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Abstract 

 Small-band-gap (Eg < 2 eV) semiconductors must be stabilized for use in integrated 

devices that convert solar energy into the bonding energy of a reduced fuel, specifically H2(g) or 

a reduced-carbon species such as CH3OH or CH4.  To sustainably and scalably complete the fuel 

cycle, electrons must be liberated through the oxidation of water to O2(g).  Strongly acidic or 

strongly alkaline electrolytes are needed to enable efficient and intrinsically safe operation of a 

full solar-driven water-splitting system.  However, under water-oxidation conditions, the small-

band-gap semiconductors required for efficient cell operation are unstable, either dissolving or 

forming insulating surface oxides.  We describe herein recent progress in the protection of 

semiconductor photoanodes under such operational conditions.  We specifically describe the 

properties of two protective overlayers, TiO2/Ni and NiOx, both of which have demonstrated the 

ability to protect otherwise unstable semiconductors for >100 h of continuous solar-driven water 

oxidation when in contact with a highly alkaline aqueous electrolyte (1.0 M KOH(aq)).  The 
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stabilization of various semiconductor photoanodes is reviewed in the context of the electronic 

characteristics and a mechanistic analysis of the TiO2 films, along with a discussion of the 

optical, catalytic, and electronic nature of NiOx films for stabilization of semiconductor 

photoanodes for water oxidation.  

1. Introduction 

 The efficient, sustained oxidation of water is a crucial component of a 

photoelectrosynthetic solar fuels generator [1, 2].  Cathodic fuel-forming reactions such as the 

hydrogen-evolution reaction (HER)[3-5] or the carbon-dioxide-reduction reaction (CO2RR) [6] 

both require the presence of electrons that must come from water oxidation (the oxygen-

evolution reaction, OER) to ensure sustainability and global scalability.  Since the pioneering 

work by Honda and Fujishima on TiO2 in 1972, easily prepared, inexpensive, and earth-abundant 

semiconductor materials such as TiO2 have been known to effect stable light-driven water 

oxidation [7].  Such materials generally have a large band gap (> 3 eV) and therefore can 

contribute significantly to the required voltage needed for sustained water splitting, ~1.5–1.7 eV, 

when highly active catalysts of the HER and OER are employed in a minimally resistive cell.  

Metal oxide photoanodes are however generally limited by either low maximum photocurrent 

densities and/or instability in relevant media [8-14].  

Although only 1.23 V of potential difference is required to overcome the thermodynamic 

barrier for the simple process of water splitting, in practice, higher voltages are necessary to 

overcome solution losses and kinetic barriers to the reactions (equation 1).  In equation 1, ηHER is 

the overpotential for the HER, ηOER is the overpotential for the OER, and iR is the resistance loss 

through the solution. 
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Vwater splitting = 1.23 V + ηHER + ηOER + iR [1] 

Using a single light absorber[15], sustained water splitting is generally limited in the maximum 

attainable photocurrent density under 1 Sun illumination, because the band gap of the required 

light absorber is too large to effectively absorb most of the solar spectrum.  In contrast, a 

tandem-device architecture, in which two separate semiconductor materials each provide a 

substantial contribution towards the needed photovoltage, can produce much higher 

efficiencies[16-18]. Technologically important semiconductors such as silicon[19], Group III-

V[20], and the Group II-VI [21] semiconductor families, which are generally regarded as ‘small 

band-gap’ materials with the appropriate band gaps of 1.1 to 1.7 eV for optimal efficiency [16, 

22], provide attractive materials options for the construction of such tandem structures.  

 However, small-band-gap semiconductors generally corrode under anodic operation, 

either by active dissolution or by the formation of insulating oxides [23].  The formation of 

insulating oxides leads to reduced performance or complete non-performance, whereas active 

corrosion by dissolution catastrophically destroys the semiconductor photoanode.  The 

requirements for a protection layer thus include that it must be: Stable in the thermodynamic, 

kinetic, and mechanical senses when incorporated onto the semiconductor, immersed in the 

electrolyte, and operated at the potentials of interest; Active catalytically for the OER, either 

possessing intrinsic catalytic activity or integrating the activity of a co-catalyst; capable of 

providing Built-in electronic asymmetry to allow for the separation of electrons and holes, or to 

allow for a separate buried junction to perform efficiently; Optically transparent to provide 

optical properties that are optimized for the transmission of light; and, capable of providing low 

Resistance, to allow for charge-carrier conduction with minimal performance loss due to iR 

drops.  These properties are collectively termed “SABOR”. 
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 Protective coatings have been investigated in detail, but with only secondary emphasis on 

operation in highly alkaline (pH 14) media.  Thin metal films have been used for this purpose 

[24-26], although work has mostly focused on the behavior of photoanodes in buffered media at 

near-neutral pH.  A thin layer of Ni has been shown to provide substantial stability for Si 

photoanodes in alkaline media [26].   TiO2 has been investigated and used as a protective film in 

alkaline and acidic media, but coatings thicker than a few nm were observed to be highly 

electrically resistive [27].  Other conventional n-type transparent conductive oxides eventually 

failed due to corrosion or due to other effects [28] in alkaline media. 

 We describe herein recent progress in two approaches to enhance the stability of such 

semiconductor photoanodes while allowing for sustained, efficient water oxidation under 

conditions where intrinsically safe, efficient solar-driven water-splitting systems can be 

constructed.  In one implementation, TiO2 is used as a protection layer with a sputtered Ni OER 

catalyst.  We additionally elucidate the applicability of the TiO2/Ni layer in terms of 

morphologies, semiconductors, and electrolytes; the energetics at the semiconductor/TiO2 and 

the TiO2/liquid junctions; and mechanisms of charge conduction.  For the second 

implementation, we describe the development of reactively sputtered protective layers of NiOx 

onto various semiconductor surfaces, and also describe the optical, catalytic, and electrical 

properties of such NiOx films. 

2. Previous Work 

 Materials such as SrTiO3, KTaO3, and TaON are stable as photoanodes for water 

oxidation, but necessarily have low solar-to-hydrogen efficiencies due to their large band gaps 

precluding absorption of much of the terrestrial solar spectrum.[29] Generally, a tandem 



	 5	

structure or triple junction structure is necessary to produce sufficient voltage and current density 

for efficient water splitting [19, 20, 30].   In addition to use of semiconductor/liquid interfaces as 

the voltage-generating junction, buried-junction structures, including planar p-n 

homojunctions[31, 32], semiconductor/metal Schottky barriers[33, 34], spherical[35] and radial-

junction microwire[36] electrodes, heterojunctions [37, 38], metal-insulator-semiconductor 

contacts [9, 15], and emitters derived from in situ inversion layers [21] have all been investigated 

for use in photoelectrosynthetic or photovoltaic-biased electrosynthetic cells [39].  The 

efficiencies and main performance characteristics of various reported solar-driven water-splitting 

systems have been recently compiled [40].  

Due to the instability of these small band-gap semiconductors towards photocorrosion, 

the semiconductors must be kinetically stabilized and/or protected by an overlayer in contact 

with aqueous electrolytes.  The extensive historical efforts to stabilize photoanodes and 

photocathodes for water splitting, specifically focusing on the development of protection 

schemes, have been reviewed recently [41].  Some examples include work by Chen, McIntyre 

and coworkers demonstrating that TiO2 as a tunnel oxide, with a sputtered Ir co-catalyst, can 

stabilize silicon as a photoanode in acidic, neutral, or basic media[27].  Kenney, Dai and 

coworkers demonstrated that a thin Ni film allowed for photoelectrochemical water oxidation in 

both alkaline (pH 14) and borate (pH 9.5) buffers, although these samples generally exhibited a 

decrease in stability after 24 h of operation[26].  An alternate approach by Mei, Chorkendorff, 

Vesborg and coworkers used thin Ir/IrOx as a protection and catalytic layer for silicon in acidic 

(1 M H2SO4) media[42].  Amorphous Si:H triple junctions protected by transparent conductive 

oxides (TCOs), in conjunction with either Pt or with earth-abundant electrocatalysts, have 

produced solar-to-hydrogen efficiencies of up to 5%.[43] a-Si:H devices that are protected on 
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one side by ZnO in conjunction with a Co-Mo HER catalyst, and protected on the other side by 

SnO2 in conjunction with an Fe-NiOx OER catalyst, have yielded ηSTH = 2.5-3.0% in 1.0 M 

KOH(aq), with stability for >18 h of operation.[44] Operation in aqueous alkaline electrolytes 

allows the construction of efficient, intrinsically safe systems and allows use of highly active, 

low overpotential, earth-abundant electrocatalysts based on Ni and related alloys.[45]  In accord 

with established properties of commercial electrolyzers, an intrinsically safe electrolysis or 

photoelectrolysis system does not produce a flammable, potentially explosive mixture of H2(g) 

and O2(g) in the reactor at any point in space or time.  Common TCO’s, such as indium tin oxide 

(ITO), are not stable in alkaline electrolytes,[30, 46] consequently prior solar-driven water-

splitting devices and systems based on a-Si:H triple junctions in 1.0 M KOH(aq) failed due to the 

lack of a stable protective anode coating.  In electrolytes buffered in the bulk to near-neutral pH 

values, Nocera and coworkers constructed both photoanodes[47] and integrated water-splitting 

devices[30] by use of a transparent conductive oxide as a conductive contact between the PV cell 

and Co-based electrocatalysts[48]. Electrolysis or photoelectrolysis systems that are operated in 

buffered or unbuffered bulk near-neutral pH electrolytes are inefficient and/or not intrinsically 

safe. [17, 48-50] 

3. TiO2 

3.1 Background  

TiO2 was investigated as a photoanode for water splitting [7] before being used in dye-

sensitized solar cells[51]. TiO2 has also been used as a gate dielectric [52], with different 

deposition conditions producing markedly different conductivities and materials properties. TiO2 

has been used as a protection layer, but films thicker than a few nm were highly resistive [27]. 
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3.2 Planar Materials and ALD-TiO2 

 TiO2 deposited using atomic-layer deposition (ALD) at 150 oC from tetrakis 

dimethylamido titanium (TDMAT) is highly resistive as-deposited.  Unless indicated otherwise, 

“ALD-TiO2” generally refers to films produced in this manner from this precursor. These films 

became very conductive towards anodic current flow following the sputter-deposition of a Ni 

film or Ni islands[22].  As a result, over 100 nm of ALD-TiO2 could be deposited onto a 

semiconductor without concern for resistive losses in the film.  

Further experiments were undertaken with TiO2 deposited in a variety of ways from 

various precursors.  After such films were deposited, buried-junction n-p+ Si photoanodes 

operated continuously for water oxidation for up to 100 h in 1.0 M KOH (pH = 14).   ALD-TiO2 

with Ni also formed an efficient photoanode when placed directly on n-Si, forming a high-

performance silicon/metal-oxide heterojunction.  Specifically, photovoltages of up to 410 mV 

and photocurrent densities of up to 28 mA cm-2 were observed on n-Si/ALD-TiO2/Ni 

photoanodes in contact with 1.0 M KOH(aq) under 1 sun Air Mass (AM) 1.5G illumination.  

Under identical conditions, n-p+ GaAs/ALD-TiO2/Ni photoanodes provided photovoltages of 

810 mV and photocurrent densities of up to 14.3 mA cm-2.  Additionally, n-GaP/ALD-TiO2/Ni 

photoanodes provided photovoltages of 590 mV and photocurrent densities of 3.4 mA cm-2, and 

n-CdTe/ALD-TiO2/Ni photoanodes [53] produced 435 mV of photovoltage and 21 mA cm-2 of 

photocurrent density.   Figure 1a shows representative current density vs potential (J-E) data for 

such n-Si, np+-Si, np+-GaAs, and n-CdTe photoanodes with ALD-TiO2/Ni coatings and in 

contact with 1.0M KOH(aq).  Figure 1b shows the current density vs time behavior of a 

representative n-Si/ALD-TiO2/Ni photoanode.  The low temperature used for the deposition, and 

the conformal nature of the ALD process, are beneficial for the deposition of TiO2 onto 
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otherwise easily oxidized materials, where a thick surface oxide can lead to substantially 

decreased performance and where pinholes can lead to destruction of the device.  Figure 1c 

shows an image from a transmission-electron microscopy (TEM) investigation of the structure of 

the Si/ALD-TiO2 junction, indicating that an ~ 1 nm thick mixed Si/Ti oxide formed at the 

interface between the Si and the TiO2. 

 

 

Figure 1. (a) J-E data for representative photoelectrodes in contact with 1.0 M KOH(aq). 

Conditions for the n-p+-Si and n-Si photoanodes were 1.25 suns of AM 1.5G illumination, 

whreas the data for n-CdTe and np+ GaAs photoanodes were obtained under 1 sun of AM 1.5G 

illumination. (b) Current density vs time for an n-Si/ALD-TiO2/Ni photoanode immersed in 1.0 

M KOH(aq) at a potential of 2 V vs. RHE, and for an n-CdTe/ALD-TiO2/Ni photoanode held at 

2.07 V vs. RHE. (c) A transmission-electron microscopy (TEM) image of the Si/ALD-TiO2 

interface, showing the thin oxide layer (brighter layer between the TiO2 and the Si). Data 

reproduced from references [22, 53, 54]. 

3.3 Wire Geometries 
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 The above systems all demonstrated the ability of the ALD-TiO2/Ni combination to 

protect planar semiconductors in alkaline media.  Buried-junction Si microwires with radial 

emitter layers, grown by a vapor-liquid-solid (VLS) process, have been used as 

photocathodes[35] as well as photoanodes[37].  np+-Si microwires, coated with ALD-TiO2 and 

then with sputter-deposited a NiCrOx catalyst, operated for > 2000 h of continuous light-driven 

photoelectrochemical water oxidation in contact with pH = 14 KOH(aq) [55].  The microwire 

arrays produced 440 mV and 7.1 mA cm-2 of photovoltage and photocurrent density, 

respectively, at 1 sun illumination while containing only 4% of the material present in a silicon 

wafer of the same area.  The titania overlayer also protected n-Si microwires, but produced 

substantially less photovoltage (200 mV at 1 sun) than was obtained from the np+-

Si/TiO2/NiCrOx microwire array photoanode.  Figure 2 shows SEM images of the Si/ALD-TiO2 

microwire arrays (2a) as well as a cross-sectional image of a single Si/ALD-TiO2 microwire on a 

device (2b).   Figure 2c shows the J-E behavior of the material, whereas Figure 2d depicts the 

current density vs time for representative microwire array photoanodes. The observed stability is 

likely a result of the confluence of two primary factors: the low effective current density at the 

surface of a microwire, due to the high surface area of the microwire array, and the isolation of 

failure points to single microwires rather than the propagation of failures throughout the device.  
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Figure 2. (a) Scanning-electron microscope (SEM) image of a Si microwire array and (b) a 

cross-sectional image of a single Si/ALD-TiO2 microwire. (c) Current-density vs potential (J-E) 

data for an np+-Si/ALD-TiO2/NiCrOx microwire array under 1 sun illumination and in contact 

with 1.0 M KOH(aq). (d) Current density vs time for the same device as in (c) held a potential of 

1.59 V vs. RHE while in contact with 1.0 M KOH(aq) and under simulated solar illumination.  

Data reproduced from reference [55]. 

3.4 TiO2 Films – Different Processing Methods and Crystal Structures  
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 n-Si/TiO2/Ni photoandoes have also been fabricated using titania that has been deposited 

using a variety of methods, or otherwise annealed (at moderate temperatures, ~400-500oC) post-

deposition[54].  The TDMAT-ALD films annealed at these moderate temperatures in air and 

forming gas, as well as films deposited by sputtering and with ALD using a titanium 

tetraisopropoxide (TTIP) precursor, also acted as rectifying and conductive contacts to n-Si 

(Figure 3a). X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and TEM were used 

to elucidate the structural and chemical properties of these various titania layers.  XPS 

demonstrated that the as-deposited ALD-TDMAT-TiO2 contained a substantial number of mid-

gap defect states, whereas sputtered TiO2 as well as TiO2 prepared by other ALD methods 

showed a lesser number of such states near 1 eV binding energy (Figure 3b).  The ALD-

TDMAT-TiO2 was amorphous[22], whereas sputter-deposited TiO2 was a mixture of anatase and 

rutile (Figure 3c and 3f), and ALD-TTIP-TiO2 films were anatase (Figure 3g). Nevertheless, all 

of the films deposited conformally on planar substrates, had similar Ti 2p core level XPS 

characteristics (Figure 3d),  and showed a large (~10 micron) grain size by cross-sectional TEM 

(Figure 3e), suggesting that the conduction was predominantly through the TiO2 and was not due 

to conduction through a secondary phase or through grain boundaries. Although the films were 

conductive, the lower performance of the resulting devices, and the highly surface-sensitive 

nature of XPS, suggests that the defect states and energetics present in the ALD-TDMAT-TiO2 

may play an important role in the operational characteristics of these devices. 
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Figure 3. (a) Current-density vs potential (J-E) data in the dark and under 1 sun illumination, 

respectively, for n-Si/ALD-TTIP-TiO2/Ni and n-Si/sputtered-TiO2/Ni photoanodes in contact 

with 1.0 M KOH (aq). (b) XPS data of the valence-band region for ALD-TDMAT TiO2; ALD-

TDMAT TiO2 annealed in either forming gas or air; TTIP-ALD-TiO2; and sputtered TiO2 films, 

respectively. Defect states were most evident in the as-deposited TDMAT-ALD-TiO2. (c) and 

(d): Raman and XPS investigation of the as-deposited and annealed TDMAT-ALD-TiO2 layers, 

in which Raman shifts indicative of anatase are evident in the annealed samples although no 

substantial differences were observed in the titanium 2p XPS core level signals. (e) Cross-

sectional transmission-electron microscope (TEM) image of Si/sputtered-TiO2. (f) and (g): 

Diffraction patterns from selected-area electron diffraction (SAED) indicating both anatase and 

rutile crystalline structures in the sputtered TiO2 film, but only anatase in the TTIP-ALD-TiO2 

film.  Data reproduced from reference [54]. 
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3.5 Systems Analysis 

  The energetics of the TiO2-stabilized photoanodes have been investigated using three 

distinct approaches: the construction and analysis of a solid-state n-Si/ALD-TiO2/Ni 

photovoltaic; investigation by operando XPS of the ALD-TiO2/liquid and ALD-TiO2/Ni/liquid 

junctions; and investigation by solid-state approaches of various TiO2/metal junctions. 

 Photovoltaic devices consisting of n-Si/ALD-TiO2/Ni were constructed in which the Ni 

was sputtered into bus-bars using photolithographic patterning.  Such devices, when the ALD-

TiO2 was sufficiently thick (68 nm), provided 390 ± 20 mV of open-circuit photovoltage, along 

with a short-circuit photocurrent density of 9.3 ± 1.4 mA cm-2 and a fill factor of 0.42.  Similar 

results were observed when n-Si/ALD-TiO2/Ni photoanodes were placed in contact with non-

aqueous, one-electron, electrochemically reversible redox couples.  Importantly, beyond a few 

nm, the photovoltages of n-Si/ALD-TiO2 electrodes were effectively constant as the thickness of 

the TiO2 increased.  

XPS was used to investigate the energetics of the n-Si/ALD-TiO2 junction for thicknesses 

of titania ranging from 0 to 1000 ALD cycles (0 to ~ 45 nm).  The oxide peak in the silicon 2p 

region suggested the presence of a mixed interfacial oxide of SixTiyO2.  Furthermore, the 

electronic shifts observed in the TiO2 and underlying Si0 layer were nearly identical beyond the 

first ~10 ALD cycles of TiO2 deposition, suggesting that although the initial few ALD cycles 

produce a mixed oxide, the photovoltage for the following cycles originated predominantly from 

the n-Si space-charge region; i.e, for the n-Si/TiO2 interface, the band bending primarily was 

present in the n-Si as opposed to in the TiO2.  For thick ALD-TiO2 layers, XPS indicated the 

presence of a defect band at ~ 1 eV in binding energy within the TiO2 band gap. 
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The energetics present at the n-Si/ALD-TiO2 junction were also analyzed by solid-state 

transport behavior in the absence of illumination.  The dark J-E behavior was fitted to the diode 

equation: 

𝐽 = 𝐴∗ 𝑇! exp − !∅! 
!"

exp !" 
!"#

− 1 = 𝐽! exp !" 
!"#

− 1  [2] 

where A* is the effective Richardson constant, T is the absolute temperature, ∅!is the barrier 

height of the rectifying junction, J0 is the dark saturation current density, and n is the diode 

quality factor.  Values for J0 and n were obtained from extrapolations of the linear regions of the 

dark J-E data plotted in a log-linear fashion.  These results indicated that the effective 

Richardson constant for these devices was ~ 1.87 A·cm-2·K-2, which is approximately two orders 

of magnitude smaller than typical values of 120 A·cm-2·K-2 for n-Si/metal Schottky barriers[56]. 

 Further XPS experiments were performed to elucidate in detail the TiO2/solution 

interface with and without the presence of Ni.  Specifically, operando XPS was performed on 

beamline 9.3.1 at the Advanced Light Source. The end-station on this beamline allowed for the 

collection of XPS data through a thin (~13 nm thick) electrolyte meniscus in conjunction with 

collecting photoelectrons that also originated from the underlying semiconductor (penetration 

depth ~5 nm).  As the potential of the working electrode was varied, the core-level binding 

energy shifts were used to directly quantify the amount of band bending present in the 

semiconductor.  

 Both bare ALD-TiO2 as well as ALD-TiO2/Ni (2 nm) electrodes were characterized with 

this experimental approach[57-59], using 1.0 M KOH(aq) as the electrolyte [57].  For bare ALD-

TiO2, the defect states caused Fermi level pinning as the applied potential was swept through the 

region that contained the defect states.  However, the ALD-TiO2/solution system otherwise acted 
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as a canonical semiconductor/liquid junction in which a space-charge (depletion) region 

developed in the semiconductor as the applied potential was shifted away from the flat-band 

potential (Fig. 4a and Fig. 5).  Charge-carrier accumulation at the surface of the semiconductor 

was also observed when negative potentials were applied to the electrode.  However, the addition 

of Ni changed the energetics of this system substantially.  The solution (with the influence of the 

defect states) set the potentials of the ALD-TiO2 band edges in the ALD-TiO2/solution system, 

but Ni pinned the band energies to the Ni layer and the TiO2 remained essentially under flat-band 

conditions throughout the entire applied potential range (Fig. 4b).  Thus, the addition of Ni 

allowed for enhanced charge conduction at least partly by removing the rectifying space-charge 

region from the TiO2/solution interface. 

 

Figure 4. Peak shifts vs applied potential for (a) ALD-TiO2/solution and (b) ALD-

TiO2/Ni/solution interfaces. In both plots, a line indicating a binding energy shift of 1 eV/V, 

which is expected for an ideal liquid and an ideal semiconductor under these conditions, is 

shown for the water O 1s peaks. For the titania (a) and nickel (b) data, a line of best fit is drawn 

as a guide to the eye. Data reproduced from reference [57]. 
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Figure 5.  From the results in Figure 4a, four sections (E1 – E4) are deduced. Under very 

negative potentials, accumulation causes a shift in the band-edge positions.  At more positive, 

and at very positive potentials (E2 and E4), the band edges are fixed and potential is dropped in 

the space-charge region.  In the region that contains defect states, E3, the band edges shift due to 

charging or discharging of the defect states, causing Fermi level pinning.  Any potential drop that 

does not occur in the semiconductor occurs in the electrochemical double layer (ECDL). Data 

reproduced from reference [57]. 

 At least two charge conduction mechanisms are consistent with the behavior of these 

TiO2 films.  The first possibility is that anodic current flow proceeds through defect states in the 

ALD-TiO2, by a defect-state charge-hopping mechanism.  This possibility is supported by the 

low value for the Richardson constant and by the ability of charge on the surface to easily 

oxidize water, which would be thermodynamically difficult for a conduction band-centered 

mechanism.  The other primary mechanism that may explain the current flow is conduction-band 

centered.  The use of TiO2 that has been prepared by a variety of means, including TiO2 that does 

not have a significant number of mid-gap defect states detectable by XPS, lends credence to this 

mechanism for at least some TiO2 materials.  The operando XPS experiments do not necessarily 

favor one mechanism over the other, as the removal of the rectifying quality in the ALD-TiO2 
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could enhance current flow in either mechanism.  Hence, elaboration of the precise nature of the 

conduction mechanism in such TiO2 films is a topic of continued interest[60]. 

4. Nickel oxide 

4.1 Background 

Transitional metal oxides that upon activation are intrinsically active for water oxidation 

have been previously used as protective layers on semiconductor photoanode surfaces.  Kainthla 

et al. used a Mn2O3 coating on n-Si with a monolayer of Pd[61]. This photoanode showed stable 

operation for 650 h at a current density of 1 mA cm-2.  The ideal regenerative cell efficiency was 

not large, however, due to large catalytic overpotential losses as well as due to the low barrier 

height of the n-Si/Mn2O3 interface.  Recently, various transition metals or their oxides, including 

Mn[62], Fe[63], Ni[26, 64-70] and Ir[71], have been used to protect n-Si photoanodes for water 

oxidation in strongly alkaline or acidic electrolytes [72].  Protection of III-V and II-VI 

semiconductors in aqueous photoelectrochemical systems has also been studied.  In this section, 

we review recent progress focused on the development of a nickel oxide based multifunctional 

coating that can protect unstable semiconducting photoanodes (including Si, II-VI and III-V 

group compound semiconductors) for solar-driven water oxidation.  The deposition conditions 

required to obtain to the “SABOR” properties will be discussed.  Additionally, the 

photoelectrochemical performance of NiOx-protected photoanodes is described. 

4.2 Structural and morphological properties 

NiOx films have been synthesized using reactive RF sputtering directly on bare 

semiconductor surfaces.  Thin films generally have a columnar structure, with a column/grain 

size that is sensitive to the deposition and substrate conditions.  Figure 6a shows a typical 
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morphology of a reactively sputtered NiOx thin film.  All of the columns were aligned normal to 

the surface, with an equivalent grain size of 25 nm revealed by AFM and XRD analysis.  Higher 

temperature synthesis generally resulted in films that had a higher crystallinity (Fig.6b) than 

films synthesized at lower deposition temperatures.  At a fixed oxygen concentration, heating 

and substrate orientation had an insignificant effect on modification of the preferred grain 

orientation.  NiOx films produced by reactive sputtering were fully oxidized and a metal phase 

was not detected in such materials (Fig. 6c). 

 

Figure 6. (a) Tilted cross-sectional SEM image and (b) AFM images of a typical NiOx film 

prepared on a planar Si substrate showing a columnar structure with an average column size of 

25 nm in diameter. (c) XRD patterns of films produced under different atmospheric and 

temperature conditions, suggesting a polycrystalline nature of the film. Data reproduced from 

reference [67] and [73]. 

4.3 Electrical conductivity 

The scattering of carriers at grain boundaries can be significant during in-plane 

conductivity measurements.  Hence such measurements are not necessarily representative of the 

conduction along the column direction.  Instead of traditional Hall measurements, the electrical 



	 19	

conductivity and intrinsic dopant type/concentration were therefore measured using 

electrochemical methods, specifically by making contact with Fe(CN)6
4-/3-(aq), an 

electrochemically reversible, one-electron redox couple [0.35 M K4Fe(CN)6/0.05 M K3Fe(CN)6 

in 1.0 M KCl(aq)].  

Such measurements indicated that increases in the oxygen concentration during reactive 

sputtering produced more resistive films.  Films prepared using 4.8% oxygen concentration 

showed a conductivity comparable to that of a metallic film (Fig. 7a) [67].  Because of its high 

conductivity along the column direction, increases in the NiOx thickness from 10 to 75 nm did 

not significantly alter the shape of the J-E data and did not produce significant increases in 

resistance of the photoanode. (Fig. 7b) [73].  Mott-Schottky measurements of the inverse of the 

differential capacitance vs applied potential showed that the films behaved as intrinsic p-type 

doped semiconductors with a carrier concentration of ~1019 cm-3[67]. These observations were 

also supported by optical measurements, in which a large extinction coefficient was observed at 

long wavelengths, indicating a significant concentration of free carriers, as shown by the 

substantial carrier concentration indicated by the Mott-Schottky measurements. [73].  XPS 

analysis showed a correlation between the Ni(II)/Ni(III) ratio and the oxygen concentration 

during deposition [73].  
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.  

Figure 7. (a) J-E plots of NiOx films prepared under different oxygen concentrations on 

degenerately-doped p+-Si substrates, in contact with Fe(CN)6
4-/3- (aq).  (b) J-E plot of NiOx films 

coated p+-Si substrates with thicknesses of 10 nm and 75 nm, prepared with a 4.8% O2 

atmosphere at 300oC, in contact with Fe(CN)6
4-/3- (aq). (c) and (d) XPS investigation of the Ni 2p 

and O 1s regions for films grown under various oxygen concentration.  

 

4.4 Optical properties 

Metallic electrocatalysts can absorb or reflect light; hence, optimization of the catalytic 

loading typically requires balancing the optical obscuration with the catalytic activity of the film.  

Generally, in the absence of surface texture, covalently bonded semiconductors whose refractive 
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indices are ~ 3-4 reflect a significant amount of light, based on the Fresnel equations.  Such 

optical reflection losses can be smaller when water is the incident media instead of air, due to the 

higher refractive index of water than air[73].  However, the thickness of the water layer should 

be minimized due to its own absorption losses[69, 74]. The optical properties of the reactively 

sputtered NiOx film as well as of semiconductors coated by the NiOx film have been investigated 

using ultraviolet-visible spectroscopy, spectroscopic ellipsometry and in-situ transmission 

measurements.  We first discuss ex-situ optical properties in air without contact with water or 

electrical bias, and then describe in-situ measurements of electrochromism under water oxidation 

conditions. 

4.4.1 Transparent antireflection coating 

NiOx films prepared by reactive sputtering are generally transparent. However, the degree 

of transparency is sensitive to the oxygen partial pressure, substrate temperature and deposition 

rate.  Specifically, higher temperatures, higher oxygen partial pressures, and/or slower deposition 

rates led to films with high transparency. For example, Figure 8a shows optical images of NiOx 

films of various thicknesses that were prepared by reactive sputtering on quartz substrates.  The 

films were highly transparent, showing a minimum absorption in the visible portion of the 

spectrum, and thus allowing for maximized absorption by the underlying semiconducting light 

absorber. The optical band gap of the NiOx film was measured to be 3.74 eV, as extracted from a 

Tauc plot based on the total transmittance measured by UV-Vis spectroscopy in conjunction with 

the extinction coefficient obtained using spectroscopic ellipsometry. 

A crucial optical parameter for photovoltaics or photoelectrochemical cells is the index of 

refraction (n-ik), because a strong reflection is expected at the interface, where a sharp transition 
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of the refractive index is present.  Refractive indices for most covalent semiconductors with 

bandgaps between 1 and 2 eV, such as Si, GaAs, InP, and CdTe, are typically ~ 3-4 at 550 nm, 

where the AM 1.5 solar flux is at its global maximum. When operating in water, at this 

wavelength an ideal single-layer quarter-wavelength antireflection coating should have a 

refractive index nAR = (n!"#$%.n!") of 2-2.3, where nAR, nwater and nSC are the refractive indices 

of the antireflection coating, water and underlying semiconductor, respectively.  The refractive 

index of the NiOx is ~2.26 at 550 nm, which is nearly ideal for the aforementioned 

semiconductors[73]. Using the transfer matrix method, the total reflection spectra can be 

calculated based on the optical parameters of the film and the substrates. The calculated 

reflection spectra were in good agreement with the measured reflection spectra (Figure 8c and 

8d).  The optimized thickness for antireflection behavior is therefore 70-80 nm, and varies only 

slightly with variation in either the underlying semiconductor materials or its morphology.  The 

optimum thickness from the calculation also matched well with the experimental observations. 

A single reflection minimum, typically set at the green wavelength, is achievable using a 

single-layer quarter-wavelength antireflection coating. However, this approach does not produce 

optimal absorption/antireflection behavior across the entire solar spectrum.  To broaden the 

antireflection spectrum, a multi-layer or graded-index design is necessary. However, such an 

approach is more feasible for photovoltaic cells, in which both the chemical stability in strong 

acid/base and the electrical conductivity of the coating are secondary concerns.  As part of the 

“SABOR” criteria, these two parameters are important to consider unless a strategy with a 

patterned catalyst design can be implemented, in which the conductivity requirements of the 

protection/antireflection coating can be relaxed[75]. Moreover, no universal antireflection 

material is available for different semiconductor light absorbers, due to their variation in 
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refractive index.  Additionally, for tandem designs, obtaining an optimal index of refraction and 

the optimal thickness of an antireflection coating when striving for the highest-possible current 

matching can be complicated by the properties of the photovoltaic components, including the 

quantum yield, morphology, and index of refraction.  

 

Figure 8. (a) Tauc plot of a NiOx film (75 nm) coated quartz substrate, showing a direct bandgap 

for the NiOx film of 3.74 eV.  Inset shows an optical image of NiOx films on quartz substrates 

with various thicknesses; for comparison, a 15-nm nickel metal film is also shown. (b) n and k of 

a NiOx film measured on a NiOx coated planar Si substrate showing a position dependent indices 

caused by the columnar nature. (c) Measured total reflectance for NiOx coated crystalline InP 

substrate with various thicknesses of NiOx. The inset shows calculated results assuming 100% 

internal quantum efficiency at energy above its band gap and experimental results for integrated 
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photocurrent densities based on the reflectance spectra.  (d) Calculated total reflectance for 

InP/NiOx substrates with various NiOx thicknesses. Data is adopted from reference [73] and [69].   

4.4.2 Electrochromism 

Electrochromism is a change in optical absorption in response to charging or discharging 

the electrochemical cell as a function of a change in the applied potential.  The oxides of W, Ti, 

V, Nb and Mo exhibit cathodic electrochromism, while oxides of Cr, Mn, Co, Fe, Ni and Ir 

exhibit anodic electrochromism.  The electrochromism of NiOx in alkaline electrolytes originates 

from the increased concentration of Ni3+ in the form of NiOOH or even Ni2O3 on the surface. 

These species, which are the intermediate products during the water oxidation reaction on Ni 

based catalysts, have higher absorption coefficients and smaller bandgaps than the NiOx itself, 

and thus are the cause of such coloration. Previous work in this field by Trotochaud, Boettcher 

and coworkers has demonstrated that ultrathin catalyst layers are often necessary optimal to 

minimize absorptive losses in the catalyst, especially due to electrochromism.  [76]  

Alternatively NiFeOx has low optical absorption, which makes it an excellent catalytic material 

for use in such devices [77]. 

To effectively suppress electrochromism such that minimum optical obscuration can be 

obtained under water oxidation conditions, the deposition conditions need to be optimized to 

reduce the active surface area and thus to reduce the concentration of Ni(III) in the film under 

working conditions.  However, a reduction in the active surface area typically results in a 

reduction in the overall electrocatalytic activity of the film.  A reduction in active surface area 

may also affect the electrical conductivity of the film.  Reactively sputtered NiOx films typically 

showed activation processes during the first 10 cyclic voltammetric (CV) cycles in 1.0 M 
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KOH(aq) electrolyte, and this activation can be assigned to an increased active surface area 

and/or to intercalation of Fe from impurities in solution.  This activation typically resulted in a 

stabilization of the electrochromism in the film. 

Figure 9 shows the dynamic transmittance responses of two samples prepared on glass 

that had been coated with a transparent conducting oxide (FTO glass), as a function of applied 

potential (0.93-1.93 V vs. RHE) in a three-electrode configuration at a fixed incident wavelength 

(550 nm).  Samples prepared at 300 oC under a deposition rate of 0.2 Å s-1 (purple), or without 

substrate heating at a deposition rate of 0.6 Å s-1 (orange), showed different levels of anodic 

coloration.  NiOx films that were deposited using a slower deposition rate and/or higher 

temperatures exhibited a suppression of the self-shadowing process and yielded columnar 

structures with large grain sizes and high grain densities.  Dense films that had large grains and 

few grain boundaries contained less electrochemically active surface area and thus were less 

susceptible to electrochromic darkening, which minimizes the optical losses during operation and 

provides a stable transmitted spectrum for the underlying semiconductors[69]. 
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Figure 9. Comparison of electrochromism on NiOx coated FTO substrates deposited at different 

temperatures and deposition rate, at a fixed incident wavelength of 550 nm. Data is adopted from 

reference [69]. 

4.5 Catalytic activity and stability 

The catalytic activity of reactively sputtered NiOx generally improved and stabilized after 

10 CV cycles in 1.0 M KOH(aq) between 0.93 V and 1.93 V vs. the reversible hydrogen 

electrode (RHE).[67]  In this process, the redox peak areas increased and the activity improved.  

This behavior could be caused by thickening of the Ni(OH)2/NiOOH layer or by incorporation of 

impurity ions, especially Fe, in the activated catalyst phase[73].  Similar to electrical 

conductivity and electrochromism, the catalytic activity is also sensitive to the deposition 

conditions[73].  Figure 10a shows the effect of oxygen concentration on the observed catalytic 

activity of such films.  The activity of NiOx films prepared with an oxygen concentration of 4.8% 

or lower was similar to that observed for the hydroxide/oxyhydroxide derived from the oxidation 

of Ni metal, giving an overpotential of ~330 mV to produce an anodic current density of 10 mA 
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cm-2 for water oxidation.  The activity decreased with increasing oxygen concentration during 

film deposition.  Variation in the deposition temperature had no significant effect on the catalytic 

activity of the film, although higher deposition temperatures suppressed the electrochromism.  

The catalytic activity, and the capability of the film to protect the underlying Si, was independent 

of the thickness of the NiOx. p+-Si/NiOx dark electrodes showed a sustained activity for 100 h at 

a constant current density of 30 mA cm-2. The redox peak was also maintained without a 

significant increase in area (Figure 10b), which is proportional to the optical obscuration. 

 

 

Figure 10. (a) J-E curves for NiOx coated degenerately doped p+-Si dark electrode prepared with 

different concentrations of O2. (b) J-E curves before and after 100 hours operation at a constant 

current density of 30 mA cm-2. Data reproduced from reference [73].  

 

4.6 Heterogeneous modification of interfacial energetics 

Due to Fermi-level pinning by surface states, the barrier heights of NiOx coated covalent 

semiconductors were typically low. Therefore, photovoltages and the solar-to-O2 ideal 
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regenerative cell conversion efficiencies remained low without using a buried homogeneous 

junction[67, 69]. Homogeneous junctions are typically constructed through high-profile 

techniques such as ion-implantation, molecular beam epitaxy, or diffusion at high temperature. 

Moreover, many semiconductors cannot be doped to form high-quality homogeneous junctions.  

For example, dopants in small grain-size polycrystalline films often migrate along grain 

boundaries, which produces majority-carrier shunts and degrades the performance of 

photovoltaic cells.  Therefore, it is desirable to develop materials and techniques to tune the 

interfacial energetics to obtain suppressed dark currents and thus to improve the photovoltages at 

low temperature and low cost.  We recently found [78] that a dual layer structure (~2 nm SiOx 

from hot acid treatment + ~2 nm CoOx from low temperature ALD) produced a strong field 

passivation on n-Si (100) surfaces. The equivalent open-circuit voltage obtained on n-

Si/SiOx/CoOx/NiOx interfaces under illumination by a simulated AM 1.5G spectrum with an 

intensity of 100 mW cm-2 was ~570 mV, and the solar-to-O2 ideal regenerative cell conversion 

efficiency was 2.1%, comparable to that of a protected np+-Si using an identical NiOx film 

(Figure 11a).  Specifically, the n-Si/SiOx,RCA/CoOx/NiOx photoanode showed a photocurrent-

onset potential of ~-240 mV relative to the formal potential for water oxidation (Eo’(O2/H2O) = 

1.23 V vs RHE, at pH = 14), solar-to O2(g) ideal regenerative-cell conversion efficiency of 

~2.1% and a stability of 1700 h continuous solar water oxidation for >1700 h in 1.0 M KOH(aq) 

under 100 mW cm-2 of simulated solar illumination[78].  X-ray photoelectron spectroscopy 

(XPS) confirmed the presence of the CoOx layer (Figure 11b and 11c) while atomic force 

microscopy (AFM) clearly showed the morphology change of n-Si/SiOx,RCA after deposition of 

CoOx and NiOx (Figure 11e and 11f). 
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Figure 11.	(A) Representative current-density versus potential (J-E) behavior of n-

Si/SiOx,RCA/CoOx/NiOx and n-Si/SiOx,RCA/NiOx photoanodes in contact with 1.0 M KOH 

(aq) in the dark and under 100 mW cm-2 of simulated AM1.5G solar illumination.  The J-E 

behavior of a non-photoactive p+-Si/NiOx electrode is also shown.  The dark dashed line 

indicates the formal potential for water oxidation, Eo’(O2/H2O).  (B, C) X-Ray photoelectron 

spectra (XPS) for an n-Si/SiOx,RCA/CoOx photoelectrode.  The binding energies used for fitting 

of the Co 2p3/2 peaks were 779.6 eV, 780.8 eV, 782.2 eV, 785.5 eV, 789.7 eV.  (D, E, F) AFM 

images showing the surface morphology of n-Si/SiOx,RCA, n-Si/SiOx,RCA/CoOx, and n-

Si/SiOx,RCA/CoOx/NiOx, respectively. Data reproduced from reference [78]. 

 

4.7 Stabilization of self-passivating semiconductors 
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The reactively sputtered NiOx films have been shown to allow for operational stability of 

various semiconductors for thousands of hours under oxidizing conditions, passing an amount of 

charge equivalent to that passed in >1 year of outdoor operation under unconcentrated 

illumination. Table 1 summarizes the performance and stability of a variety of NiOx-coated 

inorganic semiconducting photoanodes. 

Table 1. Performance and stability of NiOx coated photoanodes 

Structure Condition E
onset

 (mV)  η (%) t (h) 

np
+
-Si/NiO

x
 1.0M KOH, AM 1.5 100 mW cm-2 -180  2.1 1200 

a-Si:H/NiO
x
 1.0M KOH, AM 1.5 100 mW cm-2 -116 0.11 100 

HTJ-Si/NiO
x
 1.0M KOH, AM 1.5 100 mW cm-2 -280 1.45 200 

CdTe/NiO
x
 1.0M KOH, AM 1.5 100 mW cm-2 -70 0.08 1000 

np
+
-InP/NiO

x
 1.0M KOH, AM 1.5 100 mW cm-2 -370 2.1 48 

np
+
-InP/NiO

x
 1.0 M K-Bi, AM 1.5 100 mW cm-2 -250 1.0 600 

n-Si/CoO
x
/NiO

x
 1.0M KOH, AM 1.5 100 mW cm-2 -270 2.2 1700 

*Eonset is the photocurrent onset voltage vs. the equilibrium potential for water oxidation (1.23 V 

vs. RHE), η is the ideal solar-to-oxygen regenerative cell conversion efficiency, and t is the 

length of demonstrated photoelectrochemical stability under a constant bias. 

 

4.7 Summary 

The combination of optical transparency, electrical conductivity, chemical stability, 

corrosion protection, antireflectivity and catalytic activity enables the use of NiOx for the 

stabilization of unstable semiconductors (such as amorphous Si, amorphous Si passivated 

crystalline Si, CoOx passivated crystalline Si, crystalline CdTe and InP) for solar-driven water 
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oxidation in strongly alkaline solutions, as well as in near-neutral pH buffered solutions that 

might be relevant to CO2 reduction. 

In contrast to protective films formed by ALD-TiO2, where the defects result primarily 

from atmospheric conditions as well as atomic vacancies, the defective nature in the reactively 

sputtered NiOx films results primarily from the columnar structure as well as from pinholes 

caused by the arcs during plasma sputtering.  The sputtered NiOx films are therefore better suited 

to protect semiconductors that passivate as opposed to semiconductors that actively dissolve 

under photoanodic operating conditions [79]. Anodic protection is a very effective method to 

protect metals or alloys (such as stainless steel) from acid (sulfuric acid), by shifting the potential 

of the substrate into the passive region of the anodic polarization curve.  Similarly, Si etching 

stops when a potential positive of the passivation potential is applied. This process is 

independent of the dopant type or surface crystalline orientation[80], and thus is different from 

the etching of Si in alkaline electrolytes[81]. Anodic passivation is also used in 

microelectromechanical systems (MEMS) to effectively control the Si etching stop in alkaline 

solution, thereby enabling the definition of micromachined membranes and cantilevers.  

Typically, a stoichiometric oxide with a transition layer is formed at the Si surface, and the oxide 

thickness depends on the passivation conditions (concentration, temperature, and bias) and 

substrate doping (type and concentration) [82].  However, even at potentials that are positive 

with respect to the open-circuit potential but that are negative of the passivation potential, Si 

corrosion can be significant, as evidenced by the generation of H2 gas under such conditions 

[83].  Therefore, we must be cautious in comparing stability metrics between studies, as the 

method of determining “stability” can be highly study-dependent.  
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5. Conclusions 

 Both titania and NiOx protection layers can provide >100 h of stability to silicon and 

other semiconductors in relatively harsh oxidizing operating conditions.  These conditions allow 

for efficient solar-driven water splitting or fuel-forming devices to be constructed under 

conditions that allow for intrinsically safe operation.  The ALD-TiO2 approach allows for the 

protection of otherwise unstable semiconductors, including those that may not be stable by self-

passivation. Sputtered NiOx films provide excellent stability, catalytic, and optical 

characteristics, particularly on semiconductors that have a self-passivating mechanism under 

anodic bias. Further work is ongoing to expand the working space for these approaches to larger 

potential ranges, other environments, and new deposition methods. Furthermore, the use of these 

protection layers is being explored to form high efficiency, fully integrated, intrinsically safe 

solar fuels generation systems. 
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