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Abstract 
Atomically thin two-dimensional (2D) materials have received intense re-
search interest due to their novel properties and promising applications 
in nanodevices. By using density functional theory (DFT) calculations, 
we investigate catalytic activities of several newly predicted two-dimen-
sional (2D) triphosphides GeP3, SnP3 and InP3 monolayers for hydrogen 
evolution reaction (HER). The calculation results show that GeP3 and SnP3 
monolayers are active catalysts for HER with suitable free energy of hy-
drogen adsorption in the basal plane. In particular, the Gibbs free energy 
of hydrogen adsorption (ΔGH*) of GeP3 is 0.024 eV, a value even more fa-
vorable compared to the precious-group-metal (PGM) catalyst Pt. More-
over, the 2D GeP3 and SnP3 are intrinsically compatible with the graphene 
substrate so that the HER performance can be improved via building a 
hybrid multilayer with graphene sheet. The charge transfer from GeP3 or 
SnP3 to graphene, estimated to be 0.1278e or 0.2157e, can significantly 
enhance the electric conductivity and promote the electrocatalytic ac-
tivity. Although the electronic band structure of GeP3 and SnP3 can be 
tuned by external strain, we find that the HER performance of GeP3 and 
SnP3 monolayer is actually insensitive to the external strain, a feature de-
sirable for the catalytic application. The desirable properties for HER with 
nearly zero Gibbs free energy render 2D GeP3 and SnP3 promising can-
didates for future application in electrocatalysis.   

1. Introduction 

Since the discovery of graphene,1–3 two-dimensional (2D) monolayer 
nanomaterials have received considerable attention owing to their rich 
physical phenomena, novel properties, and promising applications in 
nanoscale devices.4–8 Beyond graphene, many 2D materials have been 
predicted and fabricated, such as silicene,9 phosphorus allotropes,10 
MXenes,11 and transition-metal chalcogenides,12 among many others. 
To date, potential applications of 2D materials in field-effect transis-
tors,13,14 batteries,15 light-emitting devices,16 photovoltaic solar cells,17 
and photocatalysts18 have been studied extensively.19 Among them, 
2D triphosphides, a new class of 2D materials, have attracted grow-
ing attention in recent years. Their monolayer structures are closely 
related to that of arsenic, which can be viewed as replacement of ev-
ery fourth atom in the arsenic layer by a (Ge, or Sn, In) atom and of 
the rest by phosphorus (P) atom. Examples in this class of 2D materi-
als include combination of phosphorus with group-II, III, and IV ele-
ments, which result in easily exfoliable 2D materials with low cleavage 
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energies for monolayer, such as calcium triphosphide (CaP3),20 indium 
triphosphide (InP3),21 tin triphosphide (SnP3),22 and germanium tri-
phosphide (GeP3).23 In particular, monolayer GeP3

23 was theoretically 
predicted to be a novel 2D structure with tunable indirect bandgaps, 
high carrier mobilities, and an excellent absorption coefficient in the 
range of solar spectrum, and it can be easily exfoliated from GeP3 bulk 
material. It is also predicted that SnP3

22 monolayer exhibits high car-
rier mobility and tunable band gap by strain engineering. 

2D MP3 (X = Ge, Sn, In) have also been suggested as high capac-
ity electrode material for Li-ion batteries due in part to their novel 
properties predicted.24,25 Zhang et al.24 investigated the adsorption 
and diffusion of Li on the 2D GeP3 monolayer by using density func-
tional theory (DFT) calculations. They estimated the capacity of 648 
mA h g–1, about twice of that of commercially used graphite (375 mA 
h g–1), and they also predicted semiconductor to metal transition, in-
duced by Li adsorption. Liu and co-workers25 theoretically predicted 
the SnP3 monolayer with an ultralow energy barrier (0.03 eV) for Na 
diffusion. However, the reported band gaps of GeP3 (0.55 eV),23 SnP3 
(0.72 eV),22,26 and InP3 (1.14 eV)21 monolayers are relatively narrow so 
that they are unsuitable for photocatalysis. 

Hydrogen (H2) is regarded as an ideal and renewable energy car-
rier because H2O is the oxidation product. It has high energy capacity 
of 143 MJ kg–1.27 Hydrogen produced through electrocatalytic water 
splitting has been considered as one of the most important sources 
of future renewable energy. For practical applications, platinum, as 
the most active catalyst, is needed to facilitate the low overpoten-
tial and fast kinetics. However, the high expense and scarcity of PGM 
platinum (Pt)-based electrocatalysts greatly hamper their wide uti-
lization. Development of highly efficient, earth-abundant, and low-
cost alternative catalysts is thus greatly needed. Thus far, extensive 
efforts have been devoted to such development both experimentally 
and theoretically.19 

Electrochemical hydrogen evolution involves hydrogen binding and 
hydrogen desorption on the catalyst surface. The hydrogen adsorp-
tion free energy ΔGH* is an effective descriptor for the rate of HER 
with the ideal value of ΔGH* being 0 eV.28 An optimal catalyst for HER 
would be able to bind hydrogen neither too strongly nor too weakly. 
Ultrathin 2D catalysts would be desirable for electrocatalysis due to 
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their extremely large surface areas and relatively low cost. Among 2D 
materials, trilayer MoS2 was theoretically predicted to be a promising 
candidate for HER, although MoS2 nanoparticles and clusters have 
subsequently also been predicted to be excellent electrocatalysts.29 
However, the large basal plane of MoS2 has been found, from both 
experiment and theory, to be chemically inert (ΔGH* > 1.24 eV),30,31 
and MoS2’s high activity has been attributed to the edges of the MoS2 
sheet or MoS2 nanoparticles.31,32 Although many other efforts have 
been devoted to finding replaceable 2D materials,33,34 replacing PGM 
Pt by 2D crystals remains a challenge. In addition, the lattice compat-
ibility with other 2D substrate, e.g., graphene, further limits the avail-
able selections. 

In this work, we performed a systematic investigation of potential 
electrocatalytic application of 2D triphosphates SnP3, GeP3 and InP3 
for the HER, in view of that the thermal and dynamic stability of SnP3, 
GeP3 and InP3 have been confirmed via the phonon dispersion com-
putation and ab initio MD simulation in previous studies.21–23 First, we 
examine the adsorption free energy of the three 2D materials. Know-
ing that the HER related properties and the compatibility with gra-
phene for InP3 is not so good, we only focus on the other two ma-
terials (GeP3 and SnP3) and examine their hybrid heterobilayers with 
graphene substrate for potential application in electrocatalysis. We 
find that GeP3 is quite suitable for the electrocatalysis, as the Gibbs 
free energy of hydrogen adsorption (ΔGH*) is even more desirable than 
that of the PGM catalyst, Pt. For the SnP3 monolayer, the free energy 
of hydrogen adsorption can be tuned to be about zero, when a com-
pressive strain is imposed. We further explore the influence of the sub-
strate on the HER performance and find that the HER performance of 
GeP3@graphene and SnP3@graphene can be further enhanced. The 
present study provides important guidance for future development 
of 2D triphosphides-based materials as PGM-free catalysts. 

2. Computational details 

The spin-polarized density functional theory (DFT) calculations are 
carried out using the projector augmented wave (PAW) potentials as 
implemented in the Vienna ab initio Simulation Package (VASP 5.4).35,36 
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Plane-wave basis sets with a kinetic energy cutoff of 520 eV are used. 
The exchange–correlation energy density functional selected is within 
the generalized gradient approximation (GGA) in the form of Perdew–
Burke–Ernzerhof (PBE) functional.37,38 The van der Waals (vdW) inter-
action is described by using the DFT-D3 method for all calculations. 
The convergence criterion is set to be 10–5 eV for the energy and 0.01 
eV Å–1 for the force, respectively.39,40 A vacuum at least 20 Å along the 
out-plane direction and/or vertical to the nanoribbon edge direc-
tion is adopted so that the interaction between periodic units can be 
neglected. The reciprocal space is sampled on the Gamma centered 
meshes of 3 × 3 × 1 supercell, ensuring a density larger than 10 Å–1. 
The chemical stability of the GeP3 and SnP3 monolayer in presence of 
water is examined by using the ab initio molecular dynamics (AIMD) 
simulations in the constant-temperature and constant-volume en-
semble.41 The temperature is controlled at 300 K. The time step is set 
as 1 fs and each simulation lasts 6 ps. Since the semi-local GGA-PBE 
functional underestimates the band gaps of 2D triphosphide,21–23,42 the 
Heyd–Scuseria–Ernzerhof (HSE06) screened hybrid functional43 with 
a mixing parameter (α) of default value is also employed to calculate 
the electronic structures, e.g., the density of state (DOS). The adsorp-
tion energy for an H atom on the MP3 (M = Ge, Sn) sheet is given by 

ΔEH* = EMP3+H – EMP3 – ½EH2                           (1) 

where EMP3+H and EMP3 are the energy of the system with and without 
the adsorption of a hydrogen atom, respectively, and EH2 is the energy 
of a hydrogen molecule. 

The HER catalytic activity for the materials considered can be eval-
uated by the hydrogen adsorption free energy,28,44 which is defined as, 

ΔGH* = ΔEH* – TΔSH + ΔEZPE                         (2) 

where ΔEH* is the hydrogen adsorption energy, ΔEZPE and ΔSH are the 
zero-point energy and the entropy differences between the adsorbed 
state and gas phase, respectively, and T is the temperature. The con-
tributions from GeP3 and SnP3 to both ΔSH and ΔEZPE are very small 
and negligible. So ΔSH = –½SH2 , where SH2 is the entropy of a H2 mol-
ecule in the gas phase at standard condition. At 298.15 K, TΔSH is a 
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constant, about –0.20 eV.45 ΔEZPE of the SnP3, GeP3 and InP3 system is 
obtained from the zero-point energy calculation (∼0.21 eV). There-
fore, equation (2) can be rewritten as 

ΔGH* = ΔEH* + 0.41 eV                                   (3) 

According to the Sabatier principle, an ideal HER catalytic activ-
ity occurs when H binding on the surface of reactive intermediates is 
thermally neutral, i.e., the reaction Gibbs free energy ΔGH* of H* ad-
sorption is close to zero.28,46 Catalysts with positive ΔGH* will cause rel-
atively slow kinetics of hydrogen adsorption, whereas catalysts with 
negative ΔGH* indicate the kinetics of H2 release are relatively low. 

3. Results and discussion 

Bulk GeP3 and SnP3 (R3‾m space group) are layered structures with in-
terlayer van der Waals interaction.47–49 In monolayers, every Ge (Sn) 
atom is bonded with three neighboring P atoms, while each P atom 
forms one Ge–P (Sn–P) bond and two P–P bonds, yielding hexagonal 
puckered arsenic-type honeycomb configurations. Here, the mono-
layer GeP3 and SnP3 are obtained by a full optimization of a single 
layer taken from the bulk structure.21–23 The optimized lattice param-
eters of monolayer GeP3 and SnP3 are a = b = 6.953 Å, and a = b 
= 7.149 Å, respectively, consistent with the previous reports.21,23 As 
shown in Fig. 1a and b, the Ge (Sn) atoms are located at the outmost 
atomic layer, while the P atoms are in the middle atomic layer. The 
computed bond length, thickness, and layer distance are shown in the  
ESI/SI Table S1.† We use the 9 × 9 × 1 supercell of graphene, and the 3 
× 3 × 1 supercell of MP3, which yield a misfit strain of –0.58%@5.56% 
and –0.28%@3.21% in the GeP3@graphene and SnP3@graphene, re-
spectively. Additionally, after full relaxation, the phosphorus six-atom 
ring is perfectly corresponding to the carbon six-atom ring in terms 
of structural match. We calculate the formation energy of MP3 mate-
rials with graphene based on the equation, 

Eform = EMP3@graphene – EMP3– Egraphene
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where EMP3@graphene, EMP3 and Egraphene are the energy of MP3@graphene 
heterobilayer, MP3, and graphene, respectively. The formation energy 
of GeP3@graphene is –1.232 eV, and the formation energy of SnP3@
graphene is –3.197 eV. The negative value of formation energy indi-
cates the energetic preference of the formation of GeP3@graphene 
and SnP3@graphene heterobilayers. The optimized GeP3@graphene 

  Fig. 1. A favorable H adsorption structures of (a) GeP3, (b) SnP3, (c) GeP3 nanorib-
bon, (d) SnP3 nanoribbon, (d) GeP3@graphene, and (e) SnP3@graphene. The dark 
red, blue, purple, and green spheres represent P, Ge, Sn, and H atoms, respec-
tively. Carbon atoms are in grey.  
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and SnP3@graphene heterobilayers are shown in Fig. 1(e) and (f ), re-
spectively. On either GeP3 or SnP3 monolayer, three possible sites for 
H adsorption are labeled as S1, S2 and S3, respectively (see  ESI/SI Fig. 
S1†). The calculated H adsorption energy at the three sites are –0.386, 
–0.353, 0.038 eV for GeP3, and –0.137, 0.326, 0.349 eV for SnP3, respec-
tively. The H adsorption energy of the GeP3@graphene and SnP3@gra-
phene heterobilayers are also shown in  ESI/SI Fig. S1.† Therefore, the 
most stable H-adsorption site is the S1 site on which an H–P bond is 
formed through hybridized H 1s orbital and P 2pz orbital. 

Strain engineering has been proven to be an effective way to tune 
the physical and chemical properties of 2D materials,50 as well as 
HER performance.30,45 Hence, the effect of biaxial strain on the elec-
tric properties of GeP3 and SnP3 monolayer, with or without a gra-
phene substrate, is also investigated. Fig. 2(a) and (b) presents the 

Fig. 2. Total energy versus the biaxial strain for (a) GeP3 monolayer with and with-
out adsorption of an H atom, (b) SnP3 monolayer with and without adsorption 
of an H atom, (c) GeP3@graphene heterobilayer with and without adsorption 
of an H atom, (d) SnP3@graphene heterobilayer with and without adsorption 
of an H atom. 
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biaxial strain effect on the total energy of the GeP3 and SnP3 mono-
layer with and without H adsorption, respectively. The applied me-
chanical strain ε is defined as ε = Δl/l0, where l0 is the equilibrium lat-
tice constant and Δl is the change of the lattice constant. We can see 
that all the energy shows a quadratic dependence on the applied bi-
axial strain, and there is no mutation in the curves, indicating that 
the systems are within the elastic strain range. The external in-plane 
strain will increase the total energy for all the simulated systems. For 
the GeP3 monolayer shown in Fig. 2a, the total energy changes al-
most in synchronous fashion for the GeP3 monolayer with and with-
out an H atom adsorbed. In other words, the energy difference is in-
sensitive to the H adsorption in the studied strain range. The same 
trend is also seen for the SnP3 shown in Fig. 2b. However, when GeP3 
or SnP3 is attached to a graphene substrate, the energy change is no 
longer in synchronous fashion, for the cases of with and without hy-
drogen adsorption. Fig. 2(c) and (d) show the variation of total en-
ergy versus biaxial strain for the GeP3@graphene and SnP3@graphene 
system with and without adsorption of an H atom. Clearly, the en-
ergy difference is sensitive to the external strain. Since the adsorp-
tion free energy ΔGH* is proportional to the total energy difference, 
the adsorption free energies of GeP3@graphene and SnP3@graphene 
system are tunable by the external strain. 

In general, the intrinsic catalytic activity of a material for HER can 
be theoretically characterized by the Gibbs free energy ΔGH* of hy-
drogen adsorption. ΔGH* is a suitable descriptor for the rate of reac-
tion and has been widely used for predicting the HER performance of 
various materials.32,33,45 To examine whether monolayer GeP3, SnP3 and 
InP3 are promising for HER, we first compute the adsorption free en-
ergy of an H atom on each of the three monolayer. As shown in Fig. 3, 
the descriptors suggest that the HER activity of GeP3 (ΔGH* = 0.024 eV) 
without external strain seems superior to that of SnP3 (ΔGH* = 0.273 
eV). Interestingly, the ΔGH* value for GeP3 is very close to that of the 
perfect HER electrocatalyst (0 eV), and is even closer to 0 eV com-
pared to that of the well-known PGM catalyst Pt (ΔGH* = –0.167 eV), 
and much better than that of 2D MoS2 (measured by ΔGH* = 1.24 eV 
for basal plane, and –0.48 eV for etched edge).31 Note that both cat-
alysts have been proven to show excellent catalytic activity. For InP3, 
the relatively high ΔGH* value of 0.41 eV suggests its weak binding 
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strength of H atom, which renders H adsorption difficult. Compared 
with GeP3 and SnP3, InP3 is not a good catalyst for HER. 

Interestingly, although previous studies23 showed that the band 
gap of 2D GeP3 is sensitive to the compressive and tensile biaxial in-
plane strain, we find that the HER performance of 2D GeP3 seems in-
sensitive to the external strain, at least for the strain in the range from 
–0.030 to 0.030. This feature is desirable for practical applications. On 

Fig. 3. (a) Computed free energy ΔGH* versus in-plane biaxial strain, and (b) com-
puted adsorption free energy diagram of hydrogen evolution (including Pt for 
the comparison).  
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the other hand, the HER performance of 2D SnP3 seems quite sen-
sitive to the external strain, as the ΔGH* can be tuned to about zero 
at a compressive strain of –0.025. These results of HER performance 
are based on the free-standing GeP3 and SnP3 monolayers. In reality, 
the fabricated 2D materials are usually grown on certain substrates. 
So the influence of the graphene substrate on the HER activity is also 
examined. As shown in Fig. 3b, the graphene substrate has a slightly 
positive effect on the HER performance in that the ΔGH* of GeP3@
graphene and ΔGH* of SnP3@graphene are reduced to 0.021 eV and 
0.226 eV, respectively, due to the attachment with the graphene sub-
strate. The decrease of ΔGH* value can be ascribed to that the interac-
tion between the MP3 and graphene substrate causes charge transfer 
from the graphene substrate to the GeP3 (SnP3) sheet. Indeed, based 
on the Bader charge computation, the adsorption site gains 0.032e 
and 0.067e more charge than the free-standing GeP3 and SnP3 mono-
layer (see Table S2†), respectively. Overall, it appears that the HER elec-
trocatalytic activity of GeP3 and SnP3 monolayer based structures can 
be more superior to that of popular 2D transition metal dichalcogen-
ides, e.g., MoS2 and WS2 monolayers. The edge effect is often used to 
adjust the HER performance in previous studies. Thus, we consider a 
nanoribbon model to study the edge effect. It is found that the HER 
performance of both GeP3 and SnP3 nanoribbons is enhanced com-
pared with the corresponding monolayer structures. Other types of 
defects,19 e.g., point defect, dislocation etc., can also affect the electro-
catalytic performance for HER, which will be considered in our future 
work. To confirm the chemical stability of the GeP3 and SnP3 mono-
layer in presence of water,51,52 ab initio molecular dynamics (AIMD) 
simulations are conducted for both GeP3 and SnP3 in 6 × 6 × 1 su-
percell with total 32 water molecules. As shown in  ESI/SI Fig. S5 and 
S6,† both monolayers appear to be intact and are not poisoned/de-
graded under reaction condition within the timescale of AIMD simu-
lations. So application of GeP3 and SnP3 monolayers for HER is likely 
experimentally achievable. 

Fig. 4 shows the computed total density of state (TDOS) and par-
tial density of states (PDOS) of GeP3, SnP3 monolayer, GeP3@graphene 
and SnP3@graphene heterobilayers based on the HSE06 calculation. 
The pristine GeP3 and SnP3 monolayers are semiconductors with a 
band gap of 0.55 eV for GeP3 and 0.72 eV for SnP3, consistent with 
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previous literature.22,23 As a comparison, the TDOS plots based on PBE 
calculation are shown in  ESI/SI Fig. S2.† One can see that the PBE 
functional underestimates the band gap by about half of the HSE06 
band gap. The effect of in-plane strain on the TDOS of GeP3 and SnP3 
monolayer are shown in  ESI/SI Fig. S3 and S4,† respectively. The re-
sults show that the band gap of the GeP3 and SnP3 monolayer in-
creases when the strain is changed from compressive to tensile value. 
For the heterobilayers of GeP3 and SnP3 (together with a graphene 
sheet), the band gap is reduced to 0.066 eV and 0.052 eV, respectively, 
while the charge transfer from GeP3 or SnP3 to graphene is 0.1278e or 

Fig. 4. Total and partial density of states based on the HSE06 calculation for (a) GeP3 
monolayer, (b) SnP3 monolayer, (c) GeP3@graphene heterobilayer, (d) SnP3@gra-
phene heterobilayer.  
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0.2157e, which could significantly enhance the electric conductivity53 
and promote the19 electrocatalytic activity. Hence, the electronic prop-
erties of monolayer MP3 (M = Ge, Sn) can be effectively improved by 
attaching the monolayer to a graphene substrate. 

The electron localization function (ELF) reflects the bonding na-
ture in a system.54 The covalent bonding in the monolayer GeP3 and 
SnP3 can be confirmed by the topological analysis of ELFs. As shown 
in Fig. 5(a)–(d), the ELF values of Ge–P, Sn–P and P–P bonds are all 

Fig. 5. The electron localization function of (a) 3D and (b) 2D GeP3 monolayer, (c) 
3D and (d) 2D SnP3 monolayer; and the differential charge density of (e) GeP3@
graphene, and (f ) SnP3@graphene. Yellow and blue colors indicate the positive 
and negative values of the electron.  
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higher than 0.85, suggesting that the valence electrons among adja-
cent atoms are shared, while the covalent bonds among Ge–P, Sn–P 
and P–P are formed. In the presence of an adsorbed hydrogen atom, 
the charge transfer from Ge to P results in a significant redistribution 
of charge density in the system, thereby rendering H adsorption. To 
explore the charge transfer behavior of GeP3@graphene and SnP3@
graphene after the H adsorption, we computed the charge difference 
data by using Bader charge analysis codes.55 The atomic charge dif-
ference is calculated by, Δρ = ρtotal – ρH – ρMP3+graphene, where ρtotal, ρH 
and ρMP3+graphene are the total charge density, the charge density of the 
isolated H atom, and the charge density of the MP3@graphene (M = 
Ge, Sn), respectively. As shown in Fig. 5(e) and (f ), the charge accu-
mulation and depletion of the GeP3 and SnP3 are localized around the 
H–P bond, which indicates the charge transfer behavior mainly hap-
pens between the H and P atoms. 

For a complete HER process, the first step is the hydrogen adsorp-
tion (Volmer reaction), and then followed by either a Heyrovsky (H* 
+ H3O+ + e– → H2 + H2O) or Tafel (H* + H* → H2) reaction.56,57 A weak 
H bonding strength leads to a low Volmer reaction rate, whereas a 
strong bonding strength may result in a sluggish Heyrovsky or Tafel 
reaction kinetics. To better understand the reaction mechanism of HER 
on the GeP3 and SnP3 monolayers, both Heyrovsky and Tafel reactions 
are evaluated. As shown in Fig. 6(a), when the adsorbed H atom ap-
proaches the H atom of H3O+ in the surrounding water layer on the 
surface of GeP3 monolayer, then the proton breaks away from the 
surface and forms a hydrogen molecule. The derived HER pathway 
of GeP3 monolayer shows that an activation energy of 0.55 eV for the 
second-step Heyrovsky reaction under equilibrium potential. For the 
Tafel reaction, two adsorbed H atoms react to form H2. The initial state 
shows a H–H distance of 3.39 Å on the surface of GeP3 monolayer. The 
two H atoms then approach, and finally evolved H2 molecule with an 
equilibrium H–H bond length of 0.75 Å on the GeP3 monolayer sur-
face. For this process the activation energy on GeP3 surface is 0.14 eV. 
However, since the energy of final state is 0.88 eV higher than the ini-
tial state, the Tafel reaction path is less favorable than the Heyrovsky 
reaction. The similar trend of both Heyrovsky reaction (0.38 eV) and 
Tafel reaction (0.19 eV) on the SnP3 surface is shown in Fig. 6(c) and 
(d), respectively. Therefore, the mechanism underneath the HER on 
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GeP3 and SnP3 type triphosphates monolayer should be a Heyrovsky-
dominated Volmer–Heyrovsky reaction mechanism. Considering the 
HER performance may be pH-dependent due to different reaction 
pathways under alkaline and acidic conditions, 58 the suggested pH 
environment for the current study is acidic environment with the pH 
value equal zero. 

Fig. 6. Energy landscape for (a) Heyrovsky and (b) Tafel reaction on GeP3 surface; (c) 
Heyrovsky and (d) Tafel reaction on SnP3 surface. The right panel illustrate the re-
action process including initial state (IS), transition state (TS) and final state (FS). 
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4. Conclusions 

In conclusion, by using density functional theory, we have systemat-
ically analyzed the GeP3 and SnP3 monolayers as potential electro-
catalytic materials for HER. The calculation results  demonstrate that 
GeP3 is highly active for HER, with suitable adsorption free energy 
ΔGH* (0.024 eV) in the basal plane. The predicted high HER activity of 
GeP3 is quite robust even with exerting external strain, suggesting that 
GeP3 monolayer is better than Pt as an ideal catalyst for HER. The ef-
fect of graphene substrate is further assessed. It is found that the gra-
phene substrate has a positive effect on the HER performance com-
pared with that of a freestanding GeP3 and SnP3 monolayer, wherein 
charge transfer from GeP3 and SnP3 monolayer to graphene could sig-
nificantly enhance the electronic conductivity and thus promote the 
electrocatalytic activity. The reaction kinetics reveal that the mecha-
nism underneath the HER on GeP3 and SnP3 type triphosphate mono-
layers should be a Heyrovsky-dominated Volmer–Heyrovsky reaction 
process. This study suggests a new opportunity for the application of 
2D triphosphates GeP3 and SnP3-based electrocatalysts and provide 
a new class of candidates for metal-free catalysts for HER. 
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Figure S1. Top and side view of the optimized structural 4×4×1 supercell of (a) GeP3 monolayer, 

(b) SnP3 monolayer, (c) GeP3@graphene, (d) SnP3@graphene.
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Table S1 Computed bond length, monolayer thickness and layer distance for GeP3 and SnP3

System Ge (Sn)-P P-P P-H thickness layer 

distance

GeP3 2.508 2.175 1.432 2.421 /

SnP3 2.712 2.168 1.434 2.875 /

GeP3@graphene 2.566 2.211 1.435 5.239 3.208

SnP3@graphene 2.731 2.184 1.435 5.921 3.338
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Table S2. Computed adsorption energy ( ), adsorption distance (d), charge transfer (∆Q) of the aE

atoms around the adsorption site

System (eV)aE    d (Å) Bader charge of 

hydrogen atom

∆Q (e)

GeP3 -0.386 1.431 1.319 0.319

GeP3@graphene -0.389 1.434 1.351 0.351

SnP3 -0.137 1.433 1.312 0.312

SnP3@graphene -0.185 1.434 1.379 0.379
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Figure S2. Density of states computed based on the PBE functional for (a) GeP3 monolayer, (b) 

SnP3 monolayer, (c) GeP3@graphene heterobilayer, and (d) SnP3@graphene heterobilayer.
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Figure S3. Effect of biaxial strain (a) -0.02, (b) -0.01, (c) 0.01, (d) 0.02 on the density of states of 

GeP3 monolayer, based on HSE06 computation.
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Figure S4. Effect of biaxial strain (a) -0.02, (b) -0.01, (c) 0.01, (d) 0.02 on the density of states of 

SnP3 monolayer, based on HSE06 computation.
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Figure S5. Ab initio MD simulation results of the 6×6×1 GeP3 monolayer supercell with 32 water 

molecules at the simulation time (a1)-(a2) 0 fs, (b1)-(b2) 1000 fs, (c1)-(c2) 3000 fs, (d1)-(d2) 

6000 fs from top and side view, respectively. The temperature is controlled at 300 K.
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Figure S6. Ab initio MD simulation results of the 6×6×1 SnP3 monolayer supercell with 32 water 

molecules at the simulation time (a1)-(a2) 0 fs, (b1)-(b2) 1000 fs, (c1)-(c2) 3000 fs, (d1)-(d2) 

6000 fs from top and side view, respectively. The temperature is controlled at 300 K.
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