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Abstract

To help realize lower operating-temperatures for the highly endothermic Ni-
catalytic methane steam reforming (MSR) process, we focused on elucidating the
influence of an applied electric field on the energetics of the said reaction. Two aspects
were considered in this study: the electric field effects on (i) the adsorption and electronic
properties of the MSR-involved species, and (ii) the overall MSR energy profile. Our
results show that for Ni-based MSR processes, a positive field strengthens the adsorption
of the reactants, promotes product desorption, impedes coke formation, lowers the overall
energy profiles and consequently, reduces the temperature requirements for the overall
MSR-on-Ni reaction. Based on our phase diagram obtained from first principles, we
show that CO can be obtained from the dehydrogenation of COH and CHO at moderate
hydrogen partial pressure values with a negative field, while methanol is formed on the
surface via hydroxyl oxidation of CHs at high hydrogen partial pressures and positive
field values. This investigation suggests ways to facilitate the MSR reforming reaction in
the presence of an electric field and also points towards a number of elementary reactions
that need to be considered for establishing microkinetic model studies.
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1. Introduction

Hydrogen, the energy carrier of the future, can be used in various applications (e.g.
vehicles and fuel cells) [1] and cater to our dramatically growing need for sustainable
energy resources as well as our ever-present environmental concerns. To generate
hydrogen, steam reforming of natural gas (methane) over Ni-based catalysts is widely
employed in industry [2, 3]. In addition, methane steam reforming (MSR) is a reaction of
interest since it can also be performed directly at the anode of a solid oxide fuel cell
(SOFC) to generate electric power in the direct internal reforming reaction, which
couples steam reforming with subsequent syngas electrochemical oxidation [4-6].
However, the main issue for the said reaction is that methane (CHj) is very
thermodynamically stable and requires a large amount of energy to break its C-H bonds,
which makes the MSR reaction a highly endothermic process requiring temperatures of
900 K or higher [7]. Consequently, the Ni catalyst is placed in expensive alloy tubes to
tolerate the extremely high thermal fluxes that will occur through the tube walls of the
reactor [8, 9]. An additional problem related to the high operating-temperature
requirements involved in the MSR reaction is the increased occurrence of sintering [10,
11] and coking [12-14], which reduces the lifetime of the Ni catalysts. To rationally
design catalysts with lower temperature requirements for a methane reformer in industrial
or fuel cell applications, it is necessary to understand the thermodynamic properties of the
Ni-based MSR reaction at the atomic scale.

The kinetic and thermodynamic properties of methane steam reforming are well
studied [15-19]. Jones et al. showed that the dissociative adsorption of CH4 and the
formation of CO are the rate-limiting steps over different transition metals supported by

ALLO; and ZrO, under MSR conditions from both first principles calculations and
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experimental investigations [20]. The CO formation barrier is found to be the dominant
rate-limiting step at lower temperatures (773 K), while the dissociative adsorption barrier
for CH41s dominant at higher temperatures above 873 K. Bengaard et al. [21] proposed a
possible mechanism over pure Ni catalysts, which is shown in Eq. (1).

CH,+H,O0—->C+4H+H,0—->C+6H+0 — CO+3H, (1)

Their data indicates that C and CH species are the most stable intermediates on Ni(111)
and Ni(211). The overall calculated MSR reaction energy for forming syngas (the total
energy differences between the reactant (CH4+H,0) and the product (CO+H,) in the gas
phase) is 3.03 eV. After correcting the zero-point energies as well as the variation of the

enthalpy of the said reaction at T=298.15 K (AC,AT') [22], the corresponding reaction

enthalpy for the said reaction is 2.38 eV, which is in good agreement with the
experimental value of 2.14 eV. Using DFT calculations, Blaylock's et al. [23] developed
a microkinetic model to investigate the MSR reaction on a Ni(111) surface under realistic
conditions. Similar to Rostrup-Nielsen's work [24], they found that CH is the most
important carbon-containing reaction intermediate. Wang et al. [25]. studied the
stabilities of the intermediates during the CO, reforming of CH4 and found that O, CHj3,
CH,, CH and CHO were key intermediates, in which the most favorable mechanism is for
follows:

CH,+CO, >CH+3H+CO+0 —>CHO+3H+CO —-2CO+4H (2)

However, thus far, the influence of the environment on the underlying reaction
mechanism over heterogeneous catalysts is still largely unexplored.
One possible route to achieve lower operating-temperature requirements for the

MSR reaction is to study the effects of the electric field on its mechanism [26-28]. Gorin
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et al. applied interfacial electric fields, generated from a parallel plate cell with a voltage
source, to the Al,O; catalytic rearrangement of cis-stilbene oxide. The results showed that
the reaction conversion of the cis-stilbene oxide to the aldehyde and ketone products
increased up to 10 times higher in the presence of an interfacial electric field as compare
to the one with no electric fields. And the aldehyde to ketone product ratio increased from
1:4 (without electric fields) to 17:1 (in the presence of an electric field) [26]. Sekine et al.
investigated the electric field effects on the methane steam reforming over Pd/CeO,,
Ru/CeO; and Pt/CeO, catalysts, so called “electro-reforming” [27, 28]. The methane
conversion was largely enhanced with an electric field over all catalysts as well as the
hydrogen production yields. Furthermore, our previous work concluded that a positive
field could significantly reduce pure carbon deposits over Ni catalysts by decreasing the
stabilities of pure carbon atoms and increasing the activation energy barrier for CH
dissociation. In addition, the presence of a positive field strengthened the adsorption of
H,O, while a negative electric field had an opposite effect. Moreover, we examined
methane and water dissociation over flat and stepped Ni surfaces and found similar
electric field effects on both Ni surfaces for the above-mentioned reactions [29-31].

There are several approaches to apply an electric field in the theoretical work,
such as the Neugebauer and Scheffler’s method [32] (NS) and Neurock group’s double
reference method [33, 34]. For the NS approach [32], one inserts a dipole sheet in the
middle of the vacuum of a supercell to polarize the metal surface. The polarization
induces opposite charges on the top and bottom of the metal surfaces and thereby
generates a uniform electric field (F) at a given specified value. With this approach, the

interaction between the metal and the adsorbate depends on the effective dipole moment
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and the effective polarizability of the system. Large electric fields, on the order of £1
V/A, can rearrange the molecular or atomic orbitals of the intermediates, which can
directly alter the stabilities of the reaction intermediates and consequently change the
underlying reaction mechanism [35-37]. To relate the applied field to the electrode
potential, a rough approximation based on a Helmholtz model proposed by Janik and
coworkers was proposed,[38, 39]:
F=U-UPZC))/d (3)
where d is the distance between the electrode surface and counter-ion charge plane (i.e.
the thickness of the Helmholtz layer of a fuel cell system). U(PZC) is the potential of
zero charge, which varies from one metal surface to another and for different ion
compositions. U(PZC) is often approximated to be 0 on the reversible hydrogen electrode
(RHE) scale. Therefore, for an electric field of 0.5 V/A within a Helmholtz layer of 3 A,
the electrode potential is 1.5 Vrye. However, such an approximation cannot capture the
impact of the adsorbate in shifting the metal work function, which especially needs to be
improved when an adsorbate/electrode system has a large dipole moment. On the other
hand, adjusting the number of electrons within the unit cell and adding a compensating
homogeneous background charge in the double reference method [39] can change the
surface potential and generate an electric field at the electrode-electrolyte interface.[38]
The electric field is related to the electrode potential (Vnpug) by:
Vie=9/e—4.6 4)
Where ¢ is the calculated work function referenced to vacuum, e is the charge of an

electron and 4.6 V is the estimated potential of the vacuum of the NHE scale in fuel

cells.[40] In addition, to generate electrode potentials above 1.1 V (or below 0.5 V), the
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top of the metal slab is positively charged (or negative charged) by selectively adding
(subtracting) a number of electrons to the system. This corresponds with the calculated
system in the presence of a simulated positive field (a simulated negative field) in the NS
method since such a system includes a positively charged (a negatively charged) metal
slab.

In this present paper, by using the NS method, we will show the significance of
the electric field effects on the energetics of the MSR-on-Ni reaction. Several researchers
have proposed [41-43] that surface OH and O species can be key intermediates that react
with the surface CHy species. Thus we examined mechanisms for the overall MSR
reaction that include both CHyOH and CH4O species (given in Fig. 1). To identify the
relative equilibrium stabilities of the MSR intermediates under realistic conditions, we
also provide a first-principles-based phase diagram for the CHyOH and CHO species as
a function of the hydrogen chemical potential and the applied electric field. Based on our
previous studies, we also anticipate that many of the results obtained here on a Ni(111)
flat surface will be applicable to stepped surfaces as well [29-31]. The paper ends with
the significant findings on the field effects on the heterogeneous reaction and an outlook
on the remaining challenges of field-dependent heterogeneous reactions.
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Fig. 1. Proposed mechanisms of methane steam reforming (MSR) on Ni(111).

2. Methods
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Our DFT calculations were performed with the Vienna Ab [nitio Simulation
Package (VASP). For adsorbates/late transition metal system, it was recently found in a
benchmarking study that the Perdew-Wang 91 functional is of comparable accuracy to
the PBE, PBEsol and RPBE functionals when examining a large variety of adsorption
systems [44]. As a result, for all calculations we used the Generalized Gradient
Approximation with the PW91 exchange correlation functional (GGA-PWI91) [45-47].
The projector-augmented wave method was applied to solve the Kohn-Sham equations
[48]. The choices for the k-point mesh (4 x 4 x 1), the lattice constant of Ni (3.521 A),
the plane-wave energy cutoff (400 eV), the vacuum size (11 A) [31, 49], and four-layer
Ni slab was tested in our previous work [29-31]. An increase in the energy cutoff to 450
eV and the k-point mesh to 6 x 6 x 1 kpoints was found to change the adsorption energies
of CHy by less than 0.02 eV [29]. The adsorption energies differences between our 4-
layer and 5-layer Ni slab models were all less than 0.01 eV [31]. Therefore, all the
energies reported in this manuscript are estimated with an accuracy of 0.01 eV.
Additionally, we considered the influence of van der Waals corrections (optB88-vdW) on
the physisorption of a CH4 molecule over a Ni(111) surface in the presence of the electric
field. The inclusion of the van der Waals forces strengthened the adsorption energy
methane by ~0.13 eV and shifted the dissociation of methane to form CH; and H by only
~0.02 eV regardless of the electric field strength (see Fig. S10). Since these changes are
not significant, we used PW91 functional in our DFT calculations.

Adsorption energies (E,q) of isolated intermediates on a Ni(111) surface were
calculated from Eq. (5) and the reaction energies (AHx,) of the A4+ B—>C+D

elementary reactions were calculated by Eq. (6):
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where Eassiab, Esiab, and Ex are the total energies of molecule A adsorbed on the slab, the
clean slab, gas phase molecule A, respectively. Endothermic reactions are accompanied

by positive values of AH .
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Fig. 2. The top and side views of the most favorable adsorption structures of all MSR-involved
possible intermediates on a Ni(111) surface. For the CH,OH, species, the site labeling refers to

the surface carbon position.

3. Results and Discussion

3.1. Electric field effects on the adsorption energy of MSR intermediates

To better understand the field effects on the MSR reaction, we simulate the
influence of an electric field on the order of -1 V/A to 1 V/A on this system. With such
strong applied electric field, the metal/adsorbate system interacts with a field that can
stabilize or destabilize the adsorbate based on both the surface dipole moment as well as
the polarizability it induces to the interface, and subsequently alter the mechanisms of the
heterogeneous reactions The field effects on the adsorption energies (£,q) of the MSR
species at their most favorable configurations (Fig. 2) are given in Table 1 and Fig. 3.
The electronic structures with tunable electric fields for H,O, OH, O and CHy (x=0~3)

species have been already discussed in our previous work [29, 31]. The details regarding
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to the adsorption structures of various MSR-involved species over Ni(111) in the absence

of an electric field are given in the ESI Section 1.

Table 1. Summary of electric field effects on the adsorption of possible MSR intermediates at

their most favorable adsorption sites.

Species

dC(O)-H (‘&)

dNi-()(C) (A)

CH, hep | -0.00/-0.04/-0.09 1.10/1.10/1.10 - 4.06/4.05/4.04
CH;O  fcc | -2.94/-284/-2.67 1.10/1.10/1.10 142/1.44/1.46 1.99/1.98/1.96
CH,O top | -045/-0.80/-1.11 1.10/1.10/1.10 1.39/1.38/137 2.01/1.99/1.98
CHO  hcp | -2.28/-2.35/-2.05 1.11/1.11/1.11 1.30/1.29/1.28 1.95/1.96/1.97
co hep | -2.11/-1.93/-1.69 --- 1.21/1.19/1.18 1.94/1.95/1.96
CH;0OH fcc | -0.05/-0.31/-0.47 1.10/1.10/1.10 1.43/1.45/1.46 4.02/2.15/2.08
CH,OH fcc | -1.12/-1.70/-1.34 1.11/1.10/1.12 1.45/1.46/1.45 243/2.14/2.07
CHOH fcc | -3.29/-3.05/-2.74 1.16/1.18/1.21 1.40/137/135 1.97/1.96/1.96
COH  hcp | 4.54/-453/-4.19 098/098/099 1.37/1.34/131 1.85/1.86/1.87
H, top | -0.14/-0.27/-0.38 --- - ---

Note: The numbers in each column from left to right represent the adsorption of possible intermediates in
the presence of a negative electric field, in the absence of an electric field, and for a positive electric field
value, respectively. For the dco).n column, we only measured O-H distance for a COH molecule, while the
others represent the C-H distance. For the dyi.oc)column, we measured Ni-O distance for CH;0, CH,0,

CH;0H molecules, while the others represent the Ni-C distance.
3.1.1 Electric field effects on the adsorption of CH,O species

Fig. 3(a) shows the adsorption energies of the most favorable CHO (x=0~3)
configurations as a function of the applied electric field strength. Applied electric fields
affect the adsorption energies of CH30, CH;0 and CO in a similar way, in which their
adsorption energies are monotonically weakened as the field strength is increased from -1
V/A to 1 V/A. In contrast to the other CH,O species, both positive and negative fields
decrease the adsorption strength of CHO. Comparing the field effects on all of the CH,O
species, we find that the CH,O species has the largest influence: the adsorption energy of
CH,O differs by up to 0.6 eV for field values ranging from -1 V/A to 1 V/A. Since the

E,q value of a CH,O molecule is only -0.45 eV in the presence of a positive field of 1
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V/A, CH,O likely desorbs from the surface as a byproduct rather than adsorbing as a
MSR reaction intermediate. Importantly, since the adsorption energy of CO is ~0.5 eV
smaller at a field value of 1 V/A as compared to when a field strength of -1 V/A is
applied, we also conclude that a strong positive electric field can assist in the desorption

of the CO product from a flat Ni surface.
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Fig. 3. The field-dependent trendlines of the MSR-involved species as the function of an applied
electric field, including the (a) CH,O species (x=0~3), the (b) CH,OH species (x=0~3) and the (¢)
CH, and H; species. The dots represent their adsorption energies under a particular electric field
strength ranging from -1 V/A to 1 V/A at an interval of 0.2 V/A.
3.1.2 Electric field effects on the adsorption of the CH,OH species

The electric field effects on the adsorption of the CHyOH (x=0~3) species on
Ni(111) are shown in Fig. 3(b). The field effects on the adsorption of CH,OH and
CH30H are similar to the ones of H;O on Ni(111) from our previous work [31], the
adsorption energies of CH3OH strengthen from -0.05 eV to -0.47 eV and the adsorption
geometries of the OH segment of CH3;OH alters from a H-down structure to H-up

structure as we increase the fields from -1 V/A to 1 V/A (Fig. 4).

10
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Fig. 4. Projected density of state (DOS) of of CH;0 (a) and CH;0H (b) on the Ni(111) surface
and parts (c) and (d) present their differential charge densities in the presence and the absence of
an electric field. Red, blue and black lines in part (a) and (b) represent the DOS with a positive
field, no fields and a negative field, respectively. The energy scale of the DOS are relative to the
Fermi energy, as indicated by the vertical black dotted line. The isosurface level of the
differential charge densities of CH;O (c) and CH;OH (d) are 0.003 and 0.007 e/bohr’. The yellow
or blue areas represent a gain or loss of electrons.

3.1.3 Electric field effects on the adsorption of MSR-involved species

In combination with our previous work [29, 31] along with the results in the
present investigation on the adsorption of the CHy (x=0~3) and the HyO (x=0~2) species
as a function of the electric field strength, we conclude several key points here. A
positive electric field strengthens the adsorption of reactants (CH4 + H,O) on Ni(111) and
facilitates the desorption of products (CO+H,). The electric field effects on the adsorption

energies of CH,O and CHyOH are more significant than those on the CHy species [29].

11
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Interestingly, the chemisorption species, such like CH;0, CHO, CHOH or COH, have
similar dependence on the electric field, in which a negative electric field further
stabilizes their adsorption. Conversely, the physisorbed byproducts, such as CH;OH,
CH,O0 are further destabilized on the surface with a negative electric field. However, such
an influence of an electric field on the adsorption of methanol is also of interest since it is
a more desirable product than syngas for other industrial applications [50].

3.2. Electronic properties analysis for electric field effects

3.2.1 Adsorption geometries
Table 1 shows how an electric field, on the order of -1 V/A to 1 V/A, influences

the adsorption geometries of MSR intermediates on a Ni(111) surface. In comparison
with the geometries in the absence of a field, the O atoms of all CHyOH (x=0~3) and
CHO (x=0~3) species are farther away from the surface when a negative electric field is
applied, while the O atoms of these species are closer towards the surface when applying
a positive electric field. This is similar to our previous work on the electric field effects
on the adsorption geometries of H;O on Ni(111) [31]. The reason for these effects is that
the O atoms of all CHyOH (x=0~3) and CHO (x=0~3) species are negatively charged,
which is attracted to the positively charged metal surface in the presence of a positive
electric field. On the other hand, a negative electric field direction points towards the
surface (as shown in Fig. 4) and polarizes the top of the Ni surface with a partial negative
charge and consequently repels the negatively charged O atoms. This explanation also
can be used to better understand the adsorption of the CHy species when the C atom is
bonded to the surface. For example, the C atom of a CH4 molecule is partially negatively
charged. As a result, the C atom is closer to the surface when a positive electric field is

applied and is further away from the surface when we apply a negative electric field.

12
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Conversely, the C atom in a CO and a COH molecule is partially positively charged and
an electric field has the opposite effect on the Ni-C distance as compared to its effect on
the Ni-C distance on a CH, molecule.
3.2.2 Effective dipole moments and effective polarizability analysis

The effect of a simulated field on the F,q values of the species involved in the

MSR reaction can be given in terms of a Taylor series expansion [33, 34, 51-55]:
E,=E, , —Nd,_F —%Aamﬁ +.. (5)

where all the Taylor coefficients, E,q, Ad,._, (effective dipole moment), and Ac,_,

(effective polarizability [53]) are evaluated at F = 0 V/A. More details on how to derive

this equation can be found in our previous work [31]. The values of Ad,_,and Aa,_,of

all MSR-involved species are the first and second derivatives of field-dependent energies
(Fig. 3), which are summarized in Table 2.

From Fig. 3, it is clear that the adsorption of CH,O has the most significant field
effect, which correlates well with the fact that its effective dipole moment in Table 2 is
the largest. Fig. 3(a) shows that the CH30, CH,O and CO species have similar electric
field effect trends. A positive electric field weakens their adsorption energies and a
negative electric field strengthens them. This also correlates well with the fact that the
signs of their effective dipole moments are all positive. The sign of the dipole moments
of all weakly adsorbed species (CH3;OH, CHa, H,O and Hs) are the same as well, and thus
the field has similar influences on the weakly adsorbed species. Therefore, we conclude

that the field influence on the adsorption energy mainly depends on the magnitude of

13
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their corresponding effective dipole moments. We also find that the magnitude of Ad,._,
for all the MSR-involved species obeys the following order: CH O > CH OH > H O >CH .

Table 2. Summary of the effective dipole moments (in units of eV-A/V) and effective

polarizabilities (in units of eV+A%/V?) for the MSR-involved species on Ni(111).

H,0 0.25 -0.15 OH, H 0.08 -0.52

OH -0.09 -0.05 0O, H -0.34 -0.06
0) -0.08 -0.20

H,0, O 0.21 -0.40 OH, OH -0.13 0.19

CH, 0.04 0.00 CH,, H 0.14 -0.09

CH; 0.19 -0.02 CH,, H -0.06 -0.02

CH, 0.14 -0.02 CH, H -0.07 -0.01

CH 0.08 -0.19 C.H -0.15 -0.05
C -0.07 -0.18

CH;0 -0.13 -0.06 CH;, O 0.19 -0.11

CH,0, H -0.18 -0.06

CH,0 0.30 0.00 CH,, O -0.04 0.05

CHO, H -0.09 -0.02

CHO -0.10 -0.38 CH, O -0.01 0.06

CO,H -0.22 -0.01

Cco 0.21 -0.06 C,0 -0.04 0.09

CH;0H 0.25 -0.05 CH,, OH 0.13 0.52

CH,OH, H -0.03 -0.41

CH,0, H 0.02 0.24

CH,O0H 0.16 0.93 CH,, OH 0.12 -0.07

CHOH, H -0.17 -0.03

CH,O0, H -0.14 -0.07

CHOH -0.24 -0.08 CH, OH 0.23 -0.09

COH, H 0.11 -0.02

CHO, H -0.06 -0.08

COH -0.20 -0.33 C, OH -0.01 0.14

CO,H -0.37 -0.11

H -0.01 -0.03 H, H 0.14 0.04
H, 0.12 -0.07

Note: ‘H,0, O’ represents the adsorption of a H,O molecule with a pre-adsorbed O atom

3.2.3 Electronic properties analysis

In Section 3.1 and 3.2.2, we found that the presence of an electric field gave
similar trends for the strongly adsorbed species (e.g. CH30) and had opposite trends for
the weakly adsorbed species (e.g. CH3;OH). To give a qualitative analysis on the electric
field effects on the electronic interactions between the adsorbates and the metal surface,

we present both the project density of states (PDOS) and a differential charge density
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analysis of the isolated adsorbed MSR intermediates (CHxO and CHyOH groups) on the
Ni(111) surface. Since the electronic properties of the strongly adsorbed species (CH;O,
CHO, CO, CHOH and COH) are similar to CH30 and the weaker adsorbed species
(CH,OH) have similar trends as that found for CH;0H, we only show the DOS and
differential charge density analysis of CH3;O and CH3;OH in Fig. 4. More details
regarding to the DOS and the differential charge density analysis of the other CH,O and
CHOH species are given in Fig. S11-S13. Furthermore, the differential charge density
shows that an adsorbed CH3;OH molecule has no charge transfer with the metal surface in
the presence of a negative field but has a significant amount of charge transfer for
positive field values, which corresponds well with the monotonically increasing
adsorption energy of CH3;OH with increasing field strength. Similarly, the O atom gains
slightly more electrons from the metal surface when examining the differential charge
density of CH3;0 in the presence of a negative field than it does in the presence of a
positive field or in the absence of a field. This also correlates well with its adsorption
energy since it is stronger for negative field values than it is in the absence of a field or
for positive field strengths.

3.2.4 Bader charge analysis

To give a quantitative analysis on the electric field effects on the charge transfer
at the interface of the adsorbate/metal system, we present in Table 3 a Bader charge
summary [56]. When we calculated the Bader charge analysis, we applied a fast Fourier
transform (FFT) grid that was twice as dense as compared to the standard FFT grid so as

to ensure that the Bader charge results were fully converged. In Table 3,
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Table 3. Bader charge analysis of the MSR intermediates as a function of an electric

field.

Species

Ae=Ni(e)-360e

Ae=0(e)-6e

Ae=C(e)-4e

Ae=nH(e)-ne

CH,4 -0.05/-0.02/0.01 - 0.17/0.13/0.13 -0.12/-0.11/-0.14
CH;0 -059/-050/-0.41 1.09/1.06/1.03 -0.41/-0.35/-0.30 -0.09/-0.22/-0.32
CH,O0 -0.62/-049/-036 1.01/099/097 -030/-0.32/-0.33 -0.09/-0.18/-0.28
CHO -0.55/-0.43/-031 1.04/099/095 -041/-043/-0.45 -0.07/-0.13/-0.20

Cco -0.49/-0.38/-0.28 1.07/1.02/0.96 -0.58/-0.64/-0.68 ---

CH;0OH  -0.07/0.00/0.08 1.14/1.13/1.12  -0.39/-0.31/-0.29 -0.68/-0.82/-0.91
CH,OH -034/-023/-0.13 1.12/1.07/1.06 -0.08/-0.04/-0.04 -0.71/-0.80/-0.89
CHOH -0.34/-0.24/-0.11 1.05/1.07/1.17 -0.22/-0.20 /-0.27 -0.60/-0.63/-0.68
COH -0.39/-0.27/-0.15  1.14/1.10/1.13  -0.15/-0.21/-0.31  -0.60/-0.62/-0.67
H, -0.07/-0.02/0.04 - - 0.07/0.02/-0.04

Note: 1. The number in each column from left to right represents the charge differences of the species in
the presence of a negative electric field, in the absence of a field, and a positive electric field, respectively.
2. The 2™ column 'Ae=Ni(e)-360¢' represents the charge gain or loss of the metal surface for each
intermediate since each Ni atom has 10 e and we have 36 Ni atoms in each metal slab. This number also
equals the charge loss or gain of the corresponding adsorbates.

3.The 3", 4™ and 5" column show the charge gain or loss for the O, C and H atoms in each species.

4. A positive sign means that the system gains a charge, while the negative sign stands for a charge loss.

In the absence of a field, the CH;0H, CHy4, and H, have almost no electronic
interactions with the metal surface. This correlates well with the fact that these species
adsorb very weakly on the Ni surface. These weakly adsorbed species have similar field
effects on their charges. With a positive electric field, the adsorbates gain slightly more
charges from the surface than the scenarios in which there are no fields, which correlates
well with the fact that a positive field only alters their adsorption strength slightly. For
negative field values, the surface becomes partially negatively charged and this repels the
negatively charged C atom of the adsorbed species (e.g. CH3;OH, CH4) and consequently
leads to a much weaker adsorption.

Similar electric field effects are found for the other MSR intermediates, including
CHO (x=0~3) and CHxOH (x=0~2). In the absence of a field, the O atoms of the above

species gain ~1 e from both the metal slab and the CHy segment, and become negatively
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357

charged. The H atom, which is bonded to the O atom of CH,OH species, loses ~0.85 ¢
and becomes positively charged. Overall, these intermediates gain a net charge from the
Ni surface. For positive field values, the transferred charge between each adsorbate and
the metal surface decreases, while a negative field value has the opposite effect. By
combining this information with the bond strength of the MSR intermediates in Fig. 3, we
find that the stronger bond strength of the intermediates correlates well with the amount
of charge transferred between the metal surface and the adsorbates. For example, upon
adsorption of a CH,O molecule in the presence of an applied field the charge transferred
between Ni surface and CH,O adsorbate decreases by ~0.3 e as one increases the field
value from -1 V/A to 1 V/A. This mirrors the fact that the adsorption energy of CH,O is
monotonically weakened as one varies the field strength from -1 V/A to 1 V/A.

The adsorption of CH,OH is an exception, since the adsorption energy of a
CH,OH molecule becomes weaker with a negative field but the amount of charge
transferred increases in such an environment. As shown in Fig. S14, combining the Bader
charge analysis and the differential charge density, it shows that the presence of a
positive electric field polarizes the surface with partially positive charge, which has a
Coulomb attraction with the partial negative charged O atom of the CH,OH molecule and
future strengthens the adsorption of this molecule. On the other hand, a negative electric
field polarizes the surface with partial negative charge, which has a Coulomb repulsion
with the partial negative charge of the O atom in the CH,OH molecule and further
weakens the adsorption of this molecule. This corresponds well with our calculations
where the adsorption energy of a CH,OH molecule over a Ni(111) surface with a

negative field is much weaker than the ones with a positive field based on the Coulomb
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forces. In addition, with a positive electric field, two H atoms (bonded to the C atom) are
partially positively charged, which form two internal dipole moments with the bonded C
atom (see Fig. S14). The direction of the dipole moments of the C-H bonds aligns with a
positive electric field, which further stabilizes the system. On the other hand, the
direction of the dipole moments of the C-H bonds is not aligned with the negative electric
field. As such, a negative electric field leads the majority of the transferred charges to be
from the metal slab to two H atoms (bonded to the C atoms). Consequently, there is no
internal dipole moment between the C and H atoms. This leads to a weaker adsorption of
the molecule as compared to when a positive field is present even though the total
amount of transferred charges (0.34 e) with a negative field is more than that in the
presence of a positive electric field (0.13 e).

Overall, an electric field notably affects the adsorption of the MSR-involved
species on a Ni(111) surface and consequently changes the underlying energy landscape
involved in the such a reaction. The field effects can be rationalized through an analysis
of the effective dipole moments, the electronic geometries, the DOS, and differential
charge densities of the adsorbed species. Their transferred charges are quantified with a
Bader charge analysis between the adsorbate and metal surface. This further enhances our
understanding of the underlying interactions between the MSR-involved species and a Ni
catalyst surface in the presence of an electric field.

3.3. MSR reaction energies in the presence of the electric fields

The reaction energy (AH,) 1s a key element needed to determine the underlying
reaction pathway. From Section 3.1 and 3.2, it is clear that the presence of a field

significantly changes the electronic interactions between the intermediates and the metal
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surface. Here, we examine how an electric field influences the reaction energies of each
possible elementary reaction that could be involved in the underlying MSR operation (Fig.
5). Co-adsorption occurs for either the initial state (IS), in the case of synthetic
elementary reaction steps; or the final state (FS), in the case of dissociative elementary
reaction steps. Such information can also help estimate the field-dependent activation
energy of each elementary reaction and determine the most favorable pathway in the
presence of an electric field if one constructs a Brensted-Evans-Polanyi (BEP) relation
[57-60] in which the activation energy is linearly correlated with AHx, [61, 62]. Details
with respect to the most favorable co-adsorption configurations of the FS and IS for each
possible elementary reaction in the absence of an electric field are shown in Fig. S9 and
their corresponding reaction energies with no fields (calculated by Eq. (6)) are

summarized in Table S4.
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Fig. 5. The field-dependent reaction energy trendlines of different elementary reactions proposed

in Fig. 1 in the presence of different electric fields on a Ni(111) surface. The dots represent their
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adsorption energies under a particular electric field strength ranging from -1 V/A to 1 V/A at an
interval of 0.2 V/A.

3.3.1. Dehydrogenation of CHy and HO species with different electric fields
As Fig. 1 shows, the MSR reaction starts with the dehydrogenation of the CH4

and the H,O reactants. From Section 3.1, we know that CHy4 is very weakly adsorbed on
the surface, and it prefers to dissociate to form CH; with H. The reaction energy for

CH, — CH, + H is nearly energy neutral. As we vary the field value from -1 V/A to 1

V/A, the reaction energy decreases from 0.24 eV to -0.03 eV. This has an opposite field
effect as compared to the dehydrogenation reaction energies of the other CH groups
(x=1~3). Similarly, the changes of the dipole moments (Table 2) associated with the
dehydrogenation of the CHy (x=1~3) species are of opposite sign to those involved for
the dehydrogenation of CH4. From our previous work [29], we know that a positive
electric field doesn't largely alter the dehydrogenation of the CH3 and the CH; species,
but that it does alter the CH — C + H reaction by raising its reaction barrier, which
suppresses pure carbon formation. Early investigations [31] also showed that a negative
electric field can accelerate the dehydrogenation of H,O to form surface OH and O
species, while a positive electric field can hinder its dehydrogenation. This fundamental
information can guide us toward the design of a new electrocatalytic MSR operation to
prevent coking and enhance the efficient utilization of steam: it is better to perform water
dehydrogenation in the presence of a negative electric field in one step, and methane
dissociation in the presence of a positive electric field as the other step. In this way,
sufficient surface OH and O species can be produced, which can oxidize the CH (x=1~3)
groups to form CHyOH and CHO species and further prevent coking.

3.3.2. Electric field effects on the formation of CH,O and CHOH species.
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CHy (x = 0~3) segments can get oxidized with OH and O, which can then form CH,O
and CH4OH species on Ni(111). Except for the formation of CO and COH, the formation
energies of other CH,O (~0.3 eV) and CH,OH (~0.42 eV) species are all endothermic.
Additionally, the formation energies of CHO and CHOH are much smaller than those
involved in the dissociation of a CH molecule. As a result, an CH intermediate seems to
prefer to be oxidized by surface OH or O species rather than dissociating to a pure C
atom. The formation of COH and CO from pure C atoms on a Ni(111) surface are both
exothermic, which suggests that even though pure carbon atoms may form on Ni(111),
sufficient surface O or OH segments can prevent the formation of coke as well.

After one applies an electric field to the most favorable co-adsorption
configurations involving the CHyx and the O species to the corresponding

CH _ + O — CH O reactions, we find that the reaction involving the formation of CH30

has the most significant field effect (Fig. 5(a)). This can also be checked in Table 2,
wherein the formation of CH3O has the largest effective dipole moment with a value of

0.19 eV-A/V. In the presence of a field of 1 V/A, the CH, + O — CH,O reaction is

nearly energy neutral, while the reaction energy monotonically increases by ~0.4 eV as
we decrease the electric field values from 1 V/A to -1 V/A. For the hydroxyl group
oxidation of CHy reactions, the formation energy of CHOH has the largest field effect.
The reaction energy of the CH + OH — CHOH reaction monotonically increases by
~0.5 eV as we increase the electric field strengths from -1 V/A to 1 V/A (Fig. 5(b)).
Therefore, based on the BEP linearly correlations, CHy species are easier to be oxidized

by a hydroxyl group than that by a surface oxygen species in the presence of a negative
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electric field, while a positive electric field has an opposite effect. This indicates that with
different electric fields, the overall MSR reaction mechanism can be modified.

3.3.3. Dehydrogenation of CHO and CHxOH species in the presence of a field.
Fig. 5(c) shows how an electric field has the similar effects on breaking the C-H

bond for all the CHLO species, in which a negative field drives the AH,, values for its
dehydrogenation to CHy.;O to much smaller values as compared to when a positive

electric field is applied. Comparing the Ad,_, values for the CH,O dehydrogenation

reactions (Table 2) one can see that the CHO dehydrogenation has the greatest field effect:
its reaction energy increases by ~0.5 eV when one increases the field value from -1 V/A
to 1 V/A. Interestingly, since the dehydrogenation of the CH,O species has C-H cleavage,
the field effects on the reaction energies of its dehydrogenation to CHx.;O reactions are
similar to the ones for the methyl dehydrogenation from our previous work [29].
Dehydrogenation of CHyOH can either break the C-H bond (Fig. 5(d)) or break
the O-H bond (Fig. 5(e)). For methanol, the breaking of the C-H bond via the
CH,OH — CH,0 + H reaction is endothermic with a AH,, value of 0.15 eV. The
reaction energy increases by 0.24 eV when one increases the field value from -1 V/A to 1
V/A. On the other hand, the breaking the O-H bond in a methanol molecule to form a
CH;0 is exothermic with a AH.x, value of -0.47 eV. The electric field effects on this

reaction are similar to that on the CH,OH — CH,OH + H reaction. Since the
CH,OH — CH,0+ H reaction is exothermic and the CH,OH — CH,OH + H reaction

is endothermic, we conclude that it is energetically more favorable to break the O-H bond
in a CH30H molecule. In particular, a negative electric field of -0.6 V/A further makes

the O-H bond breaking more exothermic. A similar analysis can be applied for the C-H
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and O-H bond breaking of CH,OH and CHOH. The O-H bond breaking of CH,OH is
more energetically favorable than its counterpart C-H bond breaking in the presence of a
field value of -1 V/A. Moreover, the C-H bond breaking of CHOH is ~0.3 eV more
exothermic and has a larger field influence than the breaking of the O-H bond.
Furthermore, O-H bond breaking of a COH molecule is the most exothermic reaction
among all the dehydrogenation reactions of the CHyOH species, with a AH,y, value of -
1.04 eV. Additionally, the COH — CO + H reaction has the greatest electric field effect
as well, in which the reaction energy of the COH — CO + H reaction monotonically
increases from -1.36 eV to -0.61 eV as we increase a field value from -1 V/A to 1 V/A.
Overall, for the formation of CH,O or CH,OH, a positive electric field facilitates
the oxygen oxidation of the CHy species, while a negative electric field accelerates the
hydroxyl oxidation of the CHy species. We also examined the C-H or O-H bond breaking
of these species and found that these bond breaking reaction energies are much smaller
than their formation energies and also had larger field effects. Except for CHOH, the
dehydrogenation of the other CHyO and CHOH species has similar field effects: a
negative electric field lowers the AH, values and a positive field enlarges the AHx,
values. Comparing the dehydrogenation reactions of CHO and CHyOH, the reactions
having larger field dependences are in following order COH — CO+H >

CHO— CO+H >CH,O0—->CH,O+H .

3.4. Phase diagram from first principles of MSR intermediates

3.4.1. Phase diagram.
The change of Gibbs free energy of adsorption (AG) as a function of the hydrogen

chemical potential (Apy) and the electric field strength (F) can provide us with a

connection between our DFT calculations and the relative equilibrium stabilities of the
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possible MSR intermediates under various experimental conditions [63-66]. The
following paragraph explains how we define AG based on our first principles calculations.

The formation of the CHOHy (y = 0 or 1), CHx and OH, species on Ni(111)

cH,'

under MSR conditions is shown in Eq. (8)-(10) and the binding energy ( £-** E," |

E,”" ) is defined in Eq. (11)-(13).

CH,+H,0+*—CHOH +°~*7Y _’2‘ Y H, (8)
CH,+*—CH +3=%q, (9)
* c, 2=y

H,O0+*—OH,6 + 5 H, (10)

CH.OH," _ 6—x—y
Eb B ECHXOH; + 2 EHz _E* _ECH4 _EHZO (1 1)
EbCH‘* _E + 4—xE” —E* —EC” (12)

CH 2 2 4

o, _ 2—y

L, = EOH,V* + 2 E, —-E—-E,, (13)

Where Em o, JE o JE o’ are the total energies of the isolated intermediates (CH<OHy,

CHy, OHy) on the top of a Ni(111) surface and ‘*’ stands for a clean Ni(111) slab, while
£ s Em’ and £, o Tepresent the gas phase energies of Hy, CH4 and H>O, respectively.

AG is then obtained by Eq. (14)-(16) [64, 66].

AG = E," 4 (6—x—y)Du, -, — Dy, (14)
AG = EbCH! +(4-x)M, — Dy, (15)
AG=E, " +(2-y)\u, Dy, , (16)
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Where Apy is defined as App= pn— EE( u,y since we take H; as the hydrogen reference.

Similarly, we can also get Apcn. and Apmo. At 0 K and standard pressure conditions, we
1
define 1, (0K, py™) == Egy,) = 0.

From above paragraphs, we have completely described how we obtain AG from
our DFT calculations as a function of Apuy. The next step is to relate the Auy to our
realistic temperature and hydrogen partial pressure. Via the formula for a pure ideal gas
(i.e. Hy) (Eq. (17)), we can include the effect of pressure and temperature on Apy. Here

we assume that 2/ — H, is at equilibrium.

1
Au,,<T,pH2>=AuH(T,pOH2>+5kBT1n£ (17)

Po
Where p™ and pOH2 represent the practical partial pressure and standard partial pressure

of Hy, and kg is the Boltzmann’s constant. This equation provides us with a description of

how the hydrogen chemical potential is altered by the pressure at a certain temperature.

Additionally, we also have to figure out how to obtain the value of Ay, (T, pOHZ). With

respect to U, (0K, pOHZ) , M, (T, p0H2) is given in Eq. (18). The values of enthalpy H and

entropy S at a certain temperature and standard pressure can be found in Thermodynamic

Tables [67]. Since ,uH(OK,pon):%E(Hz) =0, we can get Ay, (T,p,"). Similar to

My (T, p,”*), we can calculate the values of Dy (T, p) and Ny, (T, p) as well.

(T, ) = %[H(T,po”z )= H(OK . p,"*)]- %T[S(T,po”z )=SOK.p,")]  (18)
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Fig. 6(a) shows that in the absence of the electric fields, AG for CHyOH and
CHO at 1000 K as a function of hydrogen chemical potential. In order to prevent coking,
experimenters keep the partial pressure ratio of HO/CH4 to ~3 [68]. A lower value of AG
indicates that the conformation is more stable on the Ni(111) surface. When the field is
absent, the more hydrogenated species (CHxOH) are stabilized as hydrogen pressure is
increased. When the hydrogen partial pressure is low, CO, CHO and COH are the most
stable species on Ni(111). For high hydrogen partial pressure values, CH;OH and CH;O
are more likely to stay on the surface. But under such high temperature conditions, it
would be hard to obtain methanol as a product from the reactor since after its desorption,
gas phase methanol decomposes easily into carbons and hydrogen gas [69]. It is also
worth mentioning that even if we change the partial pressures or the H,O/CHy ratio, the

relative stabilities of the MSR-involved species won’t change at given temperature.
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Fig. 6. Phase diagram from first principles representing the relative equilibrium stabilities of the
CH,O and CH,OH species as a function of the hydrogen chemical potential and an electric field.
Part (a) presents the value of AG as a function of hydrogen partial pressure with no fields. Part (b)

shows that the Gibbs free energy of adsorption AG as a function of an electric field of -1 V/A to 1
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V/A at hydrogen partial pressures of ~10° Pa. It is also worthy to mention that all the
intermediates we identified here are at a low coverage of 1/9 ML.

Fig. 7(a) and (c) separately present the relative equilibrium stabilities of CHx and
OHy intermediates as the function of the hydrogen partial pressure with no electric fields.
The results clearly show that at low partial pressures of hydrogen, we can obtain surface
C atoms and CH molecules from the dissociation of pure methane, while a CH; molecule
is more likely to occur on the surface as we increase the partial pressure of hydrogen
above 5x10° Pa. For the dissociation of water, surface oxygen species are stable for low
partial hydrogen pressure values, while hydroxyl species are more stable at high
hydrogen partial pressures. By combining this information with the stability of CH,OH,
species, we can conclude that at low partial pressures of hydrogen, we can obtain surface
CO, CHO, COH, C, CH and O since they are stable under such applied conditions.
Furthermore, under such conditions, a CO product can be formed from the surface
oxygen oxidation of either an adsorbed C or a surface CH group. On the other hand,
when the hydrogen partial pressure is higher than 5x10° Pa, the most stable species on the
surface change to CH3;OH, CH;0, CHj3, and OH. This suggests that under high hydrogen
partial pressure conditions, the surface methanol species can be obtained from the
oxidation of CH3 with adsorbed hydroxyl groups.

For different hydrogen chemical potential values, an electric field will play
different roles in the relative equilibrium stability of MSR-involved intermediates. When
the hydrogen chemical potential value is low, a CO molecule on Ni(111) has the lowest
value of AG. At these conditions, COH and CHO intermediates are also very stable on
the surface as compared to the stabilities of other CHyO and CHyOH molecules.

Moreover, due to the large differences of the AG values for each intermediate value of
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Ay, the electric field effects are not large enough to alter the order of stability for these
intermediates. Similarly, in the absence of field, CH;OH and CH;0 are more likely to be
observed on Ni(111) when the hydrogen partial pressure is high. An electric field on the
order of -1.0 V/A to 1.0 V/A also doesn’t significantly affect the stability order for CH,O
and CH,OH under these conditions. Similarly, when the hydrogen chemical potential
value is very low or very high, an electric field didn’t alter the stability orders of CHx and

OHy species as well.
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Fig. 7. The relative equilibrium stabilities of the CH, and OHy species as a function of the
hydrogen chemical potential and an electric field. Part (a) presents the value of AG as a function
of hydrogen partial pressure in the absence of a field. Part (b) shows AG, the Gibbs free energy of
adsorption, as a function of an electric field of -1 V/A to 1 V/A at the same moderate hydrogen
partial pressures (~10° Pa) that we presented in Fig.7. It is also worthy to mention that all the

intermediates we identified here are at a low coverage of 1/9 ML.
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On the other hand, at moderate hydrogen partial pressure values of ~10° Pa (Fig.
6(b), Fig. 7(b) and (d)), the presence of a simulated field can modify the relative stability
of the adsorbates: (1) For CHiOH, species, at negative field values CO 1s the most
favorable species on Ni(111), while methanol becomes much more stable over the
surface as we increase the field value from negative to positive values; (ii) For the CHy
species, CH is the most stable species over a Ni surface, while CHj is the second stable
species and becomes much more stable as we apply a large positive electric field; (iii) For
the OH, species at a high positive electric field value at moderate hydrogen partial
pressures, we can get hydroxyl groups on the Ni surface. As a result, the presence of a
high positive electric field can aid in the formation of methanol on Ni(111) via the
reaction of CHj species with hydroxyl groups under certain conditions.

3.4.2. Combining phase diagram with thermodynamic scheme.

By combining our phase diagram (Fig. 6 and Fig. 7) and thermodynamic scheme
(Fig. 8 and Fig. 9), we can better understand the underlying processes occurring during
the MSR reaction. From section 3.4.1, we know that CO has the lowest AG at low
hydrogen chemical potential values in the absence of a field. The CO products can be
obtained from the surface oxygen oxidation of either an adsorbed C or a surface CH
group, since these species are thermodynamically stable on a Ni(111) surface under such
conditions. Based on Fig. 8, the lowest energy pathway is shown in Eq. (17), which also
includes CH, O, and CHO intermediates.

CH,+H,0->CH+0O+5H —>CHO+5H - CO+6H - CO+3H, (17)

We remark that the overall energy profile plotted in Fig. 8 and Fig. 9 for the MSR
reaction are from DFT calculations at 0 K. However, after accounting the entropy effects

(using an MSR operating temperature of 1073 K), the Gibbs free energy changes (AG) of
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619

a CO molecule from the Ni(111) surface to a gas phase CO molecule in the presence of a
positive field, in the absence of a field and in the presence of a negative field are only -
0.35 eV, -0.12 eV and 0.02 eV. We remark that the exothermic values are due to high
temperatures involved since at room temperature these values would be 1.14 eV, 1.37 eV
and 1.56 eV, respectively. Consequently, the overall MSR reaction energy profile,
involving the production of CO and H; in the gas phase, reduces from ~3 eV (at 0 K) to

~2 eV (at 1073 K). On the other hand, for the surface reactions, such as
CH —CH_ +H',CH, +0 — CH,O", the entropy effects on the reaction energies

at 1073 K are all less than 0.2 eV as compared to the ones at 0 K, which are significantly
smaller than the phase change steps (i.e. the CO desorption) and will not largely influence
the overall energy profiles. More details related to the changed Gibbs free energy

calculations are given in Section 5 in the ESI.

0.5 CO (as)+H. (gas)
CH,O(gas)

0 T CH.+H,0 CH,OH (gas)

CLL" 1,07

Energy (eV)
S
h

L CHHOT )
' C
-1.0 — ’

-2.0

CO'—6H"

Fig. 8. Thermodynamic scheme of all possible mechanisms (see Fig. 1) in MSR reaction over a
Ni(111) catalysts in the absence of a field. Here we use “*’ to denote when the species are

adsorbed on a Ni(111) surface.
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Fig. 9(a) shows the simulated field effects on this lowest energy pathway. A
positive field significantly strengthens the adsorption of reactants, decreases the
desorption energy of the CO and H, products, and lowers the overall energy profile.
Therefore, we conclude that a positive electric field improves the MSR processes. On the
other hand, at moderate hydrogen partial pressure values (~10° Pa) at field values ranging
from 0.0 V/A to 0.5 V/A, we can obtain the surface CH;O intermediate. Among the

reaction mechanisms that involve the CH3;O intermediates, only the CH, — CH, + H
and the CH, + 0O — CH,O reactions are endothermic. A positive electric field also

further decreases the reaction energies of these two reactions and causes these two
reactions to become slightly exothermic. Thus, from the perspective of only the reaction
energy, the CH3;O-involved reaction mechanisms are likely to occur in the presence of a
positive field ranging from 0.0 V/A to 0.5 V/A and at moderate hydrogen partial pressure
values. Additionally, after increasing the field from 0.5 V/A to 1 V/A, we can obtain
methanol on Ni(111). From Fig. 9(b), it is also clearly shown that the presence of a
positive field can lower the overall energy profile of forming methanol. This information
can help us select a reduced number of elementary reactions from such a potentially
complex overall MSR reaction mechanism when calculating reaction energy barriers, as

shown in Fig. 1.
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Fig. 9. The lowest energy pathway in the presence and absence of an electric field (a) and the

reaction pathway for forming methanol via hydroxyl oxidation of CHj species (b).

6. Conclusion

We thoroughly investigated the electric field on the adsorption the MSR-involved
species as well as its influence on the reaction energies of all possible MSR elementary
reactions. In our adsorption study in the presence of a simulated field we found that the
effect of an electric field on MSR-involved chemisorbed species are similar. Such a
conclusion was obtained through our projected density of states, differential charge
density and Bader charge analysis. The field-dependent adsorption strength of MSR
intermediates based on the effective dipole moment analysis was found to be as follows:

CH O >CH OH > H O > CH . On the other hand, the formation of CHO and CH,OH

was found to be more rates dominating than their corresponding dehydrogenation

reactions. With a positive field, surface O atom oxidation of CHy species is more likely to
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occur, while with a negative field, surface hydroxyl group oxidation of CHy is more
likely to occur.

The phase diagram that was constructed from first principles provides the relative
equilirium stabilities of the possible MSR intermediates as a function of both the
hydrogen partial pressure and a tunable electric field strength under realistic experimental
conditions. This provides us the most likely occurring MSR mechanisms at moderate
hydrogen partial pressures, where CO can be obtained with a negative field, while the
CH30H can be found over the surface for positive field values. For the most favorable
reaction methanisms with different hydrogen pressures, the overall energy profiles are
further lowered in the presence of a positive electric field. In summary, our
computational results enhance our understanding of the catalytic MSR reaction
mechanisms in the presence of tunable electric fields. The information provided here also
points us toward the selection of the elementary reactions for further kinetic studies of the
methane steam reforming reaction mechanism. By combing this study with our previous
work, we conclude that a positive electric field can significantly reduce the formation of
coke, lower the lowest energy path, stabilize the adsorption of reactants, and assist the
desorption of products on a Ni catalyst. For the future work, it is necessary to establish a
microkinetic model for such a catalytic MSR reaction with tunable electric fields in order
to capture the electric field effects for the conversion of methane during the MSR process,
the temperature requirements of the said reaction, the coke formation and the
identification of intermediates as the function of time. By the end, the established

microkinetic model will provide a better guidance of designing a new Ni-based
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electrocatalytic methane steam reforming process with lower operating temperatures and

higher coke resistance.
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