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The realization of semiconductor p—n junctions is essential for improved photoelectrochemical (PEC) per-
formance in water splitting. Concerning the traditional p-n junctions, although the p- and n-type mate-
rials that are utilized to build them have been decreased from bulk to only two unit cells, the PEC water
splitting efficiency is still tough to be satisfactory due to the obstacle of interlayer carrier separation/-
transport. Herein, we report that p-n junctions based on n-type (sulfur vacancies) and p-type (phospho-
rus incorporation) domains of single-unit-cell thick ZnIn,S, (ZIS) nanosheet arrays present a quite
different carrier separation/transport characteristic. As a result, such peculiar nanostructure of the opti-
mal phosphorus-incorporated n-type ZIS (n-ZIS-P) photoelectrode delivers the highest photogenerated
current density of 6.34 mA cm~2 at 1.23 V versus reversible hydrogen electrode (Vgyg) among all the
reported ZIS-based photoanodes. Besides, the hydrogen and oxygen production in the stoichiometric
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ratio (2:1) is achieved at a Faradaic efficiency of almost unity.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Solar-driven photoelectrochemical (PEC) water splitting to
hydrogen fuel has been an ideal avenue for clean energy storage
and conversion [1-4]. So far, a great variety of semiconductor
materials have been researched and applied to PEC devices, how-
ever, most of the photocatalysts are still subjected to limited pho-
toactivity as a result of the high recombination rate of
photoexcited charges [5,6]. Tailoring ultrathin morphology [7,8]
and building p-n junctions [9-12] have been proven capable of
optimizing the PEC performance. For some n-type materials (such
as metal oxides, chalcogenides, and g-C3N4), there have been wide
studies on the construction of p-n junctions via group V elements
acceptor-doping [13-15]. In terms of the traditional p-n junctions,
the materials employed for constructing such structures have
attained their theoretical limit of the thickness (two unit cells
thick). For example, Philip Kim and co-workers proposed the ultra-
thin p-n heterojunctions formed by van der Waals interactions
[16]. However, the obstacle in interlayer carrier separation and
transport is common for such structures. Consequently, we con-
centrate on the sheet-like nanomaterials based on thinner limit
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thickness (merely one unit-cell thickness) for creating p-n junc-
tions to tackle the above problems.

Here, we first construct p-n junctions through phosphine (PHs)
treatment of single-unit-cell n-type ZnIn,S,4 (n-ZIS) layer arrays
exhibiting completely diverse carrier separation and transporta-
tion behaviors. Consequently, such peculiar nanostructure endows
the optimal phosphorus-incorporated n-ZIS (n-ZIS-P) photoanode
with a high oxygen evolution rate of 51.5 pmol cm™?h~! and an
impressive photogenerated current density of 6.34 mA cm 2 at
1.23 V versus the reversible hydrogen electrode (Vgyg), much bet-
ter than those of n-ZIS. Of note, the best value of photocurrent den-
sity we display in this work is higher than all the ZIS-based
photoanodes. The significant improvement may be mainly due to
the facilitated charge separation/transport, prohibited electron-
hole recombination, prolonged charge lifetime, and improved
photostability.

2. Experimental
2.1. Synthesis of n-ZIS nanostructures
In the synthetic process, 0.6 mmol ZnCl,, 1.2 mmol InCl5-4H20,

2.4 mmol CH4N,S, and 60 mL deionized water were mixed by con-
stant magnetic stirring for 20 min. Subsequently, 10 pL (NH4),S
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was added drop by drop in the above solution with constant mag-
netic stirring for 10 min. Afterward, 5 mL of the reaction solution
and the plasma-cleaned Fluorine-doped tin oxide glass (FTO) sub-
strates were placed in Teflon-lined stainless steel autoclaves. After
heating at 160 °C for 6 h, they were naturally cooled down to room
temperature, yellow two-dimensional n-ZIS nanosheet arrays were
formed on FTO substrates, which were rinsed thoroughly with
deionized water and ethanol repeatedly, and dried in a vacuum
oven at a temperature of 50 °C.

2.2. Fabrication of n-ZIS-P nanostructures

The n-ZIS electrodes were placed in a tube furnace, and then
were rapidly heated to 400 °C in argon (Ar) atmosphere. When
the temperature reached 400 °C, PHs flow started to fill the system,
and both the time for filling with PH; and the dwell time were con-
trolled for 1 min. The flow rate ratios of PHs/(PHs + Ar) were 1%, 3%,
5%, 7%, and 9%, while the total flow rate of Ar and PH3 was kept at
100 mL-min~!. After naturally cooling down to room temperature,
the n-ZIS-P photoanodes were carefully taken out for further
measurements.

2.3. Photodeposition experiments

20 uM H,PtClg, 20 pM AgNOs, 0.4 mM MnCl,, and 0.4 mM
CoSO4 were used as metal precursors for Pt, Ag, MnOx, and CoO,
photodeposition, respectively. The samples with FTO were
immersed in 50 mL aqueous solution mixed with a metal precur-
sor. The systems were evacuated for 30 min to completely remove
the dissolved air. Then, the photodeposition reactions were carried
out upon AM 1.5G illumination for 5 min and the intensity was 100
mW cm 2. After irradiation, the samples were washed with deion-
ized water and ethanol thoroughly, and were subsequently dried in
a vacuum oven overnight.

2.4. Physical and chemical characterization

The scanning electron microscopy (SEM) images of the samples
was conducted using a JEOL-7800F field emission SEM. X-ray
diffraction (XRD) patterns were recorded on a PANalytical X'Pert
Powder X-ray diffractometer with Cu Ko radiation. The microstruc-
ture of the products were characterized via a FEI Talos F200X trans-
mission electron microscopy (TEM) with an energy-dispersive X-
ray spectroscopy (EDS) detector and high-resolution TEM
(HRTEM). Elemental mappings of EDS were performed on the
high-angle annular dark field - scanning TEM (HAADF-STEM).
Atomic force microscopy (AFM) was conducted by using MFP-
3D-BIO to identify the thickness. An ESCALAB 250Xi X-ray photo-
electron spectrometer (XPS) from Thermo Fisher Scientific was
undertaken to investigate the element valence status of the sam-
ples, with monochromatic Al Ko radiation (225 W, 15 maA,
15 kV). The Raman spectra of the as-prepared products were stud-
ied by LabRAM HR Evolution spectrometer. A UV-3600 spectropho-
tometer equipped with an integrating sphere (SHIMADU, Japan)
was used to record the ultraviolet-visible diffused reflectance
spectra (UV-vis DRS). An iCAP 6300 Duo inductively coupled
plasma optical emission spectrometer (ICP-OES) was used to deter-
mine the elemental information. Ultraviolet photoemission spec-
troscopy (UPS) measurements were carried out on a
spectrometer (ESCA LAB 250 Xi) with He [ Source Gun of
21.22 eV. A FLS1000 spectrofluorometer equipped with both con-
tinuous (450 W) and pulsed xenon lamps were conducted to col-
lect the steady-state photoluminescence (PL) spectra (excited by
330 nm illumination) and the time-resolution PL (TRPL) spectra.
Surface photovoltaic (SPV) properties of products were measured
using a surface photovoltage test system (CEL-SPS1000).
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2.5. Photoelectrochemical measurements

The photoelectrochemical (PEC) performance of the photoan-
odes was investigated by means of a controllable reaction system
(CEL-PAEM-D8, CEAULight, China) with 150 mL volume. The light
source was a commercial solar simulator (100 mW cm 2, CEL-
HXF300, CEAULight, China) equipped with an air mass filter (AM
1.5G). A CHI 760E electrochemical workstation was conducted to
probe PEC performance in 0.5 M Na,SO,4 or 0.5 M Na,SO3; aqueous
solution using a three-electrode configuration (the as-prepared
sample served as a working electrode; platinum wire served as
counter electrode; saturated Ag/AgCl electrode served as a refer-
ence electrode). The scan rate of 10 mV s~! was undertaken to test
the photocurrent density-voltage (J-V) and photocurrent density-
time (J-t) curves under irradiation. Electrochemical impedance
spectra (EIS) (0.1 Hz to 100 kHz) were recorded in the three-
electrode system in the darkness/irradiation. The frequency of
1.0 kHz was conducted to record Mott-Schottky (M-S) plots with
the amplitude of 10 mV without illumination. All the obtained
potentials versus reversible hydrogen electrode (RHE) were deter-
mined based on the Nernst equation: Egyg = Epgjagci + 0.059pH + 0.
1976 V. The photocurrent density is decided by the formula as
]PEC = ]abs X nseparation X ninjectionv where .’PEC COl'l'eSpondS to the
experimentally obtained photocurrent density, J.»s represents the
Jeec assuming the internal quantum efficiency of 100%, #separation
represents the separation efficiency of carriers, and #ipjection refers
to the injection efficiency of carriers, respectively. Due to the oxi-
dation thermodynamics and kinetics of hole scavengers (e.g. Na,-
S0s) are facile enough, the #ipjection could be almost assumed to
be 100% with the presence of Na,SOs. Therefore, Hseparation €an be
calculated by dividing Jpgc (in Na;SOs) by Japs [17-19]. The half-
cell solar-to-hydrogen energy efficiency (HC-STH) of as-prepared
photoanodes were calculated by the results of J-V curves, and
based on the formula: HC-STH (%) = ] x (1.23 — Vrue) x 100%, in
which J (mA cm™2), V stands for the electrode potential versus
RHE. The monochromatic irradiation from a Xe lamp equipped
with optical filters was utilized to record incident photon to cur-
rent efficiency (IPCE). The IPCE at each wavelength was determined
from the equation: IPCE = (1240 J)/(Algnt) x 100%, where ] corre-
sponds to the photocurrent density (mA cm™2) at a selected wave-
length, 2 is the wavelength (nm) of the incident light, and Ignc
refers to the irradiance intensity (mW cm2). The yield of oxygen
and hydrogen were measured using a gas chromatograph (Aulight
GC-7920).

2.6. Theoretical calculation

We have used VASP version 5.4.4 to conduct the first-principles
density functional theory (DFT) calculations [20,21]. The projector
augmented wave (PAW) method [22] was used, and the 3s3p orbi-
tals of P, 3s3p orbitals of S, 3d4s orbitals of Zn and 4d5s5p orbitals
of In are treated as valence electron orbitals. The Perdew-Burke-
Ernzerhof (PBE) [23] exchange correlation functional was chosen.
The Hubbard corrected DFT (DFT + U) method [24,25] was applied
with the Hubbard U for Zn 3d and In 4d set at 4.5 and 4.8 eV,
respectively, to correct for the self-interaction among localized d
electrons. The U value for Zn was set according to the previously
tested value for Zn in ZnO [26], and the U value for In was set to
be the same as that for Sn in Cu,ZnSnS,4 [27] because of their sim-
ilar closed shell electronic configurations. The optimized bulk
Znln,S, crystal has lattice constants of a = b = 3.884 Aand c=12.
512 A, in close agreement with the experimental lattice constants
ofa=b=3.850Aand c=12.340 A [28]. A (4 x 4) (0001) ZnIn,S4
slab model of seven atomic layers thick was built from the opti-
mized crystal structure, which consists of 112 atoms along with
a vacuum layer 15 A thick. For structures with defects, S vacancies
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were introduced by removing two S atoms from the top layer. P
dopants were introduced by replacing two S atoms at the bottom
layer by P atoms. To keep the two defects apart from each other,
the vacancies or dopants were positioned at the corner and the
center of the atomic layer, respectively. These S vacancies at the
top and P dopants at the bottom configuration were found to be
4.55 eV lower in total energy compared to the opposite arrange-
ment with S vacancies at the bottom and P dopants at the top.
Atomic positions were fully relaxed with a 2 x 2 x 1 k-point mesh
and a 400 eV Kkinetic energy cut-off. Gaussian smearing was chosen
with a smearing parameter of 0.1 eV. Self-consistent electronic
steps converge when the total energy difference between two
steps is less than 1 x 107 eV. The force convergence criterion
was 0.025 eV/A on each atom. For electronic structure calculations,
a denser k-point grid of 4 x 4 x 1 was implemented, and the tetra-
hedral smearing method was used. The charge density difference
was calculated by subtracting the total density of pure ZIS from
the doped structure and ensuring a proper atomic balance by add-
ing or subtracting S or P atoms. For example, the density difference
for the ZIS in the P doping case was calculated by pp.zis — Ppure zis
— p, *+ ps. The value of isosurface is 0.0015 e/Bohr>.

3. Results and discussion

3.1. Investigation of the roles of sulfur vacancies and phosphorus
incorporation by DFT calculations

Firstly, the roles of sulfur (S) vacancies and phosphorus (P)
atoms incorporation in the electronic configuration for ZIS were
probed using DFT computations. And the selection of model struc-
ture is based on defect formation energy (Table S1). According to
the results of Table S1, the introduction of P doping at the bottom
(the In facet) would make the configuration with sulfur vacancies
more stable, indicating that the P atoms tend to be incorporated
at the bottom (the In facet). The calculated projected density of
states (PDOS) for pure ZIS, ZIS with S vacancies, and ZIS with P
incorporation were shown in Fig. 1a-c, respectively. For the PDOS
of pure ZIS (Fig. 1a), peaks near the valance band maximum
(VBM) consist of hybridized S 3p and Zn 3d states, while at
~1.8 eV below VBM, large peaks of S 3p states appear, in agreement
with previous computational work [29]. In comparison to the pure
ZIS, the Fermi level (Ef) for ZIS with S vacancies shifted upwards
into the unoccupied states near the conduction band minimum
(CBM), showing n-type character [30,31]. By contrast, the Eg of P-
incorporated ZIS moved downwards and was close to VBM, bring-
ing acceptor states and p-type property [32,33]. The charge density
difference of the model was investigated to study the carrier trans-
port process in the ZIS with S vacancies and P incorporation
(Fig. 1d, e). The Zn, In, S, and P atoms are denoted by blue, purple,
yellow, and red balls, respectively. These data indicate that an elec-
tron losing layer emerges near the S vacancies, while an electron
accumulation layer appears close to the P atoms. As a result, the
apparent difference of charge density would create a built-in elec-
tric field directing from top to bottom. Furthermore, the findings
corroborate that S vacancies are associated with the n-type prop-
erty, whereas P incorporation can introduce p-type property, in
accordance with the above PDOS results. Specifically, from
Fig. 1d, it could clearly be seen that the S vacancies mainly deliv-
ered the positive charges of the two atomic layers (Zn, S) in the
top, while the P dopants rendered the two atomic layers (S, In) in
the bottom negatively charged. Additionally, a transition region
of electron transfer can be assigned to the middle atomic layers.
According to these results, the n-type regions can be assigned to
the two layers of atoms in the top, the p-type areas can be assigned
to the two atomic layers in the bottom, whereas the p-n junctions
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can be assigned to the transition region of small charge changes
(Fig. 1f). Accordingly, the DFT calculation results demonstrate the
theoretical feasibility of building p-n junctions in single-unit-cell
nanosheets. Moreover, the planar-averaged charge density differ-
ence for ZIS with S vacancies and ZIS with P incorporation were
depicted in Fig. S1. We compared these data with the results of
Fig. 1e to uncover the effects of such peculiar nanostructure on
the separation of carriers. Fig. 1e clearly displayed that the changes
of charge for every atomic layer were more obvious than those of
the models in Fig. S1. Specifically, the bottom peaks of charge den-
sity difference (the blue shading) were evidently stronger than
those of ZIS with S vacancies from Fig. S1b, whereas the top peaks
(the yellow shading) were stronger than those of ZIS with P incor-
poration shown in Fig. S1d. It is well known that the bigger the
charge difference between positively and negatively charged layers
is, the stronger intensity of the built-in electric field will be. Collec-
tively, these findings substantiate the better rectification effect of
such unique p-n junctions originated from the stronger built-in
electric field, which will enhance the overall efficiency of carrier
separation/transfer.

3.2. Synthesis and characterizations

As shown in Fig. 2a, via a facile hydrothermal method, the
atomically thin n-ZIS sheet arrays were fabricated on the FTO sub-
strates. According to the data of ICP-OES (Table S2), it was notable
that the proportion for S atoms of n-ZIS was significantly lower
than that of perfect ZIS, manifesting the existence of a few S vacan-
cies of n-ZIS, in agreement with the analysis of M—S plot in Fig. S2.
Then the n-ZIS were processed by heat treatment in PH3/Ar with
various PHs/(PHs + Ar) flow rate ratios (for more details, see Exper-
imental). It should be noted that both the top and the bottom sur-
faces of nanosheet arrays were exposed to the reaction atmosphere
during the phosphorization process. The corresponding products
were respectively expressed as n-ZIS-P1, n-ZIS-P2, n-ZIS-P3, n-
ZIS-P4, and n-ZIS-P5, based on the atomic ratios of 1%, 2%, 3%, 4%,
and 5% for P/(Zn + In + S + P) from ICP-OES analysis. As revealed
by SEM results in Fig. 2b, S3a, the vertically aligned sheet arrays
were uniformly grown onto conductive substrates and the height
of nanosheets was about 1.2 pm. Moreover, we also performed
studies of how various reaction conditions impact the morpholog-
ical feature of the products (Fig. S3-5).

The XRD analysis for the products manifested the characteristic
peaks indexed to the hexagonal phase of ZIS, whereas no phase
impurities were detected. (Fig. S6a). Compared with n-ZIS, the
Raman peaks from n-ZIS-P2 and n-ZIS-P5 had a slight redshift
(Fig. S6b), suggesting that P is doped into the n-ZIS lattice. A
HRTEM image for n-ZIS-P2 from Fig. 2c revealed that the interpla-
nar distances of 0.334 nm corresponds to the (100) lattice planes
in hexagonal ZIS, showing inappreciable structural changes rela-
tive to n-ZIS (Fig. S7a). Furthermore, the corresponding fast Fourier
transform (FFT) presented an ordered array of spots recorded from
the [001] orientation (inset of Fig. 2d). Accordingly, the evidence
confirmed that the arrangement of atoms in the crystal lattice of
n-ZIS-P2 was relatively ordered, while there was the distorted
crystal phase in the n-ZIS-P5 structure (Fig. S7b). The TEM image
in Fig. S8 presented the nearly transparent feature of the sheet-
like n-ZIS-P2. Moreover, the seven atomic layers of a nanosheet
were clearly exhibited by HRTEM investigation of the cross-
section and the thickness was approximately 1.24 nm (inset of
Fig. S8). In Fig. 2e, the AFM images further demonstrated that the
average thickness of ultrathin n-ZIS-P2 nanosheets was about
1.24 nm, in line with the 12.34 A thickness of single-unit-cell ZIS
along [001] axis (Fig. S9). The HAADF-STEM elemental mappings
from the cross-sectional n-ZIS-P2 displayed that P was enriched
on the In facet, whereas the distribution of the Zn, In, and S was
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Fig. 1. The PDOS for a-c) pure ZIS, ZIS with S vacancies in the top layer, and ZIS with P incorporation in the bottom layer. d) The differential charge density map, e) the average
difference electron density, and f) illustration for carrier transport of ZIS with S vacancies in the top layer and P incorporation in the bottom layer. The yellow and blue
domains denote electron gaining and losing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in conformity to the atomic arrangement in ZIS (Fig. 2f). Deter-
mined by the ICP-OES and EDS analyses of n-ZIS-P2 (Fig. S10),
the atomic ratio of Zn, In, S, and P was about 1:2.01:3.68:0.15. As
displayed in Fig. 2g, P 2p XPS spectra of n-ZIS-P2 showed that
the peaks at 129.9 eV and 130.5 eV could be identified to P 2p3),
and P 2py,, respectively, which could be identified as the P-Zn or
P-In bonds [34,35]. Given that the binding energies for Zn 2p
showed no significant change, the possibility of P-Zn bonding could
be ruled out (Fig. S11a). Due to the surface exposed to air, there
would be the peaks at 133.9 eV attributed to the slightly oxidiza-
tion of P (P-0) [36,37]. Besides, the doped P had an inappreciable
influence on the cation content (Fig. S11a, b), which was in line
with the results of ICP-OES. With increasing the concentration of
doping, the peak intensity for P 2p was enhanced, contrary to the
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results of S 2p peak (Fig. S11c). Collectively, the above analyses
can reasonably infer that the P-In bonds are created through the
substitution of P on S sites, consistent with the elemental mapping
data.

3.3. Band structure analyses

UV-vis DRS indicated that the absorption edge of n-ZIS-P red-
shifted to a longer wavelength with respect to that of n-ZIS
(Fig. S12). As the Tauc plots shown in the inset of Fig. S12a, the
energy bandgap (E,) for n-ZIS-P2 was reduced slightly compared
with that for n-ZIS, indicating that the proper incorporation quan-
tity of P has little influence on the capability of visible-light har-
vesting. As displayed in Fig. 3a, the positive and negative slopes
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n-ZIS-P2. g) P 2p XPS comparison of n-ZIS, n-ZIS-P2, and n-ZIS-P5.

were found from diverse potential regions in the M-S plot of n-
ZIS-P2, suggesting the coexistence of n- and p-type characteristics
of the sample [38,39]. The phenomenon reveals that n- and p-type
regions are respectively created by the S vacancies and the incor-
porated P, leading to the formation of p-n junctions in n-ZIS-P2.
The extrapolation of the abscissa intercepts in M-S plot deter-
mined the Er in n-ZIS-P2, and the Ef for n- and p-type feature areas
are respectively represented as the symbols Eg, and Eg,. Besides,
the changes of Ep, and Eg,, in n-ZIS-P2 for 48 h were slight, indicat-
ing the good stability of the single-unit-cell p-n junction structure
(Fig. S13a). Of note, considering that the Eg, of n-ZIS and n-ZIS-P2
are similar (Fig. 3a, Fig. S2), to a certain extent, the Eg, in n-ZIS-
P2 is able to be represented by that in n-ZIS [40,41]. Additionally,
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as shown in Fig. S13b, the VBM value for n-ZIS-P2 was determined
to be 1.30 eV versus RHE through linear potential anodic scans
[40,42]. Accordingly, the value of CBM (-1.04 eV versus RHE) could
be determined via the following formula, Eygm = Eg + Ecpm.

UPS analyses were performed to further determine the band
positions of n-ZIS-P2 (Fig. S13c, d). The secondary electron cutoff
(Ecutofr) for n-ZIS and n-ZIS-P2 was respectively determined to be
17.6 eV and 16.8 eV. During the testing process, via the connec-
tions of the products with gold, the values for Er were tuned to
be 0 eV. Hence, work function (WF) of 3.62 eV versus vacuum in
n-ZIS could be determined using the formula of WF = hv + Eg - Ecyoff
(hv of 21.22 eV refers to the excitation energy of the He I Source
Gun). The vacuum energy (Ey.c) determined by the results of UPS
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could be transformed into the RHE potential (Eryg) according to the
formula -Ey,c = Eruge + 4.5 eV [43]. Therefore, the VBM for n-ZIS-P2
could be determined to be 1.29 eV versus RHE, while the Eg, for n-
ZIS could be decided to be —0.88 eV versus RHE. Evidently, these
data obtained from UPS were similar to those recorded from elec-
trochemical tests for n-ZIS-P2, corroborating the reliability of the
aforementioned data. Furthermore, the Eg for n-ZIS-P2 was situated
at —0.08 eV versus RHE. In the light of the above results, Fig. 3b
showed the band structure for n-ZIS-P2 containing both n- and
p-type properties. Subsequently, the Er alignment and p-n junc-
tions would be formed by the coexistence of n- and p-type regions,
thus creating strong built-in electric fields to promote carrier
transport. (Fig. 3¢). Overall, the observations convincingly demon-
strate that the p-n junctions can be built in single-unit-cell sheet-
like materials.

3.4. PEC properties for water splitting

The PEC water splitting tests of the samples were undertaken
in 0.5 M Na,SO,4 aqueous solution upon 1 sun radiation using an
AM 1.5G solar simulator. As displayed in Fig. 4a, the n-ZIS-P2

photoanode delivered attractive activity and robust photostability
for the PEC reaction of water splitting, presenting an admirable
0, evolution amount of 308.9 umol cm~2 at 1.23 Vgue. Mean-
while, the produced H, on Pt electrode was 625.6 pmol cm 2,
revealing that the O, and H, were produced in the stoichiometric
ratio (1:2). The Faradaic efficiency of O, and H, evolutions were
95% and 97%, respectively, reflecting that most photoexcited car-
riers are utilized for water splitting. Additionally, as shown in
Fig. S14, the connection between P content and PEC water split-
ting performance presented a volcano-type trend, suggesting that
the optimal atomic ratio of P/(Zn + In + S + P) is about 2%.
Besides, the excellent stability was verified via various character-
izations (XRD, SEM, TEM, and HRTEM) and M-S plot of the sam-
ple after reaction (Fig. S15). These results emphasize that the
suitable introduction of acceptor dopants in single-unit-cell n-
type photocatalysts can improve the PEC properties, benefited
by the special structure of p-n junctions (Fig. 4b). It is also worth
noting that the separated electrons can transfer fast to the sub-
strates due to the n-type domain as an efficient electron conduc-
tion layer, instead of participating in the reduction reaction, as
shown in Fig. 4b.
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Fig. 4. a) Water splitting performance of n-ZIS-P2 photoanode tested at 1.23 Vgyg. The dash lines represent the theoretical amount of H, and O, calculated from photocurrent.
b) Diagram of the structure of single-unit-cell p-n junctions in n-ZIS-P2. c) TRPL plots, d) the J-V curves in Na,SO,4 (0.5 M) aqueous solution, e) the efficiency of charge

separation, and f) IPCE curves of n-ZIS, n-ZIS-P2, and n-ZIS-P5 photoanodes.
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3.5. The separation and transport of charge carriers

Various spectroscopy measurements were undertaken to obtain
insights into the superior properties for n-ZIS-P2. In order to unveil
the separation properties of photoinduced charge carriers, PL spec-
tra were conducted (Fig. S16a). Obviously, the PL quenching of n-
ZIS-P2 as compared to n-ZIS means the forcefully suppressed
recombination of electron-hole pairs of n-ZIS-P2. Furthermore,
SPV spectra showed a stronger SPV signal of n-ZIS-P2 than that
of n-ZIS (Fig. S16b), owing to accelerated charge separation in n-
ZIS-P2. For investigating charge dynamics in the products, TRPL
measurement was considered a useful tool. As displayed in
Fig. 4c, the n-ZIS-P2 presented longer lifetimes of charge carriers
with respect to that of n-ZIS, due to more efficient charge transfer
of n-ZIS-P2 [44]. Based on these observations, it is undoubted that
the charge separation/transport efficiency can be promoted by
constructing p-n junctions into single-unit-cell nanosheets, con-
tributing to improving PEC performance. However, the n-ZIS-P5
sample presented unsatisfactory properties, implying that lattice
distortion will induce too many electron-hole recombination cen-
ters, thereby decreasing their beneficial performance [45].

The photodeposition experiments were carried out to probe the
carrier separation/migration behavior in the products. During the
experiments, the photoreduced sediments were utilized to spot
the positions of the photoinduced electrons, while the photooxi-
dized sediments would occur in the places where the photoin-
duced holes reside. [46,47]. The SEM images for the n-ZIS-P2
sample exhibited that photodeposited Pt and Ag solely emerged
on one side of the nanosheets, whereas such nanoparticles were
difficult to find on the opposite side (Fig. S17a, b). Analogously,
the photooxidized MnO, and CoO, were only deposited on one sur-
face of the nanosheets (Fig. S17c, d). However, n-ZIS could merely
result in small quantities of metal photodeposition as a result of
severe recombination of light-excited charges and n-type property
(Fig. S17e, f). To shed more light on the single-unit-cell p-n junc-
tions structure, elemental mapping analyses were undertaken
(Fig. S18). Pt tended to be located next to the Zn site while the
deposition of MnO, preferred to be formed near the P-
incorporated site, manifesting the selective distribution of pho-
toinduced charge carriers on the corresponding surface. To identify
the reaction sites with both metal and metal oxides, the photode-
position experiments with both the two precursors of Pt and MnO,
in the solution were undertaken. The HAADF-STEM image and the
corresponding elemental mapping images were clearly shown in
Fig. S19. The Pt and MnOj, could be simultaneously photodeposited
on the surfaces of the n-ZIS-P2 nanosheets. Specifically, the Pt sed-
iments agglomerated on the surface of the Zn site, while the MnO,
were found on the surface around the P site. These findings further
verify the creation of single-unit-cell p-n junctions structure and
the direction for the built-in electric field constructed by this struc-
ture, in conformity to the results of DFT. XPS analyses were used to
determine element valence states for the photodeposited products
(Fig. S20). The XPS data disclose that the obtained Pt and Ag ele-
ments are at the states of metal, while the cobalt and manganese
species are in the form of oxidation. These results uncover the pro-
motional effects of the unique single-unit-cell p-n junctions on car-
rier separation/transportation.

3.6. Electrochemical characteristics

Multiple electrochemical characterizations were conducted to
elucidate the improved PEC water-splitting properties of n-ZIS-
P2. As shown in Fig. 4d, the J-V curves from water oxidation pre-
sented that the highest | of 6.34 mA cm 2 at 1.23 Vgue was
recorded, the circa 48-fold enhancement relative to n-ZIS, repre-
senting the increased photoactivity of n-ZIS-P2. The promotion of
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photoactivity was also proved by the J-V curves for sulfite oxida-
tion (Fig. S21a). As far as we know, the highest J of water oxidation
in n-ZIS-P2 is better than all the reported photoanodes based on
ZIS (Table S3). As shown in Fig. S21b, the maximum HC-STH con-
version efficiency of the n-ZIS-P2 photoanode was around 0.65%
at 0.98 Vgyg, manifesting a significant improvement in efficiency
compared with n-ZIS. In addition, based on the photocurrent from
sulfite oxidation and water oxidation, Fig. 4e displayed the charge
separation efficiency (#separation) Of the photoanodes, in which the
Hseparation fOr N-ZIS-P2 was obviously higher than that for n-ZIS.
The stability measurements showed that the n-ZIS-P2 photoanode
can keep almost the same photocurrent density after 3600 s illumi-
nation, while the n-ZIS photoanode displayed obvious attenuation
(Fig. S21c), suggesting the high PEC stability of n-ZIS-P2 photoan-
ode. Moreover, electrochemical impedance spectra (EIS) tests were
undertaken, and the obtained Nyquist plots indicated smaller
semicircles of n-ZIS-P2 compared with those of n-ZIS (Fig. S21d,
e), suggesting the improved interface carrier transfer for n-ZIS-
P2. In addition, the IPCE plots depicted that n-ZIS-P2 had an evi-
dently increased value of IPCE, and the highest value was approx-
imately 72% at the wavelength of 365 nm (Fig. 4f), showing the
promotion of separation/transfer efficiency of n-ZIS-P2. As for n-
ZIS-P5, the substantial recombination of charge carriers is respon-
sible for the low PEC activities, according to the spectroscopic
analysis.

4. Conclusion

In conclusion, we propose a brand new p-n junction of single-
unit-cell nanosheets and corroborate the theoretical and experi-
mental feasibility of constructing such structure toward reinforced
PEC properties. Giant improvement in PEC performance can be
owing to the promoted charge separation/transport, suppressed
recombination of electron-hole pairs, prolonged lifetime of charge
carriers, and improved photostability. Our work would offer valu-
able insights into semiconductor physics research on the structure
of p-n junctions and contribute to the developments of electronics
and optoelectronics.
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