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Hydrogen, regarded as a promising energy carrier to alleviate the current energy crisis, can be generated from hydro-
gen evolution reaction (HER), whereas its efficiency is impeded by the activity of catalysts. Herein, effective strategies,
such as strain and interfacial engineering, are imposed to tune the catalysis performance of novel two-dimensional (2D)
phosphorus carbide (PC) layers using first-principle calculations. The findings show that P site in pristine monolayer PC
(ML-PC) exhibits higher HER performance than C site. Intriguingly, constructing bilayer PC sheet (BL-PC) can change
the coordinate configuration of P atom to form 3-coordination-P atom (3-co-P) and 4-coordination-P atom (4-co-P), and the
original activity of 3-co-P site is higher than the 4-co-P site. When an external compressive strain is applied, the activity
of the 4-co-P site is enhanced whereas the external strain can barely affect that of 3-co-P site. Interestingly, the graphene
substrate enhances the overall activity of the BL-PC because the graphene substrate optimizes the ∆GH∗ value of 4-co-P
site, although it can barely affect the HER activity of 3-co-P site and ML-PC. The desirable properties render 2D PC-based
material promising candidates for HER catalysts and shed light on the wide utilization in electrocatalysis.

Keywords: phosphorus carbide, hydrogen evolution reaction (HER), coordination configuration, electrocatal-
ysis, first principle calculations
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1. Introduction
Excessive consumption of fossil fuel makes it urgent to

explore alternative sources of energy to substitute fossil fuel
or reduce its dependency.[1] Therefore, hydrogen, which is
sustainable and environment-friendly, attracts plenty of inter-
ests in recent decades.[2] Considered as an effective route to
generate hydrogen, the electrocatalytic hydrogen evolution re-
action (HER) is the cathodic half-reaction of electrochemical
water splitting, where the electrocatalyst is the key to affect
the efficiency.[3–6] At present, the noble-metal platinum (Pt) is
the most efficient electrocatalyst for HER,[7] which is located
near the peak of volcano plots, but the rareness and high cost
of Pt hinder the widespread utilization for electrocatalysis.[8,9]

Thus, great effort has been made on seeking the nonprecious
and highly efficient catalysts to replace the Pt-based materi-
als, such as transition metal phosphides, carbides, borides,
nitrides, sulfides and carbon materials, and metal–organic
complexes.[10–15]

Most recently, considerable attention has been focused on
the HER catalysts based on two-dimensional (2D) materials
because of the unique planar structure with atomic thickness
and the tunable electronic properties, which can give some ob-

vious advantages for HER catalytic performance.[16,17] For in-
stance, the atomic-thickness structure provides more exposed
active sites to facilitate the contact between the reactants and
active sites, further permits 2D materials as the ideal plat-
form to facilely interact with other materials or substrates, and
makes them easily activated and optimized to obtain higher
HER catalytic activity by introducing strain, defects or het-
eroatoms.

It is reported that 2D transition metal carbides and ni-
trides (MXenes) have excellent HER performance due to high
charge transfer kinetics during the HER with oxygen/hydroxyl
termination.[18,19] The 2D triphosphides of GeP3 and SnP3,
a new class of 2D materials, are theoretically predicted to
be highly active for HER with suitable adsorption free en-
ergy ∆GH∗ in the basal plane.[20–22] As for transition metal
dichalcogenides (TMDs), as a representative of 2D material,
exhibit high catalytic activity for HER at the edge site and that
of the basal plane site can be enhanced by defect modulation,
strain engineering or chemical doping.[23–25] What is more,
the non-metal catalysts, like g-C3N4,[26–29] C2N,[30,31] and so
on, show a potential application in HER with a desired free
energy value. Nevertheless, except for the 1T phase of TMDs
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and most of MXenes, these reported 2D catalysts are semicon-
ductors with poor electrical conductivity.

Attracted a great deal of research interests, graphene has
large surface area and excellent conductivity, however, its
HER performance is limited by the weak hydrogen adsorp-
tion ability on the basal plane.[32] Similarly, phosphorene is
promising candidate for HER catalysts for the high carrier mo-
bility, more exposed active sites and tunable electronic prop-
erties, but the weak interaction between hydrogen and ad-
sorbed active sites hinder the HER activity.[33,34] Theoreti-
cally, the controlled homogenous doping of C (P) in phospho-
rene (graphene) for the 3-coordinated configuration could gen-
erate phosphorus carbide (PC) monolayer.[35] Because of the
presence of the non-bonding electron in the C2p orbital, the
PC monolayer is metallic, which is ideal for the electrocatal-
ysis HER. However, systematic investigations about HER on
layered PC-based materials have not been reported so far.

In this work, a series of investigation is performed to ex-
amine the catalytic performance of 2D PC-based materials via
first-principle calculation. At first, monolayer PC (ML-PC)
and bilayer PC (BL-PC) are constructed and the pristine HER
activity of two layered PC materials is examined, which can be
descripted by the Gibbs free energy (∆GH∗). As an effective
strategy, external strain is imposed to tune the HER perfor-
mance. It is interesting that the overall HER activity of BL-PC
can be modulated to more desirable at a certain compressive
strain. Additionally, H coverage plays a significant role in af-
fecting the HER performance that the higher the coverage is,
the lower the HER performance is. The effect of graphene
substrate on the catalytic activity is further investigated and
the results show that the substrate has a positive effect on the
activity of the 4-coordinated-P site but little influence on 3-
coordinated-P site of BL-PC and P site of ML-PC. The results
provide important guidance for the future development of 2D
layered PC materials as excellent metal-free electro-catalysts.

2. Method
The DFT calculations are carried out using the projector

augmented wave (PAW) pseudopotentials[36] and the Perdew–
Burke–Ernzerhof (PBE) generalized gradient approximation
(GGA)[37] for the exchange–correlation functional, as im-
plemented in Vienna ab-initio simulation package (VASP)
program.[38–40] The cutoff energy for the basis set is chosen
to be 500 eV, and the Brillouin zone is sampled with a Γ grid
of 5×5×1 for structural optimization and 7×7×1 for den-
sity of state calculation. The criterion of convergence is set
to 10−6 eV for energy and 0.01 eV/Å for force. The vacuum
space of 20 Å along the non-periodic directions is set to avoid
the interaction between two neighboring layers.

The hydrogen adsorption energy can be computed using

the following equation

∆EH∗ =
(

Eslab+nH −Eslab+(n−1)H − 1
2

EH2

)
/n, (1)

where n denotes the number of hydrogen atom adsorbing on
the surface, Eslab+nH and Eslab+(n−1)H represent the total ener-
gies of the studied systems with n and n− 1 hydrogen atoms
on the surface, respectively, and EH2 is the total energy of a
hydrogen molecule in the gas phase.

The Gibbs free energies of H∗ adsorption can be com-
puted using the following formula:

∆GH∗ = ∆EH∗ +∆EZPE −T ∆S, (2)

where ∆EH∗ , ∆EZPE, and ∆S are the adsorption energy, zero-
point energy change, and the entropy change of H∗ adsorp-
tion, respectively.[7] In this study, T ∆S and ∆EZPE are obtained
by the scheme proposed by Norskov et al.[3] Specifically, ∆S
is calculated using the equation ∆S = SH∗ − 1

2 SH2 ≈ − 1
2 SH2 ,

in view of the negligible vibrational entropy of H∗. Consid-
ering that T S(H2) is 0.410 eV for H2 at 298 K and 1 atm
(1 atm = 1.01325×105 Pa), the corresponding T ∆S is deter-
mined to be −0.205 eV.

3. Results and discussion
Two geometric structures of PC sheet are constructed to

investigate the intrinsic catalytic activity of 2D PC material,
i.e., monolayer PC and bilayer PC (denoted as ML-PC and
BL-PC, respectively). The optimized atomic configuration and
electronic properties of ML-PC are examined at first. The
original unit cell of monolayer PC is a rectangle lattice with
a= 5.05 Å and b= 2.91 Å.[35,41] In order to attain more possi-
ble hydrogen adsorption sites in our work, we change the unit
cell lattice from rectangle to a rhombus with the calculated
lattice constant is a = b = 10.03 Å, as shown in Fig. 1(a). In
monolayer PC, every P atom is coordinated with three neigh-
boring C atoms, yielding hexagonal puckered honeycomb con-
figurations with the P atoms located at the outmost atomic
layer and the C atoms in the middle atomic layer. Moreover,
the P–C bond length is 1.77 Å along the armchair direction
and 1.72 Å along the zigzag direction, which is consistent with
previous theoretical results.[35] As illustrated in Fig. 2(a), the
band structure and partial density of states (PDOS) of ML-PC
are calculated to examine the electronic properties of ML-PC.
The results show that the ML-PC is metallic and the electronic
states near Fermi level are mainly contributed by p-orbitals of
P and C atoms, which illustrate a good conductivity for HER.

Three stacking methods to construct bilayer PC structures
are considered in our work. Two methods could form van
der Waals (vdW) bilayer PC structure (BL-PC), one is sim-
ply stacking one ML-PC to another with P and C atoms of
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top ML-PC being directly on that of bottom ML-PC, respec-
tively, which is represented by P–P stacking (Fig. A1(a) in
Appendix A). The second method is that the C atoms of top
ML-PC reside on the P atoms of bottom ML-PC and the P
atoms are above the hollow-site of bottom ML-PC, as shown
in Fig. A1(b), namely P–C stacking. By stacking one ML-PC
on the other reversed ML-PC, the P–P covalent bonds form
between the interlayers. Moreover, we calculate the forma-
tion energy of three structures to examine the thermodynamic
stability. The results show that the formation energy of two
vdW bilayer structures is −1.88 eV and −1.94 eV, respec-
tively. Moreover, the formation energy of covalent bond BL-
PC is −10.68 eV, indicating that the covalent bond BL-PC is
more thermodynamically stable than vdW bilayer structures.

(a) (b)

T
o
p
 v

ie
w

S
id

e
 v

ie
w P atom C atom

Fig. 1. Optimized atomic configuration of (a) monolayer PC and (b) bilayer
PC. The green rectangle represents the original unit cell and the blue rhomb
represents the redefined cell. The P and C atoms are denoted as pink and gray
spheres, respectively.

The third method is adopted to form a more stable BL-PC
structure and the properties are investigated. After fully opti-
mizing, the shape of unit cell remains rhombus with the lattice
constant of 10.10 Å, as displayed in Fig. 1(b). It is notewor-
thy that there are two types of P atoms: one is that P atom
bonds to three neighboring C atoms with P–C bond length of
1.77 (1.74) Å along armchair (zigzag) direction, forming 3-
coordinated-P atoms (simplified as 3-co-P); the other is the 4-
coordinated-P atom (simplified as 4-co-P), which coordinates
with three neighboring C atoms and one P atom, and the P–P
bond length is 2.34 Å, as shown in Fig. 3(b). The electronic
structure of BL-PC is studied by computing the band struc-
ture and PDOS (Fig. 2(b)). Different from ML-PC, the BL-
PC is a narrow gap semiconductor with a direct bandgap of
0.06 eV. It is shown in Fig. 2(b2) that the states of conduction
band minimum (CBM) and valence band maximum (VBM)
are contributed by p-orbital of P and C atoms.

Generally, the change in Gibbs free energy of adsorbed
H (∆GH∗) is used as a descriptor to evaluate the intrinsic cat-
alytic activity.[3,7] According to the Sabatier principle,[42,43]

the optimal HER catalytic activity occurs when H binding on
the surface of reactive intermediates is thermally neutral, i.e.,
the Gibbs free energy of H∗ is zero. Therefore, the closer the
∆GH∗ is to zero, the better the HER activity is. The HER ac-
tivity of ML-PC is examined at first and the P and C atoms of

ML-PC are considered as active sites for adsorbing H atom
(Fig. 3(a)). The calculated free energy value of the P site
in ML-PC is −0.05 eV, which is comparable to that of Pt
(−0.09 eV). The ∆GH∗ value of C site is −0.57 eV, as shown in
Fig. 3(c), demonstrating that the interaction between H atom
and C site is too strong to desorb and the P site is more active
than C site. For comparison, the 3-co-P site and 4-co-P site
are considered in BL-PC (Fig. 3(b)). Intriguingly, the values
of ∆GH∗ suggest that the HER activity of 3-co-P site in pristine
BL-PC (−0.14 eV) is comparable to that of P site in ML-PC,
which is superior to the 4-co-P site (0.30 eV) in BL-PC for the
free energy value closer to zero, which means that the H atom
adsorbed on 3-co-P site can be easily desorbed and it is hard
for H atom to adsorb on 4-co-P site.
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Fig. 2. Band structure and partial density of states (PDOS) of (a) monolayer
PC and (b) bilayer PC. The fermi level is set to zero.

Regarded as an effective strategy to modulate the elec-
tronic properties of 2D materials, strain engineering may have
an influence on HER performance as well.[44,45] To optimize
the ∆GH∗ of two-layered PC materials, different biaxial strain
(ε) parallel to the surface are imposed, which can be defined
as ε = ∆a/a0, where a0 is the unstrained lattice parameter and
∆a+ a0 is the strained parameter. As illustrated in Fig. 3(d),
the external strain from −2.5% to 2.5% is applied on the ML-
PC and BL-PC with an H atom adsorbed on P site, 3-co-P site,
and 4-co-P site, respectively. When a tensile strain is applied
on the ML-PC, the ∆GH∗ value varies slightly from −0.05 eV
to 0.004 eV, meaning that the tensile strain can barely affect
the excellent HER activity of P site. However, the ∆GH∗ value
decreases as the applied compressive strain increase and the
∆GH∗ value changes to −0.43 eV with the compressive strain
reaching −2.5%, inducing a strong interaction between ad-
sorbed H atom and ML-PC catalyst. As for the BL-PC with
an applied external strain, the evolution of ∆GH∗ value of 3-
co-P site exhibits a steady tendency, demonstrating that the
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change of external strain could barely influence the catalytic
activity of 3-co-P site with an H atom adsorbed on it. Addi-
tionally, the ∆GH∗ value of 4-co-P site increases monotonously
to 0.59 eV with the tensile strain increase to 2.5%. When the
applied compressive strain increases, the ∆GH∗ of the 4-co-
P site shows a general downward trend and the ∆GH∗ can be
modulated to about zero at a compressive strain of −1.5%. It

is worth noting that different from the activity of the 3-co-P
site, the catalytic activity of the 4-co-P site is quite sensitive
to the external strain and can be optimized by the compressive
strain whereas reduced by the tensile strain. Therefore, a cer-
tain compressive strain could modulate the overall activity for
HER of BL-PC to be more excellent for the ∆GH∗ of 3-co-P
and 4-co-P site closer to zero simultaneously.

P site

C site

(a) monolayer PC (b) bilayer PC

3 coordinated P site

P site of ML PC
3 co P site of BL PC
4 co P site of BL PC

4 coordinated P site

C site of ML PC
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Fig. 3. Schematic view of possible adsorption sites of hydrogen on (a) monolayer PC and (b) bilayer PC sheet. (c) Calculated free energy diagram of
hydrogen evolution reaction on different adsorption sites. (d) The ∆GH∗ of different active sites as a function of the applied external strain.
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Fig. 4. Calculated free energy diagram of hydrogen evolution reaction at different coverages of (a) monolayer PC and (b) bilayer PC.

A series of calculations are next performed to investi-
gate the evolution of ∆GH∗ at different hydrogen coverage
(θ). Generally, the hydrogen coverage (θ) is defined as n/N,
wheren is the number of adsorbed H atoms on the surface and
N is the number of active sites of the monolayer. Because
of the puckered structure of ML-PC, we consider the top P
atoms as active sites so that the number of active sites (N) is 6.
The calculated corresponding ∆GH∗ with θ ranging from 1/6
to 6/6 of ML-PC are depicted in Fig. 4(a). The results show
that as the hydrogen coverage increases, the ∆GH∗ increases

from −0.05 eV to 0.57 eV, indicating that the interaction be-
tween the H atoms and P site is weakened with the number of
H atoms adsorbed on surface increasing. At the hydrogen cov-
erage of θ = 2/6 and θ = 3/6, the corresponding free energy
is 0.09 eV and 0.18 eV, respectively, which is nearly perfect for
HER. However, at the higher coverage (θ = 4/6 or higher), the
rather positive ∆GH∗ indicates that the H atoms are difficult to
absorb on the P sites, making the ML-PC unsuitable for HER.
The above results suggest that the ML-PC have high catalytic
activity for HER at a moderate hydrogen coverage.
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Similarly, the overall ∆GH∗ of BL-PC shows an upward
trend from −0.14 eV to 1.62 eV with the coverage increasing
from θ = 1/12 to θ = 12/12. It is worth noting that the ∆GH∗

is 0.13 eV at the coverage of θ = 3/12, which makes BL-PC
proper for HER. But for the coverage higher than θ = 6/12,
the values of free energy exceed 0.43 eV, demonstrating a
weakened bond between H atom and P sites. Corresponding
to ML-PC, the evolution of ∆GH∗ at different hydrogen cov-
erage reveals the high catalytic activity of BL-PC at relatively
low coverage. Moreover, the band structure of BL-PC under
different coverage are calculated and shown in Fig. A2. The
results show that under the H coverage of 1/12, 3/12, 9/12, and
12/12, the band structures of BL-PC show a metallic property,
whereas under the H coverage of 6/12, the BL-PC is a semi-
conductor with bandgap of 1.24 eV, as shown in Fig. A2(c).

In reality, the fabrication of 2D materials usually needs
a certain substrate to grow on. Therefore, as illustrated in
Figs. 5(a1) and 5(b1), the hybrid structures of ML-PC (BL-
PC) and graphene (G) are constructed to examine the influence
of graphene substrate on the HER activity. After fully struc-
ture optimization, the lattice parameter of ML-PC@G (BL-
PC@G) is 9.95 Å (9.98 Å). Furthermore, the mismatch for
ML-PC is −0.9% and that for BL-PC is −1.25%, demon-

strating that an external strain is imposed after composing
the ML-PC (BL-PC) with graphene. The stability of hybrid
structures is examined next by computing the cohesive en-
ergy: Ecoh = Etot −EPC −EG, where Etot, EPC, EG represent
the total energy of hybrid structures, the energy of PC, and
the energy of graphene, respectively. The cohesive energy of
ML-PC@G and BL-PC@G are −0.26 eV and −1.64 eV, re-
spectively, which verifies the hybrid structures composed of
PC and G are thermodynamically stable.

As shown in Fig. 5(a2), in the ML-PC@G hybrid system,
the ∆GH∗ value of P site changes from −0.05 eV to −0.14 eV,
which remains comparable to Pt-based catalyst. Nevertheless,
the ∆GH∗ value of C site becomes more negative (−0.52 eV to
−0.76 eV) meaning the interaction between the H atom and C
site is stronger. Correspondingly, the effect of the graphene
substrate on the intrinsic activity of BL-PC is depicted in
Fig. 5(b2). The free energy of the 4-co-P site is optimized to
0.16 eV as BL-PC attaching with graphene substrate. Further-
more, the graphene has a slight effect on the activity of 3-co-P
site on BL-PC, due to the ∆GH∗ of 3-co-P site decreases from
−0.14 eV to −0.19 eV. Thus, the graphene substrate can af-
fect the activity of BL-PC positively and barely influence that
of ML-PC.
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Fig. 5. Optimized geometric structure and computed free energy diagram of (a) monolayer PC and (b) bilayer PC on graphene substrate.

The change of ∆GH∗ value of layered PC on graphene

substrate can be attributed to the electronic structure, thus the

partial density of states (PDOS) of ML-PC@G and BL-PC@G

is studied and shown in Fig. 6. The key properties of ML-PC

are well preserved in PDOS of ML-PC@G, where the p or-

bitals of P and C atoms play an important role in the metal-

lic property. Correspondingly, in the PDOS of BL-PC@G,

the semiconductor properties of BL-PC are retained and the

electronic states near Fermi level are contributed by graphene
substrate, which could significantly enhance the electric con-
ductivity and promote the electrocatalytic activity.

The interaction between layered PC and graphene sub-
strate can be characterized by the charge transfer between the
ML-PC (BL-PC) and the graphene substrate. Based on Bader
charge analysis, in the PC@G system, 0.02 e is transferred
from the graphene substrate to ML-PC, which could signif-
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icantly enhance the electric conductivity. Moreover, the H
atom adsorbed on P site gains 0.387 e, more than the charge
of 0.373 e on the P site of pristine ML-PC, rendering a more
negative ∆GH∗ value of ML-PC on the graphene substrate. Be-
sides, it is intriguing that the charge transfer between BL-PC
and graphene substrate is not same as H atom adsorbing on
different sites. When an H atom adsorbs on the 3-co-P site
of BL-PC, the charge of 0.012 e is transferred from graphene
to BL-PC and the H atom gains 0.382 e from the 3-co-P site,
less than the charge of 0.404 e of free-standing BL-PC. When
an H atom absorbs on the 4-co-P site, however, the charge
of 0.0003 e is transferred from graphene to BL-PC, mean-
ing a weaker interaction between BL-PC and graphene sub-
strate. The transferred charge between H atom and 4-co-P site
of BL-PC@G (0.38 e) is less than that of free-standing BL-
PC (0.53 e), illustrating a positive effect of graphene substrate
on the electrocatalytic activity of 4-co-P site of BL-PC. There-
fore, for the same active site, the less charge transfer to the H
atom, the closer to zero the GH∗ is, demonstrating a higher
HER performance.

In the presence of an adsorbed hydrogen atom, the dif-
ferential charge density of ML-PC@G and BL-PC@G is stud-
ied to analyze the charge distribution in these two systems.
The amounts of electron transfer can be visualized by the
three-dimensional (3D) differential charge density, defined as
∆ρ = ρtotal −ρH −ρPC@G, where ρtotal, ρH, and ρPC+G stand
for the charge density of the hybrid system, isolated H atom,

and PC@graphene, respectively. The 3D differential charge
density of ML-PC@G and BL-PC@G with an H tom is shown
in Fig. 7, respectively, where the yellow (blue) region repre-
sents the charge accumulation (depletion). The yellow region
is mainly distributed around the absorbed H atom and the blue
region mainly around the P atom, further indicating the charge
transfer mainly happens between the H and P sites. Above
all, the change of coordination system and moderate external
strain could effectively optimize the HER catalytic activity of
the 2D PC sheet and the 2D PC-based materials can be promis-
ing candidates for highly efficient HER electrocatalyst.
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Fig. 6. Partial density of states (PDOS) of (a) ml-PC and (b) bl-PC on
graphene. The Fermi level is shifted to zero.
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Fig. 7. Differential charge density of (a) P site of ml-PC on graphene, (b) 3-coordinated-P site and (c) 4-co-P site of bl-PC on graphene. The yellow and
blue regions represent charge accumulation and depletion, respectively. The iso-surface value is set to 0.005/Å.

4. Summary

In summary, the catalytic activity of pristine ML-PC and

BL-PC with the 3-co-P site and 4-co-P site are systematically

investigated and the effect of external strain and interfacial en-

gineering on the HER performance is examined via DFT cal-

culation. The calculated ∆GH∗ values indicate that P site is

more active for HER than C site in ML-PC. For the BL-PC, the

activity of 4-co-P site is lower than that of 3-co-P site, which

is comparable to P site in ML-PC. Interestingly, applying ex-

ternal strain could optimize the ∆GH∗ of the 4-co-P site closer

to zero and enhance the overall HER activity of BL-PC. Addi-

tionally, the results of the free energy of ML-PC and BL-PC at

different coverage show that both layered PC materials exhibit

high catalytic activity at relatively low coverage. The effect

of the graphene substrate on HER activity of ML-PC and BL-

PC is further analyzed and the activity of P-site in ML-PC and
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3-co-P site in BL-PC is insensitive to the graphene substrate,
whereas the activity of 4-co-P is significantly enhanced by at-
taching the BL-PC to graphene, which can be understood by
the interaction between BL-PC and graphene. All these fas-
cinating results illustrate a promising strategy of changing the
configuration system to enhance the intrinsic catalytic activity
and the 2D layered PC-based materials are ideal and promising
electrocatalyst for HER.

Appendix A: Supporting information
In order to better understand and explain the descriptions

in the main text, the following figures are given below for ref-
erences.
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Fig. A1. Optimized atomic configuration of (a) P–P stacking vdW bilayer
P–C structure and (b) P–C stacking bilayer PC structure. The blue rhomb
represents the redefined cell. The P and C atoms are denoted as pink and
gray spheres, respectively. The equilibrium distance between two layers is
represented by d.
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Fig. A2. (a)–(e) Band structures of bilayer PC under different H coverages. The Fermi level is set to zero.
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