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Abstract: Single-atom nickel catalysts hold great promise for photocatalytic water splitting due to their plentiful active
sites and cost-effectiveness. Herein, we adopt a reactive-group guided strategy to prepare atomically dispersed nickel
catalysts on red phosphorus. The hydrothermal treatment of red phosphorus leads to the formation of P� H and P� OH
groups, which behave as the reactive functionalities to generate the dual structure of single-atom P� Ni and P� O� Ni
catalytic sites. The produced single-atom sites provide two different functions: P� Ni for water reduction and P� O� Ni for
water oxidation. Benefitting from this specific Janus structure, Ni-red phosphorus shows an elevated hydrogen evolution
rate compared to Ni nanoparticle-modified red phosphorus under visible-light irradiation. The hydrogen evolution rate
was additionally enhanced with increased reaction temperature, reaching 91.51 μmol h� 1 at 70 °C, corresponding to an
apparent quantum efficiency of 8.9% at 420 nm excitation wavelength.

Introduction

Photocatalytic hydrogen evolution through water splitting is
a promising route to fulfill the increasing energy demand
and solve environmental issues.[1] Although tremendous
progress has been achieved, most photocatalysts still suffer
from inherent fast charge recombination and sluggish sur-
face reactivity, leading to poor solar to hydrogen conversion
efficiency.[2] Employing suitable cocatalysts is indispensable

in promoting photocatalytic hydrogen evolution or oxygen
evolution and further enhancing the overall efficiency for
the splitting of pure water.[3] Single-atom cocatalysts have
recently attracted much attention due to their numerous
active sites with potentially high activity.[4] Familiar noble
metal single atoms, such as Pt, Pd, and Ru, have been widely
reported for various applications in photocatalytic and
electrocatalytic reactions.[5] Additionally, single-atom nickel
catalysts have exhibited excellent catalytic performance for
water splitting and showed potential for widespread applica-
tion due to the low cost involved.[6] However, the reaction
mechanisms of Ni as a single-atom cocatalyst are still
unclear.

Regarding the choice of the cocatalyst, the photo-
electrochemical matching of cocatalysts with the main
photocatalysts plays an important role in determining the
photocatalytic efficiency. To effectively utilize the visible
light of the solar spectrum, photocatalysts with a narrow
energy gap should be developed.[7] Among them, red
phosphorus (RP) has received increased attention as an
elemental photocatalyst for water splitting owing to its non-
metal character, earth abundance, and broad spectral light
response. Various allotropic phases of phosphorus provide
tunable structures, light absorption, and optoelectronic
properties to meet the requirements for photocatalytic
hydrogen production. RP can be easily modified or
integrated with other photoactive constituents to introduce
physicochemical properties that are favorable toward
photocatalysis.[8] Indeed, nickel phosphides[9] and
phosphates[10] are efficient cocatalysts for water reduction
and oxidation. The simultaneous existence of nickel
phosphide and nickel phosphate could cooperatively en-
hance hydrogen and oxygen evolution.[11] Thus, it is a
fascinating challenge to fabricate an advanced system for
enhanced photocatalytic water splitting composed of two
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different Ni single-atom sites on RP, utilizing the chemical
interaction of the two materials.

Here, we applied a reactive-group guided strategy to
synthesize dual-structured single-atom nickel sites on RP for
photocatalytic water splitting. Single-atom Ni sites were
composed of two effective components: P� Ni sites for the
reductive reaction and P� O� Ni for the oxidative reaction.
This Ni-based catalyst has two different compositions and
functionalities, which can be denoted as a Janus structure.[12]

Forming these two opposing single-atom active sites
achieved simultaneously reduced charge carrier recombina-
tion and enhanced surface reactivity, which resulted in
improved hydrogen evolution from pure water.

Results and Discussion

The reactive-group guided deposition of Ni single-atom
species on red phosphorus (RP) is illustrated in Figure 1a.
P� H and P� OH groups are introduced on the surface of RP
via a hydrothermal treatment of RP. Then, the hydro-
thermally treated RP (HRP) is dispersed into a methanol
aqueous solution with Ni2+ ions. Under light irradiation,
photoelectrons and holes are excited in HRP. Ni2+ ions
around P� H groups capture the activated photoelectrons to
form Niδ+ (δ<2) states and simultaneously substitute H to
generate P� Ni bonds, which also prevents Niδ+ from being
further reduced to neutral Ni0. The remaining holes oxidize
CH3OH in the solution. For the P� OH groups, H is easily

ionized into the solution. Ni2+ ions can bond with the
remaining P� O� to form P� O� Ni, while the holes can be
introduced to oxidize the oxygen-bound nickel into Niɛ+ (ɛ>
2) in P� O� Ni. The photoelectrons are consumed by H+ in
water. These reactions were confirmed by XPS studies
shown below. Owing to the limited reaction sites and
reaction conditions at each reactive group, single-atom Ni
sites, rather than Ni nanoparticles, were preferentially
generated.

The broad X-ray powder diffraction (XRD) peaks of
RP, HRP, and Ni-HRP indicated their amorphous structures
(Figure 1b). No Ni peaks were observed in the XRD pattern
of Ni-HRP for its single-atom deposition and low loading
amount, which was determined to be 0.92 wt % according to
the X-ray fluorescence (XRF) analysis. Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) images revealed that the hydrothermal treatment of
RP led to a mesoporous structure in HRP and Ni-HRP
(Figure 1c–f), which was verified by pore structure and
specific surface area analysis by conducting N2 physisorption
experiments (Figure S1 and Table S1). The mesoporous
structure would endow abundant P� H and P� OH groups for
the generation of single-atom Ni sites. The high-resolution
TEM (HRTEM) and the selected area electron diffraction
(SAED) analysis further proved the amorphous structures
of RP, HRP, and Ni-HRP (Figure 1g and S2), and the
corresponding elemental mapping images confirmed that Ni
species were uniformly dispersed in Ni-HRP (Figure 1h, i).
The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images acquired by
the spherical aberration-corrected TEM demonstrated the
successful formation of well-dispersed single-atom Ni sites in
Ni-HRP (Figure 1j and S3), and no Ni-based nanoparticles
or clusters were found in agreement with XRD data above.
In contrast, as a control experiment, Ni� RP was prepared by
directly depositing Ni precursor on commercial RP without
a prior hydrothermal treatment. Nickel nanoparticles with
an average diameter of 6 nm were observed in Ni� RP
(Figure S4), and the measured lattice spacing of 0.202 nm
corresponded to metallic Ni.[13]

To confirm the functional groups on the surface of the
prepared samples, Fourier transform infrared (FTIR) and
31P solid-state nuclear magnetic resonance (NMR) spectro-
scopy was applied. As seen in Figure 2a, the peaks at 1632
and 1590 cm� 1 of all samples belong to the variable vibration
of absorbed water. The peaks at 1385 and 1351 cm� 1 were
attributed to the absorbed CO2 in the air.[14] The peak of RP
located at 1103 cm� 1 was derived from P=O vibration due to
the surface oxidation and it disappeared for HRP and Ni-
HRP, proving the effective deoxidizing process during the
hydrothermal treatment. The peak at 2420 cm� 1 was indexed
to the P� H stretching vibration, confirming the successful
generation of P� H groups in HRP.[14c] By comparison with
the spectrum of H3PO4, the P=O stretching vibration
(1150 cm� 1), P-(OH)3 antisymmetric stretching vibration
(997 cm� 1), and P-(OH)3 symmetric stretching vibration
(881 cm� 1) were confirmed in HRP.[14c] The Ni-HRP catalyst
showed the same peaks as HRP, indicating the surface
bonding pattern in HRP was retained after depositing the Ni

Figure 1. a) Illustration of reactive-group guided synthesis of Ni-HRP.
b) XRD patterns of RP, HRP, and Ni-HRP. SEM images of c) RP,
d) HRP, and e) Ni-HRP. f) TEM and g) HRTEM images of Ni-HRP.
Elemental mapping images for h) Ni and i) P in Ni-HRP. j) HAADF-
STEM image of Ni-HRP. The bright spots in the red circles are assigned
to single-atom Ni sites.
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species. The 31P solid-state NMR spectra exhibited reso-
nance at about � 433 ppm, which were derived from the P� P
bond (Figure 2b). The additional peaks of HRP and Ni-
HRP at � 99, � 152, and � 212 ppm could be indexed to the
P� H bond.[15] No P� OH peaks were detected because
NaH2PO4 was the reference sample. The FTIR and 31P solid-
state NMR results verified that P� H and P� OH groups
could be produced on the surface of red phosphorus during
the hydrothermal process, and the surface bonds to red
phosphorus were kept during the formation of Ni-HRP.

X-ray photoelectron spectroscopy (XPS) analysis was
conducted to identify the surface chemical composition. For
Ni-HRP, two main peaks of Ni 2p3/2 centered at 854.4 and
857.3 eV were ascribed to Niδ+ (0<δ<2) of P� Ni[16] and
Niɛ+ (ɛ>2) of P� O� Ni,[17] respectively (Figure 2c). The peak
of reference Ni2+ in NiO was measured to be 855.4 eV,
which was between 854.4 and 857.3 eV, further demonstrat-
ing two distinct oxidation states of Ni obtained in Ni-
HRP.[6b,16a] The peak located at 862.3 eV belongs to the
satellite peak of nickel.[17a] No Ni0 peak (853.2 eV) could be
observed in the spectrum of Ni-HRP.[6b,17c] The O 1s spectra
of Ni-HRP displayed two peaks resulting from P� O� Ni at
531.8 eV and adsorbed water at 533.3 eV (Figure 2d).[10a,18]

The absence of lattice oxygen signals at 529.5 eV indicated
that NiO was not produced in Ni-HRP.[10a,18] The P 2p
spectrum of Ni-HRP displayed the typical peaks of red
phosphorus (Figure S5). It is difficult to find the P peaks
attributed to P� Ni and P� O� Ni, probably due to the much
lower abundance compared to the elemental P0.

X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra
were further carried out to verify the possible bonding forms
of nickel in Ni-HRP. As shown in Figure 3a, the XANES
profiles of Ni K-edge followed the order of Ni-HRP>NiO>

Ni foil, which demonstrated that the average valence state

of Ni species in Ni-HRP was higher than Ni2+.[19] The
coordination environment of Ni was examined by the
Fourier-transformed EXAFS (FT-EXAFS) spectra (Fig-
ure 3b). It is evident that the notable peak at 1.63 Å was
observed and no apparent Ni� Ni peak occurred, indicating
that the single-atom Ni site was produced in the sample. The
average peak position of Ni-HRP (1.63 Å) was smaller than
that of Ni� O (1.67 Å) in the NiO reference sample. We
noticed that there were two kinds of bonds (P� Ni bond and
P� O� Ni bond) in the XPS spectra. According to the
previous report, the P� Ni bond was longer than the Ni� O
bond in NiO.[20] The Ni� O bond in P� O� Ni was shorter than
the Ni� O bond in NiO.[21] The synergistic effects of P� Ni
and P� O� Ni bonds in Ni-HRP led to a slight peak shift
compared to the reference NiO. EXAFS wavelet transform
(WT) analysis was applied to confirm the atomic dispersion
(Figure 3c). The intensity maximum (5.22 Å� 1, 1.63 Å) in the
topographical map of Ni-HRP was different from those of
Ni foil and NiO, further supporting the notion of single-
atomic Ni in the sample.

The optical features of the prepared samples were
analyzed by Ultraviolet-visible-near infrared diffuse reflec-
tance spectroscopy (UV/Vis-NIR DRS). Loading Ni species
increased the visible-infrared light absorption (Figure 4a).
The optical band gap values (Eg) of RP, HRP, Ni� RP, and
Ni-HRP were calculated to be 1.92, 2.08, 1.86, and 1.98 eV
according to the Tauc plots (Figure 4b). The hydrothermal
treatment led to a slightly larger band gap of red
phosphorus, and loading Ni-based cocatalysts could decrease
the band gap. The flat band potentials of all samples could
be obtained from the Mott–Schottky plots (Figure 4c).
Generally, the conduction band (CB) edge can be consid-
ered to be about 0.1 V negative of the flat band potential for
the n-type semiconductor.[22] Therefore, the CB positions of

Figure 2. a) FTIR spectra and b) 31P solid-state NMR spectra of the
prepared samples. XPS spectra of Ni-HRP for c) Ni 2p (with a NiO
reference) and d) O 1s. Figure 3. a) Ni K-edge XANES, b) FT-EXAFS spectra, and c) topo-

graphical maps of WT-EXAFS of Ni-HRP including references Ni foil
and NiO.
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HRP and Ni-HRP were determined. Correspondingly, the
band structures of HRP and Ni-HRP are illustrated (Fig-
ure 4d). According to the energy band analysis, it is found
that the CB and VB positions of HRP and Ni-HRP fulfill
the requirements for water splitting.

The photocatalytic activity for hydrogen production was
investigated in pure water without using any sacrificial
reagent. The bare RP and HRP didn’t show apparent
hydrogen production (Figure 5a), while Ni-HRP showed
remarkable hydrogen production with optimized photo-
deposition time of Ni species (Figure S6). The added
amount of Ni precursor to prepare Ni-HRP was varied, and
the hydrogen production rate didn’t change significantly
when the used Ni precursor amount exceeded 60 mg (Fig-
ure S7). Impressively, the Ni-HRP photocatalysts with Ni
single-atom sites presented a 20 times higher activity than
the Ni� RP photocatalysts with 6-nm Ni nanoparticles
deposited on the RP (Figure S4). Furthermore, Ni-HRP
exhibited photocatalytic hydrogen production under long-
wave light irradiation (λ>620 nm, Figure 5b), confirming its
wide-spectrum light response for photocatalysis. Because
the light absorption of Ni-HRP above 800 nm was much
stronger than that of HRP, the photocatalytic hydrogen
production of Ni-HRP was also tested under light irradiation
with λ>800 nm. However, there was no apparent hydrogen
production. Thus, while light absorption above 800 nm can
be attributed to the Ni addition to the catalyst, the 800 nm-
photogenerated excitations do not have enough driving
force for efficient water splitting.

During the photocatalytic tests, light not only provides
photons for the chemical reaction but also heats the reaction
system. Thus, the thermal-assisted photocatalytic activity
was also studied by varying the reaction temperature.
Impressively, Ni-HRP exhibited boosted activity with in-
creased reaction temperature, reaching an activity of

91.51 μmol h� 1 at 70 °C (Figure 5c). The corresponding
apparent quantum efficiency (AQE) for hydrogen produc-
tion reached 8.9% at 420 nm, which is better than most
previous reports using non-metal phosphorus or carbon
nitride-based photocatalysts (Table S2 for a literature com-
parison). Although the increased reaction temperature could
enhance the photocatalytic activity of Ni� RP, the hydrogen
production rate was still quite low. RP and HRP didn’t show
apparent H2 evolution even at 70 °C. The activation energies
for hydrogen evolution over Ni� RP and Ni-HRP were
calculated to be 65.98 and 70.86 kJ mol� 1, respectively (Fig-
ure S8). To test the stability of Ni-HRP, a 48 h photo-
catalytic test at 30 °C and a 16-h test at 70 °C were measured.
The photocatalyst showed good stability at 30 °C (Fig-
ure S9a), but the stability at 70 °C was poor (Figure S9b).
The XRD, XPS, and TEM analysis of Ni-HRP before and
after the photocatalytic reaction was performed (Fig-
ure S10–S12). It was found that the amorphous structure,
surface composition, and elemental valence states were not
changed after the photocatalytic reactions at 30 °C and 70 °C.
The morphology of Ni-HRP was unchanged after the
reaction at 30 °C, but the large Ni-HRP sheets were broken
into small pieces after the reaction at 70 °C.

Note that no O2 was detected during the water-splitting
reaction. It has been reported that H2O2 was the oxidative
product for phosphorus and some phosphorus-coated
catalysts.[8b,c] The electron transfer number (n) was deter-
mined to be 2.08 via the rotating ring-disk electrode
(RRDE) collection experiment (Figure S13), which con-
firmed that H2O2 was generated through a 2e� -pathway.[23]

Electrochemical tests using the reaction solution as the
electrolyte showed the apparent current attributed to the

Figure 4. a) UV/Vis-NIR DRS spectra of prepared samples. Insets are
the digital photographs of the photocatalyst powders. b) Tauc plots,
c) Mott–Schottky plots, and d) band structure illustration of all
samples.

Figure 5. a) H2 evolution tests of prepared samples under visible light
irradiation (λ>430 nm) at 30 °C. b) H2 evolution tests of Ni-HRP under
incident light with varied wavelengths at 30 °C. c) 5 h average H2

evolution rates of Ni� RP and Ni-HRP at different temperatures under
visible light irradiation. d) The actual amount of evolved H2 and H2O2

after a 5 h photocatalytic reaction at 30 °C and 70 °C under visible light
irradiation.
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generation of H2O2 (Figure S14). After MnO2 was added,
H2O2 was decomposed, resulting in a significantly decreased
current.[8b] The amount of produced H2O2 can be determined
by a titration experiment.[24] When the reaction temperature
was 30 °C, the molar ratio of generated H2 to H2O2 was close
to 1 : 1. However, the amount of produced H2O2 was
deficient compared to the amount of H2, when the reaction
temperature reached 70 °C (Figure 5d). Through the TEM
results of Ni-HRP before and after the photocatalytic
reaction (Figure S12), it was found that the large Ni-HRP
sheets were broken into small pieces. Therefore, it was
inferred that the deficient H2O2 amount at 70 °C could be
ascribed to the corrosion reaction of HRP with H2O2,
according to Equation (1).

2Pþ 5H2O2 ! 2H3PO4 þ 2H2O (1)

The Gibbs free energy change of this chemical reaction
was calculated to be negative, which confirmed that (1) is a
spontaneous reaction (for detailed calculations see Support-
ing Information). To prove the hypothesis, 40 mg of HRP or
Ni-HRP was dispersed into 80 mL of aqueous solution with
10 mmol of H2O2. After stirring for 5 h, the solution became
transparent (Figure S15), which indicated that RP-based
materials reacted with H2O2. Comparative experiments also
revealed that H2O2 could corrode Ni-HRP (Figures S16 and
S17), but no H2 was detected during the corrosion process.
It should be noted that the concentration of produced H2O2

during the photocatalytic reaction was much lower. When
the molar ratio of generated H2O2 to H2 was equal to 1 : 1,
the amounts of H2O2 after a 5 h photocatalytic reaction at 30
and 70 °C should be only 17.45 and 457.6 μmol, respectively,
in 80 mL of the reaction solution. To simulate the corrosion
process during the photocatalytic reaction, 40 mg of Ni-HRP
were dispersed into 80 mL of aqueous solution with 20 or
500 μmol of H2O2 to form suspension A or suspension B,
respectively. After stirring for 24 h, the color of suspension
A didn’t change, but the color of suspension B became
much lighter (Figure S18). This phenomenon indicated that
the corrosion of Ni-HRP was dependent on the H2O2

concentration, which could explain the good stability and
close molar amounts of H2 and H2O2 during the photo-
catalytic reaction at 30 °C. In contrast, the photocatalytic
stability was poor at 70 °C, and the amount of H2O2 was
seriously deficient compared to that of H2. However, the
corrosion process could not be fully avoided when the
photocatalytic reaction took place at 30 °C. This is why the
measured H2O2 amount was slightly lower than the H2

amount at 30 °C (Figure 5d). This result could also explain
the unstable cyclic H2 production in some previous reports
about RP photocatalysts.[25] A potential way to improve the
stability can be using a fixed-bed reactor combined with a
flowing reaction solution to decrease the exposure time of
photocatalysts to the produced H2O2.

To explain the superior photocatalytic activity of Ni-
HRP, the charge transfer properties of the prepared samples
were determined. The steady-state photoluminescence (PL)
spectra and the surface photovoltage (SPV) spectra were
measured. Loading Ni-based cocatalysts decreased the PL

signals of HRP and RP. The stronger quenching effect in Ni-
HRP compared to that in Ni� RP indicated the role of the Ni
single-atom sites in suppressing the radiative electron-hole
recombination (Figure 6a).[26] The increased surface photo-
voltage (SPV) intensity of Ni-HRP confirmed the efficient
separation of photogenerated electron-hole pairs (Fig-
ure 6b),[27] which was further supported by the electro-
chemical impedance spectroscopy (EIS) analysis (Figure 6c
and Table S3). The linear sweep voltammetry (LSV) curves
demonstrated better catalytic properties of Ni-HRP for both
water reduction and oxidation (Figure 6d).[11]

To uncover the mechanism of the HER and the hydro-
gen peroxide evolution reaction (HPER) process, DFT-
based calculations were carried out. Figure 7a shows the
geometric structure of red phosphorous with P� Ni and
P� O� Ni sites and the corresponding *H adsorption geo-
metries. Although red phosphorous appears as an amor-
phous phase, it has been widely accepted that its structure is
based on tubular components of five- or six-membered rings
with covalent bonds between the P atoms.[8d] We, therefore,
selected the type IV triclinic fibrous RP (001) surface as the
model for theoretical calculations. At both P� Ni and
P� O� Ni sites, Ni was 4-fold coordinated, which provides
stable adsorption configurations (Figure S19). As shown in
Figure 7b, the P� Ni site (ΔG*H = 0.13 eV) exhibits better
HER activity than the P� O� Ni site (ΔG*H =1.00 eV), since
the free energy of *H (the star signifies that the hydrogen is
adsorbed) at the P� Ni site is closer to the optimal value
(jΔG*H jffi0 eV).[28] Very recent work also corroborates that
P� Ni could serve as an excellent site for the HER process.[29]

On the other hand, the HPER process could be subdivided
into three steps in neutral media (see Supporting Informa-
tion). As a result of adsorbed *OH stabilization, the third

Figure 6. a) Steady-state photoluminescence (PL) spectra of all samples
with an excitation wavelength of 337 nm. b) Surface photovoltage
(SPV) spectra of HRP and Ni-HRP with a 500 W Xe lamp as the light
source, and the inset is the schematic setup for the SPV measurement.
c) Nyquist plots of HRP and Ni-HRP in 0.5 M Na2SO4 aqueous
solution. The inset is the equivalent circuit. d) Linear sweep voltamme-
try (LSV) curves of the different samples.
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step, namely from *OH to *H2O2, is thermodynamically the
most difficult for the entire process, as shown in Figure 7c.
The P� O� Ni site (ΔGs3(P� O� Ni) =3.30 eV) shows a lower free
energy barrier for HPER than the P� Ni site (ΔGs3(P� Ni) =

3.86 eV), suggesting that the HPER process is more likely to
occur at the P� O� Ni site. As a consequence, the DFT-based
calculations indicate that the P� Ni site prefers to be an
active site for water reduction to hydrogen while the
P� O� Ni site for water oxidation to H2O2.

Through the reactive-group guided synthesis, single-
atom Ni species were dispersed on the hydrothermally
treated red phosphorus (HRP) in the forms of P� Ni and
P� O� Ni, which function as redox-active sites for water
splitting. The catalytic functions have been verified by the
LSV results (Figure 6d). According to the band structure
analysis (Figure 4d), it is plausible that Ni-HRP can generate
H2 and H2O2 simultaneously. The photogenerated electrons
will transfer to P� Ni sites and reduce water to H2, while the
holes migrate to P� O� Ni sites and oxidize water to H2O2

(Figure S20). The catalytic roles of P� Ni and P� O� Ni
groups were also demonstrated in previous reports.[9,10]

Benefitting from this Ni-based Janus structure, effective
charge separation, as well as accelerated surface reactivity
can be obtained, as verified by the PL, SPV, EIS, LSV, and
computational results. Upon the deposition of the Ni-
cocatalyst on HRP and RP, the conduction band positions
were slightly lowered (Figure 4d) and the catalytic activity
was improved in both types of materials (Figure 5a).
Strongly elevated hydrogen evolution from water splitting
was achieved with Ni-HRP.

Conclusion

In summary, a reactive-group guided strategy was adopted
to fabricate nickel-based single-atom sites over red

phosphorus photocatalyst. The P� H and P� OH surface
groups generated during the hydrothermal process are the
templates according to which the subsequent formation of
P� Ni and P� O� Ni structures are controlled during the
photodeposition step. These two chemical functionalities,
considered together, form a Janus structure working togeth-
er on complementary tasks: P� Ni on water reduction and
P� O� Ni on water oxidation, leading to the efficient separa-
tion of electron-hole pairs and overall improved photo-
catalytic water splitting activity. The photocatalyst exhibited
excellent hydrogen evolution from pure water, especially at
elevated temperatures. This work not only presents a high-
efficiency photocatalyst but also provides a new strategy to
design advanced single-atom dual-function catalysts for
overall water splitting. In addition, the insightful analysis of
the stability can provide useful guidance to design durable
red phosphorus-based photocatalysts in the future.
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