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a b s t r a c t

Superior bifunctional electrocatalysts with ultra-high stability and excellent efficiency are crucial to boost

the oxygen evolution reaction (OER) and the hydrogen evolution reduction (HER) in the overall water

splitting (OWS) for the sustainable production of clean fuels. Herein, comprehensive density functional

theory (DFT) computations were performed to explore the potential of several single transition metal

(TM) atoms anchored on various S-doped black phosphorenes (TM/Snx-BP) for bifunctional OWS electro-

catalysis. The results revealed that these candidates display good stability, excellent electrical conduc-

tivity, and diverse spin moments. Furthermore, the Rh/S12-BP catalyst was identified as an eligible bi-

functional catalyst for OWS process due to the low overpotentials for OER (0.43 V) and HER (0.02 V), in

which Rh and its adjacent P atoms were identified as the active sites. Based on the computed Gibbs free

energies of OH∗, O∗, OOH∗ and H∗, the corresponding volcano plots for OER and HER were established.

Interestingly, the spin moments and the charge distribution of the active sites determine the catalytic

trends of OER and HER. Our findings not only propose a promising bifunctional catalyst for OWS, but

also widen the potential application of BP in electrocatalysis.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the last decades, the exhaustion of conventional fossil fuels

and the detrimental environmental issues has inspired the global

investigation to develop alternative clean and renewable energy

technologies [1–4]. Thanks to its high energy density and zero car-

bon emission, hydrogen energy has been widely considered as an

excellent alternative to traditional fossil fuels [5–7]. Among various

hydrogen production devices, electrochemical overall water split-

ting (OWS) has attracted increasing interest as a promising tech-

nology for generating hydrogen by renewable energy under mild

conditions [8–11]. Notably, the hydrogen evolution reaction (HER)

and the oxygen evolution reaction (OER) are two key half reactions

to greatly affect the performance for the large-scale commercial

applications of OWS due to their sluggish kinetics and low effi-

ciency [12,13]. At present, Pt and Ru/Ir-based materials represent

the most advanced catalysts for HER and OER, respectively. Unfor-

tunately, the high cost and scarcity of these noble metals largely

hinder their widespread usage [14–17]. In addition, the combi-

nation of two different electrocatalysts into one integrated elec-
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trolyzer could complicate the procedure and induce the unsatis-

fied OWS performances due to the mismatch of the electrolyte pH.

Thus, it is of significant importance to downsize the noble-metal

catalysts to single-atom catalysts (SACs) or effectively substitute

the noble-metal catalysts with non-noble-metal catalysts for HER

and OER that can work in the same electrolyze for the commercial

OWS [18].

Recently, SACs have been widely used in electrocatalytic water

splitting reactions due to their high activity and selectivity [19–

21]. Notably, SACs are generally anchored within porous and con-

ductive support to ensure its high stability. In this respect, the 2D

materials have been widely regarded as ideal support substrates to

stabilize the SACs due to the great surface area, superior carrier

mobility, and excellent thermal durability [22–24]. Black phospho-

rous (BP), as the most stable allotrope of the element phosphorus

with a two-dimensional (2D) layered structure, has been triggering

extensive interest due to its unique structural and excellent prop-

erties, such as tunable band gap and high carrier mobility, endow-

ing it wide applications in transistors, supercapacitors, catalysis,

batteries and sensors [25–28]. Among these applications, BP-based

electrocatalysts are of our particular interest. For example, Zhang

and co-workers reported the excellent electrocatalytic OER activ-
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ity of few-layer BP nanosheets [29], while Wang’s group showed

that the well-exfoliated BP nanosheets can perform as an efficient

catalyst for electrochemical nitrogen reduction reaction (NRR) [30].

Although some studies revealed that BP sheets exhibit good elec-

trocatalytic activities for OER, the HER electrocatalytic activity is

poor, as the densely packed lone-pair p electrons of the P atoms

make them difficult to adsorb hydrogen species [31]. In addition,

the instability of BP in water and oxygen environment is also an

obstacle for achieving highly efficient HER/OER catalytic perfor-

mances [32,33]. Thus, how to effectively improve the stability and

the HER/OER catalytic activity of BP nanosheet still remains a huge

challenge.

To this end, some interesting strategies have been proposed, in-

cluding encapsulation and chemical modification to enhance the

stability of BP nanosheet in the illumination, oxygen, and water

environment [34,35]. Especially, the introduction of nonmetal het-

eroatoms of was recently regarded as an effective way not only

to avoid the degradation of BP in the air moisture environment,

but also to modulate its electronic and magnetic properties for

wide applications [36]. For example, Lv et al. fabricated a feasible

approach to hamper the degradation of BP by sulfur (S) doping,

which can be utilized as field-effect transistors [37], while Xu et al.

demonstrated that their prepared N-doped BP exhibits high elec-

trocatalytic activity towards NRR [38]. On the other hand, metal

incorporation can also maintain the structural integrity of BP by

tuning its band gap. For example, Li et al. showed the high effi-

ciency of the PtRu nanoclusters decorated BP in HER [39], while

Qiao and Shi independently found that the synthesized Au and Co

nanoparticles on BP exhibit excellent OER catalytic activity [40,41].

Inspired by these pioneering reports, here, we performed com-

prehensive density functional theory (DFT) computations to study

the electrocatalytic activity of several single transition metal (TM)

atoms anchored on different S-doped BP monolayers (TM repre-

sent Mn, Fe, Co, Ni, Cu, Rh, Ru, Pd and Ir, which have been widely

reported as the common HER/OER electrocatalysts). Our results

demonstrated that most of TM atoms anchored on BP-based sub-

strates exhibit outstanding stability, reduced band gap, and excel-

lent magnetic properties. Interestingly, the Rh/S12-BP was revealed

as a bifunctional electrocatalyst with high-efficiency with low over-

potential (0.43/0.02 V for OER/HER), in which the Rh atom and

its adjacent P atom perform as the active sites. Remarkably, the

high OER activity of Rh/S12-BP can be ascribed to its optimal mag-

netic moment, whereas the moderate charge of the P site boost its

superior HER performance. Our work not only offers an effective

strategy to construct high-efficient bifunctional catalyst for overall

water splitting, but also further widens the application of BP for

energy storage.

Every spin-polarized computation was performed using the DFT

method, as achieved in the Vienna Ab initio Simulation Package

(VASP) [42]. The projector augmented wave (PAW) means was

used to treat the interaction of ions with electrons [43,44]. The

exchange-correlation interaction was explained by the generalized

gradient approximation (GGA) with the Perdew−Burke−Ernzerhof

(PBE) functional [45,46]. The dispersion corrections (DFT+D3) in

Grimme scheme was employed to describe the long-range van der

Waals (vdW) effects [30]. A cutoff energy of 500 eV was used for

the plane-wave basis set, and the convergence criteria for force

and energy during geometrical optimization were set to 0.01 eV/Å

and 10−5 eV, respectively. An implicit solvent model VASPsol was

adopted to treat the solvation effect with the dielectric constant of

78.4 for water. Bader charge analysis was utilized to compute the

involved charge transfer [47].

A (4×4) supercell with a monovacancy was built to simulate

the behavior of BP, which contains 63 atoms with a vacuum gap

of 20 Å. A Monkhorst-Pack mesh with 5×5×1 K-points was em-

ployed for Brillouin zone integration. Ab initio molecular dynamics

Fig. 1. (a) The structures of six BP based substrates. (b) Top and side views of the

TM/Snx-BP catalysts. The blue balls represent the loaded transition−metal atoms.

The yellow balls denote the doped sulfur atoms, and the pink balls are phosphorus

atoms. (b) The Eb values of TM/Snx-BP candidates. (c) The Bader charge analysis of

TM/Snx-BP candidates. (d) The computed partial density of states (PDOSs) of Rh/S12-

BP catalyst.

simulations (AIMD) were carried out to assess the thermal stabili-

ties of TM atoms on the BP-based substrate in a canonical ensem-

ble (NVT), in which the time step was set as 1.0 fs for a total sim-

ulation time of 10 ps.

The formation energy (Ef) of S dopants in BP was determined

by: Ef = ESx−BP − ES0−BP – xμS + xμP, where, ESx−BP and ES0−BP are

the total energies of Sx−BP (x=1−3) and S0–BP without S dopant,

respectively, and x is the number of introduced S atoms. μS and

μP are the chemical potentials of S and P, respectively. μS was

computed according to the S8 material and μP referred to the bulk

phase of BP. The free energy change (�G) of each elementary step

in HER/OER was obtained according to the computational hydro-

gen electrode (CHE) suggested by Nørskov et al. and more compu-

tation details were presented in the Electronic Supporting Informa-

tion (ESI).

Previous scientific research revealed that the geometric and

electronic structures of single metal atom catalysts significantly de-

pend on their coordinating microenvironment, which in turn de-

termines their performances in catalytic processes [48–53]. To this

end, different numbers of S dopants were introduced into differ-

ent sites of BP monolayer, which were labeled as Snx-BP, where n

and x represent the numbers (n=0, 1, 2 and 3) and sites (upper

and sublayer) of the introduced S dopants, respectively. As a re-

sult, six BP-based substrates were obtained as shown in Fig. 1a.

Remarkably, relative to the un-doped S0-BP system, the formation

energies of these S-doped BP monolayers are computed to be 0.68,

0.67, 0.95, 1.04 and 1.40 eV, respectively, suggesting that S-doped

BP is more difficult to be synthesized when more S dopants were

introduced. Then, nine single Mn, Fe, Co, Ni, Cu, Rh, Ru, Pd and Ir

atoms were anchored on the vacancy of the six S-doped BP sub-

strates, thus generating 54 TM/Snx-BP structures as the potential

catalysts of HER and OER.

After fully geometrical optimization, we found that all TM/Snx-

BP systems possess similar configurations, namely, these single TM

atoms can be firmly embedded into the vacancy of these S-doped

BP substrates (Fig. S1 in Supporting information), leading to the

formation of TM-S and TM-P bonds with the length of 2.13 Å to
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2.52 Å. To ensure the practical applications of TM/Snx-BP materi-

als, the strong binding strength between single TM atoms and BP-

based substrates is essential to prevent their agglomeration. To this

end, the stabilities of TM/Snx-BP systems were evaluated by com-

puting their binding energies (Eb) according to the following equa-

tion: Eb = ETM/S-BP - ES-BP - ETM, where ETM/S-BP, ES-BP and ETM rep-

resent the total electronic energies of TM/Snx-BP, Snx-BP, and single

TM atom in the corresponding bulk materials, respectively. Based

on this definition, a negative Eb value suggests that this TM atom

can be stably adsorbed on BP substrates, rather than aggregating

into larger metal cluster. We can clearly find out from Fig. 1b that

most of TM/Snx-BP candidates exhibit negative Eb values, indicat-

ing their high thermodynamic stability. Several exceptions are the

anchoring of Fe, Co, Rh, Pd, and Ir on S3-doped BP with positive

�Eb values, suggesting their feasibility to form larger metal clus-

ters, which are thus ruled out as promising HER and OER catalysts

in the following discussion.

Based on the optimized TM/Snx-BP configurations, we explored

their electronic and magnetic properties. The Bader charge anal-

ysis showed that significant charge (0.18e− −0.95e−) are trans-

ferred from TM atoms to BP-based substrates, making the anchored

TM atoms carry considerable positive charge (Fig. 1c), which may

perform as the active sites to capture the oxygenated species in

OER. Furthermore, the computed partial density of states (PDOSs,

Fig. 1d) suggested the strong hybridization of TM-d orbital with the

3p orbitals of S and P (P21) atoms, in which Rh/S12-BP was taken

as an example (this material will be revealed to exhibit superior

HER/OER catalytic activity later), again verifying the strong capabil-

ity of S-doped BP substrates to immobilize single TM atoms. Excel-

lent electrical conductivity is vital to ensure the rapid charge trans-

fer for efficient HER and OER. Thus, the band structure of Rh/S12-BP

was computed to estimate its electrical conductivity. Remarkably,

the results showed that Rh/S12-BP possesses the semiconducting

feature with a small band gap of 0.12 eV (Fig. S2 in Supporting

information), suggesting its good electrical conductivity and thus

facilitating its practical application in electrocatalysis.

Spin moment has been proved to be essential for designing ef-

ficient OER catalysts. For example, Li et al. reported that the single

Co atom catalysts on TaS2 monolayer exhibit superior OER perfor-

mance due to its optimal spin density [54]. Interestingly, all con-

sidered TM/Snx-BP systems exhibit remarkable spin moments with

ranging from 0.08 μB to 3.78 μB, which are mainly centralized on

the anchored TM atoms (Fig. S3 in Supporting information). Thus,

the TM/Snx-BP systems may exhibit high OER activity by carefully

tuning the spin density of the anchored TM atoms.

To systematically explore the OER catalytic activity of these

TM/Snx-BP materials, the adsorbed oxygenated intermediates (∗OH,
∗O and ∗OOH) during OER were fully optimized to then compute

their adsorption free energies (�GOH∗ , �GO∗ and �GOOH∗ , Table S1

in Supporting information) [55]. Indeed, we found that these oxy-

genated intermediates are preferable to be adsorbed on the top

of the positively charged TM atoms. To figure out the limiting-

determining step, the Gibbs free energy differences of each ele-

mentary reaction step during OER (Fig. 2a) on these TM/Snx-BP sys-

tems were computed, including (1) H2O (l) decomposes to H+ and
∗OH; (2) ∗OH dissociates to H+ and ∗O; (3) ∗O reacts with the sec-

ond H2O to form ∗OOH; (4) O2 (g) is released.

Again taking Rh/S12-BP as an example, we can see from

Fig. 2b that every elementary reaction step during the OER are

uphill in the free energy profile with the �G values of 0.07, 1.56,

1.63 and 1.67 eV, respectively. Ideally, the free energy changes for

all steps in OER are 1.23 eV to guarantee that the �G of each

elementary step is zero at equilibrium potential (1.23 V), other-

wise the adverse overpotential will be generated. Accordingly, the

elementary step with the maximum free energy change (�Gmax)

is regarded as the limiting-determining step (PDS), which deter-

Fig. 2. (a) The schematics of the 4e process of the OER occurring on TM/Snx-BP

systems. (b) Free-energy diagrams for OER on Rh/S12-BP monolayer. (c) The ηOER

values on all TM/Snx-BP candidates.

mines the overpotential of OER (ηOER):ηOER = (�Gmax – 1.23)/e. For

Rh/S12-BP, some elementary steps are still uphill at 1.23 V, indi-

cating the existence of overpotential. Especially, the fourth step of

O2 desorption can be identified as the PDS due to its maximum

�G value (1.67 eV) among all elementary steps, corresponding to

the ηOER of 0.44 V. On the other hand, the ηOER values on other

TM/Snx-BP candidates were summarized in Fig. 2c, among which

Pd/S12-BP is shown to possess a low ηOER value of 0.41 V, and

the PDS locates at the formation of ∗OOH species. Interestingly, the

ηOER values of Rh/S12-BP and Pd/S12-BP are even lower than those

of most advanced RuO2/IrO2 materials (about 0.50 V), indicative of

their high catalytic efficiency for OER [56].

To gain further insight into the remarkable difference in OER

electrocatalytic performance of these TM/Snx-BP candidates, we

constructed the relationships between Gibbs free energies of the

adsorbed oxygenated intermediates (�G∗O, �G∗OH and �G∗OOH)
to find a descriptor to elucidate OER catalytic trend [57–59]. Ac-

cording to the computed �G∗O, �G∗OH and �G∗OOH values, we

found that �G∗OOH can be written as a function of �GOH∗ by:

�G∗OOH =0.90�G∗OH −3.32 eV with the coefficient of determina-

tion of 0.94 (Fig. 3a), indicating a strong linear relationship be-

tween each other, which is well consistent with the previous the-

oretical reports on carbon-based catalysts for OER. Based on the

obtained scaling relations, the volcano plot was determined by

choosing �G∗O −�G∗OH as a descriptor for OER activity (Fig. 3b),

in which Rh/S12-BP and Pd/S12-BP are standing near the peak of

OER volcano plots, proving their excellent OER catalytic activities.

Furthermore, we established a contour map of OER activity

on TM/Snx-BP catalysts by choosing �G∗OH and �G∗O −�G∗OH as

the descriptors (Fig. 3c), which has been broadly used to explain

the OER catalytic trends. Notably, the whole contour map was di-

vided into four regions, corresponding to the �G values of four

elementary steps during OER. For some TM/Snx-BP with smaller

�GO∗ −�GOH∗ than 1.50 eV, OER process is dominated by the third

step of O∗ →OOH∗. With the �G∗O −�G∗OH values gradually in-

creasing, the formation of ∗O from ∗OH becomes the PDS. Among

all considered catalysts, only Rh/S12-BP and Pd/S12-BP locate at the

optimal position and show low overpotentials (0.44 and 0.41 V),

corresponding to the �G∗O −�G∗OH of 1.50 eV and thus demon-

strating their superior OER catalytic performance.

In order to shed in-deep light on the origin of the electrocat-

alytic performance of these TM/Snx-BP catalysts, the variation of

3



X. Li, Z. Wang, Y. Tian et al. Chinese Chemical Letters 34 (2023) 107812

Fig. 3. (a) Scaling relationships for Gibbs adsorption free energy of OOH∗ vs.

OH∗ . (b) Relationship between OER overpotential (η) and �G∗O −�G∗OH values.

(c) Relationship between OER overpotential (η) and two independent descriptors

�GO∗ −�GOH∗ and �GOH∗ . (d) Scaling relationship of OER overpotential (η) versus

(μB) on TM/Snx-BP catalysts.

their ηOER values with the spin moments of the TM active sites

was also plotted (Fig. 3d). Interestingly, an obvious volcano is ob-

tained, revealing the spin density dependent OER activity. Clearly,

either too small or too large spin moments will lead to an unsat-

isfied OER catalytic activity, whereas the optimal spin densities on

Rh/S12-BP and Pd/S12-BP well account for their superior OER per-

formance, which again locate at the peak of the volcano plot. Thus,

the spin density in SACs may be utilized as an ideal descriptor to

rapidly screen out the efficient magnetic SACs for OER, well con-

sistent with previous reports [60].

Then, the HER catalytic performances of TM/Snx-BP with good

OER activities (Rh/S12-BP and Pd/S12-BP with ηOER ≤ 0.50 V of

RuO2/IrO2) were explored by computing the Gibbs free energy of

the adsorbed hydrogen (�GH∗ ), which has been widely regarded as

a critical descriptor to assess the HER activity of a given material.

Ideally, the �GH∗ value of an eligible HER electrocatalyst should

be close to 0 eV [61–63]. In contrast, too positive or too negative

�GH∗ values indicate too weak or too strong H∗ adsorption on the

catalysts, thus hindering the HER activity.

Consistent with previous studies, we found that the �GH∗ value

on the pristine BP is as high as 1.29 eV [64], indicating that H∗ ad-

sorption is rather weak and pristine BP is not good for HER. As for

H∗ adsorption on Rh/S12-BP and Pd/S12-BP, both Rh or Pd and their

adjacent P and S sites were considered as the active sites (Fig. 4a).

The results displayed that the �GH∗ values on most of active sites,

such as Pd, P2, P3 and S sites are highly positive (0.40∼1.38 eV),

suggesting a poor HER activity. In contrast, the Rh site exhibits a

strong reactivity towards H∗ species with a more negative �GH∗
value (–0.29 eV), thus ruling out as HER activity site due to the too

strong adsorption. Interestingly, the �GH∗ values on the P1 sites

of Rh/S12-BP and Pd/S12-BP are calculated to be 0.02 and 0.15 eV

(Fig. 4b), respectively, indicating that the two sites can perform as

active sites for efficient HER, especially for Rh/S12-BP.

To clearly observe the remarkable difference in the HER cat-

alytic activity on the different sites of Rh/S12-BP and Pd/S12-BP

catalysts, a volcano curve was plotted using exchange current (i0,

ESI) as a function of the �GH∗ [65,66]. According to the well-

established Sabatier’s principle, both too strong (such as Rh site)

and too weak (such as S site) H∗ adsorption will result in a low

exchange current. Interestingly, the P1 site of Rh/S12-BP with �GH∗

Fig. 4. (a) Constructed models for the adsorption of H atomic sites. (b) The com-

puted free energy profiles for the HER (c) The obtained volcano curve of the ex-

change current i0 versus the Gibbs free energy of hydrogen adsorption �GH∗ val-

ues on various catalysts. (d) Scaling relationship of ǀ�GH∗ ǀ versus (Q) on TM/Snx-BP

monolayers.

(0.02 eV) close to zero achieves the maximum exchange current

rate, and it thus locates the peak of the volcano (Fig. 4c).

This superior catalytic performance of P1 site could be at-

tributed to the charge redistribution after single Rh and Pd atoms

were anchored. In detailed, the P1, P2 and P3 atoms carry about

0.04 |e−| negative, while significant positive charges (about 0.45

|e−|) locate on the connected S atoms. Interestingly, the HER cat-

alytic activity can be highly correlated the charge distribution of

these active sites. As shown in Fig. 4d, an inversed volcano plot

is obtained, in which the P1 site of Rh/S12-BP system is situat-

ing near the peak (Fig. 4d), agreeing with its excellent HER per-

formance due to its optimal H∗ binding strength. For the prac-

tical applications of Rh/S12−BP as electrocatalysts, in addition to

the high activity reflected by low overpotential, its electrochemical

stability in aqueous solution is also of our concern, which is im-

portant to know whether the bare surfaces of Rh/S12-BP could be

covered by ∗O/∗OH species under working conditions [67]. To ad-

dress this question, we constructed the surface Pourbaix diagram

of Rh/S12-BP to reveal the most stable surface configurations at

different equilibrium potentials and pH values (ESI). Based on the

obtained oxidation potentials and the limiting potentials at pH 0,

we found that the limiting potential (–1.67 V) of OER on Rh/S12-BP

catalyst is much lower than the oxidation potentials (0.07, 1.57 and

1.63 V) of different oxidation species (Fig. S4a in Supporting infor-

mation). Thus, we predicted that the oxidation of single Rh atom

catalyst anchored on this S-doped BP substrate during OER process

will be greatly suppressed, suggesting that its outstanding stabil-

ity against the electrolyte solvent at the realistic electrochemical

operations.

In addition, we computed the dissolution potential (Udiss, com-

putational details are shown in Supporting information) of Rh in

the Rh/S12−BP catalyst at pH 0 (Udiss values of other catalysts

are in Table S1 in Supporting information), where a positive Udiss

value suggest a good electrochemical stability [68]. Interestingly,

the computed Udiss value of Rh/S12−BP catalyst is 0.28 V, imply-

ing that the anchored single Rh atom can survive in a matrix

of S−doped BP catalyst. In addition, we performed the ab initio

molecular dynamics (AIMD) simulations to explain the thermody-

namical stability of Rh/S12−BP in the water environment. The ob-

tained structure and the time evolutions of energy and tempera-
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ture were plotted in Figs. S4b and c (Supporting information). The

results displayed that the single Rh atom is still stably embed-

ded into the vacancy of S-doped BP substrate after 10 ps with-

out any obvious structural deformation, indicating its good stabil-

ity in aqueous solutions at ambient temperature. Overall, based on

the computed surface Pourbaix diagram, dissolution potential, and

AIMD simulations, we predicted that our designed catalysts exhibit

enhanced stability under the atmosphere of water and oxygen en-

vironments than the instable pristine BP nanosheet [69,70], which

may form a class of robust electrocatalysts for various energy ap-

plications.

In summary, by means of comprehensive DFT calculations, we

explored the catalytic performance of several transition metals an-

chored on various S-doped BP substrates as the promising catalysts

for overall water splitting reactions. The calculation results demon-

strated that the anchored TM atoms exhibit interesting spin mo-

ments, endowing them different binding strength with oxygenated

species, in which the anchored Rh and Pd atoms on S12-BP sub-

strate were suggested as excellent OER catalysts due to their mod-

erate spin densities. More interestingly, Rh/S12-BP also shows supe-

rior HER catalytic performance with the �GH∗ of 0.02 eV, and the

P1 site around Rh atom performs as the active site. Remarkably,

this catalyst exhibits high electrochemical and thermodynamical

stabilities in aqueous solutions. Therefore, the low overpotential

and the high stability render Rh/S12-doped BP a very compelling

bifunctional catalyst for overall water splitting, which may pave a

new way for advancing sustainable H2 production.
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