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MoP is a promising catalyst in heterogeneous catalysis. Understanding its surface stability and morphol-
ogy is the first and essential step in exploring its catalytic properties. However, traditional surface energy
calculation method does not work for the asymmetric termination of MoP. In this work, we reported
a useful DFT based method to get the surface energies of asymmetric MoP facets. Under ideal condi-
tion, the (101) surface with mixed Mo/P termination is most stable, followed by the (100) surface, while
the (001) surface is least stable. Wulff construction reveals the exposure of six surfaces on the MoP
nanoparticle, where the (101) has the largest contribution. Atomistic thermodynamics results reveal the
changes in surface stability orders with experimental conditions, and the (001)-P termination becomes
Surface stability more and more stable with increasing P chemical potential, which indicates its exposure is possible
Morphology at defined conditions. Our results agree well with the previous experimental XRD and TEM data. We
DFT believe the reported method for surface energy calculation could be extended to other similar systems
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with asymmetric surface terminations.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Catalysis is becoming more and more essential in modern
chemistry and energy society, and the catalysts with low cost,
high activity and selectivity as well as high resistance to con-
tamination are possible and suitable for industry applications.
Molybdenum based catalysts like Mo,C, MoS,; and MoP com-
posed a group of promising candidates with these advantages. It
is reported that they have excellent activities in many processes,
such as syngas conversion to hydrocarbon or oxygenated chemicals
[1], biorefinery [2,3], and advanced hydroprocessing [4]. Among
these molybdenum catalysts, MoP has attracted great attentions
from the fields of hydrogen evolution reaction (HER) [5-7], hydro-
gen oxidation reaction (HOR) [8], hydrodenitrogenation (HDN) [9],
hydrodesulfurization (HDS) [10], hydrodeoxygenation (HDO) [11],
hydrodechlorination (HDC) [12], hydroisomerization [13], photo-
catalytic hydrogen production [14] as well as anode materials for
lithium-ion batteries [15]. However, the most interesting prop-
erty of MoP is the high activity and selectivity in alcohol synthesis
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[16,17], especially when it is promoted by the alkali metals and/or
Group VIII metals.

Theoretically, there are very limited available results about the
catalytic properties of MoP. For the CO hydrogenation reaction,
Feng et al. [18] and Liu et al. [19] found that CO adsorption on the
Mo atop site is most favored on MoP(001) surface. Zaman et al.
[20-23] investigated CO and H, adsorption as well as dissociation
on the MoP(001) and MoP (100) surfaces, where the Mo atop was
also found to be the most favorable site for both CO and H, adsorp-
tion. Moreover, these two surfaces were proved to have very low
activity in CO dissociation. However, H, dissociation on MoP(100)
surface was more favored than MoP(001) surface, and they finally
identified the MoP(100) surface as the active plane for CO hydro-
genation reaction. For the HDN and HDS reactions, Milman et al.
[24] studied the adsorption of o-propylaniline and subsequent C—N
hydrogenolysis into propylbenzene. It is found that the weaken
of C—N and aromatic C—C bonds is responsible for the high HDN
activity of MoP. Li et al. [25] investigated the initial hydrogenations
of pyridine on MoP(001) surface and checked different potential
hydrogen sources, where the surface H atoms was identified as the
most rational one followed by adsorbed H,S and SH. Deng et al.
[26] calculated the HDN mechanism of pyridine on MoP(010) sur-
face and the side-on adsorption mode of pyridine was found to
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be most stable. It was also found that the denitrification process
could only be competitive after the fourth hydrogenation step of
1,3,4,5-Tetrahydropyridine. Li et al.[27] studied the adsorption and
C—N bond cleavage mechanism of aniline on MoP(001) surface and
found that aniline preferred the flat adsorption configuration, and
the direct C—N bond cleavage proceeded mainly via deamination
with co-adsorbed H, to produce benzene and ammonia. Ren et al.
[28] found that thiophene adsorbed dissociatively on MoP(001)
surface but nondissociatively on y-Mo;N(100) and Ni; P(001) sur-
faces. More recently, Fields et al. [29] reported the scaling relation
for the hydrogenated C, N and O species on a variety of doped
P-terminated MoP surfaces, and suggested that phosphorus expe-
riences a shift in preferred bond order depending on the degree of
hydrogen substitution on the adsorbate. This shift in phosphorus
hybridization could result in selective bond weakening or strength-
ening of chemically similar species, which is potentially promising
for determining the relevant application of MoP in heterogeneous
catalysis.

Based on these previous interesting theoretical studies, we
can easily find that they mainly focus on (001) surface with one
Mo-termination and one P-termination, as well as (100) surface.
However, experimentally, there are several peaks in the XRD pro-
files of MoP catalyst, such as (101), (100), (001), (110), (111) and
(102). Among these surface orientations, the (101) surface was the
most common one in all available XRD results [30-37]. In this
respect, two primary but interesting issues of MoP catalyst arise,
which cannot be ignored. Who is the most stable and representa-
tive surface of MoP? Which surface or surfaces will determine the
catalytic properties of it? To answer these two questions, DFT based
surface energy calculation can be used to identify the surface stabil-
ity, while mechanism calculation can reveal the activity difference
of each surface. In this work, we focused on the first question and
performed a systematic DFT calculation of MoP surface energies.
Waulff construction was also used to build the equilibrium particle
shape of the MoP catalyst. In addition, atomistic thermodynamic
method was applied to explain the changed stabilities of MoP sur-
faces with experimental conditions. Our goal is to offer a rational
model for further theoretical mechanism study and have a more
comprehensive understanding of the MoP system.

2. Computational details
2.1. Methods

All calculations were based on DFT method by using the Vienna
Ab initio Simulation Package (VASP) [38,39]. The projected aug-
mented wave method (PAW)[40]| was applied and the electron
exchange and correlation energies were calculated within the gen-
eralized gradient approximation with the Perdew-Burke-Ernzerhof
(GGA-PBE) functional [41,42]. The optimization of structures was
done when the force tolerance was lower than 0.01eV/A and the
energy difference was lower than 10~ eV. The cutoff energy was
set as 400 eV. Spin-polarization was also included throughout our
calculations.

2.2. Models

The XRD data of MoP [43] showed that it had WC-type structure
and belonged to P6(—)m2 space group with lattice parameters of
a=b=3.223 Aand c=3.191A. Several studies reported MoP includ-
ing WC-, NaCl-, and zinc-blende (ZB)-type structures also showed
that WC-type structure was most stable [44,45]. We therefore used
the WC-type structure as our model in this work. For bulk opti-
mization, a 15 x 15 x 15 Monkhorst-Pack k-point grid was used for
sampling the Brillouin zone, and the identified lattice parameters

(a=b=3.239A, c=3.193 A) agreed well with the experimental val-
ues [43]. For the surface energy calculations, we chose the periodic
slab models with 15A vacuum layer and 21-34A thickness, the
detailed structural information of them were given in supplemen-
tary information (Table S1).

3. Result and discussion
3.1. Methods for calculating surface energies

For MoP system, eight facets with 22 different terminations
were chosen as our models, which were widely identified by avail-
able experimental XRD profiles. Most importantly, they include
both low Miller index (001), (100), (101), (110) and (111) surfaces
as well as high Miller index (102), (112) and (201) surfaces, which
are without the scope of previous theoretical investigations. Inter-
estingly, these eight surfaces have very special surface structures,
and can be divided into three groups.

For example, the first group includes (110) and (112) surfaces,
which have only one mixed Mo/P termination exposing both Mo
and P atoms, and can form stoichiometric as well as symmetric
slabs by cleavage (Fig. 1a). The second group includes (001) and
(111) surfaces, which have two different terminations and each of
them can form symmetric but non-stoichiometric slabs by cleavage
(Fig. 1(b-d)). Actually, these two groups are the commonly known
surface structures. However, the third group that includes (100),
(101),(102) and (201) surfaces are very special. They have four dif-
ferent terminations, but none of them can form symmetric slabs
by cleavage (Fig. 1 (e-h)). Taking the (100) surface as an example,
the T1’ and T2’ terminations are both Mo-terminated, but the dis-
tance between the first surface layer and the second surface layer
(diy and d,3) are different (Fig. 1g), so they are actually different.
Similarly, the T3’ and T4’ terminations are both P-terminated, but
they also have different interlayer distances (Fig. 1h). The detailed
surface structures of these eight surfaces with 22 terminations are
shown in Fig. S1. Clearly, these three groups of surface terminations
arise new questions for the calculations of their surface energies,
especially for the third group of asymmetric surface terminations.
We therefore show the detailed method for acquiring the surface
energies of these three groups of MoP surfaces.

3.1.1. symmetric and stoichiometric termination

For the symmetric and stoichiometric termination as shown in
Fig. 1a, it is the most common and easiest situation for surface
energy calculation, which can be calculated by normal method with
the following equation:

Y = (Etotal — NEpuik)/2A (1)

Where vy is the surface energy of MoP facet, E;,; is the total energy
of the relaxed MoP surface slab, Ey,y is the total energy of MoP bulk
unit cell, n is the number of the bulk MoP unit in this slab, and A is
the surface area of the slab model.

However, this normal method does not work for the
symmetric/non-stoichiometric, asymmetric/stoichiometric as well
as asymmetric/non-stoichiometric terminations. Therefore, a new
methodology for calculating surface energies of these special ter-
minations are highly desired. Fortunately, we found an easy and
useful way for those situations.

3.1.2. symmetric and non-stoichiometric termination

From a point view of physics, the surface energy is consisted of
the cleavage energy (E.) and the relaxation energy (E,q|) [46-48],
and the surface energy is generally a sum of Eje and Eg|.

Y= (Ecle +Erel)/A (2)
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Fig. 1. Schematic side views of three groups of MoP(hkl) surfaces with different structure properties: (a) one termination, stoichiometric and symmetric; (b-d) two
terminations, non-stoichiometric and symmetric; (e-h) four terminations, non-stoichiometric and asymmetric.

(b) (d)

Fig. 2. Schematic view of cleavage energies (E.. ) of two same (a) and different (b) terminations as well as relaxation energies(E, ) of symmetric (c) and asymmetric (d) slabs.
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When cleaving the bulk MoP, two terminations are gener-
ated simultaneously, and the cleavage energy is divided equally
between them. Furthermore, the electronic effect due to the bro-
ken of the heteroatom-bond can be ignored because of the similar
electronegativity of P and Mo (2.19 and 2.16, respectively) [49].
Consequently, the cleavage energies of two generated terminations
(either they are the same (Fig. 2a) or different (Fig. 2b)) from one
cleavage are supposed to be equal. Therefore, the cleavage energy of
a stoichiometric slab can be obtained from the following equation:

Ecle = (Eunrelax - rlEbulk)/z (3)

Eunrelax 1S the total energy of the unrelaxed MoP surface slab.
For a symmetric slab (Fig. 2c), E;e can be easily obtained from
the equation:

Erel = (Etotal_Eunrelax)/2 (4)

Therefore, for symmetric and non-stoichiometric slab as shown
in Fig. 1(b-d), we can directly use Eq. (2)-(4), to get the surface
energy of each termination. For example, the asymmetric and sto-
ichiometric model (Fig. 1b) can be used to calculate the cleavage
energy of T1 and T2 by Eq. (3). Then, the symmetric and non-
stoichiometric models (Fig. 1c and d) can be applied to calculate
the relaxation energies of T1 and T2 terminations by Eq. (4), respec-
tively. Finally, the surface energies of T1 and T2 can be acquired by
using Eq. (2).

3.1.3. Asymmetric and stoichiometric/non-stoichiometric
terminations

For asymmetric slabs (Fig. 1(e-h)), the stoichiometric slab in
Fig. 1e can be used to calculate the cleavage energy of T1’ and T4’
terminations by Eq. (3), because the cleavage here can generate
T1’ and T4’ simultaneously. Similarly, the stoichiometric slab in
Fig. 1f can be used to calculate the cleavage energy of T2’ and T3’
terminations by Eq. (3).

For these asymmetric slabs, however, the relaxation energy of
up and down termination cannot be easily calculated from Eq. (4),
which should be treated individually.

As shown in Fig. 2d, the slab can be divided into two parts from
the middle. Then the relaxation energy of T1 or T2 termination can
be obtained from the following equations:

Erel(T‘1 ) = ET] -relax — Eunrelax (5)
Erel(Tz) = ETZ—relax - Eunrelax (6)

ET1_relax 1S the energy of the slab only with the up-half part relaxed,
Ero_relax iS the energy of the slab only with the down half part
relaxed. However, in this case, the relaxed part should be thick
enough to avoid the errors, and the detailed test results were given
in supplementary information (Table S2). On the basis of the cal-
culated relaxation energy and cleavage energy of each termination
(Supplementary Table S3), the surface energies of them could be
acquired by using Eq. (2).

Based on the method for different situations, we finally obtain
the surface energies of each termination, which are listed in Table 1.
Itis found that the Mo-termination has lower surface energy than P-
termination for the (001)(111)and (100) surfaces. If the most stable
termination of each surface is chosen for comparison, the surface
stability follows the order of (101)-T1>(100)-T2>(112)>(201)-
T2>(111)-Mo>(102)-T1>(110)>(001)-Mo. Among all the termi-
nations, the T1-terminated (101) surface exposing both Mo and P
atoms has the lowest surface energy of 1.83]/m? and is therefore
the most stable termination of MoP catalyst.

However, the surface stability and the calculated values are
quite different from the previous DFT study by Yue et al. [ 14], where
the Mo-terminated surfaces were found to have higher surface
energies than P-terminated surfaces, and the (001)-P termination

Table 1
The calculated surface energies (vy) of different terminations of MoP(hkl) surfaces
and comparison with the reference.

(hkI) y(J/m?)  Ref.[14](a)  (hki) v (J/m?)  Ref.[14]
(110) 239 (101)-T2  3.05

(112) 2.04 (101)-T3  3.39

(001)-Mo 2.56 7.88(7.96)  (101)}-T4 201 3.54 (3.56)
(001)-P 2.94 263(329)  (102)-T1 220

(111)-Mo 2.19 (102)- T2 2.40

(111)-P 2.48 (102)-T3  2.46

(100)-T1 (Mo) ~ 3.69 8.16(8.18)  (102)- T4 2.48

(100)-T2 (Mo) ~ 1.93 (201)-T1  2.80

(100)-T3 (P) 228 388(3.92)  (201)- T2 2.05

(100)-T4 (P) 4.02 (201)-T3 2,10

(101)-T1 1.83 6.87(692)  (201)- T4 2.92

)

(a) the value in parenthesis is obtained by using the energy of the surface slab in
this work and the equation in ref [14].

has the lowest surface energy of 2.63 J/m2. Actually, this large dif-
ference is caused by several points. At first, Yue et al. [14] only got
the total surface energy of two different terminations rather than
the exact value for each individual termination. Secondly, they used
avery general equation (7y = [Esjab) — NMo Mo~ Npip]/A) for surface
energy calculation, and the chemical potential of Mo (/4\o) and P
(up)were set to be —11.818 and —5.851 eV, respectively. However,
there was no information about how they got these two values. For
comparison, Table 1 also listed our calculated value with the equa-
tions in the work from Yue et al., [ 14] and the obtained values were
very similar to theirs. In addition, Kibsgaard et al. [50] suggested
that the (001) surface was among the top 3-5 most likely surfaces
by using the Bravais-Friedel-Donnay-Harker (BFDH) [51] crystal
morphology algorithm, which was only based on geometry without
any energetic information in identifying the exact stability of each
surface termination. Therefore, further analysis was performed to
validate our method.

3.2. Morphology of MoP catalyst

On the basis of the calculated surface energies in Table 1, Wulff
construction [52] was performed to describe the ideal morphol-
ogy of MoP catalyst. In general, the Wulff construction is a method
to determine the equilibrium shape of a droplet or crystal of fixed
volume, and it provides an ideal shape of the catalyst morphology.
As shown in Fig. 3, under ideal vacuum condition, only six of the
eight calculated surfaces expose on Wulff shape, and the (101) sur-
face has the largest contribution of 36.2%, followed by (112) surface
(24.1%), (100) surface (19.3%), (111) surface (12.3%), (110) surface
(4.3%) and (102) surface (3.8%).

In this respect, our simulated results clearly reveal that the (101)
surface is the most stable and also the highly exposed surface on
Waulff particle, which indicates its representative and important

1 (101)-36.2% :
T (1101-43%
I (100)-19.3% :
‘T (111)-12.3% :
B (112)-24.1% |
B (102)-3.8%

D T

Fig. 3. Wulff particle of MoP at ideal condition.
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Fig. 4. Relationship between surface energy () and chemical potential of P (up).

role in determining the properties of MoP catalyst. Actually, this
finding is consistent with the previous experimental studies, where
the (101) surface is found to have the most intensive XRD signal
[14,30-34]. In addition, the (101) and (100) surfaces were both
detected by TEM measurement [36], which were also the most and
second most stable surfaces in our theoretical calculations. How-
ever, available experimental references [30,35,36] also detected
the existence of (001) surface, which was the least stable one in
Table 1 and didn’t expose on the Wulff particle in Fig. 3. It should
be noted that the surface stability would change with experimental
conditions, which could be shown with thermodynamics analysis.

3.3. Surface stability and experimental condition

In this part, we applied ab initio atomistic thermodynamic
method [53-57] to check the effects of experimental conditions on
the stabilities of different terminations, where P chemical poten-
tial (up) was used to describe the changes in temperature and gas
phase pressures. The detailed description of this method could be
found in the supplementary information. In brief, the changes in
experimental conditions result in the changes in the value of up,
and the surface energy of MoP termination is a function of pp:

Y(T, p) = [Emop[nkt) — MoEbuik + (Mo — Np)ep]/2A (7)

where Eyopjpkip and Epy are the electronic energies of MoP[hkl]
surface and MoP bulk, which can be calculated by VASP. ny;, and
np are the numbers of Mo and P atoms in the slab, A is the area of
the slab.

However, this method could only work for the symmetric (112),
(110), (001) and (111) surfaces. As shown in Fig. 4, the surface
energies of each termination have different changes with pp. For
example, the surface energies of Mo terminations such as (001)-Mo
and (111)-Mo have positive slops with up, while those P termi-
nations have negative slops. There is also a clear change in the
stability orders of different surfaces with wup. Clearly, the (001)-P
termination will become most stable at high P chemical potential
(i.e., up=—6.0eV corresponding to T=925 K and PH3/H, = 1/1000).
Actually, this also explained the differences in the experimentally
detected surfaces from different references, i.e.only (101)and (100)
surface were detected by some references while (001) was detected
by others. Obviously, our simulated results agree very well with
experimental findings, which finally validate our method for sur-
face energy calculations.

4. Conclusion

Based on the concepts of cleavage energy and relaxation energy
as well as the density functional theory calculations, a use-

ful method was introduced to calculate the surface energies of
asymmetric and non-stoichiometric surface terminations of MoP
catalyst. It is found that the T1-terminated (101) surface with both
exposed Mo and P atoms has the lowest surface energy, followed
by the (100) surface. Wulff construction shows that only six of the
eight calculated surfaces could expose at ideal condition, and the
(101) surface has the largest contribution. These results are sup-
ported by available XRD and TEM measurements, which strongly
validate our methodology.

Ab initio atomistic thermodynamic method was applied to study
the relative stability of symmetric MoP surfaces under different
preparation conditions. A relationship between MoP surface ener-
gies and the preparation conditions (T, p and gas mixture) was
built through P chemical potential (xp). Taking PH3/H, as phos-
phorus source, it is found that the (001)-P termination become
the most stable at high P chemical potential. This manner also
rationalized the experimentally detected different surfaces with
distinguish preparation conditions.

In summary, the reported method here for surface energy calcu-
lation could be extended to other similar systems with asymmetric
surface terminations. Our results also provide important references
for selecting a rational surface for further reaction mechanism cal-
culations on MoP catalyst. The high stability and exposure of (101)
surface indicates that special attention should be paid on this facet
for further mechanism investigations. The studies of catalytic activ-
ities on several MoP surfaces are our ongoing interests and will be
discussed elsewhere.
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