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Solar energy is a well-known green 
and inexhaustible source and represents 
a desirable alternative for fossil fuels.[10–13] 
In the photovoltaics industry, perhaps 
the oldest and most developed in this 
field, there are still hurdles that delay the 
world-scale use of solar resources, ranging 
from an efficient integration in power 
systems to energy costs and instability 
issues.[14] For these reasons, interest arose 
in exploring new paths for the exploita-
tion of solar energy. In this context, photo-
electro-chemical (PEC) water splitting and 
PEC CO2 reduction attracted significant 
interest, emerging as two promising tech-
nologies for addressing the current prob-
lems of energy storage and sustainable 
carbon reductions.[1,15–19]

PEC reaction cells aim at transforming 
solar energy to hydrogen (H2) and other multi-carbon species 
of industrial interest by mimicking the natural photosynthesis 
occurring in plants.[20] PEC systems, once deployed on large 
scales, can open to a fully sustainable energy cycle in which water 
H2O starts and close the loop, without any toxic or harmful by-
product generated.[21] PEC cells generally consist of two semicon-
ductor-based photoanode and photocathode electrodes, equipped 
with a reference electrode and forming a three-electrode reactor 
cell.[22,23] Water splitting occurs when the semiconductor 
bandgap is larger than 1.23 eV,[22,23] requiring the use of external 
bias in configurations in which the semiconductor material does 
not meet this requirement. A large body of research is currently 
devoted to address this issue with the ultimate goal of mimicking 
the plant’s photosynthesis in bias-free PEC architectures. Another 
important research direction lies in the study of new co-catalysts, 
which could accelerate the PEC reactions for the implementation 
of cost-effective, stable, and large-scale systems.[24–26]

Silicon (Si) is an earth-abundant, environmentally friendly 
semiconductor with strong industrial maturity and represents 
an attractive material for implementing innovative PEC tech-
nologies.[27–29] Si’s primary advantage is the availability of a broad 
range of manufacturing techniques for nanostructuring the mate-
rial into an almost ideal, black-body solar energy harvester.[30–32] 
In addition to that, the last few decades of electronics research 
opened the doors to vast resources for the controllable bandgap 
engineering of this semiconductor, via either doping or the forma-
tion of multi-junctions heterostructures. Finally, the sluggish reac-
tion kinetics on Si surfaces allows for material functionalization 
with large varieties of co-catalyst nanoparticles.[33] Notwithstanding 
these points, Si also has some drawbacks. The spontaneous for-
mation in acidic environments of SiO2 or H2SiO3 hampers carrier 
extraction for water splitting, while known corrosion problems 

Silicon, an earth-abundant material with mature technology, low-cost 
manufacturing, and high stability, holds promise to enable the sustainable 
exploitation of solar energy resources currently under utilized at the world-scale. 
Apart from traditional interest in the photovoltaic industry, recent years have 
seen increasingly large activity in the study of Si-based photo-electro-chemical 
(PEC) cells for water splitting and CO2 reduction. This research established 
an exciting area with the potential to address the present environmental crisis 
originating from unregulated CO2 emission levels. In this review, the recent 
work on Si-based PEC devices for large scale production of hydrogen via water 
splitting, and carbon-negative technologies for the solar-driven reduction of 
CO2 into chemical fuels of industrial interest are summarized. Bias-assisted 
and bias-free PEC architectures are discussed, highlighting the motivations, 
challenges, functional mechanisms, and commenting on the perspectives 
related to this field of research both as a science and engineering.
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1. Introduction

The current over-dependence on fossil fuels is exposing the 
environment to unprecedented CO2 emission levels, leading 
the planet to an exponential increase of global warming due to 
the greenhouse effect.[1–5] Following the UN’s sustainable devel-
opment goals 7, 12, and 13, a pressing demand exists to address 
this problem by developing highly efficient technologies for 
CO2 transformation, which could attain a sustainable carbon 
cycle with renewable-energy sources.[6–8] The demand acceler-
ates with the severe health and economic impacts that are fol-
lowing by the current Covid-19 pandemic, which are promoting 
a global reconceptualization on the importance of technologies 
that could offer the minimum impact to the whole planet’s eco-
system, preserving its biodiversity and inhibiting the disruptive 
conditions that lead unknown viral diseases to arise.[9]

© 2021 The Authors. Advanced Sustainable Systems published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution-NonCommercial-NoDerivs License, which 
permits use and distribution in any medium, provided the original work 
is properly cited, the use is non-commercial and no modifications or 
adaptations are made.
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in alkaline solutions lead to instability issues. Addressing these 
issues is currently opening new opportunities in research.[33–37]

2. Water Splitting

In PEC water splitting, hydrogen is produced from water using 
sunlight and specialized semiconductors, which use light 
energy to dissociate water molecules into hydrogen and oxygen. 
The water splitting reaction consists of two half-reactions, the 
hydrogen evolution reaction (HER), and oxygen evolution reac-
tion (OER)[38,39]:

2H 2e H 0.41V,
2H O O 4H 4e 0.82V,

2
0

2 2
0

E
E

+ → ∆ = −
→ + + ∆ =

+ −

+ −  (1)

To realize water splitting, the energy potential of the conduc-
tion band is required to be lower than −0.41  V versus normal 
hydrogen electrode (NHE) at pH 7, and the energy of the valence 
band need to be higher than the 0.82 V versus NHE at pH 7, 
implying that the overall band gap of the semiconductor should 
be at least 1.23 eV. Si has a bandgap of 1.1 eV, and this implies 
that an additional bias is required for this material to perform 
solar-driven water splitting reactions. Research to address this 
problem is carried out along different lines, ranging from the 
use of buried junctions to the addition of external photovoltaic 
(PV) modules, and can be grouped into two main areas: bias-
assisted and bias-free configurations.

2.1. Bias-Assisted Architectures

These configurations exploit an external bias that is directly 
added to the PEC cell to reach the 1.23 eV necessary to perform 
water splitting.[40,41] In these systems, developing an efficient 
light trapping scheme is the primary consideration for the PEC 
device design, in order to overcome the natural limitations of 
planar Si, which reflects away a substantial portion of light 
energy (around 30% in the visible at normal incidence). The 
approach to address this problem is designing anti-reflection 
layers that do not introduce trap states for the electronic carriers 
that drive the chemical reaction of water splitting. A common 
strategy is to introduce micro- or nano-structured surface tex-
tures fabricated on the photoelectrode surface, improving 
light absorption with minimal defects states for the diffu-
sion of photogenerated carriers.[42,43] Recently, Hwang  et  al.[44] 
reported a Si photocathode equipped with Si nanowire (SiNW) 
for enhancing light absorption. Figure  1a shows an image of 
the SiNW, characterized by a diameter of 100  nm, length of 
20  µm, and prepared by electroless deposition and chemical 
etching. Figure  1b shows the final photocathode schematic 
diagram after the electroless deposition of platinum (Pt) nano-
particles as co-catalysts. The SiNW absorb incident photons 
and generate electron carriers that flow across the SiNW/elec-
trolyte interface, reducing H+ into H2. Illuminated with sun-
light, the photocathode with SiNW exhibits an onset potential, 
that is, the minimum potential to observe water splitting, of 
0.42 V versus 0.33 V for a planar Si cell using a counter Pt elec-
trode, measured in a stirred solution of H2SO4 + 0.5 M K2SO4 

(Figure  1c). The results of ref. [44] demonstrate that there is a 
systematic enhancement of the photo-generated voltage in the 
photocathode nanostructured with SiNW compared with a ref-
erence of planar Si. A contribution to a larger photovoltage is 
also caused by a larger surface roughness in the nanostruc-
tured samples, which generates a larger electrode/electrolyte 
interface area adjacent to the redox molecules of water. How-
ever, as studied in ref. [45], such increased surface area brings 
also a negative effect, as it dilutes the concentration of photo-
generated electron carriers diffusing along the semiconductor/
electrolyte interface, leading to a lower quasi-Fermi level and, 
therefore, a smaller photovoltage.

In ref. [44], the authors further measure the photovoltages of 
photocathodes with and without nanowires with cyclic voltam-
mogram of methylviologen (MV2+/+) (Figure 1d). The results of 
this analysis show that SiNW generate photovoltages as large as 
0.36 V, higher than 0.31 V of planar Si. The maximum photo-
voltage generated in a semiconductor follows from[46]:

Photovoltage(max) FB RedoxE E= −  (2)

where EFB is the flat-band energy, measured when there is no 
band bending in the semiconductor, and ERedox is the redox 
energy of the MV2+/+ couple. According to Equation (2), the larger 
photovoltage of SiNW implies a higher flat-band energy EFB that, 
in turn, implies a higher energetics of SiNW for absorbing H+ on 
their surface. This analysis shows that photo-generated voltages 
are significantly influenced by the interfacial energetics of Si.

The water splitting dissociation reaction is characterized by 
Gibbs free energy change ΔG = 237 kJ · mol−1, which implies that 
water dissociation is normally not favored in ambient conditions. A 
substantial portion of research is devoted to address this problem 
by new photocatalysts materials, which could lower the water split-
ting reaction barrier, enhancing hydrogen, and oxygen generation 
rates. Photocatalyst cannot yet achieve a high efficiency by them-
selves, and are typically coupled with co-catalysts. Pure metal and 
metalloid materials, including Pt, nickel (Ni), and molybdenum 
disulfide, are proposed as efficient co-catalysts.[15,35,47–58]

Compared with other metal co-catalysts, Ni is undoubtedly one 
of the attractive candidates due to its toxic-free nature, low-cost, 
and high stability. In 2013, Dai et al.[59] proposed a Ti/ Si/native 
SiO2/Ni/NiOX PEC device as photoanode for water oxidation 
(Figure 2a). The system takes advantage of an ultra-thin layer of 
Ni (2 nm thick) deposited on n-type Si, which is passivated with 
few nanometers of native SiO2 oxide, forming a metal–insulator–
semiconductor (MIS) heterostructure. An additional 20 nm thin 
layer of Ti is deposited on the Si back side as Ohmic contact to 
complete the final device. Figure  2b summarizes the results of 
this system, reporting an onset potential of approximately 1.07 V  
versus reversible reference electrode (RHE). An ≈500 mV dif-
ference manifests when comparing the onset potential of the 
metallic (heavily doped) n++ Si (0.001 to 0.005 Ω · cm) coated with 
2  nm of Ni and measured in the dark. Such difference implies 
that the photo-generated voltage of the 2  nm thin Ni/Si photo-
anode is ≈500 mV. The results of ref. [59] show that the onset 
potential increases for increasing thicknesses of the Ni layer, 
which the authors attributed to a reduced light transmittance. 
This implies that an accurate control on the Ni deposition is of 
paramount importance for engineering efficient devices.

Adv. Sustainable Syst. 2021, 2000242
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In terms of stability, measurements within 12 h at the photo-
current of 10 mA cm−2 in K-borate (pH = 9.5) and KOH electrolyte, 
report that the 2 nm Ni/Si photoanode almost retained its initial 
activity (Figure  2c). The Ni/Si photoanode is also reported to 
maintain stable performances without signal decay for 80  h in 
0.65 m K-borate and 0.35 m lithium borate (Li-borate) (pH = 9.5)  
electrolyte (Figure 2d), showing a promising path to deign envi-
ronmentally friendly Ni-based co-catalysts for water splitting.

Very recently, Wang  et  al.[60] proposed a photocatalyst 
metallic compound based on a b-Si/TiO2/Co(OH)2 photoanode 
heterostructure (Figure 3a,b). In this device, the black Si with 
structure of 300 nm depth and diameters from 25 to 40 nm are 
prepared by chemical etching. At such nanoscale depths, light 
absorption is maximized, while charge recombination losses 
are simultaneously minimized. The PEC heterostructure is 
realized with a conformal layer of TiO2 with 8  nm thickness, 
deposited by atomic layer deposition (ALD) technique, followed 
by the integration of Co(OH)2 co-catalyst. The final device 
exhibits a saturated photocurrent density of 32.3 mA · cm−2 at 
an external potential of 1.48 V versus RHE in 1 m NaOH elec-
trolyte (Figure 3c). As discussed by the authors, the presence of 

an ultrathin TiO2 layer has the effect of passivating the surface 
without influencing light absorption (Figure  3d), neglecting 
the formation of an insulating SiO2 layer, and protecting the 
photoanode from the etching of alkaline solutions. Figure  3e 
shows the assembled PEC device before and after 3 months, 
demonstrating good stability in air. The designed device is  
further characterized in 1 m NaOH under 1.65 V versus RHE, 
reporting a photocurrent density–time curve with 81.2% of Jph 
maintained after 4 h OER (Figure 3f).

In general, the formation of insulating layers on Si, com-
posed of either SiOx or silicide compounds, leads to low effi-
ciency because these oxides induce band disalignment and 
lattice mismatch, degrading the quality of the Si/metal junc-
tion.[59,61–71] Strontium titanate, SrTiO3 (STO), has a cubic 
perovskite periodic structure with lattice constant of 3.905 Å, 
which is compatible with the lattice spacing 3.84 Å of crystal-
line Si growth in the [001] plane direction. The 1.7% difference 
between Si and STO deviation suggests that crystalline STO 
can grow on Si with low density of defects, achieving a good 
interface for driving chemical reactions. In addition to this 
advantage, the alignment of the conduction bands between 

Figure 1. a) Si nanowire array fabricated by metal-catalyzed chemical etching and imaged with scanning electron microscope (SEM). Inset: photograph 
of ≈10 mm × 10 mm sample of SiNW with low reflection. b) Schematic of Si nanowires array photoelectrode. Photons absorbed by Si nanowire generate 
minority carriers (electrons), which drift to the semiconductor/electrolyte interface where H3O+ is reduced to H2. Si nanowire is impregnated with Pt 
nanoparticles that serve as electrocatalysts for the electrode reaction. c) Photoelectrochemical H2 generation on p-type Si NW array electrode (both 
with and without illumination) in a stirred solution of H2SO4 + 0.5 m K2SO4 (pH 1). Same measurements on planar p-type Si are performed for refer-
ence. When SiNW is decorated with Pt nanoparticle by electroless deposition, the overpotential for H2 generation is reduced both for SiNW and planar 
Si. Photovoltage of SiNW is ≈0.2 V larger than that of planar Si. The inset shows the dark current densities of Pt NP-decorated, SiNW, and planar Si 
electrode in the same electrolyte. d) Cyclic voltammograms of methylviologen (MV2+/+) in a quiescent solution of 2 mm MVCl2 and 0.1 m KCl at scan 
rate of 50 mV s−1. Illuminated SiNW and planar Si photocathodes exhibit significant photovoltage if compared to a bare Au electrode. A photovoltage 
of +0.36 V is observed on Si NW, compared to +0.31 V on planar Si. The larger photovoltage on SiNW can be attributed to favorable (positive) shift of 
flat-band potential in SiNW compared to planar Si. Reproduced with permission.[44] Copyright 2012, ACS Publications.
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STO and Si has nearly zero offset, thus facilitating the electron 
transfer from Si through STO.[72–76] In a recent work,[77] a STO 
heterostructure made of p-Si/STO/Ti/Pt is designed and char-
acterized as photocathode (Figure 4a). X-ray photoelectron spec-
troscopy images shown in Figure 4b reveal that STO allows for 
a clean Si/metal interface with no formation of insulating layer 

of SiO2, allowing sunlight photons to propagate through the 
STO and be efficiently absorbed by Si. Photogenerated electron 
hole pairs drifts to the co-catalyst by a small band gap offset, 
and produce H2 by reacting with water molecules at the surface 
(Figure 4c). The device shows 460 mV onset potential for a STO 
sample configuration composed of four unit cells (Figure 4d).

Figure 2. a) Structure of 2-nm Ni-coated n-Si anode (top) and energy band diagram (bottom). The ultrathin Ni/NiOx and the electrolyte form an 
effective layer interfacing with Si, affording a high built-in potential Φs and photovoltage. The ultrathin Ni/NiOx forms an effective layer interfacing 
with Si, inducing a high built-in potential and photovoltage. b) Cyclic voltammograms of 2-, 5-, 10-, and 20-nm Ni-coated n-Si anodes in 1 m KOH 
under the illumination of a xenon lamp (150 W; 225 ± 10 mW cm−2, approximately twice that of the Sun), 2-nm Ni-coated n-Si anode in the dark, and 
2-nm Ni on metallic, heavily doped n++Si in the dark. c) Potential versus time, under constant current density of 10 mA cm−2, of two 2-nm Ni/n-Si 
anodes in 1 m KOH and 1 m K-borate, respectively, for 12 h under constant illumination. d) Potential versus time, under constant current density of  
10 mA cm−2, of a 2-nm Ni/n-Si anode in 0.65 m K-borate and 0.35 m Li-borate (pH = 9.5) for 80 h (>3 days) under constant illumination. Inset shows 
details of current fluctuations caused by oxygen gas bubble release. The increased saturation current in the 5-nm Ni-coated electrodes is highly repro-
ducible, but the cause is currently unknown. Reproduced with permission.[59] Copyright 2013, American Association for the Advancement of Science.

Adv. Sustainable Syst. 2021, 2000242
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The authors further compute the solar-to-hydrogen efficiency 
(ηSTH), which measures the ratio between the photoelectro-
chemical energy generated versus the input solar energy. When 
applying a bias in the PEC system, the electrical energy must 
be subtracted from the STH, obtaining the applied bias photon-
to-current efficiency (ABPE)[77]:

ABPE
·(1.23 )bJ V

I
= −

 (3)

where J is the photo-generated current density, I is the inci-
dent solar illumination intensity and Vb is the potential versus 
the counter electrode. The device reported in ref. [77] shows 
2.9% ABPE efficiency (Figure  4e). A strategy to enhance the 
efficiency is to reduce the size of the surface metal co-catalyst 
than the electron carriers’ diffusion length depletion widths. 
By following this approach and by introducing sub-100 nm Ti/
Pt nanostructures with nanosphere lithography method, the 
authors[77] reported 4.9% ABPE. The work[77] also reports the 
incident-photon-to-current conversion efficiency (IPCE), which 
is computed as follows[77]:

J

P
IPCE

1239.8·
·mono λ

=  (4)

where J is the photo-generated current density, Pmono is 
the monochromatic illumination power intensity and λ  is 

the wavelength. The device reports a broadband effec-
tive current response from 475 to 725  nm across all visible 
wavelengths(Figure 4f). Figure 4g shows that the photocathode 
manifests good stability within 35  h of operation, generating 
continuously H2 with small fluctuations.

Generally, light harvesting is typically designed to occur on 
a single side of the PEC device. A challenge in the design of 
these systems is minimizing the optical reflectivity of the co-
catalyst while guaranteeing good catalytic, that is, chemical, per-
formances.[78–82] For this reason, some groups started to explore 
bi-facial designs working with illumination on both (front and 
back) sides of the PEC cell. Very recently, the authors of ref. [83]  
employed this idea to design a n+np+-Si photocathode, 
(Figure 5a). The PEC cell consists of a front light-harvesting (LH) 
side with pyramid textures, and a back Si harvesting layer coated 
with Pt nanoparticles. The use of n+np+-Si interfaces on the back-
side lowers the Schottky contact resistance with the Pt/Si inter-
face, minimizing the impact of surface recombination on the 
photovoltage and photocurrent, and further reducing the recom-
bination of the photogenerated carriers between Pt and Si.[84]

Scanning electron microscope (SEM) images in Figure 5b,c 
show the texture morphology of the front and back of the PEC 
cell. For this bifacial device, the LH side shows a superiority 
light harvesting over the Pt-coated side, whether with Pt or 
not (Figure  5d). Figure  5e,f report linear sweep voltammetry 
(LSV) measurements by illuminating both LH and Pt-coated 
side under one sun AM 1.5G, for various thickness of Pt. With 

Figure 3. a) Schematic illustration of the charge generation and oxygen evolution processes in b-Si/TiO2/Co(OH)2. b) Cross-sectional SEM images 
of b-Si/TiO2/Co(OH)2. c) Photocurrent density–potential (Jph–V) curves of planar Si/Co(OH)2, planar Si/TiO2/Co(OH)2, b-Si/Co(OH)2, and b-Si/
TiO2/Co(OH)2 photoelectrodes, and dark current of p+-b-Si/TiO2/Co(OH)2 measured in 1 m NaOH electrolyte under one sun illumination. d) Light 
reflectance + scattering spectra of planar Si, b-Si, and b-Si/TiO2 samples. Inset is the corresponding photograph, where the size of each wafer is 
approximately 2 cm × 2 cm. e) Jph–V curves of freshly manufactured and 3-month old atmosphere-aged b-Si/TiO2/Co(OH)2 samples for water oxidation 
measured in 1 m NaOH electrolyte under one sun illumination. f) Photocurrent density–time (Jph–t) curves of b-Si/Co(OH)2 and b-Si/TiO2/Co(OH)2 at 
a constant bias of 0.6 V versus SCE (that is, 1.65 V versus RHE). Reproduced with permission.[60] Copyright 2017, Nature Publishing Group.
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Pt thicknesses as low as 5 nm, the saturation photocurrent den-
sity reaches the highest value of 39.01 mA cm−2, which is the 
highest reported to-date for a Si photocathode. A total current 
density of 61.20  mA cm−2 is reported when illuminating the 
device on both sides (Figure  5g). This photocathode demon-
strates 370 h stability in 1 m H2SO4 electrolyte (Figure 5i).

2.2. Bias-Free Configurations

In order to implement PEC devices that mimic the real photo-
synthesis occurring in Nature, the band edge of the semicon-
ductor has to overcome the required energy barrier of both 
E(H+/H2) and E(O2/H2O) reactions. Given inevitable losses in 
these chemical processes, the energy needed is estimated to 
lie within the range 1.6–2.4  eV.[39] A strategy adopted to over-
come the limitation of Si is to complement its natural bandgap 
with suitable engineered Si junctions or by the addition of Si-
based photovoltaic modules.[27,85–90] On this line of research, the 
group of Nocera et al. introduced a triple-junction amorphous 
Si (3jn-a-Si) solar cell covered with cobalt co-catalyst Co-OEC on 
the photoanode, using NiMoZn alloy deposited on the Ni mesh 
substrate for the photocathode.[88] In this configuration, the 
photoanode current of the ITO-coated solar cell, which is nor-
mally severely limited in the absence of a co-catalyst, increases 
dramatically when depositing the Co-OEC film (Figure  6a). 

The work reports a tradeoff between the Co-OEC loading 
and the efficacy of absorbing the incident radiation, with the 
optimal performances obtained with ≈5  min deposition time 
(Figure 6b). Figure 6c,d shows result of the stand-alone opera-
tion of the PEC devices. The authors measure the solar-to-fuel 
efficiency (SFE), defined as follows[45]:

SFE(%) · / ·100%J E S= ∆  (5)

with J is the current density at the photoelectrode, ΔE is the 
energy stored in the water-splitting reaction, and S is the total 
incident solar radiance under AM 1.5 light source. The bias-free 
PEC cell shows 4.7% SFE efficiency when measured in 1 m KBi 
electrolyte. A equivalent definition of SFE employed in the lit-
erature is shown as follows[88]:

SFE(%) (PV)· (WS)ϕ ϕ=  (6)

where ϕ(PV) is the solar conversion efficiency of the PV cell, 
ϕ(WS) is the fuel generation efficiency of water-splitting elec-
trolysis, estimated at 60%. In the wireless configuration, the 
device of ref. [88] reports a SFE = 1.75% with ϕ(PV) = 6.2%. 
This low performance is attributed to losses occurring from the 
diffusion of holes, which are generated in the front side and 
must migrate to the back side to participate to H2 reduction. 

Figure 4. a) Schematic structure of the STO-protected Si photocathode shows that light is absorbed by the p-Si substrate and the photogenerated 
electrons tunnel to the surface metallic dots, at which H2 is produced. The inset plot shows the interface between STO and Si[001], with a good lat-
tice match. b) High-resolution X-ray photoelectron spectra of a STO film of thickness eight unit cells (3.1 nm) that shows the Si 2p core level, which 
confirm that negligible SiO2 is present at the STO–Si interface. c) The energy-band diagram showing carrier generation and transport between STO 
and Si, which facilitates electron transport across the STO protection layer. Ec, Ev, Ef ,s, and Ef ,m are the conduction band, valance band, Fermi level of 
silicon, and metal, respectively. d) LSV measurements with chopped illumination for 20 nm Pt/30 nm Ti/STO/p-Si(001) and for various STO thicknesses 
spanning from four to ten unit cells. The sweep rate for LSV was 50 mV s−1. The catalyst structures consisted of Pt/Ti dots 60 µm in diameter arranged 
in a square array with a 75  µm period. e) LSV of a 20 nm Pt/30 nm Ti/four-unit-cell STO/p-Si(001) sample. The diameter and spacing of Pt/Ti dots 
are 1 and 2 µm, respectively, and are shown in the inset top-view SEM image. f) Incident IPCE was measured at an applied potential of −0.4 V versus 
NHE using a xenon arc lamp equipped with a monochromator. MPP, maximum power point. g) Stability as indicated by the steady-state photocurrent 
characterization with a device held at 0 V versus Ag/AgCl under 100 mW cm2 illumination in 0.5 m H2SO4 solution. The inset is a gas chromatogram 
of the produced gas. Reproduced with permission.[77] Copyright 2015, Nature Publishing Group.
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By increasing the conductivity of the electrolyte, obtained by 
adopting a mixture of 0.5 m KBi and 1.5 m KNO3 with specific 
conductivity = 126 mS cm−1 (Figure 6d), the SFE value increases 
from 1.75% to 2.5%.

The main drawback on the implementation of semicon-
ductor junctions for water splitting is the use of high tempera-
ture and doping sources (such as POCl3 and PH3) that possess 
high toxicity.[36,65,66,91,92] Recently, Gong et al.[89] reports a pos-
sible path to address this problem by introducing a junction-
less Si-based inverted-MIS (I-MIS) structure for bias-free water 
splitting. The device is composed of (Ni/TiO2/a-Si/n-c-Si/a-Si/
ITO/TiO2/Pt) as photocathode (Figure 7a), and Si-based MIS 
structures ((a-Si/n-c-Si/a-Si/TiO2/Ni) with bifacial a-Si/TiO2 
passivation layer as photoanode for water oxidation (Figure 7b). 

Photoelectrodes based on metal oxide semiconductors are 
promising due to their high chemical stability, low cost, and 
relatively easy synthesis.[85,93–95] To obtain large photo voltages, 
the authors of ref. [89] optimize the thickness of Ni deposited 
on TiO2 to induce optimal band bending and simultaneously 
protecting the Si from being corroded in the alkali solution. 
In this work, the authors also optimize the thickness of the 
a-Si layer, finding the best condition between surface pas-
sivation, and minimal resistance for charge transport.[96,97] 
The onset potential of the photoanode is reported as 0.85  V  
versus RHE (Figure  7c) with saturation current as high as 
37.5  mA cm−2. By comparing the onset potential between 
the MIS photoanode and the degenerated p+-Si/TiO2/Ni 
electrode with no photoresponse, the photovoltage of the 

Figure 5. a) Schematic and energy band diagram of the n+np+ Si PEC cell. SEM images of b) LH-side and c) Pt-coated sides of the Si cell. Scale bars are 
10 µm. d) Reflection spectra of the Si cell measured from the LH and Pt coated surfaces with various Pt thicknesses. e) J–E characteristics of the SiBF 
PEC cells with different thicknesses of Pt, illuminated from the LH side. f) J–E characteristics of the Si cells with different thicknesses of Pt, illuminated 
from the Pt-coated side. g) J–E characteristics of the Si PEC cell with 5 nm of Pt, illuminated bifacially. h) J–E characteristics of the Si PEC cells with 
5 nm Pt in acidic (black line), neutral (red line), and basic (blue line) electrolytes. i) Stability of the 15-nm-Pt SiBF cell under bifacial illumination. Note 
that the area of Pt and electrolytes for the catalytic reaction were fixed as 1 cm2. Reproduced with permission.[83] Copyright 2020, Elsevier.
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photoanode is 700  mV. However, in the Si-based MIS photo-
anode without a-Si passivation (n-Si/TiO2/Ni), the onset 
potential increases to 1.15  V versus RHE, and the saturation 
current density decreases to 30  mA  cm−2 with the photo-
voltage of 450 mV. The effects of the a-Si are further studied by 
measuring the performances of photoanodes fabricated with 
and without a-Si. The former sample reports a lower reverse 
saturation current density (J0) (4 × 10−10 A cm−2) than the latter 
one (3 × 10−8 A cm−2), inducing a more beneficial effect to the 
photovoltage due to a lower leakage current (Figure  7d). The 
authors also study the relationship between the a-Si passiva-
tion and the effective barrier height (Φb) of the MIS junction 
(Figure  7e). The flat bands Efb of MIS photoanode with and 
without a-Si passivation are 0.77 and 0.40 V, respectively. The 
Φb is calculated as follows[98,99]:

lnn
c

d

V
KT

q

N

N
=  (7)

b fb nE VΦ = +  (8)

where Vn is the energy between the Fermi level and the conduc-
tion band, K is the Boltzmann’s constant, T is ambient tem-
perature, q is the electron charge, Nd is the doping densities of 
n-Si (Nd = 3 × 10−16 cm−3, and Nc is a constant (2.8 × 10−25 m−3)  
at 298  K. In the device of Figure  7, Vn  = 0.17  eV, while Φb of 
the Si with or without passivation is estimated as 0.94 and 

0.57  V, respectively. The larger Φb for the photoanode passi-
vated by a-Si induces a larger photovoltage, due to the improved 
charge separation.

In ref. [89], the authors deposit a 1.5 nm thick layer of TiO2 
by ALD between the a-Si and Ni film to passivate the metallic 
layer. Thickness beyond this value is reported to increase the 
tunneling resistance.[100–102] The authors further employ photo-
luminescence spectroscopy (PL) to study the charge recombina-
tion, and evaluate the effect of the passivation of a-Si and TiO2 
(Figure 7f). This analysis shows that Si with both a-Si and TiO2 
provide lower PL intensity signals, which imply that a-Si and 
TiO2 effectively minimizes defects on both Si and a-Si/Ni sur-
faces. In electrochemical impedance spectroscopy (EIS) meas-
urements (Figure 7g), the photoanode with TiO2 shows a larger 
response if compared with the photoanode without TiO2. This 
results implies that the TiO2 oxide limits the transportation of 
the holes, however this effect is compensated by a-Si passivation 
in the PEC device. This point is clarified by analyzing the carrier 
diffusion length, which is L Dp p pτ= , with τp is the minority 
carrier life time of n-type Si, and Dp is the diffusion coefficient 
of holes (Dp = 12.4 cm2 s−1 at 298 K). The Lp of the Si wafer pas-
sivated by a-Si is reported at Lp = 1690  µm, much larger than 
that of a pure Si wafer (Lp = 155 µm), and indicating that a-Si 
passivation can effectively compensate the effect of TiO2 and 
allow holes to reach the surface of Si without recombination.

Given a larger Lp of minorities, the MIS structure (a-Si/n-c-
Si/a-Si/TiO2) is engineered at the opposite side of the solar 

Figure 6. a) Current-voltage plot of the 3jn-a-Si photoanode: in the dark (gray trace), under AM 1.5 illumination (1 sun) (black trace), in the presence of  
0.25 mm Co2

+ in the dark (pink trace) and (red trace) under 1 sun, coated with a Co-OEC film under 1 sun (blue trace). The 3jn-a-Si cell is the working 
electrode of a three-electrode configuration (Pt counter electrode, Ag/AgCl reference electrode, 1 m potassium borate electrolyte at pH 9.2). Poten-
tials were scanned from negative to positive values b) SEM of cross sections of the Co-OEC/3jn-a-Si cell after 5 min deposition of the Co-OEC film.  
c) Plot of the efficiency versus time for Co-OEC/3jn-a-Si/NiMoZn PEC cell (left) in 1 m potassium borate (pH 9.2, black trace) and in 0.1 m KOH (pH 13,  
red trace) under AM 1.5 illumination. The traces are for solar cells of 7.7% PV efficiency. The cells were operated in a two-electrode cell configuration. 
d) MS signal and SFE values for a wireless Co-OEC/3jn-a-Si/NiMoZn cell under AM 1.5 illumination in 1 m KBi (red trace) and in 0.5 m KBi and 1.5 m 
KNO3 (blue trace). The cell was illuminated over the 2 h of the experiment; MS signal corresponds to the concentration of O2 in the carrier gas of the 
cell. The spikes in the data originate from sudden release of gas bubbles that were adhered to the cells, resulting in a temporary increase of the O2 
concentration in the headspace. SFE values were calculated as described in the supporting online material. Reproduced with permission.[88] Copyright 
2011, American Association for the Advancement of Science.
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illumination in the PEC device. The device is then completed 
by a thick Ni layer (100 nm), deposited on the back side of the 
I-MIS photocathode to develop a Schottky junction, and the use 
of a Pt co-catalyst for HER. By comparing the onset potential 
between the degenerated n++-Si-TiO2 electrode with no photo-
response and the I-MIS photocathode (Figure  7h), the onset 
potential increase 620 mV in the latter one.

The final configuration of bias-free PEC water splitting 
system, composed of the BiVO4 photoanode and I-MIS 
photo cathode, is then characterized and the authors measure 
a photocurrent of 1.55  mA cm−2, down from a theoretical 
value of 1.8  mA cm−2 with the difference of 0.25  mA cm−2, 
which attributed by polarization losses (Figure  7i,j). Corre-
spondingly, the final solar to hydrogen efficiency is reported 
at 1.9%.

Recently, research groups explored also the use of hetero-
type dual photoelectrodes integrated with PV modules for unas-
sisted water splitting. Lee et al.[90] report a device composed of 
hetero-type dual photoanodes–Si solar cell. The BiVO4||Fe2O3 
is fabricated by placing an haematite electrode (H, TiO2/0.5% 
Ti:Fe2O3) behind the BiVO4 electrode (H, 1% Mo:BiVO4) in 
a parallel connection (Figure  8a). The BiVO4, Fe2O3, and 
BiVO4||Fe2O3 report transmittance of 75% at 550  nm, 70% at 
650 nm, and 50% at 650nm, respectively, showing high trans-
parency (Figure 8b,c), and transmitting a good portion of sun-
light ( 50%≈ ) up to the last absorber (c-Si). To compare the 
bulk photoactivities of the photoanodes without co-catalyst,  
the authors acquire measurements in aqueous solution con-
taining a sacrificial agent (0.5  m KPi + 0.5  m Na2SO3) under 
AM1.5 illumination. Figure  8d reports the results: the higher 

Figure 7. a) Schematic of the Si I-MIS photocathode. b) Schematic of the Si MIS photoanode. c) J--V curves of the Si MIS photoanodes with or without 
a-Si passivation and the corresponding dark current. The data was measured in 1 m KOH (pH 14) electrolyte under simulated AM 1.5G illumination. 
d) Solid-state J--V curves of the Si MIS with or without a-Si passivation in the dark. e) Mott–Schottky plots of the Si MIS with or without a-Si passiva-
tion in the dark. f) PL spectra of Si MIS with various passivation layers. g) EIS Nyquist plots attained at 1.4 V versus RHE under simulated AM 1.5G 
illumination. h) J–V curves of the Si I-MIS photocathode. The data was measured in 1 m HClO4 (pH 0) electrolyte under simulated AM 1.5G illumina-
tion. i) J–V curves of the Si I-MIS photocathode (behind BiVO4) and BiVO4/FeOOH/NiOOH under simulated AM 1.5G illumination, measured using a 
three-electrode configuration. j) J–V curves for the two electrode tandem cell without stirring under simulated AM1.5G illumination. Electrolyte: 0.5 m 
potassium bicarbonate aqueous solution (pH 8.5). Inset: Schematic of the BiVO4 photoanode and I-MIS photocathode tandem water splitting cell. 
Reproduced with permission.[89] Copyright 2020, Royal Society of Chemistry.

Adv. Sustainable Syst. 2021, 2000242



www.advancedsciencenews.com www.advsustainsys.com

2000242 (10 of 19) © 2021 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

IPCE of BiVO4 than the haematite in the wavelength range of 
300–450 nm motivates the choice of BiVO4 as the first absorber. 
The 95%≈  IPCE of HDP in this wavelength region further 
implies that there is additional photocurrent generated by the 
haematite, triggered by the transmitted light through the BiVO4 
electrode. However, the IPCE value of BiVO4 dropped sharply 
from 450 to 510 nm due to reduced light-harvesting efficiency 

when the input wavelength reaches the BiVO4 the indirect band 
transition at ≈2.4  eV.[103] This phenomenon results in a limit 
photocurrent of 7.5 mA cm−2, generated by a single BiVO4 layer. 
However, in the multi-junction device of ref. [90] transmitted 
light not employed by the BiVO4 is efficiently harvested by the 
haematite layer. In the range between 510–610 nm, the overall 
performance of HDP is solely driven by the haematite.

Figure 8. a) Schematic working principle of a PEC cell with HDP BiVO4||Fe2O3 as the photoanode. b) Photographs of fabricated films. c) Utilization of 
light in AM 1.5G spectrum by different photoanodes. d) IPCE. BiVO4 and Fe2O3 HDP (BiVO4/Fe2O3) in a sacrificial sulfide solution. Analyses were con-
ducted in 0.5 m KPi and 0.5 m Na2SO3 of pH = 7.0. e) IPCEs at 1.23 VRHE. Photoanodes BiVO4 and Fe2O3 denote NiOOH/FeOOH/H, 1% Mo:BiVO4 and 
Ni2FeOx/H, TiO2/0.5% Ti:Fe2O3, respectively. Analyses were conducted in an electrolyte of 1.0 m KCi at pH = 9.2 under 1 sun illumination. f)  Scheme 
of a tandem cell with a HDP (BiVO4||Fe2O3) and parallel-connected Si solar cells (2p c-Si). g) Two-electrode AM 1.5 I–V curves for photoanodes of 
BiVO4, Fe2O3, BiVO4||Fe2O3 and with a 2p c-Si solar cell behind each photoelectrode. Analyses were conducted in an electrolyte of 1.0 m KCi, pH = 9.2. 
Reproduced with permission.[90] Copyright 2016, Nature Publishing Group.
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To further assess the properties of the structure, the authors 
measure in a three-electrode PEC cell without any sacrificial 
agent and under 1 sun illumination the photoanodes by using 
NiOOH/FeOOH and Ni2FeOx/TiO2 as the co-catalyst of BiVO4 
and Fe2O3, respectively. The corresponding IPCEs reports the 
values comparable to those obtained using the sacrificial agent 
(Figure  8d,e). The proposed HDP is completed in bias-free 
configuration by integrating two parallel (2p) c-Si solar cells 
(Figure  8f). The HDP photoanode reports a solar-to-hydrogen 
conversion efficiency of 7.7% (Figure  8g). This value is close 
to the threshold STH >10% estimated to reach practical 
applications.[27,90]

3. CO2 Reduction

While the energy consumption is predicted to sharply increase 
from 30% to 50% in the next two decades,[104] the continuous 
consumption of fossil fuels is expected to further worsen 
the effects of climate change arising for higher levels of CO2 
injected in the environment. A promising approach to address 
this problem is the development of a sustainable PEC tech-
nology for the reduction CO2 into chemical feedstocks of 
industrial interest. Following from the formal electrochemical 
reduction potential (E0) relative to the standard hydrogen elec-
trode (SHE) at pH = 7, the following reaction agents can be 
selectively produced in a PEC cell:[105,106]

CO e CO versus SHE (V) 1.85 V

CO 2H 2e HCOOH versus SHE (V) 0.665 V

CO 2H 2e CO H O versus SHE (V) 0.521 V

CO 4H 4e CH O H O versus SHE (V) 0.485 V

CO 6H 6e CH OH H O versus SHE (V) 0.399 V

CO 8H 8e CH 2H O versus SHE (V) 0.246 V

2H 2e H versus SHE (V) 0.414 V
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Typically, liquid chemical fuels (such as, formate and methanol) 
are attracting more interests than gaseous products, due to a 
better ease of storage and transport. The main challenge in 
performing these reactions efficiently is controlling the selec-
tivity[107–109]: the presence of multi-reduction pathways with 
competing dynamics for H+ in water often result in the forma-
tion of intermediate agents, with difficult control on the final 
reaction products. The majority of research is currently focused 
in addressing this issue with different strategies, which we 
summarize in the next sections.

3.1. Bias-Assisted Systems

Recently, Park  et  al.[110] report a CO2 reduction PEC device 
based on p-Si for the production of formate employing a Sn co-
catalyst. Differently from toxic metals, Sn has the advantages 
of being non-toxic, earth-abundant, and already widely imple-
mented in different industrial processes. Figure  9a shows a 
schematic illustration of the device. The manufacturing pro-
cess starts with the electroless chemical etching the p-Si wafer 
(Figure  9b). The nanowires obtained with this method are 
naturally aligned vertically on the Si wafer, with tunable length 

depending on the etching time. Changing the latter from 1, 
to 3, to 5, and to 10 h generate nanowires with approximately 
≈15, 25, 30, and 140 µm, respectively, with constant nanoscale 
diameter of ≈100 nm. After this step, a thin layer of Sn nano-
particles are uniformly photo-deposited on the p-Si nanowire 
almost without appreciably changing the surface reflectivity 
(Figure  9c). Figure  9d, shows this point quantitatively: the 
reflectivity of planar p-Si 400 nm to 900 nm decreases to only 
of <3% when the nanowires are produced by 1 h etching time.

Compared with planar p-Si, which has a contact angle of 81°, 
the Si nanowires substrate is much more hydrophobic and pos-
sesses a contact angle of 146°, close to the threshold value to 
be considered super-hydrophobic (Figure 9d inset). Such hydro-
phobic behavior is acquired during the electroless etching pro-
cess. The properties of P-Si for CO2 reduction reaction (CO2RR) 
are investigated by the measuring planar p-Si in phosphate 
(0.1 m) and bicarbonate (0.1 m) (inset) electrolytes, purged with 
N2 and CO2 (Figure 9e). Figure 9f shows the LSV of planar p-Si 
and Si nanowire samples, which are characterized in 0.1  m 
bicarbonate electrolyte purged with CO2. The P-Si nanowire 
sample displays a more anodic onset potential (≈0.2 V vs. RHE) 
than the onset potential (−0.3 V vs. RHE) presented by planar 
p-Si. This results imply that the nanowire geometry favors 
higher photopotentials. The results of ref. [110] show that the 
onset potential does not change with the etching time.

By measuring repeated linear sweeps, the authors of ref. [110] 
report that the p-Si nanowire sample shows signal decrease 
could be neglected compared with planar p-Si (Figure 9f inset). 
The authors attributed such phenomenon to the formation of 
hydrogen- and/or fluorine- functionalized hydrophobic sur-
face, which hinders the formation of SiO2. Figure  9g reports 
the comparison of the products and Faradaic efficiency on dif-
ferent samples, showing that the amount of both H2 and for-
mate doubled in the nanowire sample, owing to its increased 
photocurrent density.

The authors address the absence of CO in the product list of 
planar p-Si from a special formation mechanism, in which the 
binding affinity of CO2

.− on the p-Si nanowires is altered during 
chemical etching. This process promotes the production of CO, 
which requires the absorption of CO2

.−.
The results of Figure  9g show also that CO2 reduction is 

highly influenced by Sn nanoparticles. Due to the presence of 
Sn nanoparticles, which the authors identify as “Sn effect,” the 
generation of formate is reported to be controllable within a 
rate between 200% to 500%. The Faradaic efficiency, measuring 
the performance of the PEC device for the formation of specific 
product, is calculated as follows[110]:

n

I t
FFaradaic efficiency

amount of product (moles)

·
·=

×
 (10)

where n is the number of electrons for the production of 
formate (n  = 2), I is the current, t is the time, and F is the 
Faraday’s constant. The Faradaic efficiency for planar p-Si and 
p-Si with nanowires is 33% and >40%, respectively, indicating 
that Sn nanoparticles succeed in catalyzing the CO2 conver-
sion into formate. Despite the increase of CO production, the 
Faradaic efficiency of the formate are twice larger than that for 
CO, which is attributed to the low heat of fusion of Sn.
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Syngas, a mixture of CO and H2, represents an essential 
feedstock for mass production of methanol and other synthetic 
liquid fuels.[111–113] For the downstream production of methanol, 
the desirable ratio of CO and H2 is 1:2. Mi  et  al.[112] recently 
report a Cu-ZnO/GaN/n+-p Si photocathode for achieving the 
production of syngas with 1:2 ratio of CO and H2 (Figure 10a). 
Figure 10b summarizes the CO2 reduction mechanism with this 
designed photocathode. CO2 molecules are primarily absorbed 
on the ZnO surface, where they are activated, breaking their 
linear symmetry for the formation of a destabilized configu-
ration, which migrates to Cu and proceeds through a series 
of elementary steps via the carboxyl (*COOH) intermediate, 
resulting in the cleavage of CO bond and the formation of CO 
product.[114,115] In this reaction path, there is a synergistic bal-
ance between the ZnO absorption and the proton-coupled elec-
tron transfer on Cu.

Figure  10c,d show images of the GaN nanowire arrays pro-
duced in the heterostructure, characterized by length and 
diameter of 150 and 30  nm, respectively. GaN nanowires are 
integrated on the p-n Si junction, with the advantages of strong 
light absorption from the adjacent Si, and efficient electrons 
extraction from the GaN layer. The device employs dual co-cat-
alysts composed of Cu nanoparticles (3–10 nm size) and ZnO 
nanosheets (sizes in the ranges of 300–500 nm and thicknesses 
about 10  nm). The intimate contact between GaN nanowires, 

ZnO nanosheets, and Cu nanoparticles, favors the transfers 
photogenerated charge carriers. Figure  10e shows the energy 
band diagrams of Cu-ZnO/GaN/n+-p Si, under sunlight illu-
mination. In this scheme, the transfer of electrons from Si to 
GaN is facilitated thanks to the heavy doping of these layers. 
Furthermore, the presence of a weak band bending due to the 
abundance of photogenerated electrons enables the application 
of a low bias to effectively inject electrons from the Si region 
to GaN. These electrons, thanks to a lower electron affinity of 
GaN compared with ZnO, are then transferred from GaN to 
ZnO. Finally, due to a lower electron affinity of Cu nanoparti-
cles, the electrons are injected to the Cu–ZnO interface for the 
syngas production.

The designed photocathode is characterized in a conven-
tional three-electrode cell with a CO2-saturated aqueous solu-
tion of 0.5 m KHCO3 (pH 8), under the irradiation of a 300 W 
xenon lamp. The results show that the ratio of CO and H2 can 
be adjusted in a range from 2:1 to 1:4 by the variation of applied 
bias from +0.07   V to −0.33  V, with ratio of 1:2 obtained 
at −0.23  V. (Figure  10f). The highest Faradaic efficiency is 
reported at 70% for CO, obtained at the bias of +0.07 V (180 mV, 
underpotential).

At all applied biases, the total Faradaic efficiency was 
≈100% for the production of CO and H2, with no other prod-
ucts detected. Figure  10g shows chronoamperometry data and 

Figure 9. a) Schematic illustration of photoelectrochemical CO2 conversion using p-Si nanowire arrays coupled with Sn nanoparticles. b) SEM images 
of p-Si wire arrays etched for 3 h with Sn deposition for 0 min (bare). c) TEM image (left), HAADF-STEM, and EDS elemental (Si and Sn) mapping 
(right) of p-Si wire arrays etched for 3 h with Sn deposition of 10 min. d) UV–vis reflectance spectra of planar p-Si and p-Si wire arrays. Left inset: water 
droplets on d) planar and e) wire surface. Right inset: XPS spectrum of the wire/Sn surface. e) Chopped linear sweep voltammograms (LSVs) of planar 
p-Si in phosphate (0.1 m) and bicarbonate (0.1 m) (inset) electrolytes purged with N2 or CO2. f) LSV of irradiated p-Si wire arrays etched for 1, 3, 5, 
and 10 h (a–d, respectively) and planar Si (e: dark, f: irradiated) at a scan rate of 50 mV s−1 in a CO2 -purged bicarbonate (0.1 m) electrolyte. The green 
broken line (g) is the p-Si wire array (b) coupled with Sn nanoparticles. Inset: fivetimes repeated LSV of the h) irradiated planar and i) wire electrodes. g) 
Comparison of the products (CO and formate) and their Faradaic efficiencies. Inset: the amount of H2 produced and Faradaic efficiencies. Reproduced 
with permission.[110] Copyright 2014, Wiley-VCH.
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Faradaic efficiency for CO and H2 at −0.23 V versus RHE under 
illumination for 10  h. The constant values show the high sta-
bility of the designed photocathode.

To deeply understand the high performance of Cu-ZnO/
GaN/n+-p Si photocathode, the authors also analyze the photo-
cathodes with planar GaN/n+-p Si, and with single Cu or ZnO 
cocatalyst (Figure 10h,i). The results show that the generated 
photocurrent is negligible for samples without co-catalysts. 
The same trend is reported for samples with single ZnO as 
co-catalyst. However, by adding Cu as co-catalyst, the photo-
current density increases to 6 mA cm−2 at −0.33 V. The dual 
co-catalysts results in a photocurrent density as large as 
10  mA  cm−2, almost double from the previous case. These 
results illustrate the Zn is more capable of selecting CO in the 
CO2 reduction than Cu.

Together with selectivity, another important property 
of metallic co-catalysts such as Au, Ag, Cu, and Sn is the 
possibility to engineer their crystal facets, oxidation states, 
nano, and mesostructures, to enable efficient CO2RR with 
low overpotentials.[116–132] In this line of research, Oh  et  al.[133] 
discuss the implementation of a photocathode with reduced 
anodic (RA)-treated Au thin film mesh (co-catalysts) on n+p 
Si (Figure  11a). Figure  11b,c presents the morphology of the 

photocathode with Au thin film mesh, before and after a RA 
treatment of the duration of 70  min. The diameter of the 
circular openings in Figure 11a is ≈9.5 µm, making the surface 
coverage is about 50%.

After RA treatment, nanoporous structures are generated all 
over the Au film. Tilted SEM image views exhibits a well-defined 
RA-Au mesh structure (Figure 11d). To investigate the influence 
of RA treatment in the CO2RR with this photocathode, the  
authors analyze the I–V curve and Faradaic efficiency by com-
paring the photocathode response with and without RA treat-
ment, with and without Au mesh, in a CO2 saturated 0.2  m 
KHCO3 solution under 1 sun illumination (Figure 11e,f). Com-
pared with bare Si, the photocathode with Au mesh shows a sat-
urated photocurrent density that is 50% smaller, a behavior that 
is attributed to increased reflectivity due to the Au mesh. The 
photocathode with bare Si displays an onset potential of 0.13 V 
versus RHE, while the photocathode with Au mesh shows 
0.20  V versus RHE, with a difference that is 310  mV higher 
than the CO2/CO equilibrium potential(−0.11  V vs. RHE). In 
addition, the photocathode with RA-treated mesh reports a 
photocurrent density of −2.94  mA  cm−2, significantly larger 
than the −0.87  mA  cm−2 measured for the photocathode with 
untreated Au mesh at the CO2/CO equilibrium potential.

Figure 10. a) Cu-ZnO/GaN/n+-p Si photocathode (not drawn to scale). b) Proposed reaction mechanism for the photoreduction of CO2 to produce 
CO on Cu–ZnO dual cocatalysts. c) SEM image of Cu–ZnO decorated GaN nanowires. d) HRTEM images of the interface between Cu, ZnO, and GaN.  
e) Energy band diagram of Cu-ZnO/GaN/n+-p Si under illumination. f) Faradaic efficiencies for CO (gray bars) and H2 (red bars) of Cu-ZnO/GaN/n+-p 
Si photocathode as a function of potential in CO2-saturated 0.5 m KHCO3 solution (pH 8). g) Chronoamperometry data and Faradaic efficiencies for CO 
and H2 of Cu-ZnO/GaN/n+-p Si photocathode at −0.23 V versus RHE. h) J–V curves. i) Faradaic efficiencies for CO at −0.33 V versus RHE. Reproduced 
with permission.[112] Copyright 2016, Wiley-VCH.
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The Faradaic efficiency results, shown in Figure 11f, further 
assess the superior performances of the photocathode with 
RA-treated Au mesh. In the photocathode with untreated Au 
mesh, the majority of the photocurrent is utilized for the pro-
duction of hydrogen at the potential above −0.10 V versus RHE, 
reaching a maximum Faradaic efficiency of 41% at the poten-
tial of −0.44 V versus RHE. The photocathode with RA-treated 
Au mesh, conversely, owing to better catalytic properties of the 
RA-treated Au mesh, reports a Faradaic efficiency of 77% at the 
potential of −0.10  V versus RHE, showing good selectivity for 
CO2RR to CO. The maximum Faradaic efficiency of this elec-
trode is as large as 91%, and obtained at a more positive poten-
tial (−0.03 V vs. RHE) than the equilibrium potential.

When the applied potential is more negative than −0.41 V 
versus RHE, the Faradaic efficiency for CO generation of the 
photocathode with RA-treated Au mesh decreases to � 50%, 
which is attributed to charges accumulation at the surface of 
the photocathode. Similarly, the CO Faradaic efficiency also 
decreases when the photocurrent density is larger than 
10 mA cm−2 (Figure 11g,h).

3.2. Bias-Free Configurations

Compared with the current work on water splitting, the work 
on for bias-free CO2RR with Si-based PEC devices is at a more 
initial stage. The main challenge is overcoming the overpoten-
tial barrier of CO2 reduction and water oxidation simultane-
ously.[134–137] Very recently, Gong  et  al.[137] report an unassisted 
systems, composed of a a-Si/TiO2/Au photocathode and a 
BiVO4/FeOOH/NiOOH photoanode, for CO2 reduction driven 
by only solar energy (Figure  12a). The primary study of this 

work is the design of the photocathode (Figure 12b), based on a 
700 nm thick amorphous Si (a-Si) with 15 nm p-type layer and 
a 650  nm intrinsic light-absorbing layer. This is augmented 
by a 30  nm n-type layer (p–i–n) junction, acting as the main 
light absorber and deposited on the fluorine-doped tin oxide 
by plasma-enhanced chemical vapor deposition. The junction 
is protected by a 40 nm TiO2 oxide layer, deposited on the a-Si 
surface by ALD. The cathode is completed by Au layers with 
different thickness (ST-2Au, ST-4Au, ST-7Au, ST-11Au, and 
ST-20Au), growth by e-beam evaporation with deposition rates 
around 1 nm min−1. Compared with other samples, ST-4Au and 
ST-7Au have more grain boundaries (GBs) than the others, and 
their morphologies are shown in Figure 12c,d.

The photoelectrodes are characterized in a CO2-saturated 
0.1 m KHCO3 solutions under 1 sun illumination (Figure 12e). 
Both ST-4Au and ST-7Au samples show identical increase in 
the photocurrent, which reaches values as high as 6 mA cm−2 
at −0.2  V versus RHE. Simultaneously, these samples show a 
more positive onset potential, that is, 0.5 V versus RHE. The 
authors also analyze the product distribution among different 
samples by measuring the CO partial current densities (total 
current density times Faradaic efficiency of CO) and CO/H2 
ratios (Figure 12f,g).

Compared to the other samples, the ST-7Au sample reports 
the largest CO partial density in the range potentials ana-
lyzed by the authors. The CO/H2 ratio first increases with the 
thickness of 2  nm, and then decreases with the continuous 
increase of thickness. The authors attributes this phenom-
enon to the increased density of the GBs, which induce 
a stronger lattice strain at the surface, strengthening the 
metal-to-adsorbate bonding that stabilizes the COOH interme-
diate and enhances the CO2 reduction activity.

Figure 11. a) Schematic of photoelectrode design for CO2 reduction. Mesh-type co-catalysts form on an Si photoelectrode with a buried p-n junction. 
Mesh-type co-catalysts allow independent wiring on top of the catalyst surface for the RA treatment. Ohmic contact was made on the backside of the 
photoelectrode to collect photoexcited holes. SEM images of Si photoelectrodes with Au meshes b) before and c) after the RA. The inset in (b) clearly 
shows the formation of nanoporous Au by the RA treatment. d) 5°-tilted view of SEM image of the RA-Au mesh on Si. The Si remains intact after the 
RA treatment. e) PEC J–V curves of the Si photoelectrodes of the Au mesh with and without the 70 min RA treatment in CO2-saturated 0.2 m KHCO3 
under simulated 1 sun illumination. The PEC J–V curve for bare Si is also shown. f) Faradaic efficiency for CO versus potential for the Si photoelectrodes 
used during PEC CO2RR. Dotted lines in both graphs indicate CO2/CO equilibrium potential (i.e., −0.11 V vs. RHE). g) Linear scanning voltammogram 
of Au thin films with and without the RA treatment for various times in CO2 saturated 0.2 m KHCO3 and h) Faradaic efficiency for CO production of 
the RA-treated Au thin films as a function of electrode potentials obtained by gas-product analysis. The nanoporous Au thin films formed by the RA 
treatment exhibit enhanced CO2 reduction. Reproduced with permission.[133] Copyright 2017, Wiley-VCH.
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For this electrode, the authors report the possibility to 
tune the CO/H2 products by varying the thickness of the Au 
layer from 2 to 20 nm. Figure 12a shows the bias-free device 
configuration analyzed by the authors. The theoretical photo-
current density of this device is estimated as 0.25  mA cm−2 
(Figure  12h) for both ST-4Au and ST-7Au samples. In real 
measurements, the system reports a stable current density 
between 0.22 and 0.24 mA cm−1 (Figure 12i,j), with calculated 
overall solar-to-syngas generation efficiencies between 0.27% 
and 0.29%.

4. Conclusion

In both bias and unbiased configurations, Si has strong poten-
tial to realize PEC devices for large-scale deployment, high 
efficiency, and low manufacturing costs, which are the neces-
sary requirements to reach industrial maturity for commercial 
exploitation. Presently, the main issue lies in the stability prob-
lems of this semiconductor in alkaline environments. Current 
investigated solutions exploit protection layers, which often 
serve as co-catalysts with competitive values of efficiency and 

Figure 12. a) Schematic illustration of unassisted overall CO2 reduction to syngas in an H-type PEC tandem cell with a-Si/TiO2/Au photocathodes 
and BiVO4/FeOOH/NiOOH photoanodes. b) Schematic energy band diagram of a-Si photocathodes for CO2 reduction to syngas, with FTO as a 
conducting substrate, a-Si (p–i–n) as a light absorber, TiO2 as a protective layer, and GB-Au as a catalyst. The photocathode is illuminated through 
the FTO side. ECB is the conduction band edge, EVB is the valence band edge, and EF is the quasi-Fermi level under illumination. Vph is the photo-
voltage generated by p–i–n junctions. Representative high-resolution TEM images of the c) ST-4Au NPs and d) ST-7Au NPs. The arrows indicate 
grain boundaries in the NPs. e) PEC J–V curves for a-Si, a-Si/TiO2, ST-4Au, and ST-7Au photocathodes in CO2-saturated 0.1 m KHCO3 electrolyte  
(pH 6.8) under simulated 1 sun illumination. f ) Partial current densities toward CO of various a-Si/TiO2/Au electrodes. g) CO to H2 ratios at different 
potentials on various a-Si/TiO2/Au electrodes. Dotted lines indicate CO/H2 ratios of 1 : 1 and 1 : 2. h) J–V curves for BiVO4 photoanodes (in 1 m 
KBi) and a-Si/TiO2/Au photocathodes (behind BiVO4 and the proton exchange membrane, in CO2-saturated 0.1 m KHCO3) using a three-electrode 
configuration. i,j) Unassisted syngas production with two-electrode configuration using (i) ST-4Au||BiVO4 and (j) ST-7Au||BiVO4. Reproduced with 
permission.[137] Copyright 2019, Royal Society of Chemistry.
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onset potentials. In all the reviewed systems, a deep under-
standing of the light-matter mechanisms occurring between 
impinging photons and excited photo-carriers proved to be the 
essential ingredient to optimize the device performance for 
both water splitting and CO2 reduction.

In the context of water splitting, tandem cell configurations 
are promising candidates for the ambitious goal of imple-
menting autonomous artificial photosynthesis devices that 
could complement the natural process occurring in plants, 
generating clean H2 and O2 with no CO2 or CO by-products. 
Bias-free water-splitting PEC cells could address the current bot-
tleneck of energy storage, significantly reducing the detrimental 
consequences arising from the greenhouse effect. In the area of 
carbon-negative technologies, solar-driven CO2 reduction repre-
sents a newer research direction with great potential. While still 
mainly confined in biased configurations with not yet an ideal 
selectivity in the final CO2 reaction pathway, improvements are 
appearing steeply. Hopefully, a larger body of systems will be 
deployed in the near future, addressing the critical issues to 
open real-world commercial applications of this technology.

Despite the many challenges, harnessing solar for energy 
storage and carbon-negative technologies could provide bright 
opportunities. The overall 2020 world energy consumption is 
currently reported at 14 million tonnes of oil equivalent.[138] This 
energy represents the power irradiated in only 1 h, at a mod-
erate conversion efficiency of 20%, by solar energy impinging 
on a small area of the planet and equivalent to 6% of the Saha-
ra’s desert. No other known form of energy, ranging from coal 
to wind, gas, or nuclear, can match a similar performance. Har-
nessing light on large scales and with affordable costs could 
perhaps provide the ultimate path to sustainability.
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