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Abstract: The direct catalytic conversion of methane (CHy) to higher hydrocarbons has attracted
considerable attention in recent years because of the increasing supply of natural gas. Efficient
and selective catalytic conversion of methane to value-added products, however, remains a major
challenge. Recent studies have shown that the incorporation of phosphorus atoms in transition
metals improves their selectivity and resistance to coke formation for many catalytic reactions. In this
work, we report a density function theory-based investigation of methane activation and C;, product
formation on NipP(001). Our results indicate that, despite the lower reactivity of NiyP relative to
Ni, the addition of phosphorus atoms hinders excessive dehydrogenation of methane to CH* and
C* species, thus reducing carbon deposition on the surface. CH3* and CH;* moieties, instead, are
more likely to be the most abundant surface intermediates once the initial C-H bond in methane
is activated with a barrier of 246 k] mol L. The formation of ethylene from 2CH,* on Ni,P is facile
with a barrier of 56 k] mol !, which is consistent with prior experimental studies. Collectively, these
findings suggest that NipP may be an attractive catalyst for selective methane conversion to ethylene.
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1. Introduction

7. Hossain, 5.5. Methane Activation Recent years have seen a dramatic increase in catalytic studies focusing on the trans-
and Coupling Pathways on Ni,P formation of methane (CHy) into value-added products [1-9]. Conversion of methane
Catalyst. Catalysts 2023, 13, 531. into high-value chemicals at low operating conditions is a critical process to utilize the
https:/ /doi.org/10.3390/ increasing production of natural gas, as well as to mitigate greenhouse gas emissions.
catal13030531 Methane is considered a major contributor to global warming along with carbon dioxide.

Currently, longer alkanes and olefins are produced from methane indirectly using Fischer-
Tropsch synthesis [10]. It involves the catalytic oxidation of methane to syngas (CO and
Hy;) followed by production of methanol and other valuable products. However, the high
operating pressures and temperatures required for this process make it energy-intensive
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to activate (temperatures > 700 °C) [11]. Moreover, once the initial C—H bond is cleaved,
which is the most difficult step, subsequent C—H bond activation steps can occur rapidly
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1
2CHy + 502—>C2H6 + H,O (1)
2CHy4 + O,—CyH, + 2H,0 (2)

However, the higher reactivity of C, products compared to methane at the operating
conditions leads to deep oxidation to carbon oxides (COy) and low C; selectivity. Low-
temperature methane activation has been recently reported using the IrO,(110) surface
which activates methane at 150 K under ultra-high vacuum (UHV) conditions [1]. Density
functional theory (DFT) studies have confirmed that methane molecularly adsorbs on the
IrO,(110) surface and then cleaves its C—H bond with an activation barrier lower than
30 kJ mol 1 [13-15]. Despite the facile activation of methane on IrO,(110), the superior
reactivity of this catalyst also facilitates overoxidation to COy, hindering the selectivity
towards value-added products. Other metal oxides such as RuO,, RhO,, and PdO are
currently being investigated in the literature to find a catalyst with a moderate reactivity
to improve selectivity [2,16,17]. Solar energy at room temperature can also be used for
methane conversion and coupling via the photocatalytic oxidation route, which provides a
low-energy and environmentally friendly alternative to thermocatalytic oxidation [18-20].
However, increasing the selectivity and yield of target value-added products by limiting the
production of by-product CO; is crucial during photocatalytic oxidation and conversion
of methane.

Non-oxidative coupling also provides an alternative route to circumvent the inevitable
overoxidation to more thermodynamically stable products (COy) and produce C; products via:

2CH4—C,Hg + Hy 3)

The initial C-H bond cleavage, however, remains the rate-limiting step in most cat-
alytic materials previously examined. Conquering the high activation barrier of this step
requires high temperatures, which accelerate coke deposition and catalyst deactivation,
thus limiting the selectivity towards C, products. Some of the C, products formed, such as
C,Hg and C,Hy, may also further react to produce aromatics such as benzene instead of
their desorption as final products, depending on the choice of catalyst.

Recently, transition metal phosphides (TMPs) have been explored for many different
reactions, including selective C-S, C-N, and C-O activation, as well as methanol steam
reforming, because of their unique selectivity and resistance to coking [21-25]. Dehydro-
genative conversion of methane to higher hydrocarbons has also been investigated over
silica-supported nickel phosphide catalysts [26,27]. These experimental results showed that
the addition of phosphorus atoms to Ni increased the selectivity to higher hydrocarbons
relative to coke from 3% to near 70% at temperatures of 1073-1148 K. This indicates that
the reactivity of Ni could be controlled by the addition of P atoms, which may alter the
electronic nature and geometry of the Ni surface. The mechanism of methane activation
and conversion into higher hydrocarbons on nickel phosphide catalysts remains unclear.

Here, density functional theory (DFT) calculations were employed to examine non-
oxidative methane activation and coupling pathways over Ni,P catalyst. We show that
methane activation occurs with a barrier of 246 k] mol~! on Ni,P(001) surface. The addi-
tion of phosphorus atoms hinders the formation of deeply dehydrogenated species and
promotes the selectivity towards CH3* and CH,* and their coupling reactions to produce
C; products.

2. Results and Discussion
2.1. Optimized Structures and Binding Energies on NiyP(001) Surface

In this section, we examine the optimized structures and binding energies (AE,4s;
Equation (4)) of CH,* (x = 0—4) intermediates and H* on Ni,P(001), as shown in Figure 1 and
Table 1. The most stable adsorption mode for each species was determined after examining
different adsorption sites on the NiP(001) surface. CHy* is weakly physisorbed, and it
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does not directly interact with the Ni,P(001) surface (Figure 1a) because of its saturated
coordination. In contrast, methane has been found to form a strong dative bond with the
IrO,(110) surface, which weakens its C—-H bonds and promotes C-H bond activation [1].
We have attempted initial configurations in which methane is directly interacting with
either a surface Ni atom or a surface P atom through the carbon atom, but it eventually
desorbed from the surface upon geometric convergence. It is worth noting that the RPBE
functional used here neglects attractive dispersive forces that increase the binding energy
of physisorbed species. For example, accounting for dispersion interactions using the
RPBE-D3BJ method [28] increases the binding energy of CHy* from —1 to —12 k] mol .
However, these vdW-based methods often overestimate the binding energy of chemisorbed
species by more than 50 k] mol~!. The inclusion of dispersive forces here would only
shift the binding energy of chemisorbed species of similar size in approximately the same
magnitude, thus relative barriers between elementary steps examined here would not be
altered significantly.

M, -483 MP, -561 M,, —224

Figure 1. DFT-optimized structures for (a—e) CH,* (x = 0—4) and (f) H*. The binding energies (in kJ
mol~1) and adsorption modes are shown beneath each image (see Section 3 for more details).

Table 1. DFT-predicted adsorbates binding energies AE,;, (Equation (4); k] mol~!) and adsorption
modes on Nip;P(001). Average bond distances of the carbon atom with surface atoms are shown in A.

. . AE 45 d(C-Ni) d(C-P)
Species Adsorption Mode IJ mol -1 @) Q&)
CHy* Physisorbed -1 - -
CH3* Py —134 - 1.90
CHy* mpP —329 2.06 1.78
CH* M3 —483 1.89 -
C* mpP —561 1.92 1.77
H* M3 —224 1.80 -

CHy_3* species, on the other hand, chemically bond with the surface with binding
energies that increase with decreasing the number of H atoms (Table 1). CH3* favorably
adsorbs on top of the P atom (P site; Figure 1b) with a binding energy of —134 k] mol !
and a C-P bond distance of 1.90 A. It can also adsorb on top of the Ni atom (M;) or on a
bridging site between two Ni atoms (M), but these adsorption modes are less favorable
by 20 kJ mol 1. CH,* can either bind to the Ni-Ni (M;) or Ni-P (MP) bridging sites, but
the MP site (Figure 1c) is much more favorable with a binding energy of —329 k] mol ™},
43 kJ mol~! more stable than that of the M site. CH* binds more strongly to the 3-fold
metal site (M3; Figure 1d) with a binding energy of —483 k] mol~!, and C* has the strongest
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binding energy among all CHy species with a binding energy of —561 k] mol~!. Notably,
the C* atom disrupts the Nip P(001) surface by breaking the Ni-P bond and interacts with the
subsurface atoms (Figure 1e). Lastly, the H* atom has a binding energy of —224 k] mol~!,
and it preferably adsorbs on the Mj site (Figure 1f). These findings indicate that more
saturated species (e.g., CH3* and CH,*) generally exhibit a preference towards interacting
with the P atoms instead of Ni atoms.

2.2. Methane Dehydrogenation Reactions

Here, we explore the dehydrogenation reactions of methane on the Ni,P(001) surface.
Table 2 lists the forward activation barriers and reaction energies of the four successive
dehydrogenation reactions of CHy. These AH,ct and AH,x, values represent the differences
between a transition state and the reactants, or the products and the reactants in their most
stable adsorption sites. Different surface sites have been examined for each reaction to
find the most stable transition state. The dehydrogenated H atoms are desorbed from the
surface as %Hz(g)- Figure 2 displays the structures of the reactants, transition state, and
products for each reaction. These reactants and products shown in this figure refer to the
immediate initial and final states before and after the transition state, which do not include
diffusion steps to more stable binding configurations.

Table 2. DFT-predicted forward activation enthalpy (AHact = H1s — Hreactants) and enthalpy of
reaction (AHrxn = Hproducts — Hreactants) for methane dehydrogenation reactions on Nip;P(001) at
1123 K.

AH AH,
No. Reaction KJ m;it—l kJ m(r)xlrll
1 CH4*—>CH3* + %HZ(g) 246 99
2 CH3*—CHy* + 3 Hyg) 65 H
3 CH,y*—CH* + %Hz(g) 84 74
4 CH*—C* + %Hz(g) 102 41

Physisorbed CHy reacts with a surface P atom and undergoes C—H bond activation
with an adjacent Ni atom to form CH3* on P; site and H* on M3 site (Figure 2a). This
reaction has an enthalpic barrier of 246 k] mol ! and is endothermic with a reaction energy
of 99 k] mol ! (Table 2). This barrier is much larger than those reported previously on pure
Ni [29], metal carbides [3,6], and metal oxides [1,2,30], indicating that Ni,P(001) surface is
less reactive. Subsequent C-H bond activations have much lower activation barriers and
reaction energies. Adsorbed CH3* can undergo C—H bond cleavage with an activation
barrier of 65 k] mol~! and a reaction energy of 44 kJ mol~!. This reaction starts with CH3*
adsorbed on a Py site and proceeds to cleave the C—H bond with a vicinal Ni atom to form
the CH,* intermediate on a Ni-P bridging site and H* on the Mj site (Figure 2b). The C-H
bond activation of CHy* to form CH* then requires an activation barrier of 84 k] mol~1,
which is 19 kJ mol ™! higher than that of CHy* formation from CHjs*. In this reaction,
phosphorus atoms do not directly participate in binding the transition state or adsorbed
species (Figure 3c). The last dehydrogenation reaction requires an activation barrier of
102 k] mol~! to form atomic carbon C* and an adjacent H* on Mj sites (Figure 3d). Here,
we do not observe the surface disruption caused by C* when it binds to the Ni-P bridging
site. These trends in activation barriers of methane dehydrogenation are consistent with the
reported trends on pure Ni surface in which the first and last dehydrogenation steps require
higher activation barriers relative to CHs* and CH,* dehydrogenation [29]. However, the
formation of CH* on Ni(111) is much more facile than CH,* formation (by >35 k] mol 1),
and CH* is likely the most abundant surface intermediate on Ni(111).
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Reactants Transition State Products

CH,* CH,*—H* CH,* + H*

CH,* CH,*—H* CH,* + H*

CH,* CH*-H* CH* + H*

CH* *_H* c* + H*

Figure 2. Reactants, transition state, and product structures for the dehydrogenation reaction of
(a) CHy, (b) CHj3, (c¢) CH», and (d) CH on Ni, P(001) surface.
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Figure 3. DFT-predicted reaction coordinate diagram for methane dehydrogenation on NiyP(001)
surface constructed using Equation (5) at 1123 K. Each CH, species is adsorbed in its preferred
adsorption site as discussed in Section 2.1.

Figure 3 shows the effective enthalpy (AH ) reaction coordinate diagram calculated
using Equation (5) relative to CHy(g) and a stoichiometric amount of Hy(g). After the initial
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C-Hbond cleavage, the effective enthalpy barrier increases with each dehydrogenation step
from 164 k] mol~! for CH,* formation and 227 kJ mol~! for CH* formation to 319 k] mol !
for the last dehydrogenation step to form C*. The C-H bond activation of CH* has the
highest effective barrier among all four dehydrogenation steps, suggesting that carbon
deposition on NipP(001) is kinetically unfavorable. In contrast to Ni(111) surface, the
formation of CH* requires a high effective barrier of 227 k] mol !, and the backward barrier
to form CH,* is only 10 k] mol~!, indicating that either CHy* or CH3* is more likely to
be the most abundant surface intermediate on NiyP. Therefore, selective dehydrogenation
to CHy* on NiyP(001) can be achieved by controlling the reaction conditions to prevent
further dehydrogenation steps to CH* and C*, opening catalytic routes to produce ethane
and ethylene via coupling reactions.

2.3. C—C Coupling Reactions

Next, we examine C, products formation from CH,* intermediates via C-C coupling
reactions on Ni,P(001) surface. Table 3 lists the forward activation barriers and reaction
energies for the C—C coupling reactions to form ethane (C,Hg), ethylene (C,Hy), and
acetylene (CyHj). Values shown in this table are referenced to the reactants adsorbed
separately in their most stable adsorption sites discussed in Section 2.1. CH,* intermediates
may diffuse from their most stable sites to a less stable site before the reaction occurs,
but these diffusion steps are assumed to be fast. Figure 4 displays the structures of the
reactants (immediately before the transition state), transition state, and products for each
reaction. A CH3* adsorbed on a P; site can react with another nearby CHs* on a Ni-Ni
bridging site to form ethane (Figure 4a) with an activation barrier of 98 k] mol~! and a
reaction energy of —96 kJ mol~! (relative to 2CH3* both adsorbed on separate P sites). The
CHs3*-CHj3* coupling transition state occurs on a single Ni atom elevated away from the
surface. The CH*~CH,* coupling reaction occurs with a much lower activation barrier of
56 k] mol ! to form ethylene chemisorbed on a single Ni atom (Figure 4b). The desorption
of ethylene from the surface requires only 7 k] mol~!. Similarly, the formation of acetylene
from CH*~CH* coupling is also facile with an activation barrier of 56 k] mol~! (Figure 4c),
but its desorption from the surface requires an energy of 100 k] mol~!. Given that CH3* and
CHy* are expected to dominate the NipP(001) surface instead of CH* and C* as discussed
in the previous section, we can rule out the formation of acetylene on Ni,P. We have also
examined the possibility of coupling CH3* and CHjy* to form *CH3zCHy*, but this reaction
requires a large activation barrier of 191 k] mol~! (Table 3); this is the highest activation
barrier among all C-C coupling reactions examined here.

Table 3. DFT-predicted forward activation enthalpy (AHact = HTs — Hreactants) and enthalpy of
reaction (AHmn = Hproducts — Hreactants) for the C—C coupling reactions on NipP(001) at 1123 K.

. AHjct AHpxn
No. Reaction KkJ mol -1 kJ mol—1
1 CH3* + CH3*—*CH3CH;* 98 %
2 CH,* + CHy*—+*CH,CH,* 56 =79
3 CH* + CH*—*CHCH* 56 —133
4 CHj* + CHy*—*CH3CH,* 191 —31

These results are consistent with the experimental findings for SiO,-supported nickel
phosphide catalysts, which show a selectivity of near 70% towards ethane and ethylene
formation from methane at 1123 K and negligible formation of acetylene [26,27]. Based on
these results, we conclude that CH3* may preferably undergo C-H bond activation with
a forward activation barrier of 65 kJ mol ! (Figure 3). Then, two CH,* fragments can be
coupled to form ethylene with a barrier of 56 k] mol~! (Table 3).
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Reactants Transition State Products

PG

%

CH,* + CH, CH,*—CH,* *CH,CH,

CH,* + CH,* ,*~CH,* *CH,CH,*

CH* + CH* CH*-CH* *CCH*

Figure 4. Reactants, transition state, and product structures for the C—C coupling reactions to form
(a) CH3CH3, (b) CH,CH>, and (¢) CHCH on Ni,P(001) surface.

3. Computational Methods

For the computational methods, the Vienna ab initio simulation package (VASP) was
used to perform periodic density functional theory (DFT) calculations [31-34], and these
calculations were implemented using the computational catalysis interface (CCI) [35]. Plane
waves were constructed using projector augmented-wave (PAW) potentials [36,37] with an
energy cutoff of 396 eV. The generalized gradient approximation (GGA) using the revised
Perdew —Burke—Ernzerhof (RPBE) form was utilized to describe exchange and correlation
energies [38—40]. A 11 x 11 x 11 A unit cells of empty space were used to model gas-
phase molecules. The unit cell of bulk Ni,P was obtain from crystallographic data [41],
and then the lattice parameters were optimized using DFT as detailed in our previous
work [24]. DFT-predicted bulk lattice parameters (a = b = 5.87 A and ¢ = 3.37 A) were in
agreement with prior DFT and experimental studies (a =b = 5.86 A and ¢ =3.38 A) [42,43].
The DFT-simulated XRD patterns of bulk NiyP are shown in Figure S1 (Supplementary
Materials). The Ni,P surface does not exhibit ferromagnetic properties, as confirmed in
previous studies [24,42], and thus, spin-polarized calculations were not used.

In our previous study [24], we examined the surface formation energy of different
Ni, P facets and showed that the Ni-rich termination of the Ni,P(001) surface exhibits the
lowest surface formation energy (Figure S2; Supplementary Materials). Thus, the Ni-rich
termination (Figure 5a) was used here to model the 2 x 2 Ni,P(001) surface, although other
surfaces may also contribute, albeit to a lesser extent, to the measured rate. Four atomic
layers (two repeating units) were built in the z-direction, and a vacuum region of 10 A was
added perpendicular to the surface (Figure 5b). The bottom half of the slab (two atomic
layers) was fixed in its bulk position. A k-point mesh of 3 x 3 x 1 was used [44,45], and
all systems were relaxed until the maximum force on each atom was <0.05 eVA~!, while
wave functions were converged to within 107 eV. The nudged elastic band (NEB) method
and the dimer method were utilized to find transition-state structures [46—48]. Similar
convergence criteria were used in the dimer method. In the NEB method, wave functions
were converged to within 10~* eV, and forces were converged to <0.5 eV A~1, Vibrational
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frequency calculations were performed to estimate enthalpies for each state at 1123 K. The
adsorbates binding energy (AE,;;) relative to the gas-phase species is defined as:

AEq4s = Especies/surf - Especies(g) - Esurf 4

L—m.oi\—»

Figure 5. The Ni;P(001) model used in this study as shown from the (a) top and (b) side. The
adsorption sites are labeled as follows Mj: metal atop, M,: metal bridge, M3: metal three-fold hollow,
MP: metal-phosphorus bridge, and P;: phosphorus atop. The bottom two atomic layers were fixed in
their bulk positions during relaxation.

Thus, more negative values indicate stronger binding. Effective enthalpy barriers
(AHY¥) are defined as the enthalpy of forming the transition state and a stoichiometric
amount of gas-phase H, from gas-phase methane:

AH# = H# + AHpp(g) — Hena(g) — Hsurf )

where A is the number of H, molecules desorbed from the surface as a result of the
dehydrogenation steps. Further details of the computational methods are reported in
the Supplementary Materials (Section S1). Transition-state structures and reaction mode
files, as well as adsorbate structure files, are also reported in the Supplementary Materials
(Structures.zip).

4. Conclusions

Methane activation and coupling pathways on the Ni,P(001) surface were investi-
gated using DFT. The incorporation of P atoms in NiyP decreases the reactivity of the
catalytic surface but increases the selectivity towards value-added products. DFT-predicted
barriers demonstrate that carbon deposition is kinetically unfavorable on Ni,P, and that
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CHj3* and CH,* may dominate the catalytic surface after the initial C-H bond cleavage in
methane. This is in stark contrast to pure Ni surface, where CH* was found to be the most
abundant surface intermediate. Ethylene can be selectively produced on Ni,P through
CH4—CH3*—CH,*—2CHy*—C,Hy4 by controlling the reaction conditions to block further
dehydrogenation steps. The superior selectivity towards C, products and resistance to coke
formation of NipP make it an attractive catalyst for direct methane conversion to ethylene.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13030531/s1, Section S1: Details of density functional calcu-
lations of thermochemical properties; Figure S1: Experimental and DFT-simulated XRD patterns of
bulk Ni,P; Figure S2: DFT-derived surface formation energy for Ni,P. Structures.zip: transition-state
structures and reaction mode files, as well as adsorbates structure files.
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