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Abstract

The noble metal such as Pt has been used as the catalysts for hydrogen evolution reaction (HER), but with problems such a
scarcity of resources and high cost. Anchoring transition metal atoms onto the catalysts is regarded as a potential approac
to solve this problem and enhance the electrocatalytic performance of HER. For this purpose, two-dimensional materials,
such aCuPS monolayer, are regarded as one of the most ideal carriers for adsorption of metal atoms. However, there is no
previous study on this topic. In this paper, we systematically studied microstructures, electronic properties, and €lectrocata
lytic performance of th€uPS monolayer anchored with transition metal atoms (e.g., Sc, Ti, V, Cr, Mn, Fe, Co, and Ni)
using a density functional theory (DFT). Results showed that all the transition metal atoms are favorably adsorbed onto the
CuPS monolayer with large binding energies at the top of the Cu atom. The p@siif& monolayer has a large catalytic

inertia for hydrogen evolution reactions, whereas after anchored with transition metal atoms, their catalytic performances
have been signi cantly improved. The Gibbs free energg,() is 0.44 eV for the H atom absorbed onto the prisiinES;
monolayer, whereas theG,, values for the V, Fe, and Ni atoms anchored ontdihfeS monolayer are 0.02, 0.11, and

0.09 eV, respectively, which is close to th&,, of H atom adsorbed on Pt (e.9.09 eV). At the same time, the in uence

of hydrogen coverage rate was calculated. The result shows that V adsotg@@monolayer is catalytic active for HER

for a large range of hydrogen coverage. Our results demonstrate that anchoring of V atom ©uaR&meonolayer is a
potentially superior method for making the catalyst for the HER.

KeywordsCuP§ monolayer - Transition metal atom - Hydrogen evolution reaction - Density functional theory

Introduction process oMH,0, without much pollution generate@][
Noble metal Pt-based catalysts have shown e ective stabili
There are increasing concerns about the global environmeties for the production dfi, from water through hydrogen
tal pollution, which results in a strong demand for the -alterevolution reaction (HER)3]. However, their high cost and
native green energy sources to replace the traditional fossitarcity signi cantly hamper the practical applications, and
fuels [1]. As one of the promising and sustainable energyhus it is critical to develop low cost and earth-abundant
sources, hydrogen energy generated from electrocatalytbatalyst materials with an extraordinary electrocatalytie per
water splitting is attractive because of its simple reductioformance §]. In recent years, a number of advanced non-
noble catalysts for HER have been studied, such as nickel
molybdenum alloysH] dichalcogenidesd], carbides T],

*  Yong-Qing Fu

Richad.fu@northumbria.ac.uk nitrides B], phosphidesq], and phosphosul desj].

* Zhiguo Wang In addition to the excellent catalytic activity, the maxi
zgwang@ues.edu.cn mum utilization of metal atoms has also been studied for

. o o _ HER [10, 11]. Therefore, single-atom catalysts (SACs) have
University of Electronic Science and Technology of China, received extensive attentioh). Based on referencesd,
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, _ _ o individually separated atoms can improve the catalytic-activ
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, C _ _ because the high surface—free energy makes these single
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University, Newcastle Upon Tyne NE1 8ST, UK

13


http://orcid.org/0000-0002-1525-5028
http://crossmark.crossref.org/dialog/?doi=10.1007/s12678-022-00742-6&domain=pdf

#JCARPMA?R?JWQGQaa ® «

single atoms should be anchored on a suitable substratedatalytic performance has been signi cantly improved
establish a stable platforri4], which could increase atom after anchored with transition metal atoms. Among them,
utilization caused by the high dispersion of individual atomshe adsorption Gibbs free energiesd,) for the V, Fe,
[15]. As the isolated and individual metal atoms adsorbednd Ni atoms anchored onto tEPS monolayer are
on the substrates, the increase of catalytic active sites, tBeD2, 0.11, and 0.09 eV, respectively. The values of the
increase of unsaturated coordination number of metal atomsG,, are comparable to precious metal catal@&].[ At
and the interaction between single metal atom and the suthhe same time, the in uence of hydrogen coverage rate was
strates can lower the energy barriers of electrochemical reazalculated. The result shows that V adsorbedCaoRS
tions and improve the electrocatalytic activity for HER][  monolayer is catalytic active for HER for a large range of
Up to now, transition- metal atoms—based SACs are the hbydrogen coverage. Our results suggest that anchoring of
research topic in the eld of electrocatalyst for HER, suchv atom onCuPS monolayer represents a new generation
as Fe adsorbed on graphdiyt&][ Mo adsorbed on silicene of catalyst for hydrogen evolution reaction.
[18], transition metal atoms adsorbed on transition metal
dichalcogenidesli, 20], and Co—Ni adsorbed on nitrogen-
doped graphen&[-23].

Due to their large speci ¢ surface area and high carriecomputational Details
mobility, two-dimensional materials have become a good
support material for SACs in recent years, such as grapheA# the DFT calculations were performed with the SIESTA
[24], silicene 5], metal sul desp6], and metals oxidegf]. ~ code B3], using the generalized gradient approximation
Among all two-dimensional materials, ternary meta} thi with the scheme of Perdew-Burke-Ernzerhof (GGA-PBE)
ophosphates as the supports for the SACs was rarely studiéénctional 4]. Norm-conserving pseudopotentials were
Recently, Xiao et al. prepared Ni atom anchored ee§  Used to describe the electron—ion interactions, and double-
nanosheets which enhanced water adsorption and dissodi@sis sets with the polarization function (DZP) were used
tion process, thus accelerating the HERB] [ Strong intey  to describe the valence electron wave functi@®. [The
actions between Ni atom af@PS nanosheets can tune conjugate gradient (CG) method was used for the struc
the electronic structures &ePS nanosheets. Hence, the tural optimizations, and the Brillouin zone was sampled by
catalytic activity of HER foFePS was improved4g]. Until ~ 15x 15x 1 k-point mesh within the Monkhorst-Pack(MP)
now, theCuPS monolayer as the support for the adsorp scheme 35]. The atomic positions and lattice parameters
tion of transition metal atoms has not been reported. Agere fully relaxed until the force on each atom was less
a member of the family of ternary metal thiophosphateghan 0.01 eV/A. A vacuum of thickness 30 A was added
CuPS has similar electrochemical properties compared toerpendicular to the surface of monolayer to avoid any spu
those ofFePS and can be considered as a support materialous periodic interactions.
for transition metal atom<uPS monolayer is composed ~ Under the standard conditions, the HER involves
of Cu and P atoms in an octagonal structure of S atom®yo elementary reaction steps. The rst step is the Vol
and have Cu and P atoms between two sheets of S atome&r step in which intermediate hydrogen adsorption
[29]. This structure provides a large speci ¢ surface are4H" + e +* = H*) occurs, and the secondep is that
and many adsorption sites for transition metal atoms to Bgolecular hydrogen is generated and leaves the catalyst
anchored and thus achieves a good thermodynamic stabiligjte through Heyrovsky step (H*H" +e =H,+*) [36]
[30]. CuPS monolayer can be easily obtained by exfoliatingor Takl step (2H*= H,+ 2*). Thus, the werall HER can
their bulk counterpart into a layered structure due to the vape described using the following equation under standard
der Waals (vdW) interactions between each layers, whicgonditions:
opens up the possibility of mass productiddd.[Inspired

by the above, it is critical to adjust the surface catalytic site - (1)
and electronic structure €@uPS monolayer to enhance its
catalytic activity for HER. In this equation, an initial state , an inter

Herein, the structures, electronic properties and-elednediate adsorbed H*, and the nalguluct 1/2H(g) are
trocatalytic performance of @uPS, monolayer anchored involved in the HER. The basic notion is thaG,=0
with transition metal atoms (e.g., Sc, Ti, V, Cr, Mn, Fejs a necessgrcondition (but not su cient) for a good
Co, and Ni) were investigated using a density functionatatalyst B7, 38]. The HER performance for the transition
theory (DFT). Results showed that all the transition metahetal atoms decorated on t@&iPS monolayer can be
atoms are favorably adsorbed onto @ePS monolayer evaluated by computing the adsorption Gibbs free energy
with large binding energies. The pristi@PS; mon  ( ) [39]. The value of for an ideal catalyst for
olayer has a large catalytic inertia for HER, whereas theilER should be close to zerd(] for the formation of
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intermediate state H* and the easy releadd,of can For monolayers of di erent ternary metal phosphosul de
be calculated using the following equation: compounds, th&? ions of the plane structure remain the
constant, but the P-P distances are elongated in order to
(2)  accommodate the metal atoms. The P-P distance Cuihg

where is the di erence of zero-point energies betweenmonolayer is slightly larger than that\iPS; (2.15 A) and
the adsorption state and the gas phast,odnd  isthe equal to that ir€dPS (2.22 A) 4. Figure1(b) shows the
di erence of entropy values between the adsorption statBand structure of the optimiz€zLiP§ monolayer, indicat
and the gas phase lf. At a temperature of 300 K and an '"9 that theCuP§ monolayer is a semiconductor material.

is calculated to be 0.20 eM]. can be calculated by conduction band minimum (CBM) and the valence band-maxi

the Eq. B) mum (VBM) are located at th€ point, which is in agreement
with the previously reported theoretical calculated value of
_ 3) 1.76 eV R9). Meanwhile, the plot of its projected density of
states (PDOS) reveals its conductor characteristics. The PDOS

where and are the total energies 6uPS monolayer results show that the energy splitting between the spin-up and
with and without hydrogen adsorption, respectively. is spin-down occurs near the Fermi energy level, which is about

the total energy of hydrogen molecule in the gas phte [ 0.12 eV. The orbital of S 3p contributes most of the total den

is the basis set superposition error (BSSE) caused ﬁg}y of states in the Fermi energy level. The metallic charac

the arti cial shortening of distances and enhanced interadéristic of CuP§ monolayer facilitates the transportation of

tions, which can be corrected by applying the counterpoisg/€ctrons, which is bene cial for HER proces [ _
corrections using “ghost” atom&Z, 43]. Figure2(a) shows possible positions for the adsorption of

transition metal atoms dduPS monolayer, including the top
. ) of the copper atom (Cu), the top of the phosphorous atom (P),
Results and Discussion and the top of the S atom (S). The other possible sites were
also tested, but they were all relaxed to one of the above three
Figure1(a) shows the top view and side view of the pristingjtes. The binding energy was calculated using theSEep (

CuP§ monolayer. The Cu atoms are located in the middigyajuate the stability of transition metal atoms adsorbed on the
of the monolayer and arranges in a hexagonal latticePThe cupg monolayer,

dimers are located at the hexagonal center of Cu honeycomb

lattice and are above and below the Cu plane. The Cu atoms (5)
andP, dimers are surrounded by six S atoms forming an octa ) .

hedral complex. After the structural optimization using thé_Nhere is the energy of a transition metal atom,_ )

DFT calculations, the lattice parameteCoiPS; monolayer is IS the total energy of pqstn@uP% monolayer after opt|r_n_|
found to bea= b=5.90 A and the (P-P) distance between thefation, and s the total energy of the transition
phosphorous atoms is 2.22 A. The (Cu-Cu) distance betwe@ﬁetal atop_q adsorp_tlor_n system. Accordlng to &9, the
copper atoms is 3.39 A, and the (P-S) distance between-a phg)sore positive the binding energy is, the better the adsorp

phorous atom and a sulfur atom is 2.07 A. All these results apen of transition metgl af[oms on tﬁ‘gP% monolayer will
consistent with those reported by Chittari et28][ be. The larger the binding energy is, the more stable the

Fig.1 (a) Top and side views of
pristineCuPS monolayer. i)

The calculated band structure of
pristineCuPS monolayer
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transition metal atom adsorption system, which was alsstates, all abovE.. The electron states of V atom 3d orbital
reported by Lin and N4B]. The calculated binding energies nearE; can e ectively improve the electron domination and
of the transition metal atom adsorption systems after theaptimize the HER catalytic activity.
full optimizations are listed in Table The calculated results For the Cr atoms adsorbed on @&PS monolayer, they
showed that the Cu site is the optimum energy adsorpticare strongly bound within the plane of this monolayer. Four
site for all the studied transition metal atoms. The bindingnain DOS peaks due to the hybridization of Cr 3d states and
energies are 8.98, 10.34, 11.32, 12.50, 13.20, 11.39, 10.893p states are located below and ardgnfbr the spin-up
and 8.71 eV for the systems based on Sc, Ti, V, Cr, Mn, Fstate, as shown in Fig(e). Two main spin-up Cr 3d peaks
Co, and Ni atoms, respectively. The strong binding of transiare located abovE.. At the same time, the Fermi energy
tion metal atoms and the 2D layer is bene cial for varioudevel is shifted up by 0.25 eV.
physical and chemical applications. For the Mn atom adsorbed on thePS monolayer,
The PDOS results of pristine and transition metal atomthere is a strong hybridization of spin-up Mn 3d states and
decoratedCuPS monolayer are shown in Fi@. The elee S 3p states, which is located at 4.54 eV below the Fermi
tronic structure of th&€uPS; monolayer near the Fermi energy level as shown in Fig(f). The spin-down Mn 3d
level has apparently been changed by the adsorbed-trangéak appears abotg in the range of 2.20 to 3.98 eV. The
tion metal atoms. interaction is much weaker for the spin-down state than that
For the Sc atoms adsorbed on tbePS monolayer for the spin-up state.
(Fig. 3(b)), the peak of spin-up and spin-down Sc 3d states As shown in Fig3(g) and (h), there are two spin-up and
appears at about 1.49 eV, which is higher than the Fermpin-down DOS peaks for the Fe and Co atoms oGRS
energy level. Meanwhile, the electronic states of P 3p and Guonolayer. Among them, the spin-up peaks are contributed
4 s remain similar values compared with that of the pristinby the strong hybridization between the transition metal
CuPS§ except the monolayer's Fermi energy level is shiftecitom 3d states and S 3p states. The peak of Fe 3d orbital near
up about 0.32 eV, which is due to the charge transfer froif: accelerates electron transfer during the catalytic process,
Sc to S atoms in theuPS monolayer. which is bene cial to HER catalysis.
For the Ti atom adsorbed on the Cu site of the CuPS3 For the Ni atoms adsorbed on tePS monolayer, there
monolayer (Fig3(c)), the Fermi energy level is also shiftedis an energy range fro#h.81 to 0.98 eV for the hybridiza
up by about 0.32 eV compared with that of the pristingion of the Ni 3d states and S 3p states in 8g. The 3d
CuPS3 monolayer. There are two peaks of the spin-up awdbital of Ni atom is hybridized with the 3p orbital of P
spin-down total states, contributed by the Ti 3d states, aratom, and thus the Ni atoms are e ectively adsorbed on the
they are located at 1.85 eV and 1.99 eV above Fermi energurface ofCuPS monolayer. In addition, Ni 3d orbit has a
Er, respectively. large peak near the Fermi energy level, which is bene cial
For the V atom adsorbed at the Cu site ofGb@S mon  for the electron transport in the catalytic process and thus
olayer (Fig.3(d)), the hybridization between the spin-up Vthe HER catalytic performance.
3d states and the S 3p states occurs near and Beldivere The catalytic performances GuPS monolayer deco
exist two strong interactions between the spin-up V 3d stateated with the transition metal atom as the catalysts for HER
and the S 3p states, which occur at 0.78 eV and 1.86 eWere further evaluated by comparing their Gibbs adsorp
respectively. There are also three spin-down DOS peaks dtien free energies. In this study, & 2 supercell ofpris-
to the hybridization between the V 3d states and the S 3me CuPS was employed to model the basal plane. The

Tablel Calculated binding

’ " Binding energies (eV) HER
energies (eV)dr transition
metal atoms adsorption system, Cu P S Optimum  Adsorption G (eV) Gy Gy Geny
and the catalytic active sites site site (ev) (ev) (eV)
for HER with the Gibbs
free energies for hydrogen Sc 8.98 573 897 Cu S 0.21 - - -
adsorption Ti 1034 7.11 1034 Cu S 0.28 - - -
\Y 11.32 8.89 9.88 Cu > 0.02 0.03 0.05 -0.10
Cr 1250 10.35 1035 Cu 1S 0.18 - - -
Mn 13.20 10.78 12.01 Cu S 0.35 - - -
Fe 11.39 9.11 1029 Cu S 0.11 0.47 1.23 1.53
Co 10.89 7.96 941 Cu S 0.18 - - -
Ni 8.71 6.42 7.61 Cu S 0.09 1.60 1.18 1.25
Pristine - - - - - 0.44 - - -
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Fig.2 (a) The possible adsorp-
tion sites of transition metal
atoms in theCuPS monolayer.
(b) The possible adsorption
positions of H atom on the
transition metal atoms adsorp-
tion system

calculation results show that the top of the S atom is moren the transition metal atom system are listed in Table
energetically favorable for the H adsorption. Th@, is  The adsorption Gibbs free energy diagrams of HER on
0.44 eV for the H atom absorbed onto the pris@uS  the pristineCuP$ pristine monolayer and transition metal
monolayer. Therefore, the H atom is di cult to be bound decorated ones are shown in F€p). The obtained values
to theCuP§ monolayer because of its higher Gibbs freeof G, for Sc, Ti, V, Cr, Mn, Fe, Co, and Ni adsorbed on
energy, which indicates that the prist@aPS monolayer theCuPS monolayer are 0.21, 0.28, 0.02, 0.18, 0.35, 0.11,
has a poor catalytic performance for HER. For the transitiof.18, and 0.09 eV, respectively. Among all the transition
metal atoms adsorbed onto tBaPS monolayer system, metal atoms, the G, values of V, Fe, and Ni atoms deco
there are three possible adsorption sites for H atoms, i.e., cited CuPS monolayer on the active site 8f are close
the top of the S atoifB;, S,, andS;) with di erent distances to zero, indicating that the V, Fe, and Ni decoraied®S
to the transition metal atom as shown in Eigp). monolayers show good catalytic activities for the HER.
The Gibbs free energy values calculated by the densif§ompared with the above results, the active site of the pre
functional theory and the optimal adsorption sites of H atormiously reported Ni adsorbed dfePS§ monolayer atS;

Fig.3 Projected density of
states (PDOS) plots for pristine
CuPS34), Sc b), Ti(c), V (d),
Cr (e), Mn (f), Fe @), Co (),
and Ni {) on CuPS3 monolayer
at Cu site. The up-and-down
plots present the spin-up and
spin-down states, respectively
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Fig.4 (a) The adsorption Gibbs
free energy diagram of HER

at the equilibrium potential
transition metal atoms anchored
on theCuPS monolayer. If)

The volcano curve of exchange
current as a function of the
adsorption Gibbs free energy

site is di erent with the Ni adsorbed dduPS monolayer, where is the reaction rate constant at zero overpotential,
and the Gibbs free energy is 0.20 &8|[ Theoretically Ni is the Boltzmann constant, amds the temperature. The
adsorbed ofCuPS monolayer has potentially higher HER obtained diagrams are plotted in Figb). In this gure,
catalytic activity than offeP§ monolayer. It was reported the positions of, and the values of G, for the catalysts
that the states around Fermi energy level is conducive to theveal their catalytic performance for HER. The left side of
adsorption of H, which will increase the catalytic activity ofthe volcano curve shows the negative values@f, and the

the material46]. Form the above results, the 3d states peaksght side is corresponding to positive values @&,,. The

of V and Ni atoms are closer to the Fermi energy level thavalue of G is zero at the top of the peak, which means that
those of the other atoms; therefore, the V, Fe, and Ni-decthe closer to the top of the peak position, the better the HER
rated systems have potentially better catalytic performanggerformance of the catalyst§]. As shown in Fig4(b), the
than the other transition metal atoms for HER. Gy values for the V, Fe, and Ni atom decora@ePS

Based on Norskov’s hypothes#T], the catalytic perfer monolayer are located very close to the position of the vol
mance of a catalyst for HER can be analyzed. The theoretiazdno peak, indicating that these atoms anch@elS,
exchange curren§ was calculated using the average Gibbsnonolayers are potentially good catalysts for HER. The rest
free energy of hydrogen adsorption on the catal®L [ of transition metal atoms adsorption system are located on
The value of, can be calculated using Eg6) énd {) for  the right of the curve as shown in Fiffb), which are all

Gy>0and G,<O0, respectively, at pH O, far away from the position of the peak, indicating that the
hydrogen atoms are di cult to be adsorbed onto the catalysts
(6) andthey have weak catalytic e ects on HER.

The e ect the adsorption free energy of hydrogen-cov
erage of H atom adsorption on electrocatalyst were further
investigated. The hydrogen coverage ratig) (s de ned
as the ratio between the number of adsorbed H atoms (n)
and the number of catalytic active sites (my= n/m. The
cataltic active sites of H atom on the catalyst surface
are shown in Fig5(a), and the Gibbs free energies for
di erent hydrogen coverage ratio are shown in FE¢o).

The Gibbs free energies of hydrogen coverage for V, Fe,
and Ni are listed in Tablgé. For Fe and Ni adsorbed on
CuPS monolayer, the Gibbs free energy increases with the
increase of hydrogen atomic coverage, indicating that Fe
and Ni adsorbed o@uPS monolayer are inert for HER
for a large range of hydrogen coverage. However, for the V
adsorbed o€uP§ monolayer, the Gibbs free energies for
H atom adsorption are in the range fr@10 to 0.02 eV

Fig.5 (a) The catalytic active sites of H atom on the Fe Ni and V. ; ;
adsorbed on CuPS3 monolayer. The green atom is H abrhe for di erent hydrogen coverage ratios. The results prove

Gibbs free energy of H atom adsorption on the Fe Ni and V adsorbdfiat V adsorbed o@uPS monolayer is catalytic active for
on CuPS3 monolayer as function of hydrogen coverage HER for a large range of hydrogen coverage.

(7)
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Conclusion 4.

In brief, in this paper, electronic properties and the-cata
lytic performance of HER for th€uPS§ monolayer dec
orated by transition metal atoms were studied using thé-
DFT calculation. Results show that all the transition metal
atoms are closely bound to the Cu sites with a high binding;
energy. The pristin€uPS monolayer has a poor catalytic
performance for HER, and anchoring of transition metal
atoms onto it can improve the catalytic performance of "
CuPS monolayer. Among all these transition metal atoms,
the values of G for the systems of V, Fe, and Ni atoms 8.
are 0.02, 0.11, and 0.09 eV, respectively, which indicate
the signi cantly improved catalytic performance of HER

of CuPS§ monolayer. At the same time, the in uence of g
hydrogen coverage rate was calculated. The result shows
that V adsorbed o8uP$§ monolayer is catalytic active for
HER for a large range of hydrogen coverage. This work
provides a fundamental design methodology on how tg;
improve the catalytic activity of catalysts based on mon
olayers of ternary metal phosphorus sul de compounds.
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