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Abstract: Methanol steam reforming (MSR) is a promising technology for on-board hydrogen pro-
duction in fuel cell applications. Although traditional Cu-based catalysts demonstrate high catalytic
activity and selectivity towards CO2 relative to CO, which is produced via methanol decomposition,
they suffer from poor thermal stability and rapid coke formation. Nickel phosphides have been
widely investigated in recent years for many different catalytic reactions owing to their remarkable
activity and selectivity, as well as their low cost. In this work, we present a mechanistic study of
methanol decomposition and MSR pathways on Ni2P using density functional theory (DFT) calcula-
tions. DFT-predicted enthalpic barriers indicate that MSR may compete with methanol decomposition
on Ni2P, in contrast to other transition metals (e.g., Pt, Pd, and Co) which primarily decompose
methanol into CO. The formaldehyde intermediate (CH2O*) can react with co-adsorbed hydroxyl
(OH*) from water dissociation to produce H2COOH* which then undergoes subsequent dehydro-
genation steps to produce CO2 via H2COOH*→ HCOOH*→ HCOO*→ CO2. We also examined the
conversion of CO into CO2 via the water–gas shift (WGS) reaction, but we ruled out this pathway
because it exhibits high activation barriers on Ni2P. These findings suggest that Ni2P is a promising
new catalyst for MSR.

Keywords: methanol steam reforming; methanol decomposition; hydrogen; nickel phosphides; fuel
cells; density functional theory

1. Introduction

Proton-exchange membrane (PEM) fuel cells are widely considered to have significant
potential for the future of energy [1,2]. Although PEM fuel cells are highly energy-efficient
and environmentally friendly, mechanical and safety challenges associated with hydrogen
storage hinder their range of applications [3–5]. To overcome these challenges, methanol
steam reforming (MSR) has emerged as a promising technology for on-board hydrogen
production from liquid hydrocarbons [6–8]. Methanol has a high hydrogen to carbon ratio
with no carbon–carbon bonds and can be easily stored and handled [9,10]. Hydrogen can
be produced via methanol decomposition:

CH3OH→ 2H2 + CO (1)

The formation of carbon monoxide poisons at the Pt-based anodes renders this pathway
unsuitable for on-board fuel cell applications [11,12]. Therefore, this reaction must be
followed by the water–gas shift (WGS) reaction:

CO + H2O→ H2 + CO2 (2)

to convert CO into CO2 [13,14]. Alternatively, a high yield of hydrogen can be directly
produced from methanol via steam reforming:

CH3OH + H2O→ 3H2 + CO2 (3)
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while minimizing the production of CO, thus making MSR an attractive process for hydro-
gen fuel cell applications.

Methanol and other alcohols, such as ethanol and propanol, steam reforming reactions
have been studied extensively over the past two decades [9,15–22]. Cu/ZnO catalysts
are considered the traditional catalysts for MSR, which selectively produce CO2 (>99%)
instead of CO with high catalytic activity [5]. However, they suffer from poor thermal
stability due to metal sintering at the operating temperatures, in addition to coking and
rapid deactivation [22–24]. Thus, finding new and more stable catalysts for MSR has be-
come increasingly important. Subsequent studies have focused on Groups 8–10 metal
catalysts [4,20,21], particularly Pd/ZnO and PdZn alloys [18,19]. Generally, Groups
8–10 metals predominantly produce CO via methanol decomposition and have poor selec-
tivity towards CO2. Pd/ZnO alloys have shown higher selectivity towards CO2 via MSR
but with lower catalytic activity, especially when PdZn alloys are formed by previously
reducing the catalysts [25–28]. Catalyst performance improvement is focused on enhancing
H2 production rate, CO2 selectivity, and long-term thermal stability.

Transition metal phosphides (TMPs) are a versatile class of catalysts [29] that have been
recently investigated for many different reactions, such as hydrodesulfurization [30], hy-
drodenitrogenation [31], hydrodeoxygenation [32], and the water–gas shift reaction [33,34].
They exhibit unique selectivity and resistance to coking. For example, nickel phosphides
(Ni2P and Ni12P5) have remarkable selectivity towards cleaving the hindered C–O bonds
(a near 50 times increase in selectivity) with an increasing P:Ni ratio in the hydrodeoxy-
genation of biomass-derived species when compared to pure Ni, which only cleaves the
unhindered bonds [35,36]. The water–gas shift reaction was also investigated on Ni2P
using a combination of experimental and theoretical methods. These studies show that
Ni2P resistance to coke formation surpass those of pure Ni or even Cu, the traditional WGS
reaction catalyst [33,34]. The unique characteristics of nickel phosphides were attributed to
the role of phosphorus atoms in altering the electronic nature and geometry of Ni atoms, as
well as disrupting and dispersing the Ni ensembles at the surface.

The mechanism of MSR on Cu-based catalysts is relatively well established [37,38].
Scheme 1 depicts the main possible reaction network of methanol decomposition, MSR,
and WGS reactions examined in this study. On Cu-based catalysts, it has been proposed
that methanol first undergoes O–H bond cleavage to form surface methoxy (CH3O*)
followed by C–H bond cleavage to form formaldehyde (CH2O*), a key intermediate in
determining the selectivity [14,16]. It can either undergo further dehydrogenation and
decompose to CO or, when water is fed under steam reforming conditions, it can react
with OH* to form H2COOH* which eventually produces CO2. Another possible pathway
to form CO2 is through methanol decomposition to CO* followed by the WGS reaction
because the operating temperature of MSR overlaps with that of the low-temperature WGS
reaction. Prior studies indicate that Cu predominantly produces CO2 via MSR and/or
WGS depending on the operating conditions, while Groups 8–10 metals (e.g., Pd and
Co) predominantly produce CO via methanol decomposition [4,5,15,25]. Here, we use
density functional theory (DFT) calculations to examine the mechanisms of methanol
decomposition, MSR, and the WGS reaction over Ni2P catalyst. We show that methanol
decomposition and MSR pathways both have relatively similar barriers on Ni2P, in contrast
to other transition metals (except Cu) where methanol decomposition into CO is more
dominant.
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2. Results and Discussion
2.1. Structures and Energetics of Adsorbed Intermediates

The optimized structures and calculated binding energies of various intermediates
involved in the MSR reaction on Ni2P(001) are discussed in this section. Multiple configu-
rations have been examined for each intermediate to determine the most stable adsorption
mode, and the binding energies (∆Eads) were calculated using Equation (4). Table 1 lists all
of the intermediates examined in this study, and their binding energies; Figure 1 shows the
optimized structure for each intermediate.

Water (H2O; Figure 1b), methanol (CH3OH; Figure 1e), and formic acid (HCOOH;
Figure 1l) show weak adsorption energies (around −24 kJ mol−1), and they bind to the
metal atop site (M1) through their oxygen atoms (the oxygen from HCO* in the case of
HCOOH). The phosphorus atop site (P1) was attempted for these three species, but they
eventually desorb from the surface after geometric convergence, indicating that these three
species bind weakly to Ni sites only. Formaldehyde (CH2O; Figure 1h), another saturated
species and a key intermediate, also binds weakly to the metal three-fold hollow site (M3) in
a bidentate fashion, with the oxygen atom sitting above a bridge site and the carbon atom on
an atop site. Its weak binding energy of −25 kJ mol−1 is consistent with the weak binding
energy of formaldehyde on Cu [16] relative to other transition metals such as Co [15],
Pd [14], and Pt [39]. The binding strength of CH2O* on the surface plays an important
role in determining the selectivity towards CO2 relative to CO, as shown previously [15].
In the MSR pathway, CH2O* has to partially desorb from the surface (with only the O
atom bound to the surface), then it can react with an adjacent OH* to form H2COOH*,
which subsequently dehydrogenates to form CO2 (Scheme 1). Stronger CH2O* binding
hinders its partial desorption and subsequent reaction with OH*, leading to CO* formation
via the methanol decomposition route. Therefore, metals that bind CH2O* weakly such
as Cu increase the selectivity towards CO2, while metals that bind CH2O* more strongly
such as Pt, Pd, and Co predominantly produce CO. Similar findings were also reported on
α-MoC(100) and α-MoC(111) surfaces, in which weaker CH2O* binding on the α-MoC(100)
surface leads to a facile reaction with OH* compared with the α-MoC(111) surface that
strongly binds CH2O* [40].
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Table 1. Calculated adsorbates binding energies ∆Eads (Equation (4); kJ mol−1) and their most stable
adsorption modes on Ni2P(001).

Species Adsorption Mode ∆Eads
kJ mol−1

H* M3 −224
H2O* M1 −23
OH* M3 −294
O* MP −489
CH3OH* M1 −24
CH2OH* M2 −133
CH3O* M3 −204
CH2O* M3 −25
CHO* M2 −161
CO* M1 −109
H2COOH* M3 −194
HCOOH* M1 −24
H2COO* M3 −360
COOH* M2 −188
HCOO* M2 −273
CO2* Parallel −1
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All other unsaturated species typically bind to the surface much more strongly. Hy-
droxyl (OH*; Figure 1c), methoxy (CH3O*; Figure 1g), and hydroxymethoxy (H2COOH*;
Figure 1k), preferentially adsorb on the metal three-fold hollow sites (M3) through their
oxygen atoms in a monodentate fashion with binding energies of −294, −204, and −194
kJ mol−1, respectively. Dioxymethylene (H2COO*; Figure 1m) binds very strongly to the
Ni2P(001) surface; it binds to the M3 site, but in a bidentate fashion, which is consistent
with previous studies on other transition metals and metal carbides [14–16,40]. CH2OH*,
CHO*, COOH*, HCOO*, and O* all bind to the bridging sites and exclusively to Ni atoms,
except atomic oxygen, which binds to the Ni-P bridge site (Figure 1d); it is the only species
in which the phosphorus atom directly participates in binding. Carbon monoxide (CO*;
Figure 1j) binds to the metal atop site (M1) with an adsorption energy of −109 kJ mol−1.
Overall, these findings show that the trends in adsorbates binding energy on Ni2P(001) are
similar to those reported on other transition metals and metal carbides, and ∆Eads values
calculated here on Ni2P are in range with those reported on Cu.

2.2. Reaction Pathways

Here, we describe the reaction pathways for methanol decomposition, methanol steam
reforming, and the water–gas shift reaction on Ni2P(001) surface based on the reaction
network displayed on Scheme 1. All elementary steps examined in this work are listed
in Table 2 along with their forward activation barriers and reaction energies. Multiple
configurations have been examined on different surface sites for each elementary step
to find the most stable transition state. These ∆Hact and ∆Hrxn values listed on Table 2,
however, denote differences between a transition state and the precursor reactant, or the
product and the precursor reactant for that elementary step. They do not include diffusion
of reactants or products from less stable into more stable adsorption sites or vice versa
before and after the reaction. Diffusion steps are usually assumed to be fast and have low
barriers [15].

Table 2. Calculated forward activation enthalpy (∆Hact = HTS − Hreactants) and the reaction
(∆Hrxn = Hproducts − Hreactants) for the elementary reactions considered in this study on Ni2P(001) at
573 K.

No. Reaction
∆Hact ∆Hrxn

kJ mol−1 kJ mol−1

1 CH3OH→ CH2OH + H 114 63
2 CH3OH→ CH3O + H 98 9
3 CH2OH→ CH2O + H 82 −8
4 CH3O→ CH2O + H 73 41
5 CH2O→ CHO + H 17 −3
6 CHO→ CO + H 19 −60
7 CH2O + OH→ H2COOH 5 −40
8 H2COOH→ HCOOH + H 33 −38
9 H2COOH→ H2COO + H 87 43
10 HCOOH→ COOH + H 82 11
11 HCOOH→ HCOO + H 61 20
12 H2COO→ HCOO + H 13 −64
13 HCOO→ CO2 + H 39 −33
14 COOH→ CO2 + H 115 −25
15 CO + OH→ COOH 69 53
16 CO + O→ CO2 128 3
17 H2O→ OH + H 91 5
18 OH→ O + H 161 81
19 OH + OH→ H2O + O 63 55
20 2H2O→ H2O + OH + H 68 23
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2.2.1. Water Dissociation

Water dissociates on the Ni2P(001) surface with an activation enthalpic barrier (∆Hact)
of 91 kJ mol−1 and is nearly thermoneutral with ∆Hrxn = 5 kJ mol−1 (Table 2; reaction
17). This reaction starts with an H2O* adsorbed on a metal atop site (M1) through the
oxygen atom and proceeds to cleave the O–H bond on a metal three-fold hollow site (M3),
then OH* and O* diffuse into two adjacent M3 sites (Figure S1; Supporting Information).
Further dissociation of OH* into O* and H* (reaction 18) is highly unfavorable with an
activation barrier of 161 kJ mol−1, but O* can be produced via the disproportion of two
OH* (reaction 19) with an activation barrier of 63 kJ mol−1. In comparison with Cu, the
barrier of H2O dissociation on Ni2P is lower by more than 30 kJ mol−1 [14,41]. An adjacent
H2O molecule can also stabilize the O–H bond activation in water via hydrogen bonding
as shown previously [15,42]. H2O-assisted water dissociation (reaction 20) occurs with two
adjacent H2O molecules stabilized by a hydrogen bond (Figure S1; Supporting Information).
This reaction has an enthalpic barrier of 68 kJ mol−1 on Ni2P(001), 23 kJ mol−1 lower than
that of direct water dissociation (reaction 17). Therefore, hydrogen bonding can promote
O–H bond activation in water.

2.2.2. Methanol Decomposition

Adsorbed CH3OH* can react with a vacant site on the Ni2P(001) surface to undergo
C–H bond cleavage which has a barrier of 114 kJ mol−1, and it is strongly endothermic with
a reaction energy of 63 kJ mol−1 (Table 2; reaction 1). Alternatively, CH3OH* undergoes
O–H bond cleavage with an activation barrier of 98 kJ mol−1 and a reaction energy of 9 kJ
mol−1 (Table 2; reaction 2), suggesting that O–H bond activation is more facile than C–H
bond activation in methanol on Ni2P. To compare the different reaction pathways depicted
on Scheme 1, we examined the effective enthalpy (∆H} ) calculated using Equation (5)
which is defined as the energy of forming the transition state (or adsorbed species) and
a stoichiometric amount of gas-phase H2 (each H atom removed is desorbed from the
surface) relative to gas-phase methanol and water (if the reaction involves water). Figure 2
shows the DFT-predicted effective enthalpy diagram for the reactions network displayed
on Scheme 1. Here, we consider the most stable adsorption state for each intermediate
discussed in Section 2.1.
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Figure 2. DFT-predicted reaction enthalpy diagram for methanol decomposition (black and red),
methanol steam reforming (green), and the water–gas shift reaction (blue) pathways. Energies are
calculated using Equation (5) at 573 K and each platform represents the most stable adsorption state
for each intermediate discussed in Section 2.1. H atoms removed are desorbed from the surface as
H2(g) and are not displayed for clarity. Dashed lines show barriers for unfavorable bond activation.

Methanol has an adsorption enthalpy of −14 kJ mol−1, and there are two possible
pathways for its dehydrogenation to formaldehyde (CH2O*). It can undergo C–H bond
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activation to form CH2OH* and H* with a ∆H} value of 100 kJ mol−1 (Figure 2). This H*
atom is then desorbed from the surface to form 1

2 H2(g), leaving CH2OH* on the surface
with an effective enthalpy of 61 kJ mol−1. The O–H bond cleavage in CH2OH* requires
an activation barrier of 146 kJ mol−1 to form CH2O*. Another route to formaldehyde
which is more favorable is through O–H bond cleavage in methanol with a barrier of
84 kJ mol−1 to form surface methoxy (CH3O*), which then undergoes C–H bond cleavage
with a barrier of 75 kJ mol−1 to form CH2O*. This is consistent with the preference
of formaldehyde formation through CH3O* on Cu instead of CH2OH*, which is more
favorable on Pd [14,43,44].

Formaldehyde (CH2O*) is an important intermediate in determining the selectivity
towards CO or CO2. Subsequent dehydrogenation steps lead to the decomposition to
CO. C–H bond cleavage in CH2O* requires an effective activation barrier of 78 kJ mol−1

(Figure 3a) to form CHO*, which further decomposes into CO* with a barrier of 89 kJ mol−1

(Figure 2). CO* can desorb from the surface as the final product or it can be converted into
CO2 through the WGS reaction discussed in Section 2.2.4. Next, we examine the reaction of
CH2O* with co-adsorbed OH* to form CO2.
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CHO* (reaction 5) and (b) for formaldehyde reaction with OH* (reaction 7). Similar images for all
other reactions can be found in Figure S1 in the Supporting Information.

2.2.3. Methanol Steam Reforming

Instead of further dehydrogenation of CH2O* which yields CO, CH2O* can react with
co-adsorbed OH* from water dissociation to form hydroxymethoxy (H2COOH*). Prior DFT
studies have shown that Cu has a unique selectivity towards H2COOH* formation relative
to CH2O* decomposition (by >50 kJ mol−1) compared to other transition metals [14,16].
Here, on Ni2P(001), we also observe a similar preference for H2COOH* formation in terms
of intrinsic barriers and reaction energies shown in Table 2. H2COOH* formation (reaction
7) is highly exothermic (−40 kJ mol−1), and it has an intrinsic activation enthalpy (∆Hact) of
5 kJ mol−1 compared to 17 kJ mol−1 for CH2O* dehydrogenation (reaction 5). CH2O
adsorbs weakly on the surface as shown in Table 1 (∆Eads = −25 kJ mol−1), and it par-
tially desorbs from the surface with only the oxygen atom bounding to a metal atop site
(Figure 3b) before it reacts with an adjacent OH*. This reaction requires an effective
enthalpic barrier (∆H} ) of 82 kJ mol−1, only 4 kJ mol−1 higher than that of CH2O* de-
hydrogenation (Figure 2). This small difference in barriers is within the margin of error
expected from DFT calculations, indicating that both pathways may compete on Ni2P.
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We have also examined the possible H2COOH* decomposition pathways to CO2
(Figure 2). Dehydrogenation of H2COOH* proceeds by either breaking the O–H bond or
the C–H bond, but O–H activation requires a much higher barrier (by 58 kJ mol−1) than
C–H bond activation to form formic acid (HCOOH*), in agreement with previous findings
on Cu [14,16]. After HCOOH* is formed, O–H bond cleavage becomes more favorable with
an effective barrier of 87 kJ mol−1 compared to 111 kJ mol−1 for C–H bond cleavage. The
final product of methanol steam reforming (CO2*) is then produced by dehydrogenation
of HCOO* with a barrier of 94 kJ mol−1, which is the highest effective barrier in the MSR
pathway. The highest effective barrier in the methanol decomposition pathway, on the
other hand, is for the CO* formation from CHO* which requires an effective barrier of 89
kJ mol−1. This small difference of 5 kJ mol−1 is again within the margin of error expected
from DFT calculations, suggesting that both pathways, methanol decomposition and MSR,
may compete on Ni2P.

2.2.4. Water-Gas Shift Reaction

Previous studies have suggested that the water-gas shift (WGS) reaction may play
a role in dictating the CO/CO2 selectivity during MSR [38,45]. The resulting CO* from
the methanol decomposition route can desorb from the surface as the final product with a
desorption energy of 109 kJ mol−1 (Table 1). Alternatively, it can be converted into CO2
through the reaction with O* or OH*. Here, we examined two different mechanisms for
the WGS reaction on Ni2P: the carboxyl mechanism (CO + OH → COOH → CO2 + H)
and the redox mechanism (CO + O→ CO2). In the carboxyl mechanism, the product of
methanol decomposition (CO*) reacts with an adjacent hydroxyl (OH*) to form COOH*
with a ∆H} value of 67 kJ mol−1 (Figure 2). COOH* then undergoes a dehydrogenation
reaction to form the product CO2* with a large barrier of 164 kJ mol−1. Instead, CO* may
react directly with a co-adsorbed O* atom to form CO2 in the redox mechanism with an
effective barrier of 155 kJ mol−1. Given the large barriers for both pathways compared
with the MSR pathway or even with the energy required to desorb CO* from the surface
(109 kJ mol−1), we conclude that the WGS reaction may not contribute to CO2 formation
on Ni2P.

3. Computational Methods

Periodic plane-wave DFT calculations were performed using the Vienna ab initio
simulation package (VASP) [46–49], as implemented in the computational catalysis inter-
face (CCI) [50]. Plane waves were constructed using projector augmented-wave (PAW)
potentials [51,52] with an energy cutoff of 396 eV. The revised Perdew−Burke−Ernzerhof
(RPBE) form of the generalized gradient approximation was used to describe exchange
and correlation energies [53–55]. Gaseous species were modeled within 15 × 15 × 15 Å
unit cells of vacuum. The unit cell of bulk Ni2P (space group P62m) was built based on
crystallographic data [56], and the lattice parameters were then optimized using DFT as
described in more detail in our previous work [35]. The optimized bulk lattice parameters
(a = b = 5.87 Å and c = 3.37 Å) were consistent with previous DFT and experimental studies
(a = b = 5.86 Å and c = 3.38 Å) [57,58]. Calculations were not run spin-polarized because
Ni2P was previously shown not to have spin-polarized electronic structures [35,57].

The Ni2P(001) surface with the Ni-rich termination (Figure 4a) was used for all calcu-
lations because it has the lowest surface formation energy [35]. The system was modeled as
a 2 × 2 periodic lattice with two repeating units and a 10 Å of vacuum in the z-direction
(Figure 4b). The atoms in the bottom unit (two atomic layers) were fixed in their bulk
positions while all other atoms were relaxed. A 3× 3× 1 Monkhorst−Pack sampling of the
first Brillouin zone (k-point mesh) was used during geometric convergence [59,60]. Wave
functions were converged to within 10−6 eV, and structures were relaxed until all forces on
unconstrained atoms were <0.05 eVÅ−1.
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Figure 4. (a) Top and (b) side views of the Ni2P(001) model used in this study. The adsorption sites
are labeled as M1: metal atop, M2: metal bridge, M3: metal three-fold hollow, MP: metal-phosphorus
bridge, and P1: phosphorus atop. The atoms in the bottom unit (two atomic layers) were fixed in
their bulk positions while all other atoms were relaxed.

Transition-state structures were obtained for each elementary reaction by using the
nudged elastic band (NEB) method and the dimer method [61–63]. The NEB method was
carried out using 8 images, and wave functions were converged to within 10−4 eV. The
maximum force on each atom was converged to <0.5 eV Å−1. These convergence criteria
provided an estimate of the reaction path and initial transition-state structures and reaction
modes. The dimer algorithm was then used with wave functions converged to within
10−6 eV, and the maximum force on each atom was converged to <0.05 eV Å−1.

Frequency calculations were performed on gas-phase molecules and all optimized ad-
sorbed species to determine zero-point vibrational energies; vibrational, translational, and
rotational enthalpy; and free energy. These terms were then used, together with electronic
energies (E0, provided by VASP), to estimate enthalpies for the reactants, products, and
transition states at 573 K (the typical temperature for MSR). The adsorbates binding energy
(∆Eads) relative to the gas-phase species is defined as:

∆Eads = Especies/surf − Especies(g) − Esurf (4)

Thus, more negative values indicate stronger binding. DFT-derived intrinsic activation
enthalpy (∆Hact) and enthalpy of reaction (∆Hrxn) denote differences between a transition
state, or the product and the precursor reactant for that elementary step. Effective enthalpy
barriers (∆H} ) are defined as the enthalpy of forming the transition state and a stoichiomet-
ric amount of gas-phase H2 from gas-phase methanol and water (if the reaction involves
water):

∆H} = H} + λHH2(g) − HCH3OH(g) − HH2O(g) − Hsurf (5)

where λ is the number of H2 molecules evolved during the reaction from the dehydro-
genation steps. Further details of the computational methods (Section S1) and the energy
correction terms (Table S1) are reported in the Supporting Information (SI).
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4. Conclusions

Methanol decomposition, methanol steam reforming, and the water–gas shift reaction
pathways over the Ni2P catalyst were investigated using DFT. Calculated effective enthalpy
barriers (∆H} ) indicate that methanol decomposition occurs through CH3OH*→ CH3O*
→ CH2O*→ CHO*→ CO*. In MSR, formaldehyde (CH2O*) can react with a co-adsorbed
OH* to produce H2COOH*, which then undergoes subsequent dehydrogenation steps
to produce CO2 via H2COOH*→ HCOOH* → HCOO* → CO2. Effective barriers for
both pathways are within 5 kJ mol−1, suggesting that they both may compete on Ni2P,
unlike other transition metals where methanol decomposition is much more dominant.
We also examined CO2 formation via the WGS reaction; however, the high calculated
activation barriers preclude this pathway from contributing to CO2 formation on Ni2P.
These findings, taken together, suggest that Ni2P with its unique selectivity and resistance
to coke formation is a promising alternative for Cu in methanol steam reforming.

Supplementary Materials: The following Supporting Information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12101174/s1, Section S1: Details of density functional calcu-
lations of thermochemical properties; Table S1: Electronic energy, ZPVE, and vibrational, translational,
and rotational enthalpy and free energy at 573 K in eV. Figure S1: Reactants, transition state, and
products structures for all reactions listed on Table 2.
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