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Enhanced photoelectrochemical efficiency and
stability using a conformal TiO2 film on a black
silicon photoanode
Yanhao Yu1†, Zheng Zhang2†, Xin Yin1, Alexander Kvit3, Qingliang Liao2, Zhuo Kang2, Xiaoqin Yan2,
Yue Zhang2,4* and Xudong Wang1*
Black silicon (b-Si) is a surface-nanostructured Si with extremely efficient light absorption capability and is therefore of
interest for solar energy conversion. However, intense charge recombination and low electrochemical stability limit the
use of b-Si in photoelectrochemical solar-fuel production. Here we report that a conformal, ultrathin, amorphous TiO2 film
deposited by low-temperature atomic layer deposition (ALD) on top of b-Si can simultaneously address both of these issues.
Combined with a Co(OH)2 thin film as the oxygen evolution catalyst, this b-Si/TiO2 /Co(OH)2 heterostructured photoanode
was able to produce a saturated photocurrent density of 32.3 mA cm−2 at an external potential of 1.48 V versus reversible
reference electrode (RHE) in 1 M NaOH electrolyte. The enhanced photocurrent relative to planar Si and unprotected b-Si
photoelectrodes was attributed to the enhanced charge separation efficiency as a result of the effective passivation of
defective sites on the b-Si surface. The 8-nm ALD TiO2 layer extends the operational lifetime of b-Si from less than half
an hour to four hours.

C

onverting sunlight to electricity, heat or chemical fuels is a
major pathway for renewable energy utilization1 . Among
them, hydrogen production from photoelectrochemical
(PEC) water splitting could potentially ease the dependence on
fossil fuel and contribute to resolving the global warming issue2–6 .
To fulfil these ultimate goals, a PEC system needs to be efficient,
robust and cost-effective, which strictly limits the selection of
electrode materials. Semiconductor oxides (for example, TiO2 ,
Fe2 O3 and BiVO4 ) are generally low cost and fairly stable for
catalysing electrochemical reactions7–9 . However, the low efficiency
due to the narrow light absorption band and poor charge transport
property exclude them from practical hydrogen production. On
the other hand, silicon (Si) is a feasible commercial PEC material,
considering its optimum band structures, excellent crystallinity
and high industrial maturity. Compared to planar Si wafers, Si with
a porous surface (also known as black or nanostructured Si) could
concurrently minimize light reflection by trapping light inside
the surface channels and increasing the active area for interfacial
chemical reactions. These merits encouraged attempts to use black
silicon (b-Si)-based materials for solar-fuel production, such as
carbon dioxide reduction and water splitting10–14 . Nevertheless,
the enlarged surface area also induces undesirable charge
recombination and accelerates surface corrosion/passivation during
the electrochemical reactions15,16 . These shortcomings severely
jeopardize the efficiency and durability of b-Si photoelectrodes,
constraining contemporary efforts at a very early stage of proof
of concept. Although decent operation lifetime is the prerequisite
of any practical solar-to-fuel conversion, promising strategies to
overcome the stability obstacle have rarely been reported for b-Si

photoelectrodes. A sophisticated second etching process was found
to be able to improve the air stability of b-Si PEC photocathodes13 .
Nonetheless, stabilized electrode in the air is far from adequate since
ubiquitous hydrogen production requires continuous operation in
harsh aqueous environments, such as acid or alkaline solutions.
To stabilize PEC photoelectrodes, the prevailing strategy is to
introduce a protecting layer to isolate the photoactive surface
from the corrosive electrolyte17–20 . The protective layer should have
inert chemical activity, rapid charge conductivity, and extremely
high uniformity. Relying on its unique sequential self-limiting
surface reaction mechanism, atomic layer deposition (ALD) shows
extraordinary advantages in producing conformal and pinhole-free
protecting thin films on nanostructured surfaces. ALD Al2 O3 thin
films were first introduced to b-Si-based solar cells and showed
great promise in suppressing charge recombination on defective Si
surfaces16,21,22 . Recently, amorphous TiO2 coating by ALD was found
exceptionally stable in alkaline solutions and highly conductive
for photogenerated holes, offering a promising solution for PEC
electrode protection23–27 .
Inspired by these discoveries, herein, we present a successful
implementation of ultrathin TiO2 protective films on nanostructured b-Si surfaces. With the presence of a Co(OH)2 catalytic film,
this nanolayer heterostructure achieved a photocurrent density as
high as 32.3 mA cm−2 under 1 sun illumination. This impressive
PEC performance was attributed to the dual function of the TiO2
protective layer. It can effectively passivate the surface defective sites
without compromising any light absorption and charge transport
features, resulting in a promoted charge separation efficiency and
improved photocurrent density. Meanwhile, the conformal TiO2
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Figure 1 | Microscopy and spectroscopy of black silicon photoanodes. a–f, Top-view (a,c,e) and cross-sectional (b,d,f) SEM images of b-Si (a,b), b-Si/TiO2
(c,d) and b-Si/TiO2 /Co(OH)2 (e,f). EDS results for blue dashed regions are presented in Supplementary Fig. 1c,d. g, Cross-sectional TEM image of
b-Si/TiO2 /Co(OH)2 . The TiO2 coating thickness was found to be 8 nm, as marked by the white bar. h–j, Cross-sectional STEM image (h) and EELS
mappings of the Ti (i) and Co signals (j) for b-Si/TiO2 /Co(OH)2 . The white dashed box shows the regions used for EELS mapping. k, High-resolution TEM
image of the electrodeposited Co(OH)2 thin film. Inset is the corresponding FFT image. l, X-ray photoelectron spectrum of the element Co in a
b-Si/TiO2 /Co(OH)2 sample.

layer completely isolated the corrugated b-Si surface from the
alkaline electrolyte solution, leading to a drastic improvement of the
operational stability under both in-air and in-electrolyte conditions.
This work suggests that ALD TiO2 coating could bring significant
performance gain to nanostructured b-Si PEC electrodes in terms
of both charge separation efficiency and catalyst stability.

Synthesis and characterization of b-Si photoanodes
The assembly of b-Si photoanode included three main steps:
chemical etching of the n-type Si wafer; ALD coating of the TiO2
protective layer; and electrodeposition of the Co(OH)2 catalyst
from CoCl2 solution (denote the electrode as b-Si/TiO2 /Co(OH)2 ,
see Methods for details). Figure 1a shows a scanning electron
2

microscopy (SEM) image of the Si surface after chemical etching,
where densely arranged holes with diameters from 25 to 40 nm
were clearly observed. The cross-sectional SEM image in Fig. 1b
reveals the depth of these channels was about 300 nm. This
depth was purposely selected on the basis of maximizing light
absorption with minimal charge recombination loss. After coating
8-nm-thick amorphous TiO2 , the diameters of the original holes
were narrowed to 9–24 nm (Fig. 1c). Owing to the conformal
growth and precise thickness control of ALD, the entirety of
the nano-channels was uniformly covered by the TiO2 film and
the original channel depth was well preserved for effective light
trapping (Fig. 1d). The electrodeposited Co(OH)2 thin films were
randomly distributed on the surface of TiO2 -coated b-Si (Fig. 1e
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Figure 2 | PEC water oxidation performance of planar silicon and black silicon-based photoanodes. a, Schematic illustration of the charge generation and
oxygen evolution processes in b-Si/TiO2 /Co(OH)2 . b, 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. c, Plot showing the extraction of the double-layer capacitance (Cdl ) for a series of Si/Co(OH)2 electrodes. The dashed lines are linear fitting
plots, whose slopes correspond to Cdl according to the equation C = I/(dv/dt). 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.

and Supplementary Fig. 1a). Energy dispersive spectroscopy (EDS)
revealed the obvious existence of the element Co everywhere, even
at the uncovered surface region and inside the narrow Si channels
(Fig. 1f and Supplementary Fig. 1b–d). The large coverage of
Co(OH)2 catalyst is kinetically favourable for the oxygen evolution
reaction (OER) on the photoanode surface.
The distribution, structure and crystallography of TiO2 and
Co(OH)2 catalyst were further investigated by transmission electron
microscopy (TEM). First, a cross-section of the b-Si/TiO2 /Co(OH)2
sample was observed under TEM to reveal the distribution of
TiO2 and Co(OH)2 inside the Si channels. As shown in Fig. 1g,
a uniform TiO2 film coated along the entire channel surface with
a fairly coherent film thickness of 8 nm. The bottom portion of
an individual b-Si/TiO2 /Co(OH)2 channel (Fig. 1h) was further
characterized under scanning transmission electron microscopy
(STEM) and electron energy loss spectroscopy (EELS). The Ti signal
was recorded from the entire pore area, evidencing the tubular
TiO2 coating geometry (Fig. 1i). The intensity variation was a result
of Co(OH)2 coverage that blocked Ti signal collection. Strong Co
signals were obtained from the centre region (Fig. 1j), suggesting
deep infiltration of the Co(OH)2 catalyst. The disperse distribution
of Co(OH)2 excluded the possibility that the b-Si channels might
be blocked by the Co(OH)2 catalyst. A similar distribution of
Co in b-Si/Co(OH)2 was also confirmed by EELS mapping
(Supplementary Fig. 2), evidencing the comparable catalyst coating
between b-Si/Co(OH)2 and b-Si/TiO2 /Co(OH)2 electrodes.

The two-dimensional catalyst film was semi-transparent under
an electron beam (Supplementary Fig. 3), implying a small film
thickness, which is preferred for OER catalysts5,28,29 . The highresolution TEM image and fast Fourier transform (FFT) pattern
revealed a polycrystalline film structure with two groups of
lattice fringes (Fig. 1k and inset). The lattice spacings were
measured to be 0.24 and 0.27 nm, matching well with the
(101) and (100) planes of Co(OH)2 , respectively30 . The elemental
feature of b-Si/TiO2 /Co(OH)2 was subsequently studied by X-ray
photoelectron spectroscopy (XPS). The characteristic peaks of b-Si,
TiO2 and Co(OH)2 , including Si 2p, Si 2s, Ti 2p, Co 2p and O 1s,
were all identified in the full survey scan (Supplementary Fig. 4).
To reveal the chemical environment of the Co catalyst, the Co
2p spectrum was individually analysed (Fig. 1l). The major peak
centred at 781.2 eV was the signature peak of Co2+ in Co(OH)2 ,
corresponding to the Co 2p3/2 core level. A small peak located at
a binding energy of 778.1 eV was attributed to Co 2p3/2 for Co
metal, presumably from the sparsely distributed surface particles
(Supplementary Fig. 1a)28 . The ratio between Co(OH)2 films and
Co metal particles can be tuned by controlling the concentration
of CoCl2 and electrodeposition time (Supplementary Fig. 5a–d).
The optimum composition was probed by comparing their PEC
behaviours (Supplementary Figs 5e and 6). Under the optimized
condition (that is, 10 mM CoCl2 and 8 s deposition at −1.2 V versus
saturated calomel electrode (SCE)), the majority of the Co catalyst
was in the form of Co(OH)2 , which has easily accessible catalytic

NATURE ENERGY 2, 17045 (2017) | DOI: 10.1038/nenergy.2017.45 | www.nature.com/natureenergy
© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

3

ARTICLES

NATURE ENERGY

sites, high electrocatalytic activity, and negligible absorption of
incident light30 .

Photoelectrochemical performance of b-Si photoanodes
PEC performance of the b-Si/TiO2 /Co(OH)2 photoanode was first
evaluated in 1 M sodium hydroxide (NaOH) electrolyte with an
exposed photoactive area of ∼0.1 cm2 under one sun illumination
(AM 1.5G). Figure 2a schematically illustrates a cross-sectional
view of the electrode architecture and the overall oxygen evolution
process. Upon light illumination, b-Si absorbed photons and
produced electrons and holes. The electric field in the depletion
region at the b-Si/electrolyte interface drove hole migration through
the amorphous TiO2 , oxidizing the hydroxyl group to oxygen via the
Co(OH)2 catalyst. Electrons were driven to the counter electrode
to reduce protons to hydrogen. Figure 2b shows the photocurrent
density–potential (J ph –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 , and the
dark current of p+ -Si/TiO2 /Co(OH)2 . The onset potentials of the
photoactive samples were located at the same position (∼1.16 V
versus reversible reference electrode (RHE)), one of the most
negative values for Si photoanodes without a buried junction5,28 . The
dark current of p+ -b-Si/TiO2 /Co(OH)2 started to rise from 1.65 V
versus RHE, resulting in an overpotential of 0.42 V after subtracting
the thermodynamic potential requirement for water splitting
(1.23 V). This value was comparable to typical Si-Co-based OER
catalysts31,32 . By comparing J ph –V curves of b-Si/TiO2 /Co(OH)2
and p+ -b-Si/TiO2 /Co(OH)2 , the photovoltage generated by the n-Si
was estimated to be 0.49 V, similar to the best-performing singlejunction Si photoanode5 . Such a high photovoltage was probably
contributed from the combined effect of Fermi level mismatch
between b-Si and electrolyte, and the porous catalyst-induced spatial
variation of the Si/electrolyte barrier height. The porous Co(OH)2
and sparsely distributed Co metal catalysts on b-Si/TiO2 surface
were equivalent to an inhomogeneous catalyst distribution. Several
reports have shown that a porous or inhomogeneous catalyst
arrangement could yield a spatially non-uniform barrier height,
and consequently increase the built-in potential and enhance the
photovoltage28,33,34 .
The onset potential of PEC photoanode is governed by the flatband potential (E FB ). Theoretically, E FB is determined by the Fermi
level of semiconductors relative to vacuum (φ SC ) and the Helmholtz
double-layer potential drop (V H ) via equation: E FB (NHE) = φ SC +
V H − 4.5, where 4.5 is a scale factor relating the H+ /H2 redox level to
vacuum9 . For our photoelectrodes, the doping densities of four n-Si
substrates were exactly identical. Surface morphology variations and
the TiO2 coating were unlikely to influence the doping level or
carrier density of the underlying Si, so that their φ SC was expected to
be the same. V H depends on the solution pH and the point of zero ζ
potential (pHPZZP ) of the solid material that contacts with electrolyte
following the relationship V H = 0.059 (pHPZZP –pH)9 . With the same
pH and equivalent Co(OH)2 /electrolyte interface (Supplementary
Figs 7 and 8), V H should be identical. Therefore, similar E FB
and onset potentials of J ph –V could be anticipated for these Si
photoelectrodes, which was further supported by the Mott–Schottky
measurements (Supplementary Fig. 9). The Mott–Schottky-probed
E FB values for b-Si/Co(OH)2 and b-Si/TiO2 /Co(OH)2 were both
located at around 0.5 V versus RHE, comparable to the value
recorded from a similar silicon/electrolyte junction5 .
In contrast, J ph exhibits a remarkable difference after adding
an ALD TiO2 layer to the b-Si electrodes. The saturated J ph of
planar Si/Co(OH)2 and planar Si/TiO2 /Co(OH)2 reached 29.2 and
29.0 mA cm−2 , respectively, comparable to that of other planar
Si photoanodes32,35 . After converting planar Si to b-Si, the J ph
slightly increased to 30.4 mA cm−2 , a likely result of the enhanced
light absorption. Compared to planar Si, the intense surface
recombination caused by the enlarged surface area and poor
4

interface quality of b-Si substantially compensated the photocurrent
improvement originating from the enhanced light absorption,
resulting in the relatively small discrepancy between planar and
b-Si electrodes. The largest J ph of 32.3 mA cm−2 was obtained
from the b-Si/TiO2 /Co(OH)2 sample, meaning the ALD TiO2 was
contributing to the OER.

Understanding the improvement in photocurrent density
A series of electrochemical characterization techniques was
implemented to uncover the TiO2 contributions to the observed
photocurrent enhancement. First, the morphology and surface
area of Co(OH)2 were thoroughly compared before and after TiO2
coating to reveal possible alterations from the Co(OH)2 catalyst. As
shown in Supplementary Fig. 10, the Co(OH)2 catalysts on b-Si and
b-Si/TiO2 exhibited no observable geometrical difference from SEM
observation. To quantify the electrochemically active surface area,
the double-layer capacitances (C dl ), which serves as an estimation
of solid–liquid interface area, were determined from the slope of
anodic–cathodic current density difference versus scan rate (dv/dt)
extracted from a series of cyclic voltammetry curves (Fig. 2c)36 .
In the measurement, a degenerately doped p-type Si wafer
(denoted as p+ ) was used instead of the n-type semiconducting
Si to minimize the potential (IR) loss induced by the substrate.
Two planar silicon samples (that is, p+ -planar-Si/Co(OH)2 and
p+ -planar-Si/TiO2 /Co(OH)2 ) showed almost identical C dl (2.83 and
2.74 µF cm−2 , respectively). These values were comparable to the
C dl measured from other planar Si/Co(OH)2 photoelectrodes31 .
C dl of both b-Si samples were more than ten times larger than
those of planar Si electrodes owing to the dramatically enlarged
surface area. The presence of TiO2 slightly reduced C dl of b-Si from
31.17 to 30.29 µF cm−2 , which was probably due to the filling of
small surface pores by the TiO2 coating. These data confirmed that
the Co(OH)2 catalyst had the same activity before and after TiO2
protection.
Aside from the Co(OH)2 catalyst contribution, J ph is
synergistically controlled by the light absorption, charge separation
and charge injection properties of the photoelectrode. Specifically,
J ph = J abs × ηseparation × ηinjection , where J abs is the photocurrent density
at 100% internal quantum efficiency; ηseparation is the electron–hole
separation efficiency for producing surface-reaching holes; and
ηinjection is the efficiency of surface-reaching holes participating
in the OER. For these electrodes, ηinjection was unlikely to be the
dominating factor for the J ph variation considering the identical
Co(OH)2 catalyst layer (that is, comparable catalytic ability for holeto-oxygen conversion). Light absorption and charge separation
characteristics were subsequently targeted for understanding the
J ph improvement.
Figure 2d and the inset show the light reflectance + scattering
spectra and photographs of planar Si, pristine b-Si and b-Si with
8-nm-thick TiO2 coating. Due to the light trapping effect at the
nanostructured surface, b-Si exhibited notably reduced reflectance
(∼10%) compared to planar Si (over 30%) in the ultraviolet, visible
and near-infrared regions, consistent with typical b-Si substrates37,38 .
The reflectance + scattering spectra of b-Si and b-Si/TiO2 showed
little difference, suggesting the TiO2 thin film did not affect the
light absorption of b-Si. Further adding Co(OH)2 did not alter
the light reflectance + scattering spectra of b-Si (Supplementary
Fig. 11). The corresponding ultraviolet–visible light absorption
spectra were derived based on the reflectance + scattering spectra
(Supplementary Fig. 12a). By integrating the absorbance across
AM 1.5G solar spectrum39 , J abs of planar Si, b-Si and b-Si/TiO2
were calculated to be 33.3, 38.0 and 37.8 mA cm−2 (Supplementary
Fig. 12b–d), respectively, suggesting that enhanced light absorption
was the main reason for the J ph improvement in b-Si over planar
Si electrodes. However, the discrepancy between b-Si/Co(OH)2 and
b-Si/TiO2 /Co(OH)2 was barely related to light absorption.
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evidenced that the ALD TiO2 layer was able to passivate defective
surfaces and increase the minority carrier lifetime in b-Si PEC
photoelectrodes. This phenomenon is analogous to ALD alumina
passivation in b-Si solar cells16,21,22 , but is observed here for
the first time in electrochemical b-Si systems, to the best of
our knowledge.
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In addition to the photocurrent gain, the conformal and pinholefree TiO2 film is capable of stabilizing b-Si photoelectrodes both
in air and in electrolyte. By isolating the b-Si surface from the
atmosphere, the TiO2 layer can prevent the formation of a thick
insulating SiO2 layer, and thus improve the in-air stability of b-Si.
Figure 4a compares J ph –V curves of freshly assembled and threemonth atmosphere-aged b-Si/TiO2 /Co(OH)2 photoelectrodes,
where nearly equivalent behaviours can be identified, evidencing
the good in-air stability. Since practical hydrogen production
requires continuous operation in a corrosive solution, the durability
of b-Si/TiO2 /Co(OH)2 was further assessed in 1 M NaOH by
measuring the photocurrent density–time (J ph –t) characteristics
at a constant external bias of 1.65 V versus RHE. As shown in
Fig. 4b, b-Si/Co(OH)2 without TiO2 experienced a quick decrease
of J ph within less than a half an hour. The deterioration became
even sharper after 2.5 h, probably caused by structural damage,
leading to 77.3% loss of J ph after 3 h operation. Top-view and
cross-sectional SEM images in Fig. 4c and Supplementary Fig. 14a
confirmed the complete collapse of the surface channels from the
b-Si/Co(OH)2 sample. The majority of Co(OH)2 was oxidized to
CoOOH after the OER reaction (Supplementary Fig. 15). On the
other hand, after decoupling the fragile b-Si surface with corrosive
electrochemical reaction, 81.2% of J ph from Si/TiO2 /Co(OH)2
can be maintained after 4 h of continuous OER. The small loss
was possibly caused by the dissolution/exfoliation of the catalyst
layer in 1 M NaOH solution28 , as evidenced by the Co signal loss
after a four-hour reaction (Supplementary Fig. 16). Figure 4d and
Supplementary Fig. 14b demonstrate the well-preserved nanostructured b-Si surface with a good coverage of fluffy Co(OH)2
catalyst, reinforcing the presence of Co catalyst along the inside
channel surface. These results highlight the vital role of the
ALD TiO2 film in improving the functional stability of b-Si PEC
photoelectrodes.
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Figure 3 | Sulfite oxidation and charge separation properties of black
silicon-based photoanodes. a, Jph –V curves of b-Si/Co(OH)2 and
b-Si/TiO2 /Co(OH)2 for sulfite oxidation measured in phosphate buffer
(pH = 7) with 1 M Na2 SO3 as the hole scavenger under one sun
illumination. b, Charge separation efficiencies of b-Si/Co(OH)2 and
b-Si/TiO2 /Co(OH)2 calculated from sulfite oxidation curves.

To understand ηseparation , sulfite was introduced as the electrolyte
and hole scavenger, enabling a complete participation of surfacereaching holes in the sulfite oxidation (that is, ηinjection = 100%).
Thus, ηseparation can be determined by comparing the photocurrent
density of sulfite oxidation and the maximum photocurrent
density calculated from light absorption (that is, ηseparation =
J sulfite /J abs ). As shown in Fig. 3a, for both b-Si/Co(OH)2 and
b-Si/TiO2 /Co(OH)2 , J ph − V curves of sulfite oxidation followed
the trend of water oxidation with slightly increased photocurrent
density (30.4 and 33.0 mA cm−2 , respectively). The corresponding
ηseparation was calculated and presented as a function of applied
bias in Fig. 3b, where substantially higher ηseparation was obtained
from b-Si/TiO2 /Co(OH)2 at bias greater than 1.45 V versus RHE.
The highest ηseparation of 86.1% was obtained at 1.65 V and above
versus RHE, which was 8% higher than that of b-Si/Co(OH)2
(79.6%). The ratio between ηseparation agreed well with the J ph
variation shown in Fig. 2b, implying ηseparation would be the
predominant factor responsible for TiO2 -induced J ph enhancement.
Comparable radii of semicircles in electrochemical impedance
spectroscopy (Supplementary Fig. 13) confirmed that no extra
resistance for hole migration was induced after adding amorphous

Conclusions
In summary, we developed a stabilized b-Si photoanode with
enhanced charge separation capability for PEC water splitting.
The entire channel surface of b-Si was uniformly covered by a
8-nm-thick, hole-conductive and pinhole-free TiO2 protective
layer prepared by ALD. Combined with an optimized thin layer
of Co(OH)2 OER catalyst, this b-Si photoelectrode was able to
deliver a saturated photocurrent density of 32.3 mA cm−2 at a
low external bias of 1.48 V versus RHE, distinctly outperforming
planar Si/Co(OH)2 and b-Si/Co(OH)2 counterparts. By comparing
their electrochemically active surface area, light absorption and
charge separation properties, the high photocurrent density from
b-Si/TiO2 /Co(OH)2 was found to be a consequence of the promoted
charge separation efficiency, which was attributed to the effective
TiO2 passivation of the defective sites on the b-Si surface. Additionally, this ALD-grown TiO2 film can thoroughly decouple the
chemically unstable b-Si from corrosive electrochemical reactions,
resulting in a significant improvement of operational stability under
both in-air (3 month) and in-electrolyte (4 h continuous operation)
conditions. This research suggests that ALD TiO2 protection
could be an effective approach to simultaneously improving the
performance and durability of b-Si-based electrochemical systems,
bringing new promise towards effective solar-fuel generation.
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Figure 4 | Stability evaluation of black silicon-based photoanodes under in-air and in-electrolyte conditions. a, Jph –V curves of freshly assembled and
three-month atmosphere-aged b-Si/TiO2 /Co(OH)2 for water oxidation measured in 1 M NaOH electrolyte under one sun illumination. b, 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).
c,d, Cross-sectional SEM image of b-Si/Co(OH)2 (c) and b-Si/TiO2 /Co(OH)2 (d) after 3 and 4 h PEC water oxidations, respectively.

Methods
Fabrication of black silicon. A 380-µm-thick, phosphorus-doped,
single-side-polished, h100i-oriented, n-type Si wafer with a resistivity of
1–10  cm was first cleaned sequentially in an ultrasonic bath of isopropanol and
distilled (DI) water for 20 min. The wafer was then immersed in 5 wt% HF for
30 s to remove the native oxide. After that, the substrate was dipped in a mixed
solution of 1 mM AgNO3 and 1 wt% HF for 30 s. Subsequently, the wafer was
rinsed with DI water and then quickly transferred into the etching solution,
which contained 50 wt% HF, 30 wt% H2 O2 and DI water with a volume ratio of
25:6:370. After etching for 80 s, the substrate was rinsed in DI water and then
immersed in 35 wt% HNO3 solution for 5 min to remove the Ag nanoparticle
residue. Finally, the wafer was rinsed with DI water and dried by air blowing.
Porous p+ -Si samples were prepared in a similar way, except changing the n-Si
wafer to a 380-µm-thick, heavily boron doped, single-side polished,
h100i-oriented, p-type wafer with a resistivity of 0.001–0.005  cm.
Assembly of black silicon photoanodes. Prior to TiO2 and Co(OH)2 depositions,
Si wafers were immersed in 5 wt% HF to remove the native oxide. TiO2 coating
was conducted in a home-made atomic layer deposition system following
reported procedures40,41 . Briefly, TiCl4 and H2 O vapours were pulsed into a
120 ◦ C reaction chamber separately with a pulse time of 0.5 s, separated by 60 s
N2 purging. One deposition cycle involves 0.5 s of H2 O pulse + 60 s of N2 purging
+ 0.5 s of TiCl4 pulse + 60 s of N2 purging. An 8-nm-thick TiO2 coating was
deposited after 100 ALD cycles, corresponding to a growth rate of 0.08 nm per
cycle. For Co(OH)2 deposition, the back sides of planar Si, b-Si and b-Si/TiO2
were first scratched with a diamond scribe, and then were coated with Ga/In
eutectic mixture and connected to a metal lead, forming an ohmic back contact.
Silver paint was then used to affix the lead. After drying, the entire back side and
partial front side of the Si electrodes were encapsulated in epoxy, establishing an
exposed active area of ∼0.1 cm2 . Calibrated digital images and ImageJ35 were
used to determine the geometrical area of the exposed electrode surface defined
by epoxy. The electrodeposition was carried out in a typical three-electrode
electrochemical setup with Si photoanodes as the working electrode, Pt
wire as the counter electrode and a saturated calomel electrode (SCE) as the
reference electrode. During the deposition, a constant bias of −1.2 V versus
SCE was applied onto the working electrodes for 2–20 s with 1–50 mM CoCl2
as the electrolyte. The optimized condition was 8 s and 10 mM CoCl2 . After
6

rinsing with DI water, the electrode was ready for photoelectrochemical
(PEC) measurement.
Photoelectrochemical measurement. A similar three-electrode cell (that is, Si
photoanode as the working electrode, Pt wire as the counter electrode and SCE as
the reference electrode) was implemented for PEC measurements. Two kinds of
electrolytes were used, including 1 M NaOH solution and phosphate buffer
solution (pH = 7) with 1 M Na2 SO3 . During the J ph –V and J ph –t scanning,
working electrodes were illuminated by a 150 W xenon lamp coupled with an AM
1.5 global filter with a light intensity of 100 mW cm−2 (one sun). J ph –t curves was
measured at a constant external bias of 1.65 V versus RHE. Readings for SCE
were converted to RHE using the following relationship: E(RHE) = E(SCE) +
0.244 V + 0.059 × pH. J ph –V and J ph –t curves were recorded using an Autolab
PGSTAT302N station. The extraction of C dl started with the recording of CV in
the non-faradaic bias region (−0.1–0 V versus SCE). By plotting half of the
current density difference between anodic and cathodic sweeps (that is, J anodic −
J cathodic /2) as a function of scan rate, a linear trend was obtained. The linear fitting
slope corresponds to C dl . The scan rates were 20, 40, 60, 80, 100 mV s−1 . The
electrochemical impedance measurements were performed in 1M NaOH solution
using a Solartron Electrochemical Interface SI 1287. The Mott–Schottky plots
were acquired at a voltage of 50 mV and a frequency of 1 kHz.
Characterization. SEM observations were performed on a Zeiss LEO 1530
field-emission microscope and TEM measurements were conducted on a FEI
TF30 microscope. Focussed ion beam cutting was carried out by means of a FIB
Zeiss Auriga. STEM observation and EELS mapping were performed on a FEI
Titan microscope with a CEOS probe aberration corrector operated at 200 keV.
XPS was acquired using a Thermo Scientific K-alpha XPS instrument. The
reflectance spectra were recorded using a Jasco V-570 UV–Vis spectrophotometer
with an integrating sphere.
Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.
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