application of the NiCeOx co-catalyst, 

which indicated that the NiCeOx layer does not passivate the defect sites at the surface of 

the hematite photoanode. We also did not observe any significant change in the donor 

concentration which showed that the intrinsic properties of the hematite photoanode were 

unchanged by with the application of the NiCeOx co-catalyst.  

On the other hand, we observed an abrupt shift in slope of the M-S plot for the α-

Fe2O3/NiCeOx sample near 1.3 V vs. RHE, which indicates the formation of a p-n 

junction.27 This explains how the charge transfer resistance within the bulk of the hematite 

photoanode (Rbulk) has been diminished. The formation of a p-n junction induces a strong 
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intrinsic electric field within the space charge region and thus a higher hole accumulation 

at the surface of a photoanode. The improved charge carrier collection at the space charge 

region could lead to an improved PEC water oxidation activity simply due to the higher 

number of holes available on the surface for water oxidation. However, we have observed 

the same effect in Fe2O3/Ni(OH)2 as well, which suggests that there is more than just 

improved charge carrier dynamics involved in the enhancement of the PEC activity.  

We infer that Ce may be electronically affecting the Ni species, thus promoting its 

catalytic capability towards OER. To understand the redox process of the Ce/Ni species, 

we have performed cyclic voltammetry on α-Fe2O3/Ni(OH)2 and α-Fe2O3/NiCeOx samples 

without the simulated solar irradiation. Interestingly, the two samples exhibited opposite 

behavior to what has been observed under simulated illumination. As shown in Figure 12, 

α-Fe2O3/Ni(OH)2 showed an oxidation wave near 0.4 V vs. Ag/AgCl that corresponds to 

the Ni2+/3+ oxidation and an increase in current density afterwards, which is typical of 

Ni(OH)2 electrocatalysts.39,40 On the other hand, the sample that had cerium incorporated 

into the co-catalyst layer showed an anodic shift in the oxidation wave as well as a slower 

increase in the catalytic current density. This is in agreement with what has been observed 

for Ce:NiOx in electrocatalytic OER with no simulated irradiation.41 Jaramillo and 

coworkers showed that a gold support may be necessary to realize the electronic 

interactions of cerium doped into the NiOx layer. They outlined that the outstanding 

performance of Au/Ce:NiOx electrocatalysts may be due to the modification of the local 

electronic environment, which results in favorable binding energies for the OER. In the 

case of our study, the effect of the gold support seems to have been brought about by the 

photo-generated holes, which activates the NiCeOx catalysts on hematite towards the OER. 
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Figure 11. Cyclic voltammogram of a hematite electrode decorated with Ni(OH)2 (blue 

line) and a hematite electrode decorated with NiCeOx (red line) with no 

simulated irradiation at a scan rate of 25 mV/s. 

To further characterize the oxidation states of the Ce/Ni complexes, we have 

measured the core level X-ray Photoelectron Spectroscopy (XPS) of α-Fe2O3/Ni(OH)2 and 

α-Fe2O3/NiCeOx films before and after photoelectrochemical (PEC) tests. As shown in 

Figure 12, XPS spectrum collected in the Ni 2p region showed that the α-Fe2O3/Ni(OH)2 

is composed mainly of Ni2+ species with the binding energies at 855.6 eV for 2p3/2 and 

873.2 eV for 2p1/2, which were consistent with the values reported for Ni2+.42,43 Originally, 

we hypothesized that the incorporation of Ce facilitates the oxidation of Ni2+ to Ni4+, which 

has been reported to be the active species for the OER.28 Therefore, we expected to see an 

increase in binding energies of Ni as is oxidized from Ni2+ to Ni3+, then further to Ni4+.   
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Figure 12. XPS spectra at Ni 2p3/2 region for the Fe2O3/Ni(OH)2 with no PEC test, 

Fe2O3/NiCeOx with no PEC test, and Fe2O3/NiCeOx after 600 seconds of 

PEC testing. 

As expected, incorporation of Ce into the Ni-based co-catalyst resulted in a sizeable 

increase in the binding energies of Ni. α-Fe2O3/NiCeOx before PEC tests showed the 2p3/2 

peak at 856.1 eV, which is a 0.5 eV shift compared to that of α-Fe2O3/Ni(OH)2, indicating 

that cerium may have chemically oxidized Ni2+ to Ni3+ upon incorporation. From the 

standard reduction potentials, this seems likely since the reduction potential of Ce4+/3+ (E⁰ 

= 1.61 V) is much larger than that of Ni3+/2+ (E⁰ = 0.49 V).44 On the other hand, the α-

Fe2O3/NiCeOx sample after PEC testing showed an unexpected result with a metallic shift 

in binding energies. The XPS spectrum of the α-Fe2O3/NiCeOx sample after 600 seconds 

of photoelectrochemical testing at 1.3 V vs. RHE exhibited the main peak at 854.8 eV for 

Ni 2p3/2, which suggests that the Ni species were reduced upon illumination. However, the 

reported values for the metallic Ni (852.8 eV) does not match the measured value and the 

binding energies for Ni+ could not be verified. Based on these observations, we have 

hypothesized that the surface lattice oxygen may be involved in the OER process and that 

the shift towards lower binding energies of the Ni arises from the oxygen deficient surface 
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Ni species.45 Formation of the Ni4+ species upon illumination could not be verified with 

the XPS. 

 

Figure 13. XPS spectra at Ni 2p3/2 region for the Fe2O3/Ni(OH)2 after 600 seconds PEC 

test compared to untested counterpart. 

The formation of the oxygen vacancies in oxygen-involving catalytic processes for 

a metal oxide catalyst is very common in classical catalytic systems46,47 (the Mars-Van 

Kravelen Mechanism) and has also been observed in many other analogous electrocatalytic 

systems.48–50 In the electrocatalytic OER process, the mechanism at which the oxygen 

evolution occurs is proposed to follow the process shown below in equation (2).30,31,51 

 𝐌 
(1)
→  𝐌ㅡ𝐎𝐇  

(2)
→  𝐌ㅡ𝐎  

(3)
→  𝐌ㅡ𝐎𝐎𝐇 

(4)
→  𝐌ㅡ𝐎𝐎 

(5)
→  𝐌 + 𝑶𝟐  (2) 

If the formation of the oxygen vacancies is not independent of the increase in the 

OER catalytic activity, this suggests that OH- in the electrolyte may be binding to the M-

O*-M of the metal oxide (hydroxide) catalyst directly, thus lowering the activation energy 

required to reach step (2) of the mechanism shown in equation (2). Electron interactions in 

this process may even alter the activation energy to reach step (3), which is the rate 

determining step in the electrocatalytic oxygen evolution reaction. Therefore, when the M-
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O*-OHad intermediate deprotonates and O2 is produced, the active site is left with only M, 

leaving an oxygen vacancy in the lattice. Photo-oxidation of Ce3+ back to Ce4+ must also 

play a role in this process, since the enhancement could not be observed in the absence of 

the simulated irradiation.  

Stability of the NiCeOx co-catalyst was tested by measuring the photocurrent 

density-time (j-t) curves at 1.3 V vs. RHE under illumination as shown in Figure 14. The 

fabricated film was found to be moderately stable, maintaining approximately 95% of its 

initial photocurrent density for 1 hour of operation. This means that the mechanical 

integrity of the overlayer is not significantly affected by the catalytic cycles even though 

the XPS analysis exhibits that there is some variation within the co-catalyst structure 

(formation of the oxygen vacancies), which further suggests that the surface lattice oxygen 

is consumed and restored back in the catalytic water oxidation cycle.  

 

Figure 14. Current density-time profile of the hematite photoanode decorated with 

NiCeOx co-catalyst at 1.3 V vs. RHE under illumination for 3600 seconds of 

operation. 
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CONCLUSIONS 

In summary, we have demonstrated that Ce incorporated into a Ni-based co-catalyst 

is capable of activating the OER catalytic properties of Ni(OH)2 derivatives under 

simulated illumination. Electrochemical impedance spectroscopy and Mott-Schottky 

analysis revealed that the charge transfer resistance within the charge space region of the 

hematite photoanode and the Ni-based co-catalyst is reduced via the formation of a p-n 

junction. However, the photocurrent density of the α-Fe2O3/Ni(OH)2 showed a large 

capacitive current, which suggests that the Ni(OH)2 is incapable of effectively catalyzing 

the photoelectrochemical oxygen evolution reaction even though the charge carrier 

dynamics within the bulk of the hematite have been enhanced. On the other hand, α-

Fe2O3/NiCeOx showed both a large shift in onset potential and an increase in photocurrent 

at various applied potentials, indicating that the NiCeOx is photocatalytically active for the 

OER. Core-level XPS revealed that such enhancement occurs via the oxidation of Ni from 

Ni2+ to Ni3+ with the incorporation of Ce and the formation of oxygen vacancies after 

cycling through the photoelectrochemical oxygen evolution reaction. This perhaps 

indicates that the surface lattice oxygen of the NiCeOx is consumed and restored in the 

catalytic cycle. The catalytic performance of the α-Fe2O3/NiCeOx may be optimized further 

by addition of a material that passivates the surface recombination centers prevalent in the 

hematite photoanode.  
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