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Ammonia borane (NH3BH3, AB) has been considered to be a promising chemical hydrogen storage mate-
rial. Based on density functional theory, a series of transition metal atoms supported P3C (P3C_O) sheet
is systematically investigated to screen out the most promising catalyst for dehydrogenation of AB. The
results indicate that the Os/P3C and Os/P3C_O could be an efficient single atom catalyst (SACs) and the
stepwise reaction pathway with free energy barrier of 2.07 and 1.54 eV respectively. Remarkably, the rate
constant further quantitatively confirmed the real situation of the first step of dehydrogenation of AB
on the Os/P3C and Os/P;C_O substrates. We found that ki at 400K is equivalent to kp at 800K, which
greatly improves the temperature of the first step of AB dehydrogenation on P3C_O. We hope this work
can provide a promising method for the design of catalysts for AB dehydrogenation reactions on the sur-
face of two-dimensional materials (2D).

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, the rapid increased energy demands urged the
development of alternative energy sources, which are clean and
renewable [1]. Hydrogen is considered as one of the best candi-
dates to satisfy the increasing demand for an efficient and clean
energy carrier because hydrogen possess higher gravimetric en-
ergy density than petroleum (120Kk]/g for hydrogen vs. 44Kk]/g for
petroleum) and with only water as by-product [2]. However, the
efficient storage [3] and production of hydrogen are still two key
issues in the “hydrogen economy" [4-6];. Under the continuous
exploration of predecessors, it has been demonstrated that us-
ing solid media, such as sorbent materials [7-11] (activated car-
bon, nanotubes, carbon, metal-organic frameworks, etc.) and hy-
drides (metal hydrides, complex hydrides, chemical hydrides, etc.)
[12-14], is the safest and most effective way to store hydrogen.
Among the new hydrogen storage materials, various complex hy-
drides, ammonia borane (NH3BH3, AB), appears to be a suitable hy-
drogen source and is attracting more and more interest in the field
of solid-state hydrogen storage because of its abnormally high hy-
drogen content of 19.6 wt% and well-behaved stability under am-
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bient conditions. Hydrogen can be released from AB via thermoly-
sis or catalysis in various solvents [15]. Al-Kukhun et al. [16]. also
reported the cyclization mechanism of AB low temperature dehy-
drogenation. Luo and Ohno [17] reported an intramolecular step-
wise dehydrogenation process catalyzed by Cp2Ti in which N-H
activation precedes B-H activation. However, there are some se-
rious drawbacks which need to be overcome in order to make it
suitable for practical on-board application: (1) The relatively high
dehydrogenation temperature (>100°C) and low hydrogen release
rate [18,19]; (2) The detailed theoretical mechanism of AB releasing
hydrogen in different substrates is not well understood and further
studies are required [16]; (3) The by-product borazine can hinder
the practical application of AB because of its toxicity [20].

To overcome the above drawbacks and make the AB can be de-
hydrogenated under mild conditions. a number of approaches have
been developed recently, including heating ammonia borane pyrol-
ysis, acid catalysts [21-23], metal complex catalysts [24,25], metal
particle and transition metal [11,15,26]. Noted that the introduc-
tion of a catalytic amount of platinum (~2 mol%) to a solution
of AB in 2-methoxyethyl ether (0.02-0.03 mol/L) results in accel-
erating hydrogen evolution at room temperature [27] and the RuP,
[28,29] nanohybrid also can be as an efficient bifunctional cata-
lyst for hydrolysis of AB [30]. Pt-based catalysts, such as small Pt
nanoparticles supported on porous chromium terephthalate (MIL-
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101) [31], and carbon nanotubes (CNT) [32,33], exhibit superior
catalytic activity for hydrolysis of AB. Transition non-noble metals
such as Cu, Ni and Co [34-36] are also widely studied to improve
the use efficiency of precious metals. Unfortunately, most catalysts
are relatively expensive metals [37,38] or nanoparticles (such as Rh
[39], Ir [40] and Os [41]) or suffer from instability under the reac-
tion conditions [42,43]. Searching for new types of catalysts is still
demanding. An alternative way is to maximize the utilization of
noble metal by downsizing the size of nanoparticles even to sin-
gle atoms on designed substrates [44]. Due to its excellent activ-
ity, selectivity and stability, single-atom catalysts (SACs) have be-
come eternal themes in both academia and industry [45-47]. Wu
et al. [48]. reported that Pt SACs are supported on the surface
of graphene oxide as effective catalysts for the hydrolysis of AB
to hydrogen. Peng et al. [49]. proposed that a Rh SACs supported
on oxygen-rich nitrogen-doped carbon nanosheets produced high-
efficiency activity for AB hydrogen production. Indeed, the wide
range of metal-hydrogen bond polarization present in these com-
pounds, combined with the interaction of the metal and the charge
of the AB molecule achieves the purpose of activation [50], which
offers an extremely versatile platform of efficient AB dehydrogena-
tion catalysts.

After Sun et al. [51] found that phosphene-graphene hybrid ma-
terials exhibit high performance, more and more graphene hy-
brid materials have been experimentally and theoretically demon-
strated. Recently, a new P/C composite material (PCg) has been re-
ported by Jiang et al. [43,52], and this analogue of graphene is
designed as a substrate with supported transition metals (TMs),
which exhibited excellent catalytic activity. Similarly, Zhao et al.
[53]. predicted a new buckled hexagonal P/C composite material
(P3C), which have intrinsic metallicity and excellent thermal sta-
bility. Lin Long and his colleagues used density functional theory
(DFT) calculations to reveal that when P3C is used as a catalyst
substrate [54], SACs exhibit excellent catalytic activity for electro-
catalytic reactions. Therefore, this new two-dimensional material
may become a highly active catalytic substrate.

In this paper, we evaluated the potential of TMs supported P3C
(P3C_0) sheet (TM/P5C and TM/P3C_O) for AB dehydrogenation re-
actions. A number of TMs were considered as the supported metals
to screen out promising SACs [55] for AB dehydrogenation. Then,
the adsorption and activation mechanisms of AB on the SACs sur-
face was also revealed by the analysis of charge differential density
(CDD), density of states (DOS) and crystal orbital Hamilton popu-
lation (COHP). And the possible reaction pathways for AB dehydro-
genation are also provided [56]. On the other hand, rate constants
in kinetics further quantitatively confirmed the real situation of the
first step of dehydrogenation of AB. Therefore, our investigations
may provide a rational route to design and evaluate the efficient
catalysts for AB dehydrogenation reactions.

All the calculations are carried out with the Vienna Ab Initio
Simulation Package (VASP) [57] based on the density functional
theory (DFT) [58]. The Perdew Burke and Ernzerhof (PBE) func-
tional within generalized gradient approximation (GGA) was used
to describe the electronic exchange-correlation interaction [59,60].
The projector augmented-wave (PAW) method was applied to il-
lustrate the interaction of ion-electrons [61]. The cutoff energy for
the plane-wave basis is set to 400eV. For structural elaxation and
electron self-consistent calculation, the convergence criteria for en-
ergy and force are set to 10~4eV and 0.02 eV/A, respectively. The
Gamma Scheme of 2 x3x 1 is also employed for the geometric
optimization and 6 x 7 x 1 k-points were applied to the electronic
structure calculation. The Bader charge analysis [62] was used to
compute the charge transfer. At the same time, the zero-point en-
ergy (ZPE) correction [63] for the total energy was adopted. De-
vice Studio [64] program provides several functions for perform-
ing visualization, modeling, and simulation. Transition states (TS)
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were searched by climbing image nudged elastic band method (CI-
NEB) [65] and further confirmed by vibrational frequency analy-
sis. The calculation simulation process is performed on P3C surface
structure, as shown in Fig. S1 (Supporting information). The lattice
vectors are a=10.69A, b=1235A, and c=15.49A. To avoid arti-
ficial interactions, a vacuum of 15A was added in the Z direction
[66,67]. The dehydrogenation mechanisms of AB reaction catalyzed
reactions all proceed on the surface [68,69].

The 2D material P3C is obtained by calculation and prediction
due to the high performance of the phosphorene-graphene hybrid
material [70,71]. As presented in Fig. S1a, the basic building blocks
of P3C monolayers Pg and P4C, rings and it owes a C;/m symme-
try. We investigated the electron structure of 2D P3C by calculat-
ing the band structure and partial density of states (PDOS) (Fig.
S1b). As can be seen, there are some bands crossing the Fermi
level, which means it is a good conductor. 2D P3C exhibits intrinsic
metallic features and the high conductivities and its high thermo-
dynamic stability was identified through Ab Initio Molecular Dy-
namics simulation and Phonon spectra according to the report by
Zhao et al. [72]. Then, six possible adsorption sites (Bpp, Bpc, Hpp,
Hpe, Tp, Tc) on the P3C monolayer are considered to confirm the
energetically most favorable anchoring site for the considered TM
(TMs =Fe, Co, Ni, Zr, Nb, Mo, Ru, W, Os, Zr and Pt) atoms as shown
in Fig. S1a. And the most stable geometry structures of TMs/P5C
sheet are shown in Fig. S2 (Supporting information). Further, the
binding energy (E,) of TM atoms on P3C monolayer is calculated
to verify the stability of SACs according to the formula: E,, =Ep,c.m
— Ep,c — Ey, in which M represents different single atoms. E}, rep-
resents the Binding energy of M atom, Ep,c.m, Ep,c and Ey repre-
sent the total energy of M adsorbed on the 2D P5C plane, 2D P5C
surfaces, and single atoms in bulk metals. The large E,, in Table S1
(Supporting information) implies that there is a strong interaction
between TMs and P3C monolayer and TM/P3C is a kind of promis-
ing and feasible SACs.

Further, charges are redistributed due to the interactions be-
tween the supported TMs and the P5C substrate. For example,
some of the TMs (Os, Pt and Ir) shown by bader charge analysis
have obvious electron transfer from the P3C sheet to the TMs [73],
and the other is the opposite. Interestingly, it has been reported
that due to the interaction between electrons, the charged TM may
activate the adsorbed molecules [74,75], which are expected to ad-
sorb and activate AB and promote the dehydrogenation reaction of
AB. Therefore, TMs/P5C tablets may provide a promising method to
promote the dehydrogenation of AB under mild conditions.

To estimate and design the most promising SACs based on P3C
substrate, we have implemented a rational screening strategy, in-
cluding the adsorption of AB molecules on the SACs according to
the B-terminal and the N-terminal adsorption respectively. The cor-
responding structures are shown in Fig. S3 (Supporting informa-
tion, B-terminal) and Fig. S4 (Supporting information, N-terminal).
Remarkably, through structural optimization, we found that some
of the AB molecules catalyzed by TMs/PsC (Fe/P3C, Ni/P3C, Zr/P3C
and Mo/P;C) can only be stabilized on the substrate through B-
terminal adsorption. In order to further determine the best ad-
sorption position, we calculated the adsorption energy of the AB
molecules at the B-terminal and the N-terminal. The adsorption
energies of AB on the TMs/P;C were calculated by the following
equation is defined as: E,q ap=Etot — Ep,com — Ens- Where Eiot
represents the energy of the AB adsorbed on TMs/PsC. Ep,c.v and
Enp are the calculated total energy of TMs/P3C and single AB, re-
spectively. Specifically, if the adsorption energy E.,q ag iS a posi-
tive value, it means that the adsorption of the AB molecule on
the SACs is endothermic. On the contrary, if E,q ag iS a negative
value, it means that the adsorption is a spontaneous process. As
shown in Fig. S5 (Supporting information), the black represents
the adsorption energy of the N-terminal, and the red represents
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Fig. 1. (a) Top and side view of Os adsorbed on P5;C sheet (Os/P3C). (b) The adsorption energy of AB (E,q ag) for different sites and corresponding bond length of B-H; (AB)

on the Os/P;C.

the adsorption energy of the B-terminal. The higher adsorption en-
ergy negative represents the more stable the AB molecule is ad-
sorbed on TMs/P3C. We found that the B-terminal adsorption of
the AB molecule is more stable in most cases (except for W/P3C).
Therefore, all the subsequent results are developed around the B-
terminal adsorption of AB (Fig. 1a). And all the detailed results dur-
ing the screening progress are listed in Fig. 1b (pink line chart).
First of all, the absorption of AB molecules is an important cri-
terion for the subsequent AB activation and dehydrogenation re-
action. Thus, the calculated adsorption energy of AB molecule on
surface as following: Co/P3C (—0.922eV) < W/P3C (-1.136eV) <
Ni/P3C (-1.181eV) < Ir/P3C (—1.439eV) < Pt/P3C (—1.558eV) <
Ru/P3C (—1.636eV) < Zr/P3C (—1.658eV) < Fe/P3C (—1.859eV) <
Nb/P3C (—1.868eV) < Mo/P3C (—2.092eV) < Os/P3C (—2.114eV).
The Os/P;C provided considerable adsorption energy of —2.114 eV,
thus a relevant strong interaction. This may provide favorable con-
ditions for the dehydrogenation reaction of AB. In order to better
screen out the catalysts that activate AB, we respectively compared
the optimal bond lengths of the B-H;; bonds activated under dif-
ferent TM/P3C, as shown in Fig. 1b (histogram). The optimized B-
Hy; bond distance increases in the following order: Os/P5C (1.335A)
> Ir/P5C (1.313A) > Pt/P;C (1.308 A) > Co/P5C (1.286A) > W/P5C
(1.284A) > Ni/P;C (1.282A) > Fe/P5C (1.276 A)>Mo/P5C (1.271A)
> Ru/P5C (1.267A) > Nb/P3C (1.253A) > Zr/P5C (1.243 A). There is
a slight increase in the bond length compared to the original B-
H (1.217 A). Especially, the B-H; catalyzed by the Os/P5C catalyst
reached 1.335A and the results further indicate that the interac-
tion between 2D Os/P3C surface and AB molecule may promote
the dissociation of H in the AB hydrolysis. Interestingly, we found
that there is a certain linear relationship between the degree of
activation of B-H;; and the electronegativity of TMs. As shown in
Fig. S6 (Supporting information), as the electronegativity increases,
the bond length of B-Hj; tends to elongate; this may be caused by
the charge transfer and interaction strength between TMs and P3C
surface. To better understand the electron distribution and trans-
fer, we studied the CDD between Os/P;C and AB, as shown in Fig.
S7 (Supporting information). The cyan and yellow areas represent
electron depletion and accumulation, respectively. The adsorption
of the AB molecule induces slight charge redistribution and the
electron accumulation mainly occurring between the AB and the
Os atom. Based on this, the Os/P3C catalyst shows a strong adsorp-
tion force for AB and B-H bond tension. Therefore, we believe that
0Os/P3C SAC is the most suitable candidate material for AB dehy-
drogenation.

In the present study, we found that the reactant AB on the sur-
face of Os/P;C can be dehydrogenated by stepwise pathway: in its
first half, a B-H bond is broken to form an intermediate character-
ized by an H atom adsorbed at the top of C atoms via a H-adsorbed
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Fig. 2. The complete free energy (AG) correction diagram and related structure di-
agrams for the dehydrogenation of AB molecules on the surface of Os/P5C.

transition state; in the second half, the adsorbed B-H bond is bro-
ken and the two adsorbed H atoms form a hydrogen molecule via
a transition state of the H movement. More interestingly, we found
that O doping on the P3C surface (Os/P3C_O) will greatly reduce
the adsorption energy of AB, thereby weakening the B-H bond en-
ergy in the AB molecule, making the dehydrogenation pathway of
the AB reaction easier. Selected optimized structure for the station-
ary points along the pathways is given in Figs. 2 and 3. The relative
energy values are the Gibbs free energy (AG) (the surface energy
of 2D P3C (P3C_0) is selected as 0 level energy) except for specially
mentioned, the corresponding correction data are listed in Tables
S$3-S6 (Supporting information). As shown in Fig. 2, the structure
of the stepwise reaction pathway shows that one B-H bond and N-
H bond in the adsorbed AB are gradually elongated, and then the H
proton migrates on the surface to form a hydrogen molecule, and
the remaining BH,NH, species adsorbed on the Os atom. Firstly,
AB molecules are chemically adsorbed on Os/P3C, and the adsorbed
B-H;; bond changes from 1.219A to 1.335A. The loosening of the
bonds facilitates the dissociation of the first H atom in the AB de-
hydrogenation pathway. As shown in the structure of Fig. 2, the
elongated B-Hj; bond undergoes a transition state TS_I (false fre-
quency is 1328.08 cm™!), and the bond length has changed from
the original 1.335A to 2.993 A, which is almost completely bro-
ken. The energy barrier of this process is 2.07 eV, which is diffi-
cult to occur at room temperature, but it is worth noting that the
heat released by AB molecules adsorbed on Os/PsC is 2.14eV, so
we firmly believe that the heat released by AB adsorption can pro-
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Fig. 3. The complete free energy (AG) correction diagram and related structure di-
agrams for the dehydrogenation of AB molecules on the surface of Os/P3C_O.

vide the heat required for self-reaction. The shed H atoms move to
the C atoms on the P3C surface to form an intermediate iii with a
C-H bond of 1.11A. Noted that the B-H; bond has been elongated
to 1.36A, so there are two possible ways of evolution, namely B-
terminal continuous dehydrogenation (Fig. S8 in Supporting infor-
mation) and the stepwise reaction pathway (Fig. 2). B-Hj; fracture
undergoes a transition state TSII (false frequency is 1315.22 cm™!)
absorbs heat of 1.4eV, and the energy barrier crossed is 2.61eV.
Both kinetics and thermodynamics are unfavorable. Thence, our
main consideration is the stepwise reaction pathway of the N-Hy,
path.

In this pathway, the N-Hy; bond slightly activated by the surface
undergoes a transition state TS_II (false frequency is 1300.91 cm~1)
with an energy barrier of 1.07eV. Simultaneously, the Hy, atom
moves to the surface to form a P-H bond with a bond length of
1.44 A, *NH,BH, (* indicates adsorbate) gradually begins to move
away from Os/P3C to form an intermediate iv, and then *NH,BH,
undergoes an energy-free flattening process and leaves slightly
Os/P5C surface. After that, two H atoms on the surface cross the
transition state with an energy barrier of 0.94eV to form TS_III
(false frequency is 727.27 cm~1). In this process, the H atoms on
the two surfaces approach each other to form a bond length of
0.94A of H, molecules, while C-Hy and P-Hy; are elongated to
143 and 2.25A, respectively. The generated H, molecules are far
away from the surface and accompanied by a shortening of the H-
H bond (0.75 A), which is highly consistent with the bond length of
normal H, molecules (0.75A). This process absorbs heat of 0.64eV.
The present results indicate that the dehydrogenation of the AB
molecule on the Os/P;C surface are feasible due to the entire reac-
tion is exothermic and has a low energy barrier.

We replaced the C atom near the Os adsorption site with an O
atom to form an oxidized P3C_O substrate [76]. In order to system-
atically evaluate the stability of the substrate, we further evaluated
the stability of P3C_O through AIMD simulation [77]. As shown in
Fig. S9 (Supporting information), the structure maintains well at
800K. The geometric structure is still not significantly deformed,
indicating that P3C_O has high thermodynamic stability. We fur-
ther carried out the MD simulation of 18 ps, the energy and tem-
perature oscillated near the equilibrium state, and the structure of
P3C_O remained good. This shows that P3C_O can exist stably at
the actual reaction temperature. As shown in Fig. S7, the P5C sur-
face doped with O stretched the B-H; bond length to 1.457 A, and
the N-HVI bond length to 1.053A. Based on the degree of activa-
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Fig. 4. (a, b) The crystal orbital Hamiltonian population (COHP) of the B-Hy bond in
the AB molecule adsorbed on Os/P3C_O and Os/PsC, respectively. The bonding and
anti-bonding states in ICOHP are represented by light blue and light red. (c, d) The
calculated corresponding partial density of states (PDOS).

tion of the AB molecule B-H;; and N-Hy; by the Os/P3C_O substrate,
we studied the same dehydrogenation pathway. As shown in Fig.
3, the AB molecule is adsorbed on Os/P3C_O with an adsorption
energy of —1.10eV forms an adsorbed substance ii, undergoes a
transition state TS-I (false frequency is 1371.89 cm~1), which elon-
gates the bond length of B-H; to 2.45A, and the H; atoms grad-
ually transfer to the C atoms on the surface, forming an interme-
diate state iii with C-Hj of 1.11A. After that, N-Hy; began to be
elongated and experienced TS-II (false frequency is 468.03 cm™1),
and the dropped Hy; continued to approach the surface, forming
0-Hy; of 2.20A and P-Hy; of 143 A. In the intermediate iv, the Hy,
on the surface undergoes TS-III (false frequency is 1084.53 cm™1)
and approaches Hy.. Simultaneously, the *NH,BH, adsorbate starts
to move away from the surface, forming a vertical structure of v
with the surface of the substrate. After that, the Hy, atoms on
the surface pass TS-IV (false frequency is 663.99 cm~!) continues
to move towards the Hj atom, forming an intermediate vi with
Hy;-H;; of 0.96A above the P atom near Os. Finally, the formed
Hy-Hy undergoes TS-V (false frequency is 61.41 cm~!) and be-
gins to move away from the surface and the vii with Hy-Hj of
0.75A is formed, and the distance between the H, molecules and
the surface reaches 4.26 A, completely detaching from the surface.
In addition, *NH,BH, can continue the dehydrogenation reaction
or leave the surface to form by-products. These results indicate
that the stepwise reaction pathway for AB dehydrogenation on the
0s/P3C_0 is energetically favorable.

The mechanism of AB activation is also evaluated theoreti-
cally, firstly, we investigated the initial adsorption configuration
and electronic structure of AB adsorbed on Os/P;C and Os/P3C_O.
As shown in Table S2 (Supporting information), doping with O
atoms makes the adsorption energy of AB changed from —2.14eV
to —1.10eV. Interestingly, the bond length of B-Hj; has grown from
1.335A to 1.417A, and N-Hy; (1.053A). Compared with the orig-
inal B-Hy (1.217A) and N-Hy; (1.032A), the AB molecule is fully
activated. To figure out the nature of the interaction between sup-
ported Os atom and AB, CDD is analyzed to illustrate the inter-
action mechanism. It can be found from Figs. S7b and c that the
charge transfer and redistribution can be observed around the AB
molecule and supported Os atom, respectively. To deeply under-
stand the activation process, ICOHP and DOS of the B-Hj bond in
the first dehydrogenation reaction of AB on Os/P;C and Os/P3C_O
are calculated in Figs. 4a and b. The decrease of ICOHP values of
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The relationship between the equilibrium constant (k;) of the reaction and the reaction temperature (T), k; and kg, represent the first step dehydrogenation equilibrium

constant of AB on Os/P3C and Os/P;C_O, respectively.

T (K) 300 350 400 450 500 550

ke 3.24x1073 6.11x 107! 3.11 x 10! 6.62 x 102 7.64 x 103 5.65 x 10*
k> 1.76 x 10720 1.61x 10715 8.42 x 10712 6.58 x 102 136 x 106 1.06 x 104
k 1.84 x 10"7 3.81x 10 3.70 x 1012 1.01 x 10" 5.63 x 109 532 x 108
T (K) 600 650 700 750 800 850

ke 3.00 x 10° 1.23 x 108 4.12 x 108 1.17 x 107 2.94 x 107 6.60 x 107
k> 4.02 x 103 8.71 x 1072 1.21x 10° 1.19 x 10! 8.79 x 10! 5.13 x 102
k 7.45 x 107 1.41 x 107 3.39 x 10 9.85 x 10° 3.34x10° 1.29 x 10°

B-H;; bond (from —3.79 to —3.62) confirms that the strength of B-
Hj; bond of Os/P3C_O is obviously weakened. In order to deep in-
sights into the interaction between atoms in bonding, we analyzed
the interaction of the B-H;; bond by plotting PDOS. The size of the
overlapping peak area of PDOS indicates the strength of the bond
between atoms. It can be seen from Figs. 4c and d that the inte-
gral value (0.526) of the Os/P5;C surface is greater than Os/P3C_O
(0.509), this result once again explains the nature of the low en-
ergy barrier of the Os/P3C_O substrate adsorption of AB in the first
step of dehydrogenation reaction.

Rate constant [78] was performed to further verify confirmed
quantitative analysis of Os/P3C and Os/P3;C_O activated AB at dif-
ferent temperatures. The relationship between rate constants (k;)
and reaction temperature (T) is shown in the following formula

_EGCI

[79]:
- ) (1)

where v; is the pre-exponential factor, and E, is the ZPE-corrected
activation energy. Within harmonic transition state theory, we can
calculate the pre-exponential factor (v;) of each reaction pathway
using the following definition:

3N fIs
1 Ji
3N-1
H] fiTs

where fI5 and fTS are the vibrational frequencies at the initial state
and the vibrational frequencies at the transition state (excluding
the imaginary one).

From the above formula, we can deduce that the relationship
between the first step dehydrogenation rate constant on Os/P3C
and Os/P3C_0O:

kg = viexp<

(2)

I k1648

= = 3
Tra KOs ®)

where 1y and ry, are the ratio of the first step dehydrogenation
rate of Os/P3C and Os/P3C_O; 6,5 is the coverage of AB on the sur-
face. k is the ratio of dimensionless s to rp

Applying the same rough rule of thumb [78], the dehydro-
genation energy barriers of AB in the first step of Os/P3C and
Os/P3C_O are 2.07 and 0.95eV, their reaction temperatures are
800K and 400K, respectively. Based on the DFT results and mi-
crokinetic model, we have calculated k;; and kp of 300-850K by
Egs. 1 and 2. From the data listed in Table 1, we can find that the
ki (Kp) is increased with increasing temperature due to increase
it is conducive to the increase in the average kinetic energy of
the molecules, the increase in the number of activated molecules
and the effective collision frequency. Obviously, with the increase
of temperature, the increase of k;; and kg, and the value of k is
getting smaller and smaller, which indicates that there is a certain
limit in the reaction of AB on Os/P3C and Os/P3C_O, and the sen-
sitivity to temperature keep getting smaller. And it is worth noting
that the k;; at 400K and the kp at 800K are in the same order
of magnitude. This not only proves the accuracy of the empirical
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formula [75], but also shows that the P;C surface doped with O
greatly reduces the temperature of the reaction so that the reac-
tion occurs under mild conditions.

In our work, a DFT calculation was performed to design and
evaluate the catalytic activity of TMs/P3C sheet for AB dehydro-
genation. There is a strong interaction between TMs and P5C sub-
strate, which can alter the local geometric and electronic struc-
ture and promote AB dehydrogenation reaction. According to our
screening criteria, the Os/P3C can obviously activate the AB due to
the electron exchange interactions. And Os/P3C (Os/P3C_O) sheet
is considered as a very promising electrocatalysts for AB, which
needs to suffer from a moderate Gibbs free energy barrier of 2.07
and 1.54eV respectively. Simultaneously, the microscopic kinetic
model further quantitatively confirmed the real situation of the
first step of dehydrogenation of AB on the Os/PsC and Os/P3;C_O
substrates. We found that k;; at 400K is equivalent to kg, at 800K,
which greatly reduced temperature of the first step of AB dehydro-
genation on Os/P3C_O.
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