Applied Surface Science 606 (2022) 154945

ELSEVIER

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Contents lists available at ScienceDirect » Applied
Surface Science

Full Length Article

t.)

Check for

Transition metal single-atom supported on PCs monolayer for highly | e
efficient hydrogen evolution reaction by combined density functional

theory and machine learning study

Song Lu?, Jie Cao?, Yang Zhang *", Fengliu Lou”, Zhixin Yu™"

& Department of Energy and Petroleum Engineering, University of Stavanger, 4036 Stavanger, Norway

b Beyonder AS, Kanalsletta 2, 4033 Stavanger, Norway

ARTICLE INFO ABSTRACT

Keywords:

Phosphorus carbide (PC3)
Single-atom catalysts
Hydrogen evolution reaction
Density functional theory
Machine learning

It is essential to develop non-precious metal-based alternatives used in hydrogen evolution reaction (HER) due to
high cost and scarcity of Pt-based catalysts. Herein, through density functional theory (DFT) calculations, the
HER activity over 26 single-atom anchored phosphorus carbide (PC3) monolayer (TM@PCs) has been system-
atically investigated. Results indicate that AG+y of V, Fe, Nb, Mo, and PA@PCj are lower than that of Pt (111)
catalyst, with 0.03, —0.03, —0.07, —0.04, and — 0.02 eV, respectively. By imposing the criterion window (—0.2
< AG+y < 0.2 eV), the d band centre (gq) for catalysts with excellent HER ability is in the range of — 0.68-0.41
eV. Besides, the five promising HER catalysts follow Volmer-Tafel mechanism. Fe, Nb, and Mo@PC3 show
activation barriers of 0.75, 0.74, and 0.55 eV, lower than that of Pt. Machine learning (ML) was employed to
explore the intrinsic relationship between catalytic performance and feature parameters. We demonstrated that
the first ionization energy, bond length of TM — H and d band center are more correlated with hydrogen
adsorption behaviour. Our work not only predicts that Fe, Nb, and Mo@PCs can be substitutes for Pt metal in
HER, but also reveals that the intrinsic correlation between catalytic activity and feature parameters by

combining DFT and ML investigations.

1. Introduction

Challenges in energy shortage and global warming have driven the
society to develop sustainable energy resources [1]. Hydrogen with high
mass energy density (~120 MJ/kg) has been regarded as one of the most
promising sustainable energy carriers in the future [2,3]. Electro-
chemical water splitting for the hydrogen evolution reaction (HER) was
regarded as an efficient method for hydrogen production [4]. The key
for the commercialization of HER is the development of efficient and
stable catalysts. To date, the most widely used catalyst for HER is Pt-
based due to the low overpotentials. However, the high cost and scar-
city have restricted its industrial application [5-7]. To this end, it is a
significant challenge to exploit earth-abundant and cost-effective
replacement of precious metal-based catalysts for HER application.

In the past few years, two-dimensional materials (2D) have drawn
great attention in various catalytic reactions owing to the high surface to
volume ratio and unique electronic properties [8-10]. Transition-metal
dichalcogenides (MS) [11], graphitic carbon nitride (g-C3N4) [12],
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transition-metal carbides/nitrides (MXenes) [13,14], transition-metal
boride (MBenes) [15,16], etc. have been investigated as HER catalysts
both experimentally and theoretically. Nevertheless, disadvantages such
as poor charge transfer, localized active sites and instability, suppress
their HER activity. Thanks to the development of nanotechnology, a
series of strategies including doping atoms [17,18], engineering nano-
structures [19], nanocomposites [20], etc. have been adopted to miti-
gate these drawbacks and improve their HER performance. For instance,
it was reported that substitutional doping of the Mo atoms by Mn, Cr, Fe
Ni, Cu can enhance the 1 T-MoS, HER activity because of the alteration
of the electronic structure by the doping atoms [21]. Geng et al. reported
that MoS,/S-doped g-C3N4 layered heterojunction electrocatalysts could
tune the electronic structure, enhance charge transfer and expose more
active sites of MoS, for HER [22]. Li et al. deposited Ru nanoclusters
uniformly on nitrogen-doped graphene for alkaline HER. Theoretical
study demonstrated that Ru-based nanoclusters could effectively boost
water dissociation [23]. Specifically, embedding single metal atom into
2D materials as single-atom catalysts (SACs) have aroused great interest
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due to high atom utilization and excellent activity [24-27].

Ultrathin black phosphorus has been fabricated and shown great
potential in various fields such as catalysis [28] and electronic devices
[29]. Other elements from group V and their compounds including
arsenene (As) [30], antimonene (Sb) [31], bismuthine (Bi) [32], black
phosphorus carbide (PC) [33] have also been exploited. Among which,
PC as novel 2D material has aroused great interest in optical, gas
adsorption, energy storage and conversion applications [33-36]. There
are different topological configurations such as o and $-PC which have
been demonstrated both theoretically and experimentally to possess
excellent stability with great potential for electrocatalysis and energy
storage [37]. For example, it has been shown experimentally that a-PC
has good stability and high hole mobility at room temperature. Chen
et al. investigated single metal atom anchored a-PC as SACs in HER by
density functional theory (DFT) calculations [17]. They disclosed that Ir
embedded a-PC exhibited high physical and thermal stability, as well as
the most optimal value of Gibbs free energy for H atom adsorption. Very
recently, another phosphorus carbide (PC3) with P and C atoms in the
ratio of 1:3 was predicted to have potential as gas sensor [38]. It is worth
noting that the structure of PCj is different from «-PC but with good
stability. Therefore, it is expected that PC3 monolayer could be used as
single transition metal (TM) atoms support for HER because of the novel
geometric and electronic structure.

Recently, the application of machine learning (ML) in catalyst design
has shown prominent advantages. For example, it can depict the
complicated corelations between descriptors and activity, investigate
the importance of each descriptor, and predict the performance of un-
known catalysts [39]. In this study, by combined DFT simulation and ML
study, we systemically investigated the configuration, stability, elec-
tronic structure, HER performance, activation barrier, descriptors and
origin of activity of 26 single TM atoms from 3d (Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn), 4d (Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd) and 5d group (Hf, Ta,
W, Re, Os, Ir, Pt, Au) anchored on PC3 Monolayer. The Gibbs free en-
ergies for H atom adsorption on TM@PC3 catalysts were calculated to
screen the catalysts with favourable thermodynamics for HER. It turns
out that V, Fe, Nb, Mo, and Pd@PC3 show comparable low AG+y to Pt
(111). Kinetic study demonstrates that V, Fe, Nb, Fe, and Pd@PCg
follow Volmer-Tafel mechanism, and Fe@PC3 presents the lowest en-
ergy barrier of 0.55 eV. Furthermore, ML was conducted with various
models to unravel the intrinsic correlation between electrocatalytic ac-
tivity and structural and atomic features. The first ionization energy (1),
the TM — H bond length (dy-p) and d band center (eq) were regarded
as the three most important descriptors for adsorption behaviour based
on the mean impact value. This work discloses new novel promising
catalysts for HER and reveals the corelation between intrinsic activity
and structure as well as atomic features by combined DFT and ML study.

2. Computational methods

The calculations were based on spin polarized DFT method that was
implemented in Vienna Ab initio Simulation Package (VASP) code [40].
The projector augmented wave (PAW) was employed to describe in-
teractions of electron-ion. The generalized gradient approximation
(GGA) with the Perdew-Burke-Erzerhof (PBE) was adopted to treat the
interaction of electronic exchange—correlation energy [41-43]. The ki-
netic energy cutoff for the planewave basis was set as 500 eV. The
convergence criteria for energy and force were set to 10> eV and 1072
eV/A. A 3 x 3 supercell with a total of 72 atoms was built based on
previous study [38]. A 20 A vacuum space along the ¢ direction was
inserted to avoid the interaction from periodic boundary. The parameter
for dipole correction was included in our calculations. The Brillouin
zone was sampled by the Monkhorst-Pack method for structure relaxa-
tion (4 x 4 x 1 k-points grid) and electronic structure calculations (8 x
8 x 1 k-points grid). The van der Waals interaction was treated by
Grimme scheme (DFT-D3) [44]. Solvation effect was included by VAS-
Psol with the dielectric constant of 78.4 for water [45]. Moreover, the ab
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initio molecular dynamics (AIMD) simulation was carried to explore
defective structure stability in an NVT ensemble with a target temper-
ature of 300 K for 12 ps with a time step of 3 fs [46]. Phononpy code
based on the density functional perturbation theory (DFPT)-linear
response method was chosen to calculate phonon spectra [47]. The
climbing image nudged elastic band method (CINEB) was used to search
transition state [48].
The formation energy of monolayer PC3 was calculated by Eq. (1):

Ep(PCs) = E(PCs) — 3u(C) — u(P) M

The defective formation energy (Eg) of single P vacancy was esti-
mated by Eq. (2):

Er(Vp) = E(PCs—Vp) + E(P) — E(PCs) )

where E(PC3-Vp), E(P) and E(PC3) denote the energies of defective
PC3 monolayer, single P atom from stable reference phase and pristine
PC3 monolayer, respectively.

The binding energy (Ep) of TM atoms anchored into the defective PC3
monolayer was calculated by Eq. (3):

E, = E(TM — PC;) — E(PCs — Vp) — Emy (3)

where E(TM-PC3) and Ery are the energies of TM embedded PCg,
defective E(PC3-Vp) and single TM atom in vacuum, respectively. Ac-
cording to this definition, negative Ej, with a small value indicates that
TM atoms can be stably embedded into vacancy.

Moreover, cohesive energy (E.) was investigated to evaluate whether
TM atoms could aggregate on the support, which can be estimated by Eq.
(4):

E. = (E[mlk —nX ETM)/ﬂ 4

where Epx is the energies of metal crystal.
Therefore, the energy difference (AE) between Ej and E. can be
defined by Eq. (5):

AE = E,— E. 5)

With such a definition, the more negative the value of AE, the less
possibility for aggregation.

There are two steps for the generation of Hy in acidic condition. In
the first step, a proton-coupled electron will form *H, which can be
expressed as H" + e~ — *H (Volmer step), indicating the adsorption of
proton on catalytic active site. After that, the formation of Hy will occur
through (*H + H' + e — Hjy, Heyrovsky step) or (*H + *H — Hj, Tafel
step). Therefore, strong interaction between adsorbed H and catalysts
will impede Heyrovsky or Tafel step. In contrast, weak bonding will
cause a harsh Tafel step. For an ideal HER catalyst, the Gibbs free energy
change of H (AG+y) should be close to zero. AG+y was calculated by the
computational hydrogen electrode (CHE) through Eq. (6) [49]:

AG*H = AEH + AEZPE - TAS (6)

where AEy is the differential hydrogen adsorption energy, AEzpg and
TAS are the differences of zero-point energy and entropy between the
adsorption atom and hydrogen in the gas phase, respectively. At pH = 0,
the theoretical exchange current i based on Norskov’s assumption [50]
can be expressed as Eq. (7):

1

—k———————— 7
M ([5Gl T) @

1=

where k is the reaction rate constant, which was set to 1 as there are
no experimental data. k,, and T are the Boltzmann constant and tem-
perature, respectively.

The ML process was performed by using commonly used models
including gradient boosting regressor (GBR), AdaBoost regressor, linear
regression, multiple layer perception and random forest as implemented
in the scikit-learn package [51,52].
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3. Results and discussion

3.1. Structure, stability, and electronic properties of pristine PCs
monolayer

As shown in Fig. 1a, PC3 monolayer have C and P atoms with a ratio
of 3:1. The C and P atoms are not coplanar, and the distance between the
two planes is 0.67 A. Besides, there are two different six-atom C-ring and
CP-ring, with diameters of 2.82 and 3.10 A. The calculated lattice
parameter a of pristine PC3 monolayer is 5.37 A, which is well consistent
with previous study [38]. The bond length of C — Cand P — C are 1.41
and 1.82 A, respectively. The 2CCC, CPC and ~CCP angles in these two
rings are 120, 107.15 and 117.68°, respectively.

The formation energy of PCz monolayer was calculated to be — 4.80
eV, which is quite close to graphene, indicating good thermal stability.
The dynamic stability of PC3 monolayer was evaluated by the phonon
dispersion spectra along the high symmetric points I-M—K-T', as
exhibited in Fig. 1b. Obviously, there are no imaginary frequencies
(below the zero), suggesting excellent stability. These confirm the
experimental feasibility of PC3 monolayer.

The electronic structures of PC3 monolayer were indicated by
calculating band structure and project density of state. As plotted in
Fig. 1c and d, PC3 monolayer is a semiconductor with an indirect
bandgap of 1.48 eV. The C-p state and P-p state have a great interaction
from conduction to valence bands, evidencing covalent bonding be-
tween C and P atoms.

Energy (eV)

r M K Tr
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3.2. Structure, stability and electronic properties of TM@PC3 monolayer

The formation energies of vacancy sites (C and P vacancy) were
calculated to be 3.04 and 5.74 eV, which are smaller than that of
defective graphene [53]. It also indicates that building C vacancy will be
easier than P vacancy in PC3 monolayer. However, after geometry
optimization, the P atom that bonds with the removed C atom will fill C
vacancy, forming a four-coordinated P atom in C plane (Fig. 2a). For P
vacancy, the vacancy can be preserved without obvious change in
structure (Fig. 2b). Therefore, TM atoms will be considered to be only
anchored into P vacancy. As depicted in Fig. 2c, one vacancy was
occupied by one TM atom. In 3d TM@PCs, Sc, Ti and V atoms are above
the P plane, whereas Cu and Zn@PCg are below the C plane. In 4d and 5d
TM@PCs, all TM atoms are located above the P plane. The lattice
parameter a of TM@PC3 monolayer were calculated and summarized in
Table S1 of Supporting Information (SI). It can be found that the lattice
parameter a of all TM@PC3 monolayer increased. Au@PCs (5.40 [o\)
shows the largest increase but still less than 5%. The bond length of the
newly formed bond TM — C (d1v_c) are also larger than that of the P — C
bond (dp_c) of pristine PC5 monolayer. The dz;_c is 2.16 A, representing
the largest increase but less than 18.7% compared with dp_c. These
results can be attributed to different atomic radius of TM atoms. In
addition, the dp_c in the nearest CP-ring was still the same as that of the
pristine PCs, implying that TM atoms would not influence the activity of
surrounding P atoms for HER.

To evaluate the stability of TM anchored monolayer PCs, the binding
energy Ep, the difference between E, and E. (AE = Ep — E.) were

(b)

50

404

w
=1
L

Frequency (Thz)

-10 -IS (l] 5 10
Energy (eV)

Fig. 1. Schematic structure of 3 x 3 PC3 monolayer (a); The phonon dispersion curves of PC3 monolayer along the high symmetry points I'-M—K-I" (b); The band
structure of PC3 monolayer (c); The projected density of states (PDOS) of PC3 monolayer (d); the Fermi energy was set to zero.
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Sc Ti V CrMnFe Co Ni CuZn Zr NbMoRuRh Pd AgCd Hf Ta W Re Os Ir Pt Au

Fig. 2. The structure of C-defective (a), P-defective (b), and TM embedded PC; monolayer (c) before and after optimization; The AE of all TM@PCs;, where AE = E,

— E. (d).

calculated and summarized in Table S1. Remarkably, all E;, values are
negative, ranging from — 10.13 to — 1.18 eV. The negative values of Ej,
indicate strong bonding between TM atoms and the support. The single
TM atoms could potentially aggerate into clusters on the substrate due to
high surface energy. Therefore, the cohesive energies E. of TM atoms
were calculated. It has been widely accepted that the difference between

Ep and E. can be used to describe the degree of aggregation. As exhibited
in Fig. 2d, AE of all TM@PCs are negative, indicating that isolated state
of TM atoms is energy favourable in comparison with cluster structure.
From the negative values of Ey, and AE for all structures of TM@PC3, we
can confirm the good stability of TM atoms anchored on P-defective PCs.

The strong interaction between TM atoms and substrate were also
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Ag (033
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Fig. 3. The Gibbs free energy of H atom adsorption (AG+y) on 3d (a), 4d (b) and 5d (c) group atoms embedded PC3 monolayer; Volcano curve of AG«y of TM@PC3 as

a function of the theoretical exchange current i (d).
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demonstrated by the charge transfer (Q.) between them, which could
contribute to activating the reactants during catalytic reactions. Bader
charge analysis (Table S1) indicates that all TM atoms transfer electrons
to the support after TM atoms were anchored into P vacancy due to the
electronegativity difference between TM and the coordinated C atoms.
Meanwhile, we can also find that Q. generally decreases with the

Energy (eV)

Energy (eV)

Energy (eV)

Energy (eV)

Energy(eV)
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increase of the atomic number, ranging from 1.59 to 0.55 e for 3d, 1.72
to 0.38 e for 4d, and 1.74 to 0.28 e for 5d group TMs, respectively.
Furthermore, the PDOS of TM@PC3 shows that there are new energy
levels near Fermi level (Fig. S1-S3), which is beneficial for electron
transport.

PDOS

PDOS

PDOS

PDOS

PDOS

Energy (eV)

Fig. 4. The band structure and PDOS with H adatom on V@PC; (a-b), Fe@PCs (c-d), Nb@PC;3 (e-f), Mo@PCs (g-h), PA@PCs (i-j).
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3.3. HER activity of TM@PC3 monolayer

AGsy between — 0.2 and 0.2 eV is a widely accepted criterion win-
dow to screen excellent HER catalysts. The AG+y (1/18H coverage) of
pristine PC3 monolayer is 0.68 eV for P sites, while AG«y for C sites is
quite large at 2.48 eV, suggesting that unmodified PC3 monolayer is not
a good catalyst for HER. After embedding TM atoms, the TM atoms were
considered as active sites. For most of the TM@PC3, H adatom can be
adsorbed on top of TM atoms after geometry optimization (Fig. S4-S6).
However, For Cu and Zn@PCs, H adatom prefers to locate at the TM — C
bridge sites. For Ni, Pd, Ag, Pt and Au@PCgs, H adatom are at the hollow
sites. Different adsorption sites for different SACs evidenced that TM
atoms can activate H atoms to different degrees. The HER free energy
diagrams of all TM@PC3 are displayed in Fig. 3a, b and c. For 3d group,
only V, Cr and Fe@PC3 show lower AG:y of 0.03, 0.18, —0.04 eV,
respectively. For 4d group, more TM atoms including Zr, Nb, Mo, Ru and
Pd@PC;3 could exhibit smaller AG+y, with — 0.16, —0.07, —0.04, —0.12,
—0.02 eV, respectively. For 5d group, however, the AG+y of all TM @PC3
are outside of the criterion window. Therefore, we can conclude that
anchoring TM atoms from 5d group on PCs monolayer will not be
effective for HER. Additionally, given that the anchored TM atom could
possibly influence the HER activity of the surrounding C and P atoms, we
considered three typical binding sites for H atom adsorption. Take
Mo@PC3 monolayer as an example (Fig. S7), on C; site, H atom moved
to Mo site after geometry optimization. On C; site, AG+y is 1.42 eV. On
P; site, AG+y is 0.60 eV, which is close to AG+y on P site of pristine PC3
monolayer. Despite that there is an obvious decrease in AG«y on Cy site,
it is still too large compared with AG+y on Mo site (—0.04 eV). These
results indicate that Mo atom is the only active site in HER.

In addition, the bond lengths dyy_p were summarized in Table S1.
The dry-y of V, Cr, Mn, Zr, Nb, Mo, Ru and Pd@PC;3 vary from 1.50 to
1.92 A, in accordance with previous study. Furthermore, the intrinsic
rate of electrons in the HER at the equilibrium potential can be reflected
by the exchange current (i). To compare the HER activity on the
TM@PCs catalysts, i was plotted against AG+y, and a nice volcano curve
was obtained (Fig. 3d). The TM atoms close to the volcano peak shows
better HER performance of the TM@PCj3 catalysts. It is worth noting that
AG+y of V, Fe, Nb, Mo and Pd@PC3 are even lower than that of the state-
of-the-art Pt (111) catalyst (—0.09 eV) [50], indicating that these TM
atoms anchored on PC3 monolayer can be excellent SACs for HER.

3.4. Origins of the high HER activity on TM@PC3

To understand the excellent HER performance of V, Fe, Nb, Mo and
Pd@PCs, the band structure and the DOS of these SACs before and after
H atom adsorption were compared (Fig. 4). The bandgap of PC3 decrease
remarkably after anchoring these TM atoms, which could improve the
conductivity of the pristine PC3. Meanwhile, there are new impurity
states around Fermi level. For Fe and V@PCs, it can be assigned to the
TM-d state, while for Nb@, Mo@ and Pd@PCs, the impurity states are
mainly ascribed to the hybridization of TM-d and C-p state. For pristine
PC3s monolayer, there are no isolated energy levels generated around
Fermi level (Fig. S8), which could not provide stable adsorption state for
H atom. Thus, the pristine PC3 shows poor performance for HER.
Remarkably, the partially filed Nb-d and Mo-d states are formed near
Fermi level after anchoring Nb and Mo atoms, which provides an un-
occupied state around Fermi level, reducing the electron transport
barrier between H atom and the catalysts. Besides, the existence of hy-
bridization between TM@PC3 and H-s state near Fermi level could
contribute to the formation of a moderate bonding-antibonding
adsorption state for H atoms. Thus, these TM@PC3 have better cata-
lytic performance for HER than pristine PC3 monolayer.

Besides, the charge density difference of V, Fe, Nb, Mo and Pd@PC3
monolayer before and after H adsorption were calculated and shown in
Fig. S9. The yellow and cyan colours represent an accumulation and
depletion in charge density, respectively. It is obvious that a remarkable
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charge redistribution occurs between PC3 monolayer, TM, and H atoms.
TM atoms act as electron donor to the surrounding atoms, which in-
creases the unoccupied antibonding states of TM atoms. Therefore, a
proper interaction of TM-H bonding contributes to high HER activity.

The catalytic activity is correlated with the electronic structures of
active atom sites. Especially, the d-states of TM atom are usually
regarded as the activity descriptor (d band center, ¢4). Therefore, ¢4 was
plotted against AG+y in Fig. 5. Obviously, g4 for 3d, 4d and 5d group TM
atoms shift to lower energy level with the increase of atomic number.
However, there is no obvious linear relationship between ¢4 and AG+y
on TM@PCs. Intriguingly, if the criterion window (—0.2 < AG«y < 0.2
eV) is imposed to screen the HER catalysts, the range of d band centre of
TM atoms with high HER performance is — 0.68 < eg < 0.97 eV and —
3.60 < g4 < 0.41 eV for 3d and 4d group, respectively. For 5d group, no
TM atom is located in the criterion window. Thus, it can be deduced that
eq of TM@PC3 catalysts with high HER activity should be in the range of
— 0.68 <¢gq4<0.41 eV.

3.5. HER mechanism on TM@PC3

The activation barrier of HER on V, Fe, Nb, Mo, and Pd@PC3 was
calculated (Fig. 6). Generally, HER is more difficult under alkaline
conditions due to additional water molecule dissociation to generate
proton. Therefore, only acidic conditions will be considered in this work.
The whole HER process can be divided into Volmer-Heyrovsky or Vol-
mer-Tafel step [54]. The Volmer reaction is the initial step that one
proton was transferred to the TM@PCj3 surface. We employed one Hs03
cluster (two H,0 groups with one H") to describe solvated proton in the
solution [20,31]. The minimum energy barrier for Volmer reaction
consists of initial step (IS), transition step (TS) and final step (FS), as
shown in Fig. 6. One proton breaks away from the Hs503 cluster and
adsorbs on the TM sites, indicating the potential catalytic activity of TM
atoms towards HER. The calculated energy barriers over V, Fe, Nb, Mo,
and Pd@PC;3 are 0.81, 0.75, 0.74, 0.55, and 1.24 eV, respectively.

For H; generation, lower energy barrier is preferable, which can be
determined by Heyrovsky or Tafel reaction. In Heyrovsky reaction, it is
evident that another Hs03 cluster will provide one proton to adsorbed H
atom for forming Hy molecule, which will eventually detach from the
TM site. The bond length of adatom H and TM atoms increased slightly,
while the proton from Hs03 bonds with the adatom H showing a bond
length of around 0.78 A for Hy molecule. The energy barriers for
Heyrovsky reaction are 1.19, 0.89, 0.97, 0.70, and 1.39 eV on V, Fe, Nb,
Mo, and Pd@PCs, respectively. Obviously, the activation energy of
Heyrovsky reaction is larger than that of Volmer reaction on these cat-
alysts. It is also possible that two adjoint adsorbed H atom could
combine and generate Hy molecule (Tafel reaction). In this case, the
second H adatom was initially on the top of the nearest P atom. It can be
found that H adatom on P atom deviated remarkably from the initial
site, while another H atom on TM atom exhibited slight deviation,
signifying TM atom having higher HER activity than P atom. Similarly,
the bond length of Hy molecule in the final step are also close to 0.78 A.
Interestingly, the activation barriers for Tafel reaction on these five
catalysts are quite low, with 0.37,0.16, 0.10, 0.24, and 0.14 eV for V, Fe,
Nb, Mo, and Pd@PCs, respectively, which are remarkably lower than
that of Heyrovsky reaction. Therefore, the HER on these TM@PCj fol-
lows Volmer-Tafel mechanism, while the rate determining step is the
hydronium adsorption (Volmer). More importantly, the activation en-
ergy for HER on these five SACs is comparable or even lower than that of
Pt (0.8 eV) [55]. Thus, by combining thermodynamic and kinetic study,
we could predict that Fe, Nb, and Mo@PCs can be ideal substitutes for Pt
metal applied in HER.

The stability of one of the most promising HER catalysts Mo@PCs
was explored by AIMD simulation with a time step of 3 fs at 300 K for 18
ps. As exhibited in Fig. S10, the total energy shows small fluctuation and
the flat structure of Mo@PCg appears slightly wrinkle. In addition, it is
difficult for Mo atoms diffusion to the neighbouring sites because of high
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Fig. 5. The d band centre (g4) against AG+y on 3d (a), 4d (b) and 5d (c) group atoms anchored PC3 monolayer.

energy barrier at 2.12 eV (Fig. S11), indicating that it is difficult to form
Mo aggregates. These results confirm that Mo atom can be stably
embedded into the P vacancy, assuring the excellent stability of SACs.

3.6. ML investigation

ML is becoming popular for disclosing data correlations in materials
science. Previous studies have demonstrated that the combination of ML
and DFT is an efficient way to elucidate the inherent relationship be-
tween the descriptor and indicators in catalytic reactions [56-59]. In
this work, AG+y on TM atoms and the properties of TM atoms were
explored by ML. The structural and atomic characteristics (Table S1),
including the bond length of TM — C (dty_¢) and TM — H (dry_p), the
binding energy (Ep), the d band center (gq), the electronegativity (Ex),
the electron affinity (Ea), the first ionization energy (I), the covalent
radius (rcov), the charge transfer (Q.) and the electron number of the
d orbital (N¢), are regarded as the descriptors of AG+y in ML model
training and test. Noteworthily, drm—c, drm—1, Epb, €4, and Qe are the
chemical properties obtained from DFT calculation, while the others are
the intrinsic properties of atoms. Therefore, we presume that the rela-
tionship between the catalytic activity and the structural and atomic
characteristics on TM@PCs could be identified by considering 10 de-
scriptors. To identify the correlation between these descriptors, the
Pearson correlation coefficient matrix was employed (Fig. 7a). The navy
and light-yellow represent those descriptors that are positively or
negatively correlated, respectively. It can be found that most descriptors
are independent of the catalytic activity. However, some descriptors, for
instance, 4 and N, Q. and N, are relatively strongly correlated with a
coefficient of — 0.89, consistent with previous study [60].

Although the input data is limited in this work, multiple models,
including gradient boosting regressor (GBR), AdaBoost regressor, linear
regression, multiple layer perception and random forest were applied
and compared (Fig. 7b and Fig. S12). The 26 sets of data were randomly
divided into 20 and 6 groups, which were used for ML training and test.
By model training and test, a higher coefficient (R?) and lower root mean
squared error (RMSE) are expected. Interestingly, only GBR algorithm
exhibits excellent performance with high R? of 0.96 and low RMSE of
0.12 eV. This confirms that GBR model is more reliable. Therefore, AG:y
on TM@PC;3 could be satisfactorily predicted by the GBR model. How-
ever, the prediction of AG+yg on unknow HER catalysts will not be
included in this work due to limited data.

Furthermore, the relative importance of different descriptors for HER
activity was calculated based on the mean impact value (Fig. 8), which
could offer further insights into the H atom adsorption ability on
TM@PCs. Obviously, the first ionization energy (I), the bond length of
TM — H (drm-p) and d band center (¢4) are more correlated with H atom
adsorption activity, accounting for relative importance of 21.5 %, 18.2
% and 16.3 %, respectively. This result is in accordance with other

studies on oxygen evolution/reduction reactions on SACs by DFT and
ML study [61]. In contrast, the feature importance of the remaining
seven descriptors is relatively low, indicating that these properties have
minor effects on H atom adsorption activity. Therefore, it can be
concluded that the adsorption behaviour of H atoms over TM@PCs is
mainly determined by the combination of three key descriptors. Besides,
it demonstrated that I and dry_p are better descriptors than the widely
used descriptor g4 to define the HER catalytic activity of TM@PC3, To
summarize, the proper adsorption strength of H atom on V, Fe, Nb, Mo,
and Pd@PCs3 could be explained by the synergistic effect of the first
ionization energy, dry-—p and eq of TM atoms.

4. Conclusion

In this study, 3d, 4d, and 5d group TM atoms anchored PC3 mono-
layer as single-atom catalysts for HER was comprehensively investigated
by joint DFT calculation and ML study. The negative formation energy
and absence of imaginary frequency in phonon curve demonstrated the
structural stability and experimental feasibility of PC3 monolayer. All
the TM@PC3 monolayers are energetically stable. The Gibbs free energy
for H adsorption on V, Fe, Nb, Mo, and Pd@PCg are 0.03, —0.03, —0.07,
—0.04, and — 0.02 eV, respectively, lower than that of the Pt (111)
catalyst. eq was employed to screen excellent catalysts for HER. It was
found that eq is located in the range of — 0.68-0.41 eV for high-
performance HER catalysts by imposing the criterion window (—0.2
< AGsg < 0.2 eV). The mechanistic study uncovers that V, Fe, Nb, Mo,
and Pd@PC; follow Volmer-Tafel process, which shows activation en-
ergies of 0.81, 0.75, 0.74, 0.55, and 1.24 eV, respectively, comparable to
that of Pt. Accordingly, Mo@PC3 can be the most promising HER cata-
lyst for the replacement of Pt-based materials. The AIMD simulation
demonstrated that Mo atom cannot diffuse to other sites, confirming the
excellent stability of SACs. Furthermore, ML was conducted by GBR
model to explore the intrinsic correlation between catalytic activity and
parameters of the structure and property. Based on the mean impact
value, it was found that the HER catalytic activity of TM@PCs are
mainly determined by I, dry_y and &4. Our work paves the way for the
design of high-performance catalysts for HER and disclose the rela-
tionship between intrinsic activity and features of catalysts.
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