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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
symmetric surface
urface stability
orphology
FT

changes  in  surface  stability  orders  with  experimental  conditions,  and  the  (001)-P  termination  becomes
more  and  more  stable  with  increasing  P  chemical  potential,  which  indicates  its  exposure  is  possible
at  defined  conditions.  Our  results  agree  well  with  the  previous  experimental  XRD  and  TEM  data.  We
believe  the  reported  method  for  surface  energy  calculation  could  be  extended  to other  similar  systems
with  asymmetric  surface  terminations.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Catalysis is becoming more and more essential in modern
hemistry and energy society, and the catalysts with low cost,
igh activity and selectivity as well as high resistance to con-
amination are possible and suitable for industry applications.

olybdenum based catalysts like Mo2C, MoS2 and MoP  com-
osed a group of promising candidates with these advantages. It

s reported that they have excellent activities in many processes,
uch as syngas conversion to hydrocarbon or oxygenated chemicals
1], biorefinery [2,3], and advanced hydroprocessing [4]. Among
hese molybdenum catalysts, MoP  has attracted great attentions
rom the fields of hydrogen evolution reaction (HER) [5–7], hydro-
en oxidation reaction (HOR) [8], hydrodenitrogenation (HDN) [9],
ydrodesulfurization (HDS) [10], hydrodeoxygenation (HDO) [11],
ydrodechlorination (HDC) [12], hydroisomerization [13], photo-

atalytic hydrogen production [14] as well as anode materials for
ithium-ion batteries [15]. However, the most interesting prop-
rty of MoP  is the high activity and selectivity in alcohol synthesis

∗ Corresponding authors.
E-mail addresses: tianxx@sxu.edu.cn (X. Tian), tao.wang@ens-lyon.fr (T. Wang).

ttp://dx.doi.org/10.1016/j.apsusc.2017.08.172
169-4332/© 2017 Elsevier B.V. All rights reserved.
[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 H2 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 H2 adsorp-
tion. Moreover, these two  surfaces were proved to have very low
activity in CO dissociation. However, H2 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 H2S 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

dx.doi.org/10.1016/j.apsusc.2017.08.172
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.08.172&domain=pdf
mailto:tianxx@sxu.edu.cn
mailto:tao.wang@ens-lyon.fr
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e most stable. It was also found that the denitrification process
ould only be competitive after the fourth hydrogenation step of
,3,4,5-Tetrahydropyridine. Li et al.[27] studied the adsorption and

 N bond cleavage mechanism of aniline on MoP(001) surface and
ound that aniline preferred the flat adsorption configuration, and
he direct C N bond cleavage proceeded mainly via deamination
ith co-adsorbed H2 to produce benzene and ammonia. Ren et al.

28] found that thiophene adsorbed dissociatively on MoP(001)
urface but nondissociatively on �-Mo2N(100) and Ni2P(001) sur-
aces. More recently, Fields et al. [29] reported the scaling relation
or the hydrogenated C, N and O species on a variety of doped
-terminated MoP  surfaces, and suggested that phosphorus expe-
iences a shift in preferred bond order depending on the degree of
ydrogen substitution on the adsorbate. This shift in phosphorus
ybridization could result in selective bond weakening or strength-
ning of chemically similar species, which is potentially promising
or determining the relevant application of MoP  in heterogeneous
atalysis.

Based on these previous interesting theoretical studies, we
an easily find that they mainly focus on (001) surface with one
o-termination and one P-termination, as well as (100) surface.
owever, experimentally, there are several peaks in the XRD pro-
les of MoP  catalyst, such as (101), (100), (001), (110), (111) and

102). Among these surface orientations, the (101) surface was the
ost common one in all available XRD results [30–37]. In this

espect, two primary but interesting issues of MoP  catalyst arise,
hich cannot be ignored. Who  is the most stable and representa-

ive surface of MoP? Which surface or surfaces will determine the
atalytic properties of it? To answer these two questions, DFT based
urface energy calculation can be used to identify the surface stabil-
ty, while mechanism calculation can reveal the activity difference
f each surface. In this work, we focused on the first question and
erformed a systematic DFT calculation of MoP  surface energies.
ulff construction was also used to build the equilibrium particle

hape of the MoP  catalyst. In addition, atomistic thermodynamic
ethod was applied to explain the changed stabilities of MoP  sur-

aces with experimental conditions. Our goal is to offer a rational
odel for further theoretical mechanism study and have a more

omprehensive understanding of the MoP  system.

. Computational details

.1. Methods

All calculations were based on DFT method by using the Vienna
b initio Simulation Package (VASP) [38,39]. The projected aug-
ented wave method (PAW)[40] was applied and the electron

xchange and correlation energies were calculated within the gen-
ralized gradient approximation with the Perdew-Burke-Ernzerhof
GGA-PBE) functional [41,42]. The optimization of structures was
one when the force tolerance was lower than 0.01 eV/Å and the
nergy difference was lower than 10−5 eV. The cutoff energy was
et as 400 eV. Spin-polarization was also included throughout our
alculations.

.2. Models

The XRD data of MoP  [43] showed that it had WC-type structure
nd belonged to P6(−)m2  space group with lattice parameters of

 = b = 3.223 Å and c = 3.191 Å. Several studies reported MoP  includ-
ng WC-, NaCl-, and zinc-blende (ZB)-type structures also showed

hat WC-type structure was most stable [44,45]. We  therefore used
he WC-type structure as our model in this work. For bulk opti-

ization, a 15 × 15 × 15 Monkhorst-Pack k-point grid was used for
ampling the Brillouin zone, and the identified lattice parameters
ience 427 (2018) 357–362

(a = b = 3.239 Å, c = 3.193 Å) agreed well with the experimental val-
ues [43]. For the surface energy calculations, we chose the periodic
slab models with 15 Å vacuum layer and 21–34 Å 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
(d12′ and d23′ ) 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:

� = (Etotal − nEbulk)/2A (1)

Where � is the surface energy of MoP  facet, Etotal is the total energy
of the relaxed MoP  surface slab, Ebulk 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 (Ecle) and the relaxation energy (Erel) [46–48],
and the surface energy is generally a sum of Ecle and Erel.

� = (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.

Fig. 2. Schematic view of cleavage energies (Ecle) of two same (a) and different (b) terminations as well as relaxation energies(Erel) of symmetric (c) and asymmetric (d) slabs.
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Table 1
The calculated surface energies (�) of different terminations of MoP(hkl) surfaces
and comparison with the reference.

(hkl) �(J/m2) Ref. [14] (a) (hkl) � (J/m2) Ref. [14]

(110) 2.39 (101)-T2 3.05
(112) 2.04 (101)-T3 3.39
(001)-Mo 2.56 7.88 (7.96) (101)-T4 2.01 3.54 (3.56)
(001)-P 2.94 2.63 (3.29) (102)-T1 2.20
(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) 2.28 3.88 (3.92) (201)-T2 2.05
(100)-T4 (P) 4.02 (201)-T3 2.10
(101)-T1 1.83 6.87 (6.92) (201)-T4 2.92

In this respect, our simulated results clearly reveal that the (101)
surface is the most stable and also the highly exposed surface on
Wulff particle, which indicates its representative and important
60 X. Tian et al. / Applied Surf

When cleaving the bulk MoP, two terminations are gener-
ted simultaneously, and the cleavage energy is divided equally
etween them. Furthermore, the electronic effect due to the bro-
en of the heteroatom-bond can be ignored because of the similar
lectronegativity of P and Mo  (2.19 and 2.16, respectively) [49].
onsequently, the cleavage energies of two generated terminations
either they are the same (Fig. 2a) or different (Fig. 2b)) from one
leavage are supposed to be equal. Therefore, the cleavage energy of

 stoichiometric slab can be obtained from the following equation:

cle = (Eunrelax − nEbulk)/2 (3)

unrelax is the total energy of the unrelaxed MoP  surface slab.
For a symmetric slab (Fig. 2c), Erel can be easily obtained from

he equation:

rel = (Etotal–Eunrelax)/2 (4)

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

.1.3. Asymmetric and stoichiometric/non-stoichiometric
erminations

For asymmetric slabs (Fig. 1(e–h)), the stoichiometric slab in
ig. 1e can be used to calculate the cleavage energy of T1′ and T4′

erminations by Eq. (3), because the cleavage here can generate
1′ and T4′ simultaneously. Similarly, the stoichiometric slab in
ig. 1f can be used to calculate the cleavage energy of T2′ and T3′

erminations by Eq. (3).
For these asymmetric slabs, however, the relaxation energy of

p and down termination cannot be easily calculated from Eq. (4),
hich should be treated individually.

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

rel(T1) = ET1-relax − Eunrelax (5)

rel(T2) = ET2-relax − Eunrelax (6)

T1-relax is the energy of the slab only with the up-half part relaxed,
T2-relax is the energy of the slab only with the down half part
elaxed. However, in this case, the relaxed part should be thick
nough to avoid the errors, and the detailed test results were given
n supplementary information (Table S2). On the basis of the cal-
ulated relaxation energy and cleavage energy of each termination
Supplementary Table S3), the surface energies of them could be
cquired by using Eq. (2).

Based on the method for different situations, we finally obtain
he surface energies of each termination, which are listed in Table 1.
t is found that the Mo-termination has lower surface energy than P-
ermination for the (001) (111) and (100) surfaces. If the most stable
ermination of each surface is chosen for comparison, the surface
tability follows the order of (101)-T1 > (100)-T2 > (112) > (201)-
2 > (111)-Mo > (102)-T1 > (110) > (001)-Mo. Among all the termi-
ations, the T1-terminated (101) surface exposing both Mo and P
toms has the lowest surface energy of 1.83 J/m2 and is therefore
he most stable termination of MoP  catalyst.
However, the surface stability and the calculated values are
uite different from the previous DFT study by Yue et al. [14], where
he Mo-terminated surfaces were found to have higher surface
nergies than P-terminated surfaces, and the (001)-P termination
(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
a very general equation (� = [E(slab) − nMo�Mo– nP�P]/A) for surface
energy calculation, and the chemical potential of Mo  (�Mo) and P
(�P) 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%).
Fig. 3. Wulff particle of MoP  at ideal condition.
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ig. 4. Relationship between surface energy (�) and chemical potential of P (�P).

ole in determining the properties of MoP  catalyst. Actually, this
nding is consistent with the previous experimental studies, where

he (101) surface is found to have the most intensive XRD signal
14,30–34]. In addition, the (101) and (100) surfaces were both
etected by TEM measurement [36], which were also the most and
econd most stable surfaces in our theoretical calculations. How-
ver, available experimental references [30,35,36] also detected
he existence of (001) surface, which was the least stable one in
able 1 and didn’t expose on the Wulff particle in Fig. 3. It should
e noted that the surface stability would change with experimental
onditions, which could be shown with thermodynamics analysis.

.3. Surface stability and experimental condition

In this part, we applied ab initio atomistic thermodynamic
ethod [53–57] to check the effects of experimental conditions on

he stabilities of different terminations, where P chemical poten-
ial (�P) was used to describe the changes in temperature and gas
hase pressures. The detailed description of this method could be

ound in the supplementary information. In brief, the changes in
xperimental conditions result in the changes in the value of �P,
nd the surface energy of MoP  termination is a function of �P:

(T, p) = [EMoP[hkl] − nMoEbulk + (nMo − nP)�P]/2A (7)

here EMoP[hkl] and Ebulk are the electronic energies of MoP[hkl]
urface and MoP  bulk, which can be calculated by VASP. nMo and
P are the numbers of Mo  and P atoms in the slab, A is the area of
he slab.

However, this method could only work for the symmetric (112),
110), (001) and (111) surfaces. As shown in Fig. 4, the surface
nergies of each termination have different changes with �P. For
xample, the surface energies of Mo  terminations such as (001)-Mo
nd (111)-Mo have positive slops with �P, while those P termi-
ations have negative slops. There is also a clear change in the
tability orders of different surfaces with �P. Clearly, the (001)-P
ermination will become most stable at high P chemical potential
i.e., �P = −6.0 eV corresponding to T = 925 K and PH3/H2 = 1/1000).
ctually, this also explained the differences in the experimentally
etected surfaces from different references, i.e. only (101) and (100)
urface were detected by some references while (001) was detected
y others. Obviously, our simulated results agree very well with
xperimental findings, which finally validate our method for sur-
ace energy calculations.
. Conclusion

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

[

ence 427 (2018) 357–362 361

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 (�P). Taking PH3/H2 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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