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Modelling the effect of surface charging on
plasma synthesis of ammonia using DFT+

Aditya Dilip Lele, 2 * Yijie Xu? and Yiguang Ju®®

Non-equilibrium plasma has been found to have a synergistic effect on catalytic synthesis of NHs.
The non-equilibrium plasma and catalyst surface together could affect NHsz synthesis through several
mechanisms. Charging of the catalyst surface in the presence of non-equilibrium plasma is one such
mechanism. We employed density functional theory (DFT) calculations to understand the effect of
surface charge on surface reactivity of y-Al,Os supported single metal atom catalysts and a metal
cluster. We investigated the effect of surface charge on adsorption energies of common adsorbates
involved in NHsz synthesis. It is found that adsorption energy of N, Ny, H, Hy, NH and NH, on metal
atoms increases by up to ~1.2 eV, whereas NHz desorption is increased by up to 0.45 eV upon surface
charging. The present results provide a new mechanism of plasma enhanced catalysis potentially
explaining why Ni, Pt and Co have better catalytic performance compared to Ru and Fe in ammonia
plasma catalysis. Furthermore, we found that the correlations between adsorption energies of
adsorbates change significantly with surface charging. These findings suggest that surface charging
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1. Introduction

Ammonia is one of the most important industrial chemicals.
The conventional ammonia synthesis method - the Haber-
Bosch process - converts N, into ammonia using H, and metal
catalysts. This process employs high pressures (100-200 atm)
and high temperatures (700-800 K). These thermodynamic
conditions are required to maintain the equilibrium in the
favor of producing ammonia as well as to maintain the effi-
ciency of the catalysts." Plasma assisted synthesis of ammonia
can overcome these thermodynamic limitations because it
produces non-equilibrium molecular excitation as well as space
and surface charges. Non-equilibrium plasmas have been
shown to synthesize ammonia using N, and H, at relatively
lower temperatures (~473 K) under atmospheric pressure in
the presence of various catalysts.>™*

The rate limiting step for thermal catalysis of ammonia is
the dissociation of N, on the catalytic surface. N, is a strongly
bonded molecule and its dissociative barrier on commonly
used catalysts like Fe and Ru is quite high (60-115 kJ mol *).?
This high barrier leads to the requirement of high temperature
for thermal-catalytic production of ammonia in an industrial
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might play an important role in plasma synthesis of NHs.

process. Non-equilibrium plasma arguably circumvents high
dissociation barrier for N, by vibrationally exciting the
molecule’ or creating new reaction pathways to radicals such
as NNH.” However, the short lifetime of vibrational excitation
states at atmospheric pressure (100-1000 ps for vibrational N,)
means that the vibrational excitation may not be the dominant
mechanism and that other plasma induced effects could also
play an important role in plasma-assisted catalysis of NH;.>'®

In plasma aided ammonia synthesis, in addition to the
effects of plasma on the excitation of gas-phase molecules, we
also need to consider effects of plasma on catalytic surface.
These include surface heating, electric field effects and surface
charging effects. Bal et al'” reported a ~35% increase in
binding energy of CO, on y-Al,O; surface in the presence of
an excess electron on the surface. Surfaces in contact with
plasma typically acquires negative charge due to the much
higher mobility of electrons in plasma.” An experimental study
by Ambrico et al.'® found that in plasma environments, excess
electrons accumulate on alumina surface with energies around
1 eV and a lifetime of several days. The low energy of electron
means that they will penetrate only a few nanometers into the
surface. Jafarzadeh et al'®?° studied the effect of surface
charging on CO, adsorption on metal clusters as well as pure
metal surfaces. They found that the CO, adsorption energy
increases on Ni and Cu metal clusters on a TiO, support,
whereas it takes a combination of strong electric field and
excess electrons on the surface to alter the adsorption energy of
CO, on a Cu metal slab. Additionally, the charging of a surface
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in a plasma environment is dynamic. However, the change in
adsorption energy as a function of surface charging strength in
not known.

The effect of surface charging on adsorption of typical
adsorbates involved in NH; synthesis on common catalysts or
support materials has not been studied either experimentally or
theoretically, to the best of our knowledge. Shah et al. experi-
mentally show that the plasma enhanced zeolite 5A has 50 times
higher energy yield than the non-plasma case. They hypothesize
that the negative surface charge promotes the nitrogen disso-
ciation.® Chung and Chang found synergistic effects between
non-thermal plasma and perovskite ferroelectric in dry reform-
ing of methane. They concluded that the surface charge is
beneficial due to the increasing energy density in plasma
reactor by surface charge accelerated free electrons.”! The
synergistic effects of plasma catalysis on ammonia synthesis
are largely attributed to the vibrational excitation of N, in the
gas-phase. However, our current understanding cannot fully
explain these synergistic effects.” Although not the sole reason
for synergistic effects of plasma synthesis, the changes to the
surface chemistry due to surface charging could be an impor-
tant factor in plasma catalytic synthesis of ammonia. If impor-
tant, surface charge could provide a mechanism to control the
plasma catalytic synthesis process.

In this work, we explore the effect of surface charge on
common catalysts supported by y-Al,O; using density functional
theory (DFT) calculations on single catalyst atom model as it allows
us to screen a relatively higher number of catalyst materials. Please
note that the use of single metal atoms as catalysts might be
challenging, especially under high-temperature plasma conditions.
Therefore, considering the challenges involved in using single
atom catalysts, we also investigate the effect of surface charge on
a metal cluster as well. This work has been arranged as follows:
firstly, the methods used in modelling the surface charge as well as
their validity is discussed. Then we discuss the effect of surface
charge on adsorption of important gas-phase species on a y-Al,O3
surface followed by adsorption of different catalyst atoms on the
v-Al,O; surface. Later we illustrate the effect of surface charge on
adsorption energies of several important species involved in NH;
synthesis on different catalyst atoms. Afterwards, we validate the
extent of surface charge effect on a Ru metal cluster supported by
v-Al,O;. Finally, we discuss the implications of changes to adsorp-
tion energy scaling relationships due to surface charging followed
by conclusions of the study.

2. Methods

The DFT calculations of adsorption on a charged surface were
performed following the methodology proposed by Bal et al."”
All calculations are performed using the Quickstep module of
the CP2K code.”” The y-Al,0; structure used in this study is
derived following the work of Digne et al.>® Firstly, the y-Al,0;
110 surface was optimized using a 2 x 2 anhydrous super cell
with 6 aluminum layers (see Fig. 1). The hydrated 110 surface is
the most stable termination for y-Al,O;. However, the study of

9454 | Phys. Chem. Chem. Phys., 2024, 26, 9453-9461

View Article Online

PCCP
AN VAN WA
©00.8s $4BAE
e G Va0,
vos . ¥g?toee
DNCOORRE: 108 10
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Fig. 1 (a) Side view and (b) top view of the y-Al,Os slab used in the DFT
calculations.

Bal et al.'” indicates that the effect of surface charge can be
effectively modeled with an anhydrous surface. The surface
optimization is performed using BFGS scheme while keeping
the bottom 2 layers fixed. Additional effects such as presence of
O-atom defects could also play an important role in the plasma
catalytic processes on the y-Al,0; surface.”*® These effects
would be considered as a part of the future work.

The DFT energies are computed using the combined
Gaussian and plane wave method. The PBE functional®® is used
to determine exchange and correlation. It is supplemented by
Grimme’s D3 dispersion correction®® in its Becke-Johnson
damping form.>* Goedecker-Teter-Hutter pseudopotentials
are used for the core-valence interactions and a polarized
double-{ (m-DZVP) basis set’>*’ is used to expand the Kohn-
Sham valence orbitals. All the calculations are performed at
I'-point only. An energy cutoff of 800 Ry is used for all the
calculations. The simulation cell geometry is treated non-
periodically in Z-direction. Martyna-Tuckerman Poisson
solver®® is used to handle electrostatics of the non-periodic
geometry. The adsorption energy is defined as

Eaas = Eslab+adsorbate — Estab — Eadsorbate

For metal cluster calculations, an 18 atom Ru cluster is used.
The metal cluster was first geometry optimized on its own
before its adsorption on the y-Al,O; surface. The combined
metal cluster and y-Al,O; geometry was then energy minimized
before studying the effect of surface charge on adsorption. The
metal cluster consists of two atomic layers Ru atoms (see ESL, T
Fig. S5). Several adsorption sites on the top layer were consid-
ered while calculating adsorption energies of different adsor-
bates corresponding to typical adsorption sites considered for
adsorption on Ru 0001 surface.*

We also calculated the Gibbs free energies to determine the
effects of finite temperatures on adsorption characteristics.
The Gibbs free energy calculations also help us improve the
compatibility of our calculations with other literature on nitrogen
reduction. The Gibbs free energies for the surface-adsorbate
systems were calculated using truncated Hamiltonian. We con-
sidered adsorbates and their nearest neighbors on the y-Al,O;3
slab to calculate the vibrational mode with the commonly made
assumption that only the atoms close to the adsorbates have
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strongly coupled vibrational modes.*® Additional details about
these calculations can be found in the ESL{ Section S2.

2.1. Modelling the surface charge

The calculations of the charged system are also performed
following the work of Bal et al."” Briefly, a proton is fixed far
from the y-Al,O; slab in the Z-direction (40 A location on the
Z-axis). The entire system is then forced to be charge neutral.
This introduces an extra electron on the surface. Again, the
Martyna-Tuckerman Poisson solver* is used to handle electro-
statics. For the y-Al,O; geometry used in this work, one extra
electron leads to an electron density of —0.06 C m™ 2. Spin
unrestricted calculations were performed in the case of single
metal atom and metal atom cluster. To make sure that correct
methodology has been used for the DFT calculations, the
calculations were validated using the results in Bal et al'’
Additional details about the calculations are reported in ESI,t
Sections S1-S3.

As mentioned earlier, an experimental study by Ambrico
et al."® found that in plasma environments, excess electrons
accumulate on alumina surface with energies of around 1 eV
and a lifetime of several days. Additionally, experimental
measurements®” on alumina exposed to a multi-filament atmo-
spheric pressure dielectric barrier discharge (DBD) put the
plasma-induced surface electron density in the order of 10"~
10" m~?, equal to the charge density of 10~*-10"> C m >, close
to values used here. Besides, Q. Zhang et al.*® did simulations
on atmospheric pressure dielectric barrier discharge (DBD) to
demonstrate that surface charging with an absolute density of
10" m™?, equal to the charge density of 107> C m ™2, can play an
important role in the streamer propagation and discharge
enhancement inside catalyst pores, and in the plasma distribu-
tion along the dielectric surface. For the level of charging with
v-Al,O; geometry used in this work, we introduced an electron
density of —0.06 C m™?, following the work of Bal et al."” In the
view of these results, the amount of charge we are introducing
to the surface in this work is a reasonable approximation.
All the geometry parameters as well as partial atomic charges for
adsorbed species are provided in the ESI, Sections S4 and S5.

3. Results and discussions

3.1. Adsorption on y-Al,05(110)

The adsorption energy of an adsorbate is strongly dependent on
the adsorption site. 7 different adsorption sites. These adsorp-
tion sites including 2 or 3 coordinated O atoms and 3 or 4
coordinated Al atoms were explored on the y-Al,05(110) surface
(see ESI,f Fig. S2). N and N, atom adsorption energies were
calculated for all these adsorption sites (see Table S31, ESIT).
The adsorption energies from the most stable adsorption site
are listed in Table S2. N, adsorbs most strongly on the
3-coordinated Al atom on the support. The adsorbed N, geo-
metry is in vertical position tilting away from oxygen atoms
bonded to the Al atom as shown in Fig. 2.

This journal is © the Owner Societies 2024

View Article Online

Paper

s
-

Top V|ew

»  ~
/ \C \’( - o
i p

a) N adsorption on y-A/,0,

- v

Side Views

T
Lf # 7& ‘; |
s din 2 -2
Top View e

b) N, adsorption on y-A/,0;

Fig. 2 Adsorption geometries of most favorable (a) N and (b) N, adsorp-
tion configurations on y-Al,Os.

This adsorption geometry is similar to that of NO adsorption
on y-Al,0;.** The N-atom prefers the bridge site between
4-coordinated Al and 3-coordinated oxygen. The adsorption
energy change for nitrogen adsorbates on other adsorption
sites is listed in the ESI,i Table S31. We also found that the
optimal adsorption site remains the same even upon surface
charging. As these adsorption energies are typically smaller
than adsorption energies on single metal atoms, the support
would not play an important role in nitrogen species adsorp-
tion process unless the metal sites are saturated with nitrogen
species.

3.2. Metal atom adsorption on y-Al,O;3

We chose 5 different catalyst candidates to understand the
effect of surface charging including Ni, Co, Pt, Fe, and Ru.
We chose Fe, Ru, Ni, Co, and Pt to understand the effect of
surface charging as these are some of the common catalyst
materials used in plasma synthesis of NH;. Please note that
other metals (Ag or Au) have also been shown to be effective
catalysts®* for NH; synthesis. The optimal metal atom adsorp-
tion sites were taken from the literature."”” The optimum
adsorption configuration is the one where the metal atom is
coordinated by two oxygen atoms (see Fig. 3). Fig. 4 shows the
adsorption energies for all the investigated metals on a charged
and neutral support. Surface charging results in the reduction
of adsorption energy of around 0.6-1.2 eV for all the metals.
As pointed out in Bal et al.,"” metal adsorption on y-Al,O3
support is a redox reaction. Hence, an additional surface
electron prevents further reduction of the support through
adsorption. Therefore, the metal atom adsorption energy redu-
ces on surface charging. One of the indicators for this hypoth-
esis is that metal-support bonding is mostly ionic in nature.
Bal et al. used lack of overlap between the PDOS of metal atoms
and the support oxygen to support this hypothesis. Our calcula-
tions show (see ESL,1 Section S7) that it might not be the case
for all the metal atoms. For example, Fe PDOS shows a relatively
larger overlap with surface O-atom PDOS. This could result in a
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Fig. 3 Typical adsorption geometries obtained using DFT calculations
with (a) metal (M: Ru) on support (AlLOs3), (b) N, as adsorbate (Ads) with
metal atom on support, and (c) N, as adsorbate with metal cluster on
support (atom colors: red-oxygen, blue-nitrogen, green-ruthenium, and
gray: aluminum).

6 Adsorption energies of Metal on y-Al,03

Il Neutral
B Charged

Ni Co Pt Fe Ru
Metal

Fig. 4 Adsorption energies of metal atoms on y-Al,Oz support with and
without surface charging.

metal-surface binding that is not completely ionic in nature.
Although all the metal adsorption energies reduce upon surface
charging, the metal-surface atom interaction is dependent on
the metal atom involved. The metal atoms also become more
negatively charged (partial charge) upon surface charging
(see ESI,T Section S5).

3.3. N, N,, and NH; adsorption on M—y-Al,0;

Since N, adsorption and dissociation reaction is the most
important reaction that limits the catalytic synthesis of NHj,
in this study, we chose to focus on the modeling of the charge
effect on adsorption energies. The effect of surface charge on
the adsorption of 7 different adsorbates (N, N,, H, H,, NH, NH,,
and NH;) involved in NH; synthesis on the metal atoms
adsorbed on the support is investigated. Later, the surface
charge effects are also explored for a metal nanocluster sup-
ported by y-Al,O3;. We chose Fe, Ru, Ni, Co, and Pt to under-
stand the effect of surface charging although other metals have
also been shown to be effective catalysts.**
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All the adsorbates investigated in this work show significant
changes in adsorption energies on different M-Al,O; systems
(Fig. 5). N, binds vertically to the metal atom tilting away from
the O-atoms coordinated with the metal atom (see Fig. 3(b)).
Single metal atoms on the support provide a better adsorption
site for N, to bind compared to the support sites except in the
case of neutral Fe. N, and N adsorption energy data on support
is provided in the ESLt Section S4. The N, adsorbs most
strongly on Pt atom, closely followed by Ru. It adsorbs on Ni,
Co, and Fe even less favorably in decreasing order. These
adsorption energies are higher than the adsorption energies
reported for pure metal surfaces in the literature®>**** as we
use a single metal atom model. Interestingly, the trend between
Ni and Co as well as the adsorption geometry is also observed
by Ma et al.*® in the case of M-WSe, system. The adsorption
energy increases significantly upon the addition of an extra
electron to the M-Al,O; system as shown in Fig. 2(b). The effect
of the added charge is not the same for all the metals. Fe, which
shows the lowest binding energy on the neutral surface, also
shows the highest increase in the binding due to the surface
charge. The binding energy of N, still decreases in the order of
Pt > Ru > Co> Ni > Fe.

Similarly, in case of atomic N, introduction of the surface
charge increases the adsorption energy (see Fig. 2(a)). However,
the change in adsorption energy is not as strong as in the case
of N,. Here, N-atom binds most strongly to Ru, followed by Pt
and Fe. Introduction of surface charging does not change this
order. Again, The N-atom prefers binding exclusively to the
metal atom, which means that the substrate is unlikely to play
an important role in N-adsorption unless the metal catalysts are
saturated with nitrogen. As opposed to all these adsorbates,
NH; desorption is favored on all the metal atoms by 0.35-0.45 eV
due to surface charging. The easier desorption would further
promote NH; formation in the presence of plasma for all the
metals. The surface charge also binds H, H,, NH, and NH, more
strongly to the surface by up to ~1.2 eV except for Pt-H, combi-
nation (see ESL T Section S8).

We also performed additional calculations to determine the
Gibbs free energies for all the calculations. Our calculations
indicate that the effect of surface charge does not change
significantly even if we consider Gibbs free energies. Consider-
ing most plasma catalysis ammonia synthesis studies are
performed in the temperature range of 300-400 K,** the free
energy effects are even smaller in magnitude. The detailed
results of our calculations have been added in the ESIf (see
ESI,T Section S2) for the interested reader.

3.4. Adsorption on Ru cluster

The calculation results discussed above have been obtained
using single metal atoms adsorbed on y-Al,O; as catalysts.
However, a better representation of the plasma catalysis pro-
cess is a metal cluster adsorbed on the y-Al,O; surface instead
of a single metal atom. We also calculated adsorption energies
of nitrogen adsorbates on an 18-atom Ru metal cluster with and
without the surface charge. We chose Ru as it is the most effec-
tive catalyst for thermal catalytic synthesis of NH;. Fig. 6 shows
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(a) Adsorption energies of species on a metal cluster with and without charging and (b) comparison between change in adsorption energies due

to surface charging on a metal (Ru) cluster and a single metal (Ru) atom on y-Al,Oz support.

that the effect of surface charge on a metal cluster could be as
strong as the one observed in the single atom calculations.
However, we need to be careful while interpreting the results
presented with Ru metal cluster. In case of metal clusters, the
size and shape of the metal cluster could strongly affect the
observed results. For example, the optimal adsorption site
with and without surface charge changes in case of N-atom
adsorption on the Ru cluster (see ESI,T Section S9). We also
assessed the effect of substrate on the metal cluster adsorp-
tion energies (see ESI,¥ Section S11). We calculated the
adsorption energies of N, N,, and NH; on pure metal cluster
with and without the surface charge. Introduction of surface
charge shows similar trends as cluster-adsorbate system.

This journal is © the Owner Societies 2024

Our calculations show that adsorption energies for N and N,
increase, whereas the adsorption energy for NH; decreases on
pure metal cluster as well.

Ru is the best catalysts for thermal catalytic ammonia
synthesis due to its optimal nitrogen dissociative adsorption
energy. Catalysts with lower and higher nitrogen adsorption
energy than Ru produce less NH; as per the volcano curve.'
Ni, Co, and Pt all have lower than optimal nitrogen adsorption
energies. The overall increase in N-atom adsorption energies
mean that these catalysts with lower than optimal nitrogen
adsorption energies would become better catalysis candidates.
Mehta et al.* investigated non-equilibrium plasma synthesis of
ammonia using Ru, Fe, Ni, Co, and Pt as catalysts supported on

Phys. Chem. Chem. Phys., 2024, 26, 9453-9461 | 9457
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Fig. 7 Single metal atom adsorption energy correlations for atomic N and H on a (a) charged and (b) neutral surface.

v-Al,O; using modelling and experiments. Their investigation
found that Ni and Co give better site time yield than Ru and Fe,
whereas Pt provides a site time yield between that of Ru and Fe.
They attribute this effect mainly to the vibrational excitation of
the N,. However, the DFT calculations presented above show
that the N-atom adsorption energy increases across the board
for all 5 metal atoms along with a decrease in NH; desorption
energy. This means that Ni, Co, and Pt would become better
catalysis candidates compared to Ru and Fe in plasma environ-
ments. This agreement with the experimental observations
indicates that surface charging could be an important factor
behind this observation along with vibrational excitation of N,.

3.5. Scaling relations changes

The modelling of thermal catalysis of NH; relies on scaling
relations between key steps involved in the catalysis. For
example, a linear relationship can be established between H
and N adsorption energies for different metal catalysts.® These
linear scaling relations have been established between all the
reaction energies and barriers involved in the catalytic synth-
esis of NH; and the dissociative adsorption energy of nitrogen."
However, our calculations show that the surface charge effect
on adsorption energy is different for different metals. Fig. 7
shows E.qsy as a function of E,qsn for charged and neutral
surfaces. We do not observe a linear relationship between E,qgs.1
and E,q.n for the neutral surfaces as these calculations are
performed on a single metal atom catalyst.

More importantly though, the change of overall trend upon the
introduction of surface charge means that the scaling relations
could change due to surface charging. Similar observations have

been found for adsorption energies of other intermediates (NH,
NH,, NH;) important for NH; formation (see ESI,T Section S10).
As the effect of surface charge is also observed on Ru metal
cluster, we believe that the scaling relations could potentially
change for larger systems as well. This change in the energy
trends means NH; formation in plasma catalysis might not have
the same dependence on N adsorption energy as thermal
catalysis. However, we will need to calculate reaction energies
and barriers for all key reactions with and without surface
charging with larger metal-substrate models to quantify the
effect of change in scaling relations.

3.6. Effect of surface charge on reaction energies

Following table lists the changes to reaction energies for Fe, Ru,
Co, Ni, and Pt. Please note that as our simulation system (single
metal) is different compared to typical calculation systems
(metal slabs), the absolute values are not directly comparable
to the literature. Hence, we report the changes to the reaction
energies due the surface charge calculated as following:

ARECharge = RECharge — REneutral

This comparison (Table 1) shows three major trends
(1) Dissociative adsorption of N and H becomes more favorable
across the board whereas NH,* and NH;* formation less so.
(2) NH3* desorption also becomes more favorable with surface
charging. (3) Following the changes in adsorption energies,
reaction energy changes due to surface charge are quantita-
tively inconsistent across different metals. This behavior also
makes changes to the reaction energy of NH* formation incon-
sistent for different metals. However, these calculations are

Table 1 Difference between reaction energies due to surface charging for different metals. The difference is calculated as AREcharge = REcharge —

RENeutral

Reaction Ni Co Ru Pt Fe
ARECharge: N, — 2N* (eV) —0.34 —1.44 —0.49 —0.33 —1.27
ARECharge: H, —» 2H* (eV] —1.32 —0.63 —0.23 —1.29 —0.37
AREchargei N* + H* » NH* + * (eV) 0.03 —0.04 —0.20 0.65 0.05
AREcharge: NH* + H* —» NH,* +* (eV) 1.07 0.71 0.59 0.53 0.24
ARECharge: NH,* + H* —» NHz* + * (eV) 1.40 1.44 0.63 1.16 1.34
AREcharge: NHz* — NH; + * (V) —0.36 —0.44 —0.45 —0.38 —0.44
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performed on a relatively simpler model. Additional calculations,
involving reaction energies and barriers, on larger metal clusters
would be required to quantify the effect of surface charge properly.
The current calculations do suggest that surface charging could
play an important role in plasma catalysis of ammonia.

4. Conclusions and future work

In summary, it is found that the introduction of surface charge
increases the nitrogen adsorption energies on single metal
atoms. Surface charge also facilitates NH; desorption and
changes the binding energies of H, H,, NH, and NH,. It is
revealed that the changes in adsorption energies due to surface
charging are different for all the metals. However, the predicted
higher nitrogen adsorption and easier desorption of NH; by
surface charge could potentially provide a new mechanism to
explain and control the enhanced plasma catalytic performance
of Ni, Co, and Pt. Additionally, the effect of surface charge is not
the same for all M-Al,O; systems. A comparison of atomic N
and H adsorption energy change indicates that scaling rela-
tions of adsorption energy could change dramatically due to
surface charging effect. As a result, the NH; linear scaling
relations might not hold in plasma environment. Hence,
surface charging could play an important role in and provide
a new method to enhance plasma catalytic NH; synthesis.
However, additional simulations would be required to quantify
these effects properly.
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