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Abstract  

Photoanodes for photoelectrochemical water splitting require the use of a large applied potential to 

sustain high photocurrent. This has been conventionally addressed by depositing electrocatalysts on 

semiconductors to boost the kinetics of water oxidation. Herein, it is shown that the advance in the 

onset potential (VON) of hematite (-Fe2O3) is regulated not by the activity of the overlayer, but rather 

by how it modifies the surface properties of the electrode. NiOx catalysts induce different and opposite 

effects on the J-V curve of -Fe2O3  when deposited with different methodologies. Electrodeposited 

NiOx produces only an increase of photocurrent at high bias, while photodeposited NiOx induces also 

a 200 mV cathodic shift of VON, which reaches 0.58 V. Cathodoluminescence spectroscopy and open 

circuit potential decay reveal that only through photodeposition a complete passivation of surface 

defects is achieved. This produces a decrease of electron-hole recombination and a substantial shift 

of the quasi-Fermi level in light. At the same time, the Fermi level in dark reaches a new energetic 

level. Electrochemical impedance spectroscopy on NiOx photodeposited shows a 4 times reduction 

of charge transfer resistance accounting for the low VON. This study shows that surface energetics and 

kinetics of photoanodes are tightly connected. Only though a complete control of the former it is 

possible to achieve new performing interfaces for low-bias water splitting. 

 

1. Introduction 

Hematite (α-Fe2O3) is one of the most promising anode materials for photoelectrochemical (PEC) 

water splitting due to its energy gap (2.1 eV), excellent chemical stability, and earth abundance.[1–3] 

However, the performance of α-Fe2O3 has been limited by the low electron mobility (10−2 cm2 V−1 

s−1) and the short hole diffusion length (5 nm),[4] which decrease the charge separation efficiency. 

Doping with M4+ elements (e.g., Si, Ti, Sn) and growth of nanostructures such as cauliflowers,[1] 

nanowires,[5–7] nanorods,[4] nanotubes,[8] and hierarchical platelets[9] have been used to overcome 

these restrictions by increasing carrier densities, interfacial area and decreasing the distances that 
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minority carriers have to travel to reach the electrode/electrolyte interface.[4,10,11] Despite this 

amelioration, most of α-Fe2O3 photoelectrodes show an onset potential (VON) of 1.0 V vs. RHE ( 

reversible hydrogen electrode). The recalcitrant electron-hole recombination is dependent on 

interface phenomenas and hinders the generation of significant photocurrent at low bias, a crucial 

point when considering a tandem cell approach.[12,13] 

It is possible to distinguish two main interfaces in α-Fe2O3 electrodes for PEC water splitting: (i) 

the FTO/α-Fe2O3 interface, and (ii) the α-Fe2O3/electrolyte interface. It has been shown that 

depositing an underlayer of SiOx,
[14] Nb2O5, or Ga2O3

[11,15] suppresses the back electron injection into 

the electrolyte from uncovered FTO, inducing up to a 100-150 mV VON advancement. Otherwise, the 

electrode/electrolyte interface has been typically modified with the deposition of an electrocatalyst 

such as Co-Pi,[16,17] FeOOH,[18] NiOOH,[19] and IrO2
[9,20] as well as inactive overlayers such as Al2O3, 

Ga2O3 and In2O3 to achieve the shifting of VON to more negative potentials.[10,11,21] This improvement 

in VON is a key aspect to enable unassisted water splitting using tandem configurations[12] and 

therefore it is crucial to understand its nature. The role of overlayers for α-Fe2O3 photoanodes has 

been extensively debated[3,10,22–24] and it was recently suggested that the observed VON cathodic shift 

is related to surface state passivation rather than to surface catalysis.[10,12,24] However, the 

understanding on the definitive role of overlayers in changing α-Fe2O3 surface properties and PEC 

performance in terms of VON remain elusive. 

Herein we use one of the most efficient electrocatalysts for oxygen evolution, i.e. NiOx,
[18,19,25–

28] as overlayer on α-Fe2O3 to show why its surface modification produces a cathodic shift in VON of 

PEC water splitting. Through electrodeposition and photodeposition we cover the α-Fe2O3 surface 

with few atomic layers of amorphous NiOx. Although the chemical composition of both deposits is 

similar, the two NiOx overlayers have profoundly different effect on the photocurrent vs. potential 

curve of our photoanodes. NiOx electrodeposited shows the same VON of bare α-Fe2O3 and an 

increased photocurrent density only at E > 0.8 VRHE. On the other hand, NiOx photodeposited is able 

to advance VON of about 200 mV. Only this treatment decreases the electron-hole recombination due 
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to bandgap excitation through a complete passivation of surface defects as seen by 

cathodoluminescence spectroscopy. This shifts the quasi-Fermi in light of 110 mV to more positive 

energy (0.5 VRHE), a value close to the flat band potential (0.48 VRHE). The change in surface 

energetics in α-Fe2O3/NiOx photodeposited is responsible for the creation of a novel interface that 

exchanges charges with water four times faster than α-Fe2O3 and α-Fe2O3/NiOx electrodeposited. 

These results highlight how surface energetics regulates the kinetics and PEC performance of low-

bias α-Fe2O3 photoanodes for solar water splitting. 

2. Results and Discussions 

Figure 1 shows the cyclic voltammetry (CV) in light of bare α-Fe2O3 and the best NiOx 

electro- and photodeposited coated α-Fe2O3 photoanodes. Both deposition treatments produce an 

enhancement of water oxidation efficiency. α-Fe2O3/NiOx electrodeposited shows high increase of 

the J curve slope between 0.8 V < E < 1 V (all potentials are referred vs. RHE) and a general increase 

of the photocurrent with respect to α-Fe2O3 at E > 0.8 V. This behaviour, perhaps more similar to the 

effect produced by the nanostructuring of the semiconductor, differs from the reduction of the 

overpotential expected after the application of a catalyst, which should primarily generate an 

advancement of the onset potential (VON).[20] Differently, the NiOx photodeposition method induces 

both an increase of photocurrent (more than 40% at 1.23 V vs. RHE) and a cathodic shift of VON. VON 

of α-Fe2O3/NiOx photodeposited is 0.58-0.6 V, 200 mV more cathodic than bare α-Fe2O3 (VON = 0.8 

V)[22] and α-Fe2O3/NiOx electrodeposited electrodes.  

To further confirm this trend, we report in Figure S2 and S3 the J-V curves for α-Fe2O3/NiOx 

electro- and photodeposited obtained at different deposition time, respectively. It is evident that the 

electrodeposition produces only a gradual photocurrent increase at increasing the deposition time, 

while for NiOx photodeposition we observe a monotonic advance of the VON and a higher plateau 

photocurrent too. 
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 In principle, NiOx deposits generated through either electrodeposition or photodeposition are 

similar in composition and nature, as for that a similar electrocatalytic activity is expected. Therefore, 

the reasons underlying the different J-V curve for α-Fe2O3/NiOx electrodeposited and α-Fe2O3/NiOx 

photodeposited might be due different NiOx morphology and/or on the different junctions formed at 

the α-Fe2O3 surface and how their properties influence water oxidation. 

 In order to fully unravel the reasons that produce the cathodic shift of onset potential when an 

overlayer (i.e., NiOx) is applied to a semiconductor (i.e., α-Fe2O3), we conduct a deep morphological, 

structural, physicochemical, and electrochemical characterization of the α-Fe2O3, α-Fe2O3/NiOx 

electrodeposited, and α-Fe2O3/NiOx photodeposited photoanodes. 

 

Figure 1. PEC activity of bare -Fe2O3 (black line), -Fe2O3/NiOx electrodeposited for 1800 s (red line), and -

Fe2O3/NiOx photodeposited for 600 s electrodes (blue line). 

SEM and TEM analysis (Figure 2) reveal the coral-like structure of our α-Fe2O3 films, which 

are based on interconnected crystalline globular grains of 75-100 nm in width. From XRD pattern 

(Figure S1 in the Supporting Information) the (110) and the (300) reflections belonging to α-Fe2O3 

(R3̅c H setting) are clearly visible. The complete extinction of (hkl) peaks with l ≠ 0 indicates a strong 

orientation of (001) crystallographic planes orthogonally to the FTO surface.[9,19] 

Figures 2a and 2b show SEM top view images of the superficial morphology of α-Fe2O3 after 

sintering. From the cross sectional view of the electrode (Figure 2c) it is possible to distinguish the 

different layers forming the scaffold of our photoanodes: α-Fe2O3 (~250 nm), FTO and glass.  
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TEM images highlight that either through electrodeposition (Figure 2d and 2e) or 

photodeposition (Figure 2f and 2g) we cover α-Fe2O3 photoanodes with an amorphous thin layer of 

NiOx. High resolution TEM highlights 2 nm (Figure 2e) and 1 nm (Figure 2g) thick NiOx layers 

obtained by using electrodeposition and photodeposition, respectively. 

In order to better characterize the thickness and distribution of NiOx we use Electron 

Spectroscopic Imaging (ESI) analysis. ESI maps show the co-presence of Fe and Ni in both the α-

Fe2O3/NiOx electrodes. Fe distribution is homogeneous for both samples, while the elemental Ni 

distribution varies when considering electrodeposited (Figure 2h) and photodeposited NiOx (Figure 

2i). Strikingly, comparing the ESI maps of Ni at higher magnification we observe a much more 

homogeneous and smoother layer/signal for the photodeposited NiOx (Figure 2m) with respect to the 

electrodeposited one (Figures 2l), that results more uneven. The latter presents areas where the Ni 

result more concentrated, reaching 6-7 nm thickness. The photodeposited NiOx thickness is more 

regular and about 1 nm. NiOx layer appears to preferentially accumulate onto the grain surface as 

enhanced Ni signals on the grains border are detected (especially for NiOx electrodeposited, see 

Figure 2l).  

The chemical composition of the NiOx deposited on the α-Fe2O3 surface by using electro- and 

photodeposition can play an important role in finding correlations with PEC activity. Figure 3a 

reports the CV measurements in the dark of bare α-Fe2O3 (black line), α-Fe2O3/NiOx electrodeposited 

(red line), and α-Fe2O3/NiOx photodeposited (blue line) electrodes. α-Fe2O3/NiOx electrodeposited 

show only one peak at lower potential (1.25 V) that represents the oxidation from Ni2+ to Ni3+ for the 

Ni hydroxide ( phase) to Ni-oxyhydroxide ( phase) transition.[27,29] the case of photodeposited 

NiOx, the layer has a mixed composition of −NiOx, with the -phase being the prevailing one 

(Figure 3a).  
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Figure 2. a,b) Top view and c) Cross-sectional SEM images of hematite electrode: α-Fe2O3, FTO and glass are highlighted 

by using different colours. d-g) TEM images at different magnification of -Fe2O3/NiOx electrodeposited (d,e) and -

Fe2O3/NiOx photodeposited (f,g). The TEM micrographs highlight the thickness and morphology of NiOx overlayer. h-

m) elemental distribution ESI map (Fe and Ni) of -Fe2O3/NiOx electrodeposited (h,l) and -Fe2O3/NiOx photodeposited 

(i,m) electrodes. 

XPS survey spectra for both -Fe2O3/NiOx electrodeposited and photodeposited show Fe and 

Ni signals along with those from elements that constitute the FTO substrate (Figure 3a and S4). -

Fe2O3/NiOx electrodeposited contains the 3 at.% of Ni, while the NiOx photodeposited a 0.6 at.% of 
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Ni. This confirms that with electrodeposition a higher amount of NiOx covers the top of the -Fe2O3 

surface. The Fe 2p XPS spectra (Figure 3b) presented the typical shape of -Fe2O3 samples.[6] We 

perform high-resolution scan on the Ni binding energy (BE) region to investigate the species forming 

the electrodeposited NiOx layer (Figure 3c). Ni 2p spectrum shows a complex structure with intense 

shake-up peaks (satellite) at higher BE (861.9 and 879.2 eV) adjacent to the main peaks, i.e. 2p3/2 

855.4 and 2p1/2 872.9 eV. The Ni 2p3/2 can be deconvoluted into two peaks located at 855.3 and 857.8 

eV, which are consistent with the presence of Ni2+ and Ni3+ (Ni3+/Ni2+ ~ 0.4), respectively.[30] The 

low atomic % of Ni at the surface of the  photodeposited sample hinders the chance to perform Ni 

high resolution analysis. Nevertheless, we are confident that through -Fe2O3 bandgap excitation we 

generate holes with enough energy to oxidize Ni2+ to Ni3+.[16] Analysis of the oxygen peaks of bare 

-Fe2O3, -Fe2O3/NiOx electrodeposited and photodeposited (Figure 3c,d,e respectively) show the 

presence of three components, attributed to lattice oxygen (𝑂𝑙𝑎𝑡𝑡𝑖𝑐𝑒), surface OH (𝑂𝑂𝐻) species, and 

surface adsorbed water (𝑂𝐻2𝑂) molecules.[31] Table S1 reports the BE of oxygen species and relative 

atomic % ratio for all samples investigated. The 𝑂𝑂𝐻 / 𝑂𝑙𝑎𝑡𝑡𝑖𝑐𝑒 ratio increased when considering the 

-Fe2O3/NiOx samples with respect to bare -Fe2O3. In addition, it is interesting to note that 𝑂𝐻2𝑂 / 

𝑂𝑙𝑎𝑡𝑡𝑖𝑐𝑒 ratio is only slightly increased passing from -Fe2O3 to -Fe2O3/NiOx electrodeposited. The 

electrodeposited NiOx do not cover homogeneously (see TEM images, Figure 2) the -Fe2O3 surface 

and the XPS signal is therefore averaged between the two contributions. Otherwise, 𝑂𝐻2𝑂 / 𝑂𝑙𝑎𝑡𝑡𝑖𝑐𝑒 

decreases by 30 % when the NiOx is photodeposited since the  phaseis the dehydrated NiOx phase 

and mainly forms the overlayer. As reported by Bode et al,[29] the different configurations imply 

different atomic packing, in particular  structure results more open and then more permeable to 

the water and to the ions, while  configuration is more compact. 

The different composition of NiOx overlayers can be understood considering the different 

experimental conditions of electrodeposition and photodeposition. By working at fixed potential 

during the electrodeposition, we control the NiOx layer composition that is a mixture of / NiOx 
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phase with a Ni3+/Ni2+ ratio of ~0.4. Moreover, the application of a constant potential induces a higher 

amount (and proportional to deposition time) of deposited NiOx because a constant current flow is 

maintained trough the electrochemical cell. 

 

Figure 3. a) Cyclic voltammetry in dark of bare -Fe2O3, -Fe2O3/NiOx electrodeposited (red line) and -Fe2O3/NiOx 

photodeposited (blue line). b) XPS survey spectrum of -Fe2O3/NiOx electrodeposited. c,d) High resolution XPS scan of 

Fe 2p and Ni 2p regions for the -Fe2O3/NiOx electrodeposited photoanode. e-g) High resolution XPS scan of O 1s region 

of pure -Fe2O3 (e), -Fe2O3/NiOx electrodeposited (f) and -Fe2O3/NiOx photodeposited (g).  

Conversely, the photodeposition produce a mixture of / (a minor fraction) and  phase layer 

having Ni both in 2+ and 3+ oxidation states.[27,28] By working in light under open circuit conditions, 

the net current flow is zero and this produces an ultrathin film of about 1 nm thickness (similar for all 
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deposition times), which would corresponds roughly to three stacked atomic layers of −NiOOH. In 

this case all the surface sites are activated by the solar irradiation and this enable the growth of a 

homogeneous and smooth NiOx overlayer. 

 NiOx composition has been reported to be important for electrochemical water oxidations 

activity where the −NiOOH was reported to be more active than the −NiOOH.[26,29] Since both 

the phases of NiOOH are good electrocatalysts we would expect to see for both an advance in VON. 

As a matter of fact, we observe only this behaviour for -Fe2O3/NiOx photodeposited systems. This 

bring us to hypothesize that when an electrocatalyst, i.e. NiOx, is coupled to -Fe2O3, VON mostly 

depends on the semiconductor properties and on how these are altered by the surface modification, 

rather than the electrocatalytic activity of the overlayer itself.[10,21,24,32] 

The onset potential of the NiOx-coated α-Fe2O3 electrodes may be regulated by different 

processes such as effective charge transfer across the α-Fe2O3 / NiOx / water interfaces, quenching of 

internal recombination and passivation of surface defects.  

We analyze both the physicochemical and electrochemical properties of -Fe2O3/NiOx 

photoanodes to find a plausible explanation of the onset potential shift seen for NiOx photodeposited 

sample with respect to bare -Fe2O3 and the NiOx electrodeposited one. 

To gain direct insights on how the NiOx deposition affects charge recombination within -

Fe2O3, we carried out cathodoluminescence (CL) spectroscopic measurements.  

The CL spectrum of pristine -Fe2O3 (Figure 4, black line) shows a complex emission due to 

four main different components set at 3.17 eV, 2.76 eV, 2.45 eV and 2.18 eV (see deconvolution in 

Figure S5).[33] The emission at 2.18 eV and 2.45 are mainly related to the double exciton process.[34] 

Light emissions at energies higher than the optical bandgap were previously reported in -Fe2O3 

spindle-shaped nanoparticles[35] and one-dimensional -Fe2O3 nanostructures.[33] The light emission 

bands centred at about 3.17 eV, and 2.76 eV are not attributed to quantum confinement effects but 

rather to ligand to metal charge transfer (LMCT) transitions.[35] 
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Figure 4. Cathodoluminescence (CL) spectra of -Fe2O3 (black curve), -Fe2O3/NiOx electrodeposited (red curve), and 

-Fe2O3/NiOx photodeposited (blue curve). 

After NiOx deposition, either via electrodeposition (red line) or photodeposition (blue line), 

we observe a complete quenching of the CL signal due to electron-hole recombination corresponding 

to LMCT transitions. For the best of our knowledge, this quenching was not previously reported for 

-Fe2O3. A similar effect was reported in the case of europium doped yttrium oxide nanoparticles 

passivated with acetylacetonate.[36] In that case the LMCT transition was related to the charge transfer 

from oxygen vacancies to europium dopant. Various studies on nanocrystalline -Fe2O3 particles 

have confirmed that photoluminescence relative to direct hole-electron recombination is highly 

dependent on surface quality and, especially, on surface trap density.35, 36 Therefore we can 

hypothesize that the 3.17 eV and the 2.76 eV emissions can be related to the LMCT transition from 

hematite surface defects, as oxygen vacancies, to iron atoms.  

The inhibition of recombination due to LMCT transitions after NiOx deposition (i.e., due to 

oxygen vacancies passivation by hydroxyl-groups in NiOx) might be correlated to higher photocurrent 

density seen for both -Fe2O3/NiOx electrodeposited and photodeposited. Nevertheless, the discussed 

quenching cannot be responsible for the shift of onset potentials observed for the different electrodes.  

Importantly, -Fe2O3 optical bandgap emission intensity (i.e., component at 2.19 eV) 

decreases only in the case of NiOx deposited with the photo-assisted process (Figure 4). This suggests 
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a direct correlation between electron-hole recombination due to bandgap excitation and the onset 

potential of our photoanodes. Only the photodeposition of NiOx produces an effective quenching of 

charge recombination thus inducing a cathodic shift of VON for -Fe2O3/NiOx photodeposited. 

 The behaviour of photoanodes can be modelled in terms of Schottky diode junction formed at 

the electrode/electrolyte interface.[24,37] The anodic photocurrent is controlled by the quality of the 

junction and the charge transfer across the solid/liquid interface, as described in equation (1) and (2): 

𝑃S

𝑃S
0 = exp (−

𝑞Φ

𝑘𝑇
) = exp [−

𝑞 (E+𝑉ph−𝑉CB)

𝑘𝑇
]     (1) 

 𝑖p = 𝑖p
0  {

𝑃S

𝑃S
0  exp (

𝑞𝛼𝑝𝜂

𝑘𝑇
) − exp [−

𝑞 (1− 𝛼𝑝) 𝜂 

𝑘𝑇
]}    (2) 

Where, Ps is the surface hole concentration, Ps
0 is the equilibrium surface hole concentration, q is the 

charge of electrons, Φ is the magnitude of the band bending as defined by the difference between the 

combination of applied potential (E) and photovoltage (Vph, defined as the difference in the Fermi 

levels between dark and light) and the conduction band edge (VCB), αp is the hole transfer coefficient; 

η is the overpotential, which is the difference between the quasi-Fermi level of holes and the 

electrochemical potential of the solution, k is the Boltzmann constant, T is temperature, ip
0 is the 

current in the dark, and ip is the photocurrent in light.[24] 

  Both equations relate on the number of holes that reach the electrode/electrolyte interface and 

each of them can alter the J-V curve. Nonetheless, eq. (1) describes the dependence of surface holes 

concentration on purely energetic terms, whereas eq. (2) reports its dependence on the charge-transfer 

kinetics and thus overpotential needed to drive the water oxidation reaction. 

 In order to understand the underlying mechanism that induces the cathodic shift of VON only 

in -Fe2O3/NiOx photodeposited, we study separately the energetics and the kinetics of our 

photoanodes. 

 The energetics of photoanodes (eq. (1)) depends on band bending, and in turn on photovoltage. 

Surface states produce Fermi level pinning, which implies that the Fermi level and the band edge 
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positions at the surface appear to be fixed. As a result, the degree of surface band bending would not 

change when the applied potential is increased. Fermi level pinning has been shown to be an important 

reason for late VON.[24,38] We also expect that the presence of surface defects may move the Fermi 

level towards the energy positive direction.[24] 

  In order to gather information specific to surface energetics before and after NiOx deposition, 

we probe the quasi-Fermi level of the semiconductor in light and dark conditions through open circuit 

voltage (VOC) decay measurements. Because the measurements are conducted under zero steady-state 

current, influences by surface charge-transfer kinetic factors are excluded.[12,24] 

Figure 5a shows three cycles (light on/light off) of VOC analysis until a good stabilization of 

the photoanodes is obtained. Bare α-Fe2O3 (black line) presents a stable VOC in light of ~0.61 V. If 

we consider dark conditions the energy level moves towards more positive values that, after each 

cycle, tend to 0.85 V. The plot of the α-Fe2O3/NiOx electrodeposited electrode (red line) shows a 

quasi-Fermi level in light of 0.57 V. When the light is switched off, initially the VOC falls at 0.88 V 

and subsequently rise up slowly, asymptotically approaching 0.85 V, i.e. the same VOC of bare α-

Fe2O3. Differently, the VOC in light of α-Fe2O3/NiOx photodeposited (blue line) is 0.5 V, the less 

positive value among our photoanodes. As the light is switched off the potential quickly falls down 

to 0.85 V and later grows up towards 0.75 V.  

VOC decay analysis gives also useful information about the recombination rate into PEC 

system: the faster the voltage decay observed, the higher is the recombination.  

If the VOC plots are reported in log scale (Figure 5b), it is possible to appreciate the different 

recombination mechanisms. The first part of decay is ascribable to internal recombination: a part of 

the exited electrons fall down to valence band and others move toward the intraband trapping sites. 

Both processes are really fast.[32,39] Subsequently, the slow potential decrease means that the charges 

locked into the trapping sites are released into the electrolyte. This decay is slower because diffusive 

processes control recombination events. In the case of the bare α-Fe2O3 these two processes are very 

well defined: from 0.61 V to 0.66 V the decay is very fast, after that the decay proceed slower. For 
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the α-Fe2O3/NiOx electrodeposited photoanode, the net change of behaviour disappears and this 

means that the decay process follows another way: not all the electrons of α-Fe2O3 are locked into 

trap sites, but a part of them starts to move toward the electrolyte through the NiOx overlayer. This 

implies a sort of continuity in the decay line. Moreover, it determines a faster decay process and the 

reaching of lower potential values. Anyway, after 400 s the potential of the electrode starts to increase 

again, stabilizing at about the same values observed for α-Fe2O3 (0.85 V). This means that α-Fe2O3 

always controls the energetic levels between the electrode and the electrolyte since NiOx 

electrodeposition produces a discontinuous film (see Figure 2) and part of the α-Fe2O3 surface (and 

thus of surface defects) remains in contact with the electrolyte. In the case of the α-Fe2O3/NiOx 

photodeposited, the decay is similar to the electrodeposited one, but the Fermi level in dark reaches 

a new energetic equilibrium (0.75 V). The homogeneous and compact film of NiOx photodeposited 

prevents the contact between α-Fe2O3 and the electrolyte thus producing a new superficial energetic 

level characteristic of the ensemble α-Fe2O3-NiOx.  

Figure 5c summarizes the VOC values found in light and dark condition for all the photoanodes 

analyzed. The quasi-Fermi levels measured in light conditions highlight a progressive shift toward 

less positive VOC in the order α-Fe2O3 > α-Fe2O3/NiOx electrodeposited > α-Fe2O3/NiOx 

photodeposited. The electrodeposition of NiOx produces a VOC (light) shift of 40 mV, while the NiOx 

photodeposition process is able to decrease the VOC of bare α-Fe2O3 of 110 mV determining a VOC = 

0.5 V. The reason behind the drastic difference in VOC observed for our photoanodes stands in the 

mechanism of NiOx deposition.  
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Figure 5. a) VOC decay plot and b) VOC decay log plot of bare -Fe2O3, -Fe2O3/NiOx electrodeposited, and -

Fe2O3/NiOx photodeposited. c) Summary of VOC values of the hematite electrodes before and after NiOx deposition in 

light and dark conditions. The arrows indicate the values to which the electrodes are stabilized. Different deposition 

techniques bring the VOC in light to approach at -Fe2O3 flat band potential thanks to the passivation of superficial defects. 

Also, a new energetic level in the VOC in light is established for -Fe2O3/NiOx photodeposited. d) Plot of charge transfer 

resistance (Rct) and e) surface state capacitances (Css) at electrode/electrolyte interface versus potential. f-h) Bode plots 

of bare -Fe2O3, -Fe2O3/NiOx electrodeposited and -Fe2O3/NiOx photodeposited electrodes at 0.7 V (f), 1 V (g) and 

1.3 V (h). In all plots colour legend corresponds to bare -Fe2O3 (black line), -Fe2O3/NiOx electrodeposited (red line), 

and -Fe2O3/NiOx photodeposited (blue line) electrodes. 

Electrodeposition is based on the migration of ions in the electrolyte (i.e., OH- and Ni2+) and 

the quality of the deposit depends on α-Fe2O3 roughness at the surface. An intricate network of grains 
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with dimension on the order of 75-100 nm forms our α-Fe2O3. Therefore, during NiOx deposition will 

exist area of the electrode that would experience different resistance and current flow at the nanoscale. 

The direct outcome is the creation of a discontinuous NiOx layer that produces only a partial (and 

random) passivation of surface defects resulting in a modest VOC in light shift (40 mV, see Figure 5c) 

and in the same Fermi level in dark as for α-Fe2O3. 

Differently, during NiOx photodeposition at open circuit voltage α-Fe2O3 surface defects 

preferentially trap photogenerated charges[40] that subsequently oxidize Ni2+ to Ni3+ and favour the 

nucleation of NiOx overlayer. The NiOx growth is homogeneous and conformal to the α-Fe2O3 

scaffold because not only the defects but also all Fe-O atomic sites at the surface are activated. This 

straightforward deposition method allows the complete passivation of surface defects and produces a 

photoanode with VOC approaching the flat band potential limit (0.48 V, see Figure 5c).[12] 

We have shown how surface defects regulate the Fermi level in light and in dark conditions. 

With NiOx photodeposition we modify the majority of these defective sites and thus it is expected 

that Fermi level pinning would not affect anymore the band bending. This argument might justify the 

cathodic shift of VON observed for α-Fe2O3/NiOx photodeposited with respect to α-Fe2O3 and α-

Fe2O3/NiOx electrodeposited. However, if the VON shift would be regulated only by surface 

energetics, the photovoltage change (Vph = VOC light – VOC dark) among the photoanodes would 

correspond to the VON shift.[12,24] Importantly, Vph is similar for α-Fe2O3, α-Fe2O3/NiOx 

electrodeposited, and α-Fe2O3/NiOx photodeposited and calculated values are 240 mV, 280 mV, and 

250 mV. 

 Therefore, it is necessary to consider also the kinetic aspects that may influence the J-V curve. 

As described in equation (2) the concentration of surface holes are strictly related to the water 

oxidation overpotential, that in turn it is intimately regulated by the charge transfer kinetics at the 

electrode/electrolyte interface. 

To justify the improvement in performance in kinetics terms after NiOx deposition on the α-

Fe2O3 electrodes electrochemical impedance spectroscopy (EIS) measurements are carried out.  
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Figure 5d reports the trend of Rct (charge transfer resistance) and Css (surface states 

capacitance) at electrode/electrolyte interface varying the applied bias. The data are fitted by using 

the equivalent circuit proposed by Klahr.[23] 

At low potentials (i.e., 0.7 V), Rct decreases of 18% from pure -Fe2O3 (Rct = 4300 Ω*cm2) to 

-Fe2O3/NiOx electrodeposited (Rct = 3500 Ω*cm2). Differently, the Rct of -Fe2O3/NiOx 

photodeposited electrode is drastically reduced by 4 times. This difference between the Rct of the 

samples can justify the cathodic shift of VON. Moving towards anodic potentials, Rct values tend to 

conform since charge transfer to the electrolyte is not anymore the limiting process.[41] 

Css of bare -Fe2O3 is included between 0.5*10-4 and 1.5*10-4
 F cm-2, with the maximum 

positioned at 0.9 V. After NiOx deposition, the capacitance is boosted of about 3 times. Both the 

deposition techniques produce the same Css increase that can be ascribed to the passivation of surface 

states and to the high ion permeability of NiOx structures.[19,27,42] On the contrary, Css peak for the -

Fe2O3/NiOx photodeposited is cathodically shifted by 100 mV with respect to both -Fe2O3 and -

Fe2O3/NiOx electrodeposited. This shift is strictly related to the cathodic shift of VON and highlights 

the importance of the linking formed between NiOx and -Fe2O3, which for NiOx photodeposited 

facilitates the charge transfer at the electrode/electrolyte interface  

No variations were observed in the values of Rbulk (bulk resistance) and Cbulk (bulk 

capacitance) after either NiOx electro- or photodeposition (Figure S7 and S8), in agreement with 

previous report.[19] 

Additional kinetics considerations can be deducted from the Bode plots. Figure 5 shows the 

Bode plots of -Fe2O3, -Fe2O3/NiOx electrodeposited, and -Fe2O3/NiOx photodeposited at three 

representative applied potentials. At 0.7 V and 1 V all photoanodes have a similar behaviour and 

show two characteristic peaks: the first one at 5 Hz is typical of the electrode/electrolyte interface; 

the second one at 152 Hz is typical of the bulk feature. At 0.7 V, the peak at 5 Hz is predominant and 

can be associated to the charges locked at interface.[19] At 1 V, the peak at 152 Hz prevails, indicating 
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that the limiting factor in the charge transfer is relative to the conducting properties of the bulk α-

Fe2O3. At 1.3 V, the trend of the curves changes. The bare electrode shows only one peak (150 Hz) 

associated to the behaviour of the bulk α-Fe2O3. Differently, α-Fe2O3/NiOx electrodeposited shows 

two peaks: one at 300 Hz, that can be associated to the bulk α-Fe2O3, and another at 2 Hz, associated 

to the charge transfer at the α-Fe2O3/NiOx interface. α-Fe2O3/NiOx photodeposited electrode shows 

again only one peak but at about 12 Hz relative to α-Fe2O3/NiOx interface. The higher frequency with 

respect to the NiOx electrodeposited photoanode suggests a higher transfer rate between α-Fe2O3 and 

NiOx photodeposited. It is also worth noting that α-Fe2O3/NiOx electrodeposited shows two peaks 

also at 1.3 V, while α-Fe2O3/NiOx photodeposited is characterized by only one capacitive process. 

This proofs that in the first case the α-Fe2O3 “see” the electrolyte and regulates the energetics of the 

electrode through defects (VOC in the dark is the same with respect to the bare α-Fe2O3), while when 

NiOx is photodeposited a new high performing interface is created and α-Fe2O3 is buried by the 

overlayer. 

Finally, during current generation the photogenerated holes migrate across the 

electrode/electrolyte interface and sustain the water oxidation reaction. For α-Fe2O3/NiOx electrodes, 

holes hop from α-Fe2O3 to NiOx, changing the nickel oxidation state. If the surface of one electrode 

would be partially covered with NiOx (i.e., NiOx electrodeposited) some holes would travel from α-

Fe2O3 to the electrolyte, while the remainders oxidize Ni. Otherwise, if the surface of α-Fe2O3 would 

be completely and homogeneously covered with the overlayer (i.e., NiOx photodeposited), before 

reaching the electrolyte more holes would oxidize the NiOx. In order to test this hypothesis, we 

compare the area of Ni oxidation waves observed during CV scan in dark and light conditions. The 

Ni2+/Ni3+ oxidation peak in dark condition of α-Fe2O3/NiOx electrodeposited is 3 times higher than 

the same in light condition. This means that in light condition a big part of the NiOx is already oxidized 

by the photo-holes produced within α-Fe2O3. In α-Fe2O3/NiOx photodeposited this effect is even more 

emphasized and the area is almost 6 times lower. As a matter a fact, this is a further confirmation that 

through NiOx photodeposition we create a more conformal overlayer than that produced by 
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electrodeposition. Only the α-Fe2O3/NiOx photodeposited photoanode behaves as unique materials 

that show a renewed interface with higher charge transfer capabilities. 

3. Conclusion 

In summary, the photocurrent onset potential of -Fe2O3 photoanodes is controlled by the 

surface energetic and kinetics at the electrode/electrolyte interface through few atomic layers of NiOx. 

Electrodeposited NiOx coating produces an increase of current density at high bias, while 

photodeposition NiOx induces both an increase of current density and a 200 mV cathodic shift of the 

onset potential, which reaches 0.58-0-6 V. This is due to the different -Fe2O3/NiOx established 

junction and not to the electrocatalytic activity of the deposited layers. Both electrodeposition and 

photodeposition of NiOx on -Fe2O3 produces thin amorphous overlayers few nm in thickness. 

Electrodeposition produces a NiOx film uneven at the nanoscale, while NiOx photodeposition is based 

on the light-activation of all surface atoms, which act as nucleation centers for the growth of a 

homogeneous and conformal overlayer. Only this latter is able to produce a quenching of the electron-

hole recombination, which is responsible of the cathodic shift of Von. This is possible because NiOx 

electrodeposited induces only a partial passivation of surface defects, while the NiOx photodeposition 

is able to completely modify the -Fe2O3 defective sites. This is clearly shown through open circuit 

voltage measurements. The quasi-Fermi level in light of -Fe2O3 (0.61 V) was negatively shifted of 

40 mV once NiOx electrodeposition is applied, while a 110 mV shift is seen for the NiOx 

photodeposited electrodes that make VOC approaching the flat band potential. The Fermi level in dark, 

instead, reveals that only when -Fe2O3 surface is completely buried from water (i.e., NiOx 

photodeposited) a new surface energetics is created. The direct consequence is that -Fe2O3/NiOx 

behaves as a new material with improved charge transfer kinetics at the electrode/electrolyte 

interface. 

Therefore, both the complete surface defects passivation and a better charge transfer across 

the photoelectrode/electrolyte interface are the reason why the onset potential is cathodically shifted 
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only in the case of -Fe2O3/NiOx photodeposited. These findings can be extended to any oxide 

semiconductor used in the anodic water splitting half reaction. 

This study highlights the importance of the semiconductor/catalyst interface in defining the 

PEC performance. We have also shown how surface energetic and kinetics are strictly correlated and 

that the tuning of the former (i.e., different degree of surface defects passivation) may produces 

enormous change on the latter. 

 We have unravelled the reasons underlying the cathodic shift in onset potential that often is 

observed when photoanodes are functionalized with overlayers setting a new level of understanding 

in the run toward low-bias photoanodes for solar water splitting. 

4. Experimental section 

Hematite films growth. Thin films of hematite were deposited on fluorine-doped tin oxide (FTO)-

coated glass substrates (Solaronix, 10 Ω/sq.) by thermal-solution deposition at 70°C for 3 h using as 

precursors Fe2Cl3·6H2O (0.15M) and NaNO3 (1M) in water solution, at pH 1.5 optimized with HCl 

solution.[2] The samples were calcined at 550°C for 1h, followed by 20 min at 800°C.[43] 

NiOx deposition. NiOx catalyst films were deposited onto hematite electrodes both by electro- and 

photo- deposition.[19] α-Fe2O3 electrodes were immersed in a solution containing 0.1 M 

Ni(NO3)2·6H2O, whose pH was corrected with NaOH until pH 6.6. Before use the solution was 

treated in nitrogen for 1h. The electrodeposition of NiOx was carried out in dark at 1.23V vs RHE for 

60s, 600s, 1200s and 1800s. Photodeposition was carried out at Voc vs Ag/AgCl. The thickness of the 

NiOx layer was controlled by varying the photodeposition times. For the electrodes reported herein, 

4 different deposition times were used: 60s, 300s, 600s and 1200s. After catalyst deposition, the 

electrodes were lightly rinsed with DI water to remove any excess Ni ions. 

Characterizations. X-ray diffraction (XRD) measurement was performed at room temperature in the 

20° ≤ 2 ≤ 70° range employing the Cu-K radiation at room temperature. Diffraction data were 

collected by placing directly the FTO films within the sample holder of the diffractometer. SEM 
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images of cross-section were collected by a XL30 Environmental Scanning Electron Microscopy 

(ESEM FEG Philips) at 20 kV under low vacuum (0.8 torr) condition. TEM and HRTEM micrographs 

were collected by a ZEISS LIBRA200FE. Electron Spectroscopic Imaging (ESI) and elemental 

distribution maps for Fe and Ni were collected via energy-filtering electrons at related L3 edges of 

electron energy loss (EEL). The ZEISS in-column Omega filter spectrometer was used next to the 

Olympus-SIS iTEM software for data collection and analysis. XPS was performed with a M-Probe—

SSI instrument equipped with a monochromatic Al K source (1486.6 eV) with a spot size of 200 x 

750 mm and a pass energy of 25 eV, providing a resolution for 0.74 eV. 

CL spectroscopy was carried out with a commercial Gatan MonoCL2 system, fitted onto an S360 

Cambridge SEM. The system is equipped with a 1800 lines/mm grating and a multi-alkali 

photomultiplier sensitive in the range 350 – 830 nm (3.6 eV - 1.5 eV). The CL spectra were collected 

at room temperature with an accelerating voltage of 10 keV, a beam current of 50 nA, and a spectral 

resolution of 9 nm (about 70 meV). The single peak parameters are, thus, evaluated by a 

deconvolution procedure using a standard Levenberg-Marquardt algorithm for the minimization of 

the Chi Square. In order to avoid any possible artifacts the fitting parameters peak position (xC) and 

amplitude (A) were left free, while constraints were applied to the full width half maximum (w). We 

impose a w maximum equal to 0.5 eV. At the end all the peak position are affected by an error of 

0.01 eV, that is less than the error due to the spectral resolution of the measurement. The amplitude 

and the full width half maximum have a relative error of the 5%. 

Electrochemical measurements. The electrodes were electrochemically characterized in a three 

electrodes system: the RE (reference electrode) was a silver chloride electrode (Ag/AgCl/Sat. KCl), 

while a high surface area Pt mesh was the CE. The potential (E) was referred to the reversible 

hydrogen electrode (RHE) scaled through the Nernst equation: 

𝐸𝑅𝐻𝐸 =  𝐸𝐴𝑔𝐶𝑙 +  0.197 V + 0.059 𝑝H  

where EAgCl is the measured electrode potential vs. the used reference electrode and 0.197 is the 

reference electrode standard potential vs. the normal hydrogen electrode. In the manuscript, all 
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measurements are reported with respect to RHE. The measurements were carried out in 1 M NaOH 

aqueous solution at pH 13.6. Cyclic Voltammetry (CV) curves were measured at a scan rate of 10 

mV/s. PEC measurements were made with a PGSTAT204 Autolab potentiostat. Electrochemical 

Impedance Spectroscopy (EIS) and data were gathered using a 10 mV amplitude perturbation at 

frequency between 0.01 Hz and 1 MHz. 300 W xenon arc lamp (calibrated at 100 mW/cm2) coupled 

to an AM 1.5 G filter was used as light source. At least three electrodes of each type were fabricated 

and tested. All electrodes showed similar characteristics and representative data are reported. 
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