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1  Introduction
The development of technologies aiming to decrease the 
emission of greenhouse gases in the atmosphere is a key 
feature for a sustainable economy. Solar cells and wind 
generators are the successful examples of such technologies. 
In the frontiers of fuel market, hydrogen emerges as a 
promising “green” alternative to fossil sources. Currently, 
low cost H2 is produced from natural gas steam reforming 
and generates large amounts of CO2 [1]. Therefore, the 
development of methodologies for H2 generation with 
competitive prices is very important. In this context, solar-
driven photoelectrochemical water splitting (WS) to produce 
H2 has emerged as a promising technology [2].

The working principle of photoelectrochemical 
cells (PEC) differs from photovoltaic-electrolysis cells 
[3]. Photovoltaic-electrolysis systems use the electrical 
power generated by the photovoltaic module to perform 
electrolysis of water, Figure 1a. On the other hand, PECs 
are characterized by a semiconductor-electrolyte junction 
where an electric field is created, facilitating the spatial 
separation of the photoexcited electron/hole pairs, Figure 
1b [4]. The isolated minority charge carrier migrates to 
surface sites at the electrolyte-semiconductor interface 
where redox reaction occurs. The conduction band-edge 
(ECB) and valence band-edge (EVB) energy values determine 
if a semiconductor is suitable for non-biased WS reaction, 
Figure 1c [2]. In an ideal scenario, semiconductors ECB 
should be more positive than the H2/H+ electrochemical 
potential and EVB should me more negative than H2O/O2 

electrochemical potential, Figure 1c. Consequently, the 
minimum theoretical band-gap (Eg) that a semiconductor 
must have to perform non-biased WS is 1.23 eV (water 
splitting E°= 1.23 V), Figure 1c. However, the oxygen 
evolution reaction (OER) performed by photogenerated 
positive charge carriers (holes) in the semiconductor 
valence band (VB) and hydrogen evolution reaction (HER) 
performed by photoexcited electrons in the conduction 
band (CB) need an overpotential to overcome concentration 
and kinetic barriers. The estimated Eg needed to overcome 
these losses is in the range of 1.6-2.4 eV [2].
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electrical carriers flow, decreasing the recombination rates, 
and may increase the water splitting efficiency [4].

Sensitisation is the extension of the light absorption 
range of wide band-gap semiconductors by compounds 
adsorbed/deposited at its surface. Molecular dyes, metal 
nanoparticles that possess surface plasmon resonance 
(SPR) [21] or visible light absorbing semiconductors 
that absorb light with wavelengths longer than the base 
semiconductor are classified as sensitisers. Examples are 
the adsorption of Ru bypiridine complexes in TiO2

 [22] 
and CdSe nanoparticles deposited over ZnO electrodes 
[23]. Indeed the sensitisation made by semiconductors 
is a specific case of the formation of a semiconductor-
semiconductor junction, but it deserves a special 
classification due to a number of such sensitisation 
examples shown in literature.

The third approach is the deposition of electrocatalysts 
for HER and OER. Semiconductors can have the band 
edges with proper energies to perform water oxidation 
and reduction but the electron transfer reactions may not 
be fast enough for a sustainable process. Addition of an 
electrocatalyst thin layer at the semiconductors surface 
not only decreases the overpotential required for high 
current densities, but also can act as a photocorrosion 
inhibitor. The most active known HER catalysts in PEC are 
noble metals (Pt, Pd, Rh and Ru) [24,25] nanoparticles or 
thin layers, meanwhile metal oxides like RuO2, IrO2, NiO or 
CoO are known to be the most effective OER [26] catalysts. 

Chemical or physical methods can be used to cover 
the surface of a semiconductor with a functional material 
to improve the photoelectrochemical activity, Figure 2. 
Chemical methods such as electrodeposition [27], chemical 
bath deposition [28], successive ionic layer adsorption and 
reaction (SILAR) [29], adsorption of pre-made colloidal 
nanoparticles (NPs) [30] are widely employed to modify 

The work published by Fujishima and Honda [5] on 
the light-driven photoelectrochemical WS using TiO2 
photoanodes stimulated the scientific community to 
investigate semiconductors for WS. Since then, metal 
oxides as TiO2 [6], Fe2O3 [7], BiVO4 [8], WO3 [9], metal 
nitrides as Ta3N5 [10], metal phosphides as InP [11,12] and 
Si [13] semiconductors have been investigated aiming to 
develop photoelectrochemical systems with better solar-
to-hydrogen (STH) efficiencies. Wide band-gap oxide 
semiconductors show good stability under illumination in 
aqueous electrolytes, but poor visible radiation absorption 
resulting in low overall efficiency [14]. Visible light active 
non-oxide semiconducting materials present good STH 
efficiency, but low stability under illumination in aqueous 
solutions [15]. The current benchmark water splitting PEC, 
made by Turner group at NREL, has 12.4% STH efficiency 
and is based on a p-type GaInP2 powered by a GaAs p-n 
junction [16].

Several strategies have been developed to improve 
PEC system performances. Most of them involve the 
semiconductor surface coverage with a functional material 
that increases the photoelectrochemical cells efficiency 
and stability. The function of the modifying materials 
can be divided into 3 different categories: i) Formation 
of a semiconductor-semiconductor junction [17], ii) 
sensitization [18] and iii) water reduction or oxidation 
electrocatalyst [19].

A semiconductor-semiconductor junction is 
characterized by a built-in voltage created at the interface 
between two semiconducting materials in physical contact. 
The strength of the electric field depends on the nature of 
the junction type (N-n, P-p or p-n), on the doping density 
difference and the composition of both semiconductors 
(homojunctions or heterojunctions) [20]. The electric 
field at the materials interface directs the majority of the 

Figure 1: Solar-driven electrochemical water splitting cells a) photovoltaic-electrolysis cell; b) photoelectrochemical water-splitting cell and c) 
working principle of and water splitting PEC with n-type semiconductor photoanode.
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directly over the semiconductor will be considered, since the 
PVD HV conditions may benefit the interfacial properties 
among host semiconductor and functional material.

2  Semiconductor-Semiconductor 
junction formation by PVD
In a semiconductor-semiconductor junction, a 
build-in voltage is created at the interface between two 
semiconducting materials in physical contact. PEC 
efficiency may be improved by this electric field at the 
junction interface as it drives the majority of the carriers 
flow to the external circuit and decreases the photoexcited 
charge carrier recombination. Table 1 shows the examples of 
photoelectrodes at which a semiconductor-semiconductor 
junction was formed by the use of PVD.

semiconducting photoelectrodes. However, physical 
vapor deposition methods are much less commonly 
reported on the preparation of PEC systems.

PVD techniques are already applied in the production 
of large-scale thin-film photovoltaic generators. Thermal 
evaporation, electron beam deposition, laser ablation and 
sputter deposition are widely used in the manufacture of 
high efficiency and low cost 2nd generation solar cells [31-
34]. High-vacuum (HV) conditions normally used in PVD 
processes allow working with clean surfaces and thus 
obtain high quality interfaces between the substrate and 
the evaporated substance. Moreover, PVD permits one to 
obtain thin-films with controllable thickness down to a 
monolayer of the evaporated material.

The interest to use PVD methods has also been 
expanded to the H2 fuel economy. Successful examples 
are fuel cell electrocatalysts [35], fuel cells bipolar plates 

[36] and water electrolyzer catalysts [37,38]. The paper 
published by Esposito and co-workers [37] shows how the 
use of PVD processes can be beneficial for H2 formation 
from WS (photo)electrochemical systems. Based on model 
calculations, Figure 3, the cost for Pt HER catalyst in an 
electrolyzer was estimated as a function of the Pt loading 
and the current density (J) calculated using the Tafel 
equation. It can be seen that only a single Pt monolayer 
(black circles) on a flat surface would be enough to reach 
the typical currents of PEC systems (10-20 mA cm-2) [39]. 
Therefore, PVD can be used to prepare expensive material 
thin layers over photoelectrodes and decrease PEC systems 
manufactur costs.

In this mini-review, the use of PVD methods to 
modify the surface and improve the performance of PEC 
semiconducting electrodes will be described. The review 
is organized according to the function added to the 
semiconductor by the evaporated material: formation of 
a semiconductor-semiconductor junction; sensitisation 
and addition of electrocatalytic sites for HER and OER. 
Only reports in which the evaporated material is deposited 

Figure 2: Methods to improve PEC by the use of physical or chemical methods. The emphasis of this review is centered on PVD methods to 
modify the semiconductor surface to form a semiconductor/semiconductor junction; sensitisation and; HER and OER electrocatalytic sites.

Figure 3: Platinum cost and the HER current density as a function 
of different morphology of Pt estimated using the Tafel equation: 
Spherical particles (▲; diameters in nm; a) 2 A cm-2, b) 0.2 A cm-2, 
c) 0.04 A cm-2), thin films (●; thicknesses given), and mesoporous 
supported Pt NPs (■). Reprinted with permission from [37]. Copy-
right 2013 John Wiley and Sons.
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Shaheen et al. [42] fabricated a junction between TiO2 
and ZnO via the sputtering of ZnO layers on anodically 
grown TiO2 NTs. The findings of this work indicate that longer 
sputtering times resulted in thicker ZnO shells, which in 
turn showed different morphologies and optical properties, 
Figure 4a-d. The TiO2/ZnO heterojunctions were tested as 
photoelectrodes in WS PEC using Na2SO4 electrolyte, Figure 
4e. The sample coated for 53 min with ZnO has shown 
the best photoelectrochemical response, showing 7.3 % 
photoconversion efficiency under UV radiation while pure 
TiO2 NTs showed 4.1 % at the same conditions. This effect 
was confirmed via the incident photon to current efficiency 
(IPCE) measurements, Figure 4f. 

The decrease in the band gap (3.06 eV), the higher 
surface area, and the relative band positions between ZnO 
and TiO2 are thought to be the main reasons for the observed 
enhancement in the PEC efficiency.

3  Sensitization of semiconducting 
electrodes using PVD
The sensitisation is typically used to extend the light 
absorption of wide band-gap semiconductors to the 
visible light range. PVD processes were used to deposit 
metal nanoparticles that possess SPR or visible light 
absorbing semiconductors to sensitize wide band-gap 
semiconductors. Table 2 summarizes the examples of 
photoelectrodes sensitized by PVD methods found in 
literature.

From 2012 to 2013 Lai et al. [40,43-46] published a 
sequence of 5 papers about water splitting PEC using TiO2 
nanotube (NT) arrays loaded with WO3 by sputtering. The 
authors reported that the deposition of tungsten onto the 
TiO2 NTs at a sputtering time of less than 1 min yielded 
the formation of hybrid WO3–TiO2 NTs, as manifested by 
the formation of W–O–Ti groups. Longer deposition times 
resulted in the accumulation of WO3 on the top part of the 
nanotubes and initiated the growth of a cauliflower-like 
structure. The resultant hybrid NTs displayed higher visible 
light absorption and higher photoconversion efficiency 
as compared to the pure TiO2 NTs. The best WO3–TiO2 NTs 
photoelectrode produced a 2.4 mA cm-2 photocurrent that 
is 2 times higher than a pure TiO2 NTs sample. This effect 
was attributed to better charge carrier separation and 
transportation in PEC WS by providing an effective way to 
address recombination losses due to the semiconductor-
semiconductor junction formed.

Leroy et al. [41] synthesized LaTiO2N photoanodes with 
a sputtered In2O3 overlayer. The authors reported that the 
coverage of LaTiO2N with In2O3 multiplied the photocurrents 
by a factor of 2-3 when compared with pristine LaTiO2N 
films. The enhancement could be attributed to: i) a better 
charge separation and lower charge recombination at the 
semiconductor-semiconductor junction and/or ii) to better 
charge extraction by the action of a surface dipole created 
between LaTiO2N/ In2O3. The authors suggest additional 
studies on the interface to assess the actual mechanism. This 
study has shown the promising potential to combine In2O3 
with oxynitrides for solar WS reaction.

Table 1: Literature reports of water splitting PEC photoelectrodes in which a semiconductor-semiconductor junction was formed by PVD. The 
results shown are for the best conditions described in each article.

Photoelectrode design PEC experiment PEC results ref

Electrolyte 
comp.

LPD (W m-2) pure semicon. modified 
semicon.

JSC (mA cm-2)* / 
EOC (V)

JSC (mA cm-2)* / 
EOC (V)

n-TiO2 NTs were produced by anodization of Ti foil. Metallic W was 
deposited 30 s over NTs by RF sputtering system with 150 W and 
subsequently the pure n-TiO2 NTs and the n-W/TiO2 NTs samples were 
annealed at 400°C in Ar atmosphere for 4 h.

1 M KOH with 
1wt% ETG, 
pH=14

800, 
no filter

~0.7/~0.37 1.3/~0.29 40

n-LaTiO2N powder was deposited on FTO by electrophoretic deposition 
followed by TiCl4 treatment with subsequently annealing under vacuum 
for 30 min in 773 K. A 14 nm In2O3 layer was deposited by RF sputtering 
over LaTiO2N film.

0.1 M Na2SO4, 
pH=7

1000, 
AM 1.5G

0.24/- 0.61/- 41

n-TiO2 NTs were produced by anodization of Ti foil. The ZnO was depo-
sited over NTs by RF sputtering of ZnO targets system at 125 W for 53 
min.

0.5 M Na2SO4, 
pH=7

1000, 320 < 
λ < 400 nm

9/0.11 13/0.01 42

LPD=Light power density; ETG= ethylene glycol; NRAs=nanorods arrays; QDs=quantum dots; 
* at 1.23 V vs. RHE; ϕ amorphous TiO2 NTs, 
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Our group [48] demonstrated the decoration of highly 
ordered TiO2 NT arrays with CdSe via RF magnetron 
sputtering. Charge transfer across the TiO2-CdSe 
interface as well as high photocurrent generation were 
improved by controlling annealing temperature and 
CdSe film deposition time. The best PEC response was 
obtained from CdSe deposited for 30 min and annealed 
at 400°C in vacuum, presenting a photocurrent density 
of 1.9 mA cm−2 at 1.23 V vs. RHE, resulting in 3 and 535 
times enhancement when compared to pure TiO2 NTs 

In 2014 Chen et al. [48] studied visible light responsive 
photoelectrodes composed of Au NPs deposited on TiO2 
(AuNPs-TiO2) by RF magnetron sputtering. Composite 
structures where optimized by varying the Au film 
thickness. The photocurrents generated were increased 
74 times for the best AuNPs-TiO2 when compared with 
bare TiO2 under visible light irradiation. The significant 
enhancement of PEC hydrogen generation observed on 
the composite structures was attributed to the process of 
the SPR excitation of the Au NPs.

Figure 4: SEM top-view images of (a) pure TiO2 NT after annealing at 450°C, and the ZnO/TiO2 NT formed via the sputtering of ZnO for (b) 18, 
(c) 35 and (d) 53 min, respectively. (e) Shows the photocurrent density vs. potential under intense UV illumination for the pure TiO2 NT and 
the ZnO/TiO2 heterojunction and the (f) IPCE data of pure TiO2 NT and the 53-min ZnO/TiO2 photoelectrodes under a constant bias of 1.23 
vs. RHE.42Adapted with permission from (B. S. Shaheen, H. G. Salem, M. A. El-Sayed, N. K. Allam, J. Phys. Chem. C 2013, 117, 18502-18509). 
Copyright (2013) American Chemical Society.

Table 2: Examples found in literature concerning the use of PVD methods to sensitise semiconductors applied in PEC water splitting reac-
tions. The results shown are for the best photoelectrodes described in each article.

Photoelectrode design PEC experiment PEC results ref

electrolyte comp. LPD (W m-2) pure semicon. modified 
semicon.

JSC (mA cm-2)* / 
EOC (V)

JSC (mA cm-2)* / 
EOC (V)*

100 nm - TiO2 thin film on FTO glass substrate was deposited by 
RF magnetron sputtering. At the same procedure was applied to 
deposit 10 nm of Au on TiO2 surface. Then the as-prepared films 
were annealed in air at 400°C for 3 h.

1 mol/L KOH, pH=14700 
for λ > 550 
nm

0.0003** / - 0.0022** / - [47]

n-TiO2 NT was fabricated by electrochemical anodization of 
Ti sheet. The CdSe was deposited onto TiO2 NT surface by DC 
magnetron sputtering for 30 min with subsequently annealing at 
400°C for 30 min in vacuum (2 x 10-7 mbar).

0.24 M Na2S and 
0.35 M Na2SO3, 
pH=13

1000, 
λ > 400 nm

0 / 0 1.9 / 0.145 [48]

n-ZnO NWs were grown on glass substrate by hydrothermal 
process  and a 15 nm of Au was subsequently sputtered on ZnO 
surface. Then the samples were annealed at 200°C for 1 h.

0.5 M Na2SO4, pH=7 1000, 
λ > 400 nm

0.020 / 0.8 0.22 / 0.890 [49]

LPD=Light power density at 1.23 V vs. RHE, **under zero applied bias voltage
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the PEC water splitting, the semiconductor coverage 
with electrocatalysts can reduce the photoelectrodes 
deactivation due to photocorrosion. PVD has been used 
to decorate semiconductors with a number of metal and 
metal oxides that act as HER or OER electrocatalysts. 
Table 3 summarizes a list of examples found in the recent 
literature.

4.1  Hydrogen evolution catalysts

There are few examples of p-type semiconductors 
modification with HER by means of PVD. Early examples 
found are the coverage of p-GaP and p-Si with Ag films 
obtained by thermal evaporation reported by Nakato et al. 
[57] and the deposition of Ru, Rh and Pt over p-InP using 
electron beam (e-beam) evaporation described by Heller 

and co-workers [58]. However, neither article is clear 
whether the PEC measurements were made with the PVD 
modified samples or obtained by chemical methods, and 
there is a lack of some electrochemical characterization.

Beyond the early works published, just two recent 
reports were found. The first example reports the sputter 
deposition of gold over p-GaN as a HER catalyst [50]. The 
Au layer covered 40% of the surface, forming 7.6 nm Au 
NPs. The STH efficiency of the bare p-GaN photoelectrodes 
increased from 0.02 to 0.59 % after gold deposition in non-
biased PEC using HCl as electrolyte. Moreover, the presence 

under 1 sun and visible light irradiation (λ > 400 nm) 
respectively, Figure 5a-c.

Kushwaha et al. [49] sensitized ZnO nanowires 
(NWs) by sputtering an Au layer followed by annealing 
at different temperatures, see Figure 6a-d. The tailored 
structure shows a maximum photocurrent of 300 μA cm-2 
under visible light illumination presenting a photon-to-
current efficiency of 0.13 % at 1.23 V vs. RHE. The Au NPs 
tune the visible light absorption and utilize the SPR of the 
Au nanoparticle to boost the hot electron injection from 
Au nanoparticles to the ZnO conduction band. The Au NPs 
also suppress the hole trapping at surface defects of ZnO 
NWs and enhance the water splitting performance of the 
material under visible light, Figure 6e-g.

4  Deposition of HER and OER elec-
trocatalysts by PVD methods
Theoretically a semiconductor owning the ECB and EVB 
that straddle the electrochemical potentials -qE0 (H+/H2) 
and -qE0 (O2/H2O), Figure 2c, can perform non-biased 
photoelectrochemical water splitting. Nevertheless, 
water redox reactions at bare semiconductor surfaces 
are usually not fast enough for a useful process and the 
employment of HER or OER electrocatalyst is necessary. 
Besides reducing the overpotentials needed to run 

Figure 5: (a) SEM images of samples obtained with different CdSe on TiO2 NTs sputtering deposition times. (b) and (c) shows the current vs 
potential curves of samples with different annealing, measured under 1 sun irradiation and visible light irradiation (λ > 400 nm), respec-
tively. Reproduced with permission from [48] with permission of the PCCP Owner Societies.
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Figure 6: SEM images of Au NPs functionalized ZnO NWs. (a) As sputtered Au layer (15 nm) over ZnO NWs film, (b) Au–ZnO NWs film annealed 
at 200, (c) 400 and (d) 600°C, respectively. (e) Time dependent photoresponse of Au NP functionalized ZnO NWs, (f) linear seep scans of as-
grown ZnO NWs vs. size dependent Au NP coated ZnO NWs. (g) Solar to hydrogen conversion efficiency (η) of Au–ZnO NWs and (h) stability 
test of photoelectrodes. Reproduced with permission from [49] with permission of The Royal Society of Chemistry.

Table 3: Examples found in literature concerning the use of PVD methods to deposit HER or OER catalysts over semiconductor for applied in 
water splitting PEC. The results shown are for the best conditions described in each article.

Photoelectrode design PEC experiment PEC results ref
Electrolyte 
comp.

LPD (W m-2) pure semicon. modified 
semicon.

JSC (mA cm-2)* / 
EOC (V)

JSC (mA cm-2)* / 
EOC (V)

p-GaN coated with gold by sputtering deposition. Au NPs with 
7.6 nm were formed after deposition.

1 M HCl 1000, 
no filter

-0.5/1.76 -0.52/2.20 [50]

Planar p-Si and p-Si microwires were coated with 1 nm Pt by e-beam 
deposition.

Potassium 
biphtalate 
buffer pH 4.5

1000, 
no filter

0/0 0/- [51]

n-TiO2 1D columnar  nanostructures were decorated with Pt by  
RF-sputtering. The best samples were obtained after 20 s of deposi-
tion, in which 1.15 nm Pt NPs were observed.

1M KOH, 
pH=14

400, 
λ <400nm

-/- 9.49/-0.07 [52]

n-TiO2 nanorods were decorated with Pt by RF-sputtering. The best 
samples were obtained after 20 s of deposition, in which 4 nm Pt 
NPs were observed after annealing at 450°C for 2h.

0.05 M KOH, 
pH=12

2000, 
AM 1.5G

7.5 x 10-4/ 0.72 3.3/0.5 [53]

Nanotextured n-Si coated with NiRuOx OER catalyst by co-sputtering 
NiO and Ru targets.

0.25 M 
Na2SO4/ phos-
phate buffer, 
pH 7.2

1000, 
AM 1.5G

0.01/0.25** 1.34/1.08 [54]

Passivated n-Si wafer was coated with 2 nm Ni film by e-beam 
deposition.

K3BO3 buffer, 
pH 9.5

2250, 
no filter

-/- ~2/1.18 [55]

n-WO3 thin films deposited over FTO were covered with 10 nm of IrO2 
formed by reactive sputtering of Ir targets.

1M H2SO4, 
pH=0

1000, 
AM 1.5G

0.91/0.4 0.5/0.4 [56]

LPD=Light power density, *at 1.23 V vs. RHE for n-type semiconductor and 0.00 V vs. RHE for p-type semiconductor, ** Si oxidation
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8   P. Migowski, A.F. Feil

photoanodes by using e-beam evaporation of Ni thin films 
[55]. The fine control over the Ni film thickness offered by 
the PVD methods enabled the development of an optimal 
device with Ni films over native oxide passivated single 
crystal (100) n-Si. It was found that photoelectrodes with 
2 nm thick Ni films display higher built-in potentials than 
those with Ni films thicker than 5 nm. Two nanometer films 
do not neutralize all induced charge by the electrolyte. 
Meanwhile the built-in potential at the Ni-SiOx-Si junction 
with films thicker than 5 nm is dictated by the Schottky 
barrier formed at the metal-insulator-semiconductor 
junction.

As a result, the Ni-SiOx-Si electrodes with 2 nm Ni 
films need smaller applied potentials than the ones 
with films thicker than 5 nm to oxidize water under 
illumination, Figure 8a,b. Moreover, 2 nm Ni films are 
oxidized under anodic bias and formed an excellent 
OER catalyst layer providing impressive 80 h stability for 
n-type Si, Figure 8c.

Another recent example of n-Si corrosion protection 
by OER catalysts was made by Sun et al. [54]. Flat and 
nanotextured, Figure 9a,b, n-Si single crystals were coated 
with NiOx and NiRuOx using RF-sputtering. It was found 
that NiRuOx films deposited over n-Si were better OER 
catalysts than pure NiOx and voltages bellow 1.23 V vs. 
RHE were need to perform water oxidation in illuminated 
systems, Figure 9c. Moreover, the electrodes suffered a 
small current loss after 500 polarization cycles from open 
circuit to 430 mV anodic overpotential, decreasing from 7 
to 5.95 mA cm-2 after 1.5 h, see Figure 9d.

Semiconducting oxide photoanodes were also 
modified with OER catalysts by PVD methods. Pt NPs 
were formed by sputtering Pt targets over TiO2 nanorods 

[53] (NRs) and 1D columnar TiO2 nanostructures [52]. 
Both works have shown that the deposition of Pt for 
20 s has generated the most effective photoelectrodes. 
In the case of NRs the OER enhancement was more 
pronounced than in the 1D columnar photoanodes. 
Spurgeon and co-workers [56] studied PEC properties of 
WO3 photoelectrodes covered with IrO2 films made by spin 
coating, sputtering and electrodeposition. It was found 
that the reactive RF-sputtering deposition of Ir using an 
Ar/O2 mixture was the most effective method to attach the 
OER catalyst among all approaches tested. It was claimed 
that the porous nature of the sputtered films enabled the 
contact of the electrolyte with the WO3 layer and thus J-E 
performances were similar to those of bare WO3 in 1 mol 
L-1 H2SO4 electrolytes. Moreover, the IrO2 layers obtained 
by sputtering increased the Faradaic efficiency of O2 
evolution up to 99% meanwhile bare WO3 electrodes did 
not produce O2 due to the formation of S2O8

2-.

of Au HER catalysts improved the photoelectrodes stability 
and just 25 % loss of current density was observed after 
6 h under one sun illumination. 

Figure 7: Current density as function of the applied potential 
(vs. RHE) profiles of planar p-Si samples with various HER under 
illuminated condition [51]. Note that Pt film obtained by e-beam 
showed ohmic behavior (resembling pure Pt wire) meanwhile Pt HER 
catalysts obtained by electroless deposition showed the best PEC 
performance. Reproduced with permission from [51] with permition 
of The Royal Society of Chemistry.

In the second article found, McKone et al. [51] studied 
the PEC performance of planar p-Si and p-Si microwires 
decorated with Pt HER catalysts obtained by e-beam 
evaporation. The deposition of Pt by e-beam created 
an ohmic contact with bi-phthalate electrolyte and 
no photocurrents were observed, Figure 7, whereas Pt 
deposited by electroless chemical methods have shown 
the highest photovoltages observed in all samples 
measured in their work.

4.2  Oxygen evolution catalysts

Photoanodes are more prone to photodecomposition 
as anodic potentials are applied to them and insulating 
oxides tend to be formed. The addition of OER catalysts 
not only increase the water oxidation rates but extend 
photoanodes lifetime by avoiding the photodecomposition 
or photocorrosion.

The coverage of n-Si electrodes by PVD with OER is a 
common example found in the literature [54,55,57,59,60]. 
In some cases, the OER catalyst was obtained during 
anodic polarization of metallic protecting overalyers 
deposited over n-Si. Kenney and co-workers have reported 
one of the most remarkable stability improvements of n-Si 
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5  Final remarks
The use of PVD techniques to modify semiconductors 
aiming to improve the performance of water splitting PEC 
is relatively unexplored and only a few reports deeply 
studied the benefits of using such methodologies. Early 
examples of the use of PVD methods are difficult to find in 
the literature, principally because this method was used 
as a tool to prepare thin films over semiconductors and 
investigate effects other than the deposition method itself. 
Many examples described in this mini-review were found 
hidden in the results and discussion, therefore making a 
complete overview of the topic difficult. 

The formation of semiconductor-semiconductor 
junction by PVD process has been explored very little up 
to this moment. The related works showed the necessity 
to obtain a thick semiconductor layer over the base 
semiconductor to improve PEC activity of photoelectrodes. 
In all cases, it was shown that the semiconductor-
semiconductor interfaces play a key role in promoting 
charge separation and can shift the absorption slightly to 
the visible light region depending of the materials choice.

On the other hand, the semiconductor sensitisation 
through SPR of vaporized noble metals, such as Au, 
required a very short evaporation time when compared 

Figure 8: Photoelectrochemical characterization of n-Si/SiOx/Ni photoanodes with different Ni thicknesses (2, 5, 10 and 20 nm) obtained by 
e-beam evaporation. a) J-E plots under illumination using in KOH electrolyte, b) J-E plots under illumination using in potassium borate buffer 
and c) 2 nm Ni photoelectrode degradation profile at constant current 10 mA cm-2 using mixed electrolyte of Li+ and K+ borates (pH 9.5) [55]. 
From M. J. Kenney, M. Gong, Y. Li, J. Z. Wu, J. Feng, M. Lanza, H. Dai, Science 2013, 342, 836-840. Reprinted with permission from AAAS.

Figure 9. Morphological and photoelectrochemical characterization 
of n-Si photoanodes modified with NiOx and NiRuOx OER catalysts 
by RF-sputtering. a) Top and b) side SEM images of nanotextured 
n-Si. c) J-E plots of the photoanodes containing OER catalysts and d) 
Current density as a function of voltage cycles from open circuit to 
430 mV overpotentials [54]. Adapted with permission from (K. Sun, 
X. Pang, S. Shen, X. Qian, J. S. Cheung, D. Wang, Nano Lett. 2013, 13, 
2064-2072.). Copyright (2013) American Chemical Society.
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will allow a deeper understanding of the benefits 
of depositing materials by physical methodologies. 
Moreover, the field of photocatalytic hydrogen production 
may also benefit from modifications with PVD techniques. 
Only two reports were found in the literature, one of our 
group63 and another from Nam and Han,64 and both show 
promising results.
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