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High-Performance Si Photocathode Enabled by Spatial
Decoupling Multifunctional Layers for Water Splitting

Zongwei Mei, Yongji Chen, Shengfu Tong, Yang Li, Jian Liu, Lizhi Sun, Wu Zhong,

Xinyan Dong, Yuchen Ji, Yuan Lin, Haibiao Chen, and Feng Pan*

Spatial decoupling of light absorption and catalytic reaction is a promising
approach to improve the efficiency and stability of Si photoelectrodes. Herein,
patterned Ag dots (PADs) are fabricated as the front electrode on a glass layer
on commercial SiN,-coated monocrystalline p-n* Si by an industrial manufac-
ture strategy. It is found that the electron tunneling glass layer offers excellent
protection to Si photocathode in an acidic electrolyte (0.5 M H,SO,). The SiN,
layer for antireflection and surface passivation also resists the corrosive electro-
lyte. Under 1 sun (AM 1.5G) illumination, PADs-decorated photocathode with
a 0.75 mm dot-spacing exhibits a saturation photocurrent of 36.1 mA cm=2 and
a photovoltage of 0.61 V when Pt is electrodeposited as the hydrogen evolu-
tion catalyst on PADs. The applied bias photo-to-current conversion efficiency
(ABPE) reaches 9.7%. This performance is enabled by the simultaneous
optimization of light absorption and collection of photoexcited electrons. The
photocurrent can remain stable for about 100 h at 0 V versus the reversible
hydrogen electrode (RHE). This study identifies a new combination of multi-
functional spatial-decoupling layers that is efficient in both light absorption,
transfer of photoexcited electrons, and stable in an acidic electrolyte.

1. Introduction

Photoelectrochemical (PEC) water split-
ting by solar irradiation is a promising
approach to transfer intermittent solar
energy into green, renewable, and storable
H, fuel.! The research goals for a practical
photoelectrode include high efficiency,
long-term stability, and low cost.>3] Over
the past decades, many semiconductor-
based photoanodes have been developed,
and the underlying materials include
WO, Fe,04,°1 BiVO,[® (oxy)nitrides,”!
metal sulfides,® and other ternary metal
oxides.”) Tremendous efforts have also
been dedicated to study p-type metal
oxides or metal chalcogenides as photo-
cathodes.') However, most photoelec-
trodes mentioned above still suffer from
poor performance due to limited light
absorption and/or quick recombination

of photoexcited carriers.[%791% Addition-
ally, plenty of organic or hybrid organic-
inorganic photoelectrodes have also been applied to water
splitting."21 Great improvement of efficiency and stability is
the key issue for these organic-based photoelectrodes at the pre-
sent stage. Semiconductor Si with a narrow band gap (1.12 eV)

can efficiently absorb the solar light and the photoconversion
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SiN,.3*3¢ Simultaneously, the protection layer in the reaction
part should facilitate efficient charge transfer. Till now, the fab-
rication of such layers usually needs complex procedures and
few researches have adopted a scalable manufacturing route for
the Si photoelectrode.[-323:25.27-29]

In this work, we fabricated patterned Ag dots (PADs) with
different dot-spacings on commercial monocrystalline p-n* Si
wafer with a SiN,, coating (Figure 1A) using a scalable manu-
facturing strategy on an Applied Baccini Soft Line (see Sup-
porting Information). This equipment is widely used in the
Si solar cell wafer fabrication industry. After screen printing
and heat treatment, the SiN, layer was etched by the silver
paste and a glass layer was produced between the n-type Si
and the printed Ag (Figure 1B). The commercial silver paste
used in this work contains glass frits made of PbO, Bi,0s,
TeO,, B,03, and SiO, et al. Previous in situ X-ray diffraction
(XRD) during firing revealed that the PbO in the glass frits
etched the SiN, antireflective coating between 500 and 650 °C
as described by:*"]

2PbO+SiN, —2Ph+SiO, +§N2 (1)

When the temperature was above 650 °C, the silver powder
in the silver paste dissolved into the molten glass frit in the
form of Ag,0O. Then the dissolved Ag,0 diffused to the surface
of Si and deposited metallic Ag on the Si emitter surface by the
following reaction:

2Ag,0+Si — Si0, +4Ag 2)

The SiO, produced in Equations (1) and (2) was incorpo-
rated into the molten glass frit. The Pb produced by Equa-
tion (1) would react with the dissolved Ag,O or oxidize back
to PbO by:
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Ag,0+Pb—2Ag+PhO (3)
or:
2Pb+0, —2PhO (4)

Simultaneously, the molten glass frit (glass layer) moved to
the surface of Si with SiN, etched during the firing process,
and Ag nanocrystals precipitated and distributed within the
glass layer due to the lower solubility during the cooling pro-
cess. The stagnant Ag powder aggregated to PADs on top of the
glass layer during the firing and cooling processes in our work
(Figure 1B).

Pt was subsequently electrodeposited on PADs (see
Supporting Information) and the integrated Pt/PADs/Si
component was ready to be used as a photocathode for
water splitting (Figure 1C). The passivation and antireflec-
tion SiN, layer allows efficient light transmission and keeps
the Si substrate away from the corrosive electrolyte (0.5 M
H,SO,) (Figure 1D). Simultaneously, the glass layer under
the PADs functions as the tunneling layer of photoexcited
electrons, and offers corrosion resistance to the acidic elec-
trolyte (Figure 1D). Moreover, the tunneling electrons fur-
ther transfer from the conductive Ag dots to the catalytic
Pt nanoparticles for hydrogen evolution reaction (HER)
(Figure 1D). The PADs patterns were optimized and the pho-
tocathode showed a saturated photocurrent of 36.1 mA cm™
and a photovoltage of 0.61 V. The applied bias photo-to-
current conversion efficiency (ABPE) reached 9.7%, and the
photocurrent remained stable during the operation of 100 h
at 0 V vs. reversible hydrogen electrode (RHE). The high-
performance of the device is believed to result from the opti-
mized light absorption and transfer of photoexcited electrons,
and effective protection of the Si substrate. The photovoltaic-
electrocatalytic (PV-EC) device is currently regarded as the
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Figure 1. Schematic of the fabrication and operating principle of Pt/PADs/Si photocathode. A) Structure of the commercial monocrystalline p-n* Si
wafer with SiN, coating. B) Scaled-up manufacture of PADs/Si by screen printing and heat treatment on an Applied Baccini Soft Line. Ag dot: front
electrode, Al: back field. C) Electrodeposition of Pt nanoparticles on PADs. D) The operating principle of Pt/PADs/Si photocathode for water splitting

under light illumination.
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most practical approach for solar-to-hydrogen conversion.
For comparison, the PV-EC device, powered by one piece of
Si solar cell and the identical Pt/AGLs configuration run-
ning HER, gave a saturation photocurrent of 36.9 mA cm™2, a
photovoltage of 0.59 V, and an ABPE of 8.2%.

2. Results and Discussion

2.1. Material Characterizations

The photos of the PADs/Si, AGLs/Si, and typical connections
to the PADs/Si photocathode and AGLs/Si solar cell are shown
in Figure S1, Supporting Information. The schematic dia-
gram of the Pt electrodeposition configuration on PADs and
AGLs is exhibited in Figure S2, Supporting Information. The
typical scanning electron microscopy (SEM) images of PADs/
Si with different dot-spacings are shown in Figure S3, Sup-
porting Information. Each Ag dot has a diameter of =100 pm
and they arrange in a hexagonal pattern (Figure S3, Supporting
Information). Figure 2A shows the typical SEM morphology
of the PADs/Si with a center-to-center dot-spacing of 0.75 mm
(marked as d=0.75 mm) after Pt deposition. The PADs are com-
pletely covered by Pt nanoparticles and the diameter increases
to about 126 um (Figures 2A and Figure S4, Supporting

E

500 nm

500 nm

500 nm

Information). For the traditional AGLs, the line width is about
40 um and the spacing between two adjacent AGLs is about
1.5 mm (Figure S5, Supporting Information). The surface of
AGLs is also rough like the PADs (Figures S3G and S5B, Sup-
porting Information). The electrodeposited Pt nanoparticles
cover the AGL completely, and spread out about 60 um from
each side of the AGL (Figure S6, Supporting Information).
The amorphous antireflection SiN, coating consists of micro
domains as seen from the top view (Figure S7A,B, Supporting
Information), and the surface structure of Si contains typical
tetrahedron textures like pyramids for efficient light absorption
(Figure S7C, Supporting Information).>®!

XRD on the PADs/Si wafer identifies the typical (111), (200),
(220), (311), and (222) planes for Ag (PDF#04-0783) and Pt
(PDF#04-0802) as shown in Figure S8, Supporting Information,
respectively. The atomic interplanar distance of the nanoparti-
cles as observed by transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) is 2.27 A which is consistent
with that of (111) planes of cubic Pt (Figures 2B,C). The selected
area electron diffraction (SAED) rings in the inset of Figure 2C
corresponds to (111), (200), (220), and (222) crystal faces of
cubic Pt. To further study the internal structure of PAD and
AGL, an AGL sample was cut to ultrathin sheet by the focused
ion beam (FIB) for HRTEM characterization (Figure S9A,
Supporting Information). Fringes with a spacing of about 2.36 A

Figure 2. Characterizations of Pt/PADs/Si photocathode. A) Typical SEM image of PADs after Pt electrodeposition on monocrystalline p-n* Si wafer
with SiN, coating. Typical B) TEM and C) HRTEM images of the electrodeposited Pt nanoparticles (Inset in (C): SAED pattern). D) Scanning TEM
(STEM) image of the cross-section of position 1in (A). EDS element mapping of Pt (protective layer) (E), N (F), and Si (G) based on (D). H) STEM
image of the cross-section of position 2 in (A). EDS element mapping of 1) Ag, ]) Si, K) O, and L) N based on (H).
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identify that the (111) planes of Ag can be observed (Figure S9B,
Supporting Information). The SAED pattern (the inset in
Figure S9B, Supporting Information) further proves the cubic
structure of Ag. The cross-section of SiN,/Si (Figure 2D) was
cut by FIB along the direction of Position 1 in Figure 2A. Pt
was used to protect the material from FIB damages during
the FIB cutting process (Figure 2E). The energy-dispersive
X-ray spectroscopy (EDS) results indicate that the SiN, layer is
~80 nm in thickness and it homogenously covers the surface of
the pyramid-like Si (Figures 2F,G).

The exposed glass-phase layer exhibits pothole morphology
which results from the ablation of the Ag particles after strip-
ping the AGL (Figure S10, Supporting Information).?” The ele-
ments found in the region between the Pt layer (for protecting
the material from FIB damages) and Si, including Ag, O, Pb,
Bi, and Te, are within the glass layer of the AGL-stripped Si
wafer (Figure S11, Supporting Information). The atomic ratio
of O:Pb:Bi:Te is 46.35:1.98:1.57:1.22. There are still some Ag par-
ticles distribute along the surface of Si pyramid (Figure S11D,
Supporting Information), and many other Ag particles are
embedded inside the glass layer (Figure S12A, Supporting
Information), as confirmed by the interplanar spacing of 2.04 A
from the (200) planes of cubic Ag (Figure S12B, Supporting
Information). Actually, there are lots of Ag nanoparticles with
different sizes in the glass layer observed from the enlarged
image of Figure S12B, Supporting Information, which are
marked in Figure S13, Supporting Information. The formation
mechanism of Ag nanocrystals within the glass layer and on
the surface of Si emitter has been discussed above.

In order to better understand the microstructure of the
glass-phase layer, a cross-sectional sample (Figure 2H) for TEM
characterization was cut by FIB through Pt/Ag/glass-layer/
Si along the direction of Position 2 in Figure 2A. During the
firing process of Ag paste, the SiN, coating at the top of pyr-
amid is nearly etched through by PbO to form the glass layer
containing oxygen between PAD and Si (Figures 2I-K). How-
ever, the residual SiN, coating can still be observed, especially
in the valley of the pyramid-shaped texture (Figure 2L).[*l
Accordingly, the photoexcited electrons from Si are expected to
migrate to AGLs and PADs by tunneling through Si contact/
thin-glass-layer/AGLs and PADs, or through multi-step tun-
neling through Si contact/thick-glass-layer/AGLs and PADs, in
which the Si contact was constructed by Ag particles grown into
the Si emitter.3%% Then the photoexcited electrons transfer
from PADs to Pt catalyst for HER in Pt/PADs/Si photocathode
(Figure 1D).

2.2. PEC Performance

Typical PEC performance of the Pt-loaded PADs/Si photocath-
odes (Figure 3A) and the PV-EC device powered by one piece of
AGLs/Si solar cell wafer was evaluated in 0.5 M H,SO, with an
exposed area of =1 cm? under one sun illumination (AM 1.5G).
In order to compare the performance under the identical condi-
tion for HER with PEC test, the electrodeposited Pt on AGLs
(6 X 1 cm) on the Si wafer with 1 cm? of exposed area was used
as the working electrode for the performance test of PV-EC
device (Figure 3B). Hereafter this device was marked as PV-EC
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(Pt/AGLs). Note that the liquid level of electrolyte should be
above the quartz window and the outside of the reactor should
also be covered by rough black material to avoid any possible
enhancement of incident light density by reflection during PEC
performance tests. The electrocatalytic (EC) performance of the
Pt/AGLs on the Si wafer with the same exposed area (1 cm?)
was also measured under an external bias (Figure S14, Sup-
porting Information). A commercial Pt mesh (1 cm?) was the
counter electrode in above tests. Ar flow was applied to remove
the oxygen in the electrolyte for one hour before performance
test.

The photocurrent density—potential (J;,~V) curves and
dark current of the Pt/PADs/Si photocathode with different
dot-spacings are shown in Figure 3C. The saturation photo-
current is 34.6 mA cm™ when the dot-spacing is 0.5 mm, and
it increases to about 36.1 mA cm~? when the dot-spacings are
0.75 and 1.0 mm, then it further increases to 36.6 mA cm™
when the dot-spacing is 1.25 or 1.5 mm. Our reported satura-
tion photocurrents are at the intermediate range compared with
the previous results.}2432-36.3841-41 For further comparison,
the saturation photocurrent is 35.8 mA cm™ based on the PEC
performance of the Pt-loaded AGLs/Si (Pt/AGLs/Si) photo-
cathode, which is close to the values of Pt/PADs/Si photocath-
odes (Figure S15A, Supporting Information and Figure 3C).
It is worth noting that the saturation photocurrent of Pt/
AGLs/Si photocathode is lower than the short-circuit current
(38.1 mA cm™?) when it was tested as an as-fabricated photo-
voltaic solar cell (Table S1, Supporting Information). The
decreased photocurrent must result from the decreased inci-
dent light density due to electrolyte absorption,*! H, bubble
formation, and the defects formed during the laser cutting
process compared with the as-fabricated Si solar cell in this
work.[*! The calculated ABPE (Equation S1, Supporting Infor-
mation) decreases from 9.7% to 6.7% for Pt/PADs/Si pho-
tocathodes with different dot-spacings (Figure 3D), and the
ABPE is 6.9% for the Pt/AGLs/Si photocathode (Figure S15B,
Supporting Information), which is close to that of Pt/PADs/Si
(d = 1.5 mm) photocathode (Figure 3D). All the values are lower
than the photovoltaic photon conversion efficiency (20.1%)
as exhibited in Table S1, Supporting Information. For Si pho-
tocathodes, the lower efficiency results from the decreased
incident light density caused by electrolyte absorption and/
or light-blocking catalysts, the recombination of photoexcited
charges during the whole transport process through the device
to the reduction catalysts,**#] and the mismatch between the
slow surface HER reaction and the ultrafast light absorption
through charge transfer.[*®!

The PV-EC (Pt/AGLs) and Pt/AGLs/Si photocathode show a
same onset potential (0.50 V) (Figures 3E and Figure S15A, Sup-
porting Information), which was defined at the current density of
1mA cm™2.*] And both are lower than that (0.52 V) of Pt/PADs/Si
(d = 0.75 mm) photocathode (Figure 3E). The onset potential is
—0.09 V vs. RHE for the EC water splitting of Pt/AGLs in 0.5 M
H,SO, (Figure 3E). Then the photovoltages are 0.59 and 0.61V for
PV-EC (Pt/AGLs) and Pt/AGLs/Si photocathode, and Pt/PADs/Si
(d = 0.75 mm) photocathode, respectively. The saturation photo-
current is 36.9 mA cm2 for PV-EC (Pt/AGLs) (Figure 3E), which
is higher than that (35.8 mA cm™2) of Pt/AGLs/Si photocathode.
The decreased photocurrent must be induced by the electrolyte

© 2021 Wiley-VCH GmbH
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Figure 3. Performance of Pt/PADs/Si photocathodes with different dot-spacings and PV-EC (Pt/AGLs) for water splitting. Schematic pictures of
A) Pt/PADs/Siphotocathodes and B) PV-EC (Pt/AGLs) (Workingelectrode: Pt-loaded AGLs (6x1cm)) for PECwater splitting. Counterelectrode: Ptmesh
(1 cm?); Electrolyte: 0.5 M H,SO, aqueous solution. C) Photocurrent density-potential (J,,—V) curve under one sun illumination (AM 1.5G) and
dark current of Pt/PADs/Si with different dot-spacings in 0.5 M H,SO, electrolyte. D) Variations of the applied-bias photon-to-current conversion
efficiency (ABPE) for Pt/PADs/Si photocathodes. E) Photocurrent density-potential (J,,—V) curve under one sun illumination (AM 1.5G) and dark
current of the Pt/PADs/photocathode (d = 0.75 mm) and PV-EC (Pt/AGLs), and the current density—potential (J-V) of Pt-loaded AGLs (6 X 1 cm)
for HER. Counter electrode: Pt mesh (1 cm?); Electrolyte: 0.5 M H,SO, aqueous solution. F) The applied-bias photon-to-current conversion effi-

ciency (ABPE) for PV-EC (Pt/AGLs).

absorption and H, bubble formation as mentioned above. Addi-
tionally, the saturation photocurrent (36.9 mA cm™2) of PV-EC
(Pt/AGLs) is lower than that (i = 38.1 mA cm™) of the photo-
voltaic solar cell (Table S1, Supporting Information). This
decreased photocurrent must be caused by the defects formed
during the laser cutting process.l*! The calculated ABPE is 8.2%
for PV-EC (Pt/AGLs) (Figure 3F), which is lower than that (9.7%)
of the Pt/PADs/Si (d = 0.75 mm) photocathode (Figure 3D).
Furthermore, the current and voltage at the maximum power
point, and short-circuit current and open-circuit voltage for
Pt/PADs/Si (d = 0.75 mm) photocathode and PV-EC (Pt/AGLs)
are shown in Figure S16, Supporting Information. The calcu-
lated fill factors (ff) are 0.49 and 0.43 for the optimized PEC
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and PV-EC (Pt/AGLs) water splitting (Equation S2, Supporting
Information), respectively. In Figure 3E, it is obvious that
Pt/PADs/Si (d = 0.75 mm) photocathode and PV-EC (Pt/AGLs)
system have reached their corresponding saturation photocur-
rents (36.1 and 36.9 mA cm™) at the equilibrium water reduc-
tion potential (E°) in the acidic electrolyte (pH = 0), which is
0 V vs. RHE in this work. And the onset potentials (V,p)
defined at current density of 1 mA cm™ are 0.52 and 0.50 V for
Pt/PADs/Si (d = 0.75 mm) photocathode and PV-EC
(Pt/AGLs) system (Figure 3E), respectively. Based on the above
data and Equation S3, Supporting Information, the calculated
intrinsic solar-to-hydrogen conversion efficiency are 9.2% and
79% for Pt/PADs/Si (d = 0.75 mm) photocathode and PV-EC

© 2021 Wiley-VCH GmbH
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(Pt/AGLs) system, respectively. The Pt/PADs/Si (d = 0.75 mm)
photocathode obviously shows better performance than PV-EC
(Pt/AGLs) and Pt/AGLs/Si photocathode for water splitting.
Additionally, the PEC performance comparison of buried p-n
junction silicon photocathodes is shown in Table S2, Sup-
porting Information. Our optimized photocathode exhibits the
highest photovoltage apart from intermediate performances in
terms of photocurrent, ABPE, and stability.

Si solar cell-powered and commercial Pt-mesh catalyzed
PV-EC device, marked as PV-EC (Pt meshes), can act as a ref-
erence for performance comparison (Figure S17, Supporting
Information). Its saturation photocurrent (36.9 mA cm™) is
same as that of PV-EC (Pt/AGLs) (Figures 3E and Figure S18A,
Supporting Information). However, its onset potential (0.53 V) is
higher than those of Pt/PADs/Si (d =0.75 mm) photocathode and
PV-EC (Pt/AGLs). And it shows an ABPE of 9.5% (Figure S18B,
Supporting Information), a little lower than that (9.7%) of
Pt/PADs/Si (d = 0.75 mm) photocathode.

2.3. Mechanism of Enhanced Performance for Optimal
Photocathode

Based on the SEM results (Figures S1D and S5A, Supporting
Information), the width of each AGL is about 40 um, and there
are six AGLs on the 1 x 1 cm? Si solar cell wafer. Thus the cal-
culated fraction of the surface covered by AGLs is about 2.4%
on AGLs/Si solar cell wafer (Table S3, Supporting Information).
For PADs/Si photocathode, there are different number of line
and number of dot per line for different PAD dot-spacings on
3 X 3 cm? Si wafer (Table S4, Supporting Information), and the
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Figure 4. Schematic band diagram of A) Pt/PADs/Si photocathodes and B) PV-EC (Pt/AGLs) for water splitting. C) Nyquist impedance plots of
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single dot area is about 785 x 107 mm?. Then the surface cov-
ered ratio can be calculated according to above data. For PADs/
Si (d = 0.5 mm) photocathode, the fraction of covered surface is
3.7% (Table S4, Supporting Information). Apparently, the PADs/
Si (d = 0.5 mm) photocathode blocks a larger surface area of the
Si wafer than AGLs/Si solar cell wafer. Accordingly, the satura-
tion photocurrent (34.6 mA cm™) of Pt/PADs/Si (d = 0.5 mm)
photocathode is lower than that (35.8 mA cm™2) of Pt/AGLs/Si
photocathode (Figures 3C and Figure S15A, Supporting Informa-
tion) due to the less efficient light absorption. Furthermore, the
fraction of covered surface decreases from 1.7% to 0.4% when
the dot-spacing increases from 0.75 to 1.5 mm (Table S4, Sup-
porting Information). The saturation photocurrent for Pt/PADs/
Si increases to about 36.1 mA cm2 as d = 0.75 or 1.0 mm, and it
further increases to around 36.6 mA cm™ as d = 1.25 or 1.5 mm
(Figure 3C). These results demonstrate that a smaller blocked
surface area is beneficial to increase the saturated photocurrent.
Additionally, Pt/PADs/Si (d = 0.75 mm) photocathode shows the
highest photocurrent at the low external bias range (Figure 3C),
which must be caused by the more efficient collection of pho-
toexcited electrons. It can be concluded that d = 0.75 mm is the
optimal dot-spacing owing to the balance between surface cov-
erage (covered ratio: 1.7%) and collection of photoexcited elec-
trons, leading to the best PEC performance in terms of ABPE for
Pt/PADs/Si photocathode in this work.

The schematic band diagram and Nyquist impedance tests in
Figure 4 explain the reasons resulting in different performances
between Pt/PADs/Si (d = 0.75 mm) photocathode and PV-EC
(Pt/AGLs) system for water splitting. They show the same band
diagram except additional external wire for PV-EC (Pt/AGLs),
which may cause voltage loss (Figures 4A,B). According to the
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Pt/PADs/Si (d = 0.75 mm) photocathode and PV-EC (Pt/AGLs) measured under illumination and D) the magnified picture in the high-frequency range.
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Figure 5. Stability test of Pt/PADs/Si (d = 0.75 mm) photocathode for water splitting. A) Stability measurement of the Pt/PADs/Si (d = 0.75 mm) pho-
tocathode by the steady-state photocurrent at 0 V vs. RHE under 100 mW cm=2 illumination in 0.5 M H,SO, at 25 °C. B) Photocurrent density-potential
(Jor—V) curve and dark current of Pt/PADs/Si (d = 0.75 mm) photocathode (before stability test, after stability test for 100 h, and re-deposition of Pt
catalyst) measured in 0.5 M H,SOj, electrolyte under one sun illumination (AM 1.5G).

magnified picture (Figure 4D) in the high-frequency range
based on the whole Nyquist impedance plots under illumination
(Figure 4C), Pt/PADs/Si (d = 0.75 mm) photocathode exhibits
about 3 Q of series resistance, which is smaller than that (about
5.7 Q) for PV-EC (Pt/AGLs). This result is consistent with the fact
that PV-EC (Pt/AGLs) has external wire with additional resistance.
Simultaneously, they all show well-defined semicircle in the high-
frequency range, the diameter of which corresponds to the charge
transfer resistance and a lower resistance means a faster reaction
rate. Apparently, the Pt/PADs/Si (¢ = 0.75 mm) photocathode
leads to a lower charge transfer resistance, implying faster elec-
trode kinetics for HER than PV-EC (Pt/AGLs). In the middle and
low-frequency range as shown in Figure 4C, the angles between
the Nyquist impedance plot of Pt/PADs/Si (d = 0.75 mm) photo-
cathode and Z” axis are larger than those for PV-EC (Pt/AGLs). It
means that the protons are easier to diffuse to the reaction surface
of Pt/PADs/Si (d = 0.75 mm) photocathode for HER. It can be
concluded that the absence of external resistance, faster electrode
kinetics, and easier diffusion of protons to reaction surface for
HER make Pt/PADs/Si (d = 0.75 mm) photocathode exhibit better
performance than PV-EC (Pt/AGLs).

In Figure S19, Supporting Information, the commercial Pt
mesh (1 cm?) for HER exhibits a lower overpotential (~0.096 V)
than that (-0.141 V) of Pt/AGLs at the current density of
10 mA cm2 besides the higher current density during the test.
Nyquist impedance plots for the two catalysts (Figure S20, Sup-
porting Information) also show well-defined semicircles, and
the Pt mesh (1 cm?) leads to faster electrode kinetics for HER.
This result can explain why Pt/AGLs need a higher overpo-
tential to achieve the same current density compared with Pt
mesh, and thus explain the reason for that PV-EC (Pt meshes)
shows better performance than PV-EC (Pt/AGLs).

2.4. PEC Stability of Pt/PADs/Si (d = 0.75 mm) Photocathode

The stability of the photocathode was measured in a glass
reactor with a quartz side-window, and this reactor was
connected to a circulating cooling system. The photocurrent
of Pt/PADs/Si (d = 0.75 mm) does not degrade noticeably after
100 h of operation with a photocurrentaround (31.0+1.0) mA cm ™2
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at 0 V vs. RHE and 25 °C (Figure 5A). The decreased onset
potential (0.48 V) and saturation photocurrent (32.0 mA cm™)
during the stability test are lower than those (0.52 V and
36.1 mA cm™?) during the PEC evaluation in Figure 3E. It must
be caused by the stronger absorption of the incident light by elec-
trolyte in the stability measurement reactor. After the stability
test, the PEC performance becomes poorer than the as-prepared
photocathode (Figure 5B). The onset potential at 1 mA cm™
is negatively shifted from 0.48 to 0.44 V vs. RHE, and the
photocurrent decreases from =32.0 to 29.4 mA cm™2 at 0 V vs.
RHE (Figure 5B). However, the PEC performance completely
recovers when the Pt was re-electrodeposited using the same
method (Figure 5B).

Further characterizations of the Pt/PADs/Si (d = 0.75 mm)
photocathode after the stability test were carried out. SEM of the
surface morphology suggests that the SiN, coating still covers
the Si wafer densely (Figure S21, Supporting Information). The
SEM morphology of the AGL-stripped glass layer immersed
in 0.5 M H,SO, for 100 h shows no obvious changes in com-
parison with the original one (Figures S10 and S22, Supporting
Information). The EDS mapping indicates the Ag, O, Pb, Bi,
and Te can be obviously detected in the glass layer treated in
0.5 M H,SO, for 100 h (Figure S23, Supporting Information).
The molar ratio of O:Pb:Bi:Te was 46.05:1.79:1.31:1.23, and it
was similar to that before the aqueous H,SO, treatment. The
stable morphology and composition demonstrate that the glass
layer was resistant to the corrosion by H,SO,. Though the mor-
phology of the Pt catalyst did not exhibit obvious change after
the stability measurement when compared with the as-prepared
sample (Figures 2A and Figures S4 and S24, Supporting Infor-
mation), it has been observed that Pt easily leaves the photo-
cathode during HER process.’% Based on the above analysis
and experimental results, it can be concluded that the left-shift
of the J;,—V curve after the stability test resulted from the loss
of Pt catalyst from the PADs.

3. Conclusion

This work presents a scalable manufacture strategy for the
fabrication of photocathode with PADs on the commercial

© 2021 Wiley-VCH GmbH
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crystalline p-n* Si with a SiN, coating, which is totally compat-
ible with the Si solar cell fabrication industry. We found a new
combination of multifunctional spatial-decoupling light absorp-
tion layer (SiN,) and catalytic reaction (glass layer/Ag/Pt) sites
for Si photocathode to achieve high efficiency in an acidic elec-
trolyte. Though the stability of the integrated Pt/PADs/Si pho-
tocathode was jeopardized by the leaving of electrodeposited
Pt from PADs, the protection and electron tunneling layers
(SiN, and glass layers) are very stable in the H,SO, electrolyte.
The PEC performance was controlled by the balance between
the light absorption and the collection of photoexcited elec-
trons. Our results for the first time discover that the optimized
Pt/PADs/Si (d = 0.75 mm) photocathode is more efficient than
PV-EC device for water splitting. The performance of the inte-
grated photocathode could be further improved by optimizing the
diameter of Ag dot and dot-spacing of PADs, and adopting better
Pt deposition routes to improve its contact on PADs for improved
stability, such as electron beam evaporation or magnetron sput-
tering approach with appropriate mask. This work provides a
promising route to make Si photocathode commercially viable.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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