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a b s t r a c t 

Electrocatalytic and plasma-activated processes receive increasing attention in catalysis. Density func- 

tional theory (DFT) calculations are state-of-the-art tools for the fundamental study of reaction mech- 

anisms and predicting the performance of catalytic materials. Proper application of DFT-based methods is 

crucial when investigating charge-doped electrode surfaces during electrocatalytic and plasma-activated 

reactions. Here, as a model electrode for plasma-activated CO 2 splitting, we studied the interactions of 

O, CO, and CO 2 with the neutral and progressively charged Ag(111) metal surfaces. We show that the ap- 

plication of correction procedures is necessary to obtain accurate adsorption energy profiles of O atoms, 

CO and CO 2 molecules on Ag surfaces that are under the influence of additional electrons. Interestingly, 

the oxidation of CO is found to shift from a Langmuir–Hinshelwood mechanism on a neutral electrode 

to an Eley–Rideal mechanism on charged electrodes. Furthermore, we show that the surface charging of 

Ag(111) electrodes increase their CO 2 reduction performance by enhancing the adsorption of O atoms 

and desorption of CO molecules. A further increase in the absolute charge-state of the electrode surface 

is expected to waive the thermodynamic barriers for the CO 2 splitting reaction. 

© 2020 The Author(s). Published by Elsevier B.V. and Science Press on behalf of Science Press and Dalian 

Institute of Chemical Physics, Chinese Academy of Sciences. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 

1

 

i  

m  

c  

i  

w  

m  

v  

C  

f

c  

a  

F  

C  

s

i  

u

 

n  

p  

a  

1  

e  

t  

a  

o  

f  

e  

d  

t

 

h

2

S

. Introduction 

Rising energy demand, atmospheric pollution, and global warm-

ng have drawn intensive attention and increasing investments for

ore than three decades [1] . The energy demand results in an in-

rease in atmospheric carbon dioxide (CO 2 ) concentrations, which

n turn negatively contributes to atmospheric pollution and global

arming. To restrain the environmental effects of CO 2 meanwhile

eeting the future energy needs, new approaches have to be de-

eloped to curb the emission, capture, storage, and utilization of

O 2 [2–4] . Development of renewable production of carbon-neutral

uels is a way to achieve CO 2 emission targets [5–8] . Captured CO 2 

an be converted into carbon monoxide (CO) that can be utilized

s a building block for the synthesis of liquid hydrocarbons via the

ischer–Tropsch process [9–11] . However, the conversion of CO 2 to

O or other desirable chemicals requires an energy input and the
∗ Corresponding author at: DIFFER – Dutch Institute for Fundamental Energy Re- 
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nert properties of CO 2 molecules make this conversion difficult

nder practical conditions [1 , 12] . 

Electrocatalysis draws increasing attention due to its effective-

ess in reducing CO 2 to CO at atmospheric pressure and room tem-

erature. Since the 1980s, Au and Ag electrodes have been studied

s electrocatalysts for CO 2 reduction with CO selectivity of up to

00% [1 , 4 , 13–15] . Albeit the highly promising selectivity of these

lectrocatalysts, the efficiencies of conversion reactions were found

o suffer from large potentials and slow reaction kinetics, which

re due to the low local concentration of CO 2 in the proximity

f electrocatalysts [15–20] . Thence, CO 2 electrocatalysis is not yet

ully practical [3 , 16 , 17] for industrial use, and to design efficient

lectrocatalysts new research efforts are needed for a better un-

erstanding of the fundamentals of electrocatalytic materials and

heir surface reactions with atoms and molecules [1 , 4 , 21 , 22] . 

In addition to the blooming field of electrocatalysis, other new

echnologies for the conversion of CO 2 to CO have been proposed,

ncluding the use of non-thermal plasmas for CO 2 molecule

ctivation. 

O � CO + ½O (1) 
2 2 
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The use of plasma activation is interesting as it enables the

splitting of CO 2 into CO, a chemical building block, as shown in

Eq. (1) [7 , 23–28] . Unlike conventional electrocatalytic processes,

the plasma process uses gas-phase CO 2 feeding without the re-

quirement of the use of water or hydrogen as solvent or co-

reactant. However, plasma-assisted CO 2 reduction suffers from the

recombination of CO and O at the plasma outlet [7 , 26 , 29] . The

plasma processes can also be coupled with membrane reactors or

solid oxide cells (SOC), to benefit from the advantages of different

technologies [9 , 27 , 29–36] . The combined approaches increase the

CO 2 conversion either by acting as “atomic oxygen scavengers” that

mitigate recombination reactions or by contributing to surface-

activated catalytic dissociation of CO 2 or both. When these cutting-

edge CO 2 conversion methods are coupled with renewable electric-

ity generators from solar and wind power, they enable the storage

of surplus renewable energy in the chemical bonds of compounds

and contribute to the completion of the carbon cycle [32 , 37–41] . 

The computational chemistry tools and their applications on

materials design for electrochemical transformations have shown

significant progress over the past few decades [4] . However, it is

still a challenge to perform electronic structure calculations on

charged surfaces using well-established planewave basis density

functional theory (DFT) codes, principally due to the long-range

Coulombic interactions between periodic images of surface slabs.

Accordingly, the amount of studies that consider the binding and

the reactions of molecules on the charged surfaces are scarce [42] .

Howbeit, with the application of correction procedures [42–47] it

is possible to use periodic DFT calculations for the study of cat-

alytic surfaces with additional charges. 

In literature, Ag is known as both good thermocatalyst for

CO oxidation and good electrocatalyst for CO 2 to CO reduction

[1 , 15 , 17 , 39 , 48–50] . Accordingly, here we studied the interactions of

O, CO, and CO 2 with Ag metal electrodes under the influence of

additional electrons. As the coupling of CO with O is a known is-

sue of the plasma splitting of CO 2 , a study on catalytic behavior

of the charged Ag electrodes should cover both the forward and

backward directions shown in Eq. (1) . Since this reaction does not

involve the use of a solvent or co-reactant, the presence of chem-

ical species, such as H 2 or H 2 O, has not been considered in the

current study. 

2. Computational methods 

We used Vienna ab-initio Simulation Package (VASP) to perform

all DFT calculations reported in the current work [51–53] . The pro-

jector augmented wave (PAW) method was employed to describe

electron-ion interactions. A kinetic energy cutoff of 500 eV was

used for the planewave basis for all calculations [54 , 55] . We used

the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional

of the generalized gradient approximation (GGA) [56] . The conver-

gence criteria for structural optimizations were that the total forces

acting on each atom must be smaller than 0.015 eV/ ̊A. The Bril-

louin zone of crystalline Ag metal is integrated using an automat-

ically generated 33 × 33 × 33 Monkhorst–Pack k -point mesh [57] .

The optimized lattice parameter of Ag with Fm-3 m space group is

4.15 Å, which is in good agreement with the experimental value of

4.09 Å [58] . The (111) surface is the thermodynamically most sta-

ble and therefore the most common surface structure of fcc metals

[59] . A fully periodic Ag(111) surface slab was generated by using a

3 × 3 supercell with five atomic layers, therefore totaling to 45 Ag

atoms per supercell. Ag atoms at the bottom two layers were kept

fixed in their optimized bulk lattice positions, whereas the atoms

in the top three slab layers were allowed to relax. Periodicity of

the slab in the direction perpendicular to the metal surface was

avoided by adding a vacuum spacing of 15 Å. Different ( N × N × 1)

k-point meshes have been tested for their influence on the conver-
ence of total energy of Ag(111) slabs, and the 4 × 4 × 1 k -point

esh is found to be a reasonable choice when considering both

omputational cost and accuracy, for which the deviation from

enser k -point sets was less than 0.002 eV per Ag atom. The zero

amping DFT–D3 method of Grimme was used to include the van

er Waals interactions between the Ag(111) surface and molecules

60] . 

The adsorption energies of the adsorbates on Ag(111) surfaces

ave been calculated using 

 Ads = E slab + adsorbate − ( E slab + E adsorbate ) (2)

here E slab + adsorbate is the total energy of Ag(111) slab with ad-

orbate at its lowest energy position on the metal surface, E slab 

s the total energy of clean Ag(111) slab, and E adsorbate is the total

nergy of CO or CO 2 molecules or half of the total energy of O 2 

olecule. Energies of the adsorbate molecules were computed via

pin relaxed calculations in 15 Å cubic cells. The structures of the

ptimized reactants and products on the metal surfaces are used

s inputs for the climbing image nudged elastic band (CI-NEB)

61] calculations aimed at the study of transition states and

alculation of energy barriers between CO and CO 2 conversions. 

. Results and discussion 

The (111) surface is the thermodynamically most stable surface

or fcc metals, including Ag [59] . On Ag(111) surface, there are four

ifferent adsorption sites, i.e. metal top, bridge, fcc hollow and hcp

ollow (see Fig. S1) [59 , 62] . We studied the adsorption of O, CO,

nd CO 2 molecules on the four different adsorption sites and by

onsidering various adsorbate orientations. We found that the low-

st energy adsorption sites for O and CO are fcc hollow and metal

op sites, respectively, both in perfect agreement with earlier stud-

es [63 , 64] . Additionally, we found that the adsorption of CO 2 on

g(111) surface is energetically not favorable, which is also in ac-

ordance with experiments [65 , 66] . 

Counting the number of excess electrons on metal electrodes

s possible in experiments. For instance, for Pt metal nanoparticles

n a support, a net charge transfer of 1.2 × 10 14 e −/cm 

2 has been

eported [67] . Comparing to a cathode that operates at a typical

OC current density [32] of 1 A/cm 

2 , for the Ag(111) surface area

s used in our calculations the electron flow will be 41,875 e −/s.

ssuming a time constant of 1 ms [68] , approximately 42 addi-

ional electrons can be accommodated on our model Ag electrodes.

nder the plasma effect, the electronic charge on electrodes is

xpected to increase further [38] . For our model system, which is

 3 × 3 Ag(111) surface with nine Ag atoms, an additional electron

orresponds to an electron density of 1.49 × 10 15 e −/cm 

2 . In our

FT calculations, we added an increasing number of two, four, and

ix additional electrons to the 45 metal atom slabs, which result

n electron densities of approximately 2.98 × 10 15 , 5.96 × 10 15 

nd 8.94 × 10 15 e −/cm 

2 , respectively. In addition to the electron-

oped surfaces, we also considered the clean Ag surface with no

dded electrons for the study of molecule interactions. As shown

n Fig. S2, without the added electrons, the charge distribution

mongst the metal layers show a largely symmetric distribution

etween the top and bottom layers. When additional electrons

re introduced, the localization of charge on the two faces of the

lab follow a similar trend as for the neutral surface (see Fig. S2).

n other words, the added electrons are not only hosted on the

op layer but also on the bottom layer and to a lesser amount on

he mid-layers of the electrode. On neutral surfaces, the periodic

FT calculated adsorption energies of molecules, such as CO, are

ndependent of the sufficiently large vacuum lengths ( L ). However,

or charged surfaces, as shown in Fig. S3, due to Coulomb inter-

ctions, the adsorption energies of CO are linearly proportional to

he inverse of vacuum spacing between slabs (1/ L ) [42] . 
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Fig. 1. Adsorption energies of (a) O, (b) CO 2 , and (c) CO on clean surface, and (d) CO on O-adsorbed surface (see Table S1 for numerical data). 
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The common periodic DFT codes can usually be configured to

dd a homogeneous background charge when the total number

f electrons used in calculations are different than that of a

eutral slab [69]. This, however, by itself is not sufficient for the

ccurate calculation of adsorption energies of chemical species

n the charged surfaces of electrodes. To surmount errors asso-

iated with Coulomb interactions between periodically repeating

mages in the perpendicular direction to catalyst surface, for CO

olecules on Ag(111), we initially used vacuum spacings of 15,

0, 30, 40, 50, and 60 Å and extrapolated the adsorption energies

o the infinite vacuum ( L → ∞ ). As shown in Fig. S4, using only

wo different vacuum spacings of 15 and 30 Å were sufficient in

redicting the corrected adsorption energies that have been calcu-

ated using additional vacuum spacings. Therefore, we performed

he calculations aimed at the study of adsorption of all other

hemical species, with 15 and 30 Å vacuum spacings. To obtain

he corrected adsorption energies at the infinite vacuum, the DFT

alculated results are incorporated into the following equation 

 

PC 
Ads = E II Ads − 1 

L II 

( 

E II 
Ads 

− E I 
Ads 

1 / L II 
− 1 / L I 

) 

(3) 

here E PC 
Ads 

is the periodicity-corrected adsorption energy at

he infinite vacuum, E I 
Ads 

and E II 
Ads 

are the adsorption energies

alculated with two different vacuum lengths, L I and L II . 

We found that the application of periodicity corrections on

he charged Ag surface has a significant impact on the com-

uted results. As shown in Fig. 1 (a), when the additional charge

n the metal slab is raised, the O adsorption becomes increas-

ngly stronger and at four e −/supercell additional charge the

 Ads (O) reaches its minima, and increases for six e −/supercell. The

 Ads (CO 2 ) on the neutral surface is slightly below zero (–0.02 eV),

s shown in Fig. 1 (b), and increases with an increase of additional

urface charge. CO binds to both clean and oxygenated Ag(111)
urfaces favorably. As shown in Fig. 1 (c, d), an increase in the

umber of added e − results in a less favorable CO adsorption.

nterestingly, on both clean and oxygen adsorbed surfaces, with

he addition of four and six e −/supercell, the CO adsorption be-

omes energetically not favorable. Next, we performed the second

et of calculations with 30 Å vacuum length between metal slabs

nd incorporated their results together with the results of 15 Å

acuum calculations into Eq. (3) . Compared to the results without

orrection, when the periodicity correction is applied, the O

dsorption energy on two and four e −/supercell doped-surfaces

ncreases, while on six e −/supercell doped-surface it decreases.

fter applying the periodicity correction, the O adsorption energy

ersus surface charge shows a different profile, as shown with

lue circles in Fig. 1 (a). CO 2 adsorption, on the other hand, follows

n almost linear adsorption energy trend in the energetically unfa-

orable region after applying the periodicity correction. However,

he periodicity-corrected results produce lower CO 2 adsorption

nergies and are less sensitive to additional surface charge. The

O adsorption profile shows an interestingly different behavior af-

er the periodicity corrections. CO adsorption energies reach their

axima with two e −/supercell and they decrease as surface charge

ncreases. As shown in Fig. 1 (d), the periodicity corrections for

O adsorption on the oxygenated surfaces have a similar effect to

hat of CO 2 adsorption. Unlike the results as predicted by routine

FT calculations, the CO adsorption on the oxygenated surfaces is

nergetically favorable for all the charged systems that are covered

n the present study. According to these findings, as the surface

harge increases, the disparities between the routine and corrected

alculation results become more serious. Therefore, correction pro-

edures for periodic DFT calculations are essentially needed

or the study of charged electrodes and their interactions with

olecules. 

To study the effects of surface charging of Ag electrodes on

he reaction energetics, we considered Eq. (1) for both the CO and
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Fig. 2. (a) LH and ER reaction mechanisms for CO oxidation on Ag(111) surface (TS represents transition state for the ER mechanism), (b) effect of calculation procedure on 

the energy profile of CO + ½O 2 � CO 2 on six e −/supercell (corresponding to 8.94 × 10 15 e −/cm 

2 ) charged Ag electrode. Energies are relative to the Ag(111) slab with six 

e −/supercell additional charge and a neutral CO 2 molecule in the gas-phase. 
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O recombination (CO oxidation) and the CO 2 dissociation (CO 2 

reduction) pathways. For the oxidation reaction, when CO and O

co-exist in the reaction medium since the absolute of O adsorption

energy (–0.52 eV) is significantly larger than CO adsorption energy

(–0.16 eV) on the electrode surface, the purely thermodynamic re-

sults dictate that O atoms would be adsorbed on Ag surface before

CO molecules. To produce CO 2 , the CO molecules then need to

interact with the adsorbed O (i.e. O 

∗) atoms via either Langmuir–

Hinshelwood (LH) or Eley–Rideal (ER) mechanisms, as shown in

Fig. 2 (a). The favorable oxidation mechanism on the surface is

determined by the competition between the activation energy of

the direct interaction of CO (gas) with O 

∗ and the adsorption energy

of CO to oxygenated surface. We found that the CO and O co-
dsorption step does not involve an activation barrier. A negative

O adsorption energy dictates that the reaction should proceed

ia LH mechanism. When CO adsorption to the oxygenated surface

s positive and larger than the activation barrier for CO (gas) + O 

∗

eaction, then the reaction follows ER mechanism. The importance

f the application of correction schemes to periodic DFT calcula-

ions of charged electrodes becomes more obvious at this step.

s reported in Table S1, we also performed calculations by taking

nto account the van der Waals (vdW) interactions. To signify the

ecessity of periodicity corrections, we have not included vdW

nteractions in Fig. 1 . To achieve accurate reaction mechanism

nergetics, we include the vdW contributions as well in the com-

arisons below. In Fig. 2 (b), a comparison of the full reaction path-
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Fig. 3. (a) Effect of surface charging on O, CO, and CO 2 interactions with Ag(111) surfaces with zero, two, four, and six added electrons per supercell. (b) Projection of surface 

charging effect on relative energies of the species during reaction. Energies are relative to the sum of respective charged state of Ag(111) slab energy, neutral CO and ½O 2 
molecule energies in the gas-phase. Green dotted line shows the relative energy of the sum of respective charged state of Ag(111) slab energies and gas-phase CO 2 molecule. 
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ay energetics, under the influence of six e −/supercell additional

harge, as calculated by four different computational procedures is

resented. According to DFT calculations with no corrections and

alculations with vdW contributions, the CO and O co-adsorption

s less favorable when compared to CO (gas) and O 

∗. Hence, the

xidation reaction should follow the ER mechanism. However,

hen periodicity corrections or periodicity corrections with vdW

ontributions are included, the co-adsorption becomes more favor-

ble and the oxidation reaction follows the LH mechanism. These

esults show that periodic DFT calculations on charged systems

ithout proper correction procedures might lead to deceptive

echanistic results as well as the energetics as discussed above. 

Fig. 3 (a) shows the formation of CO 2 on charged Ag(111) elec-

rodes that have been calculated using both vdW contributions and

eriodicity corrections. On the clean slab, the calculated activa-

ion barrier for the oxidation reaction between CO 

∗ and O 

∗ to pro-

uce CO 2 
∗ is 0.14 eV. Injection of additional electrons to the Ag

lectrode decreases the activation barrier to 0.04 eV, thus making

he oxidation step more favorable than on neutral electrodes. For

he reduction reaction shown in Eq. (1) , the activation barrier be-

ween CO 2 
∗, and co-adsorbed CO 

∗ and O 

∗ are calculated as 2.33,
.22, 2.16, and 1.87 eV, respectively for supercells with zero, two,

our, and six additional electrons. As the surface charging increases,

he CO 

∗ desorption energies decrease from 0.50 consecutively to

.40, 0.36 and 0.34 eV. Accordingly, the addition of electrons to

he Ag slab decreases the barriers for the formation and desorp-

ion of CO molecules ( Fig. 3 a). For the additional charge range

hat has been covered in the current study, the reaction shown

n Eq. (1) proceeds in the oxidation direction via the LH mecha-

ism ( Fig. 3 b). Nevertheless, during plasma- and electro-catalytic

hemical conversion experiments, the electrodes might well ex-

erience additional charges on their surfaces that are beyond the

umber of added electrons that have been considered in the cur-

ent study [38] . However, due to practical limitations (see Fig. S2),

e have not considered further charging of the surface beyond

ix e −/supercell. To estimate the effect of higher charge contri-

utions on CO 2 reduction, inspired by the linear profile of our

esults as shown in Fig. 3 (b), we extrapolated the relative ener-

ies of O adsorption, CO and O co-adsorption, and CO 2 adsorption,

s calculated with respect to the energy of the clean Ag-surface

t a given charge state plus neutral CO and ½O 2 molecule ener-

ies in the gas-phase. According to these projected results shown
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in Fig. 3 (b), the LH oxidation reaction is the energetically favor-

able mechanism up to 19 e −/supercell. When the additional charge

reaches 19 e −/supercell, the E Ads for O becomes equivalent to that

of O and CO co-adsorption. For farther charging than this point, the

CO adsorption to the oxygenated surface is expected to become an

activation barrier itself for the LH oxidation reaction, and there-

fore the reaction mechanism is expected to shift to an ER reac-

tion. When the additional charge exceeds 29 e −/supercell, the ad-

sorption of molecular CO 2 on the Ag surface becomes energetically

unfavorable when compared to its dissociation into O 

∗ and CO (gas) 

molecule. Finally, assuming that a linear profile would still be valid,

the charging of the Ag electrode to beyond 42 e −/supercell will

ease the reduction of gas-phase CO 2 into O 

∗ and CO (gas) . 

4. Conclusions 

In summary, we studied the interactions of O, CO and CO 2 with

the neutral and electrically charged Ag(111) surfaces and showed

the importance of proper correction procedures for the calculation

of adsorption energies and reaction mechanisms, and ultimately

the computer-aided prediction of catalytic behavior of charged cat-

alysts. We found that when CO, O and CO 2 mixtures interact with

Ag(111) surfaces, both the direction of the reaction and the nature

of the reaction mechanism can be modulated by the tuning the

concentration of surface electrons. For the CO oxidation reaction,

for both neutral and charged Ag(111) electrodes up until approxi-

mately 19 e −/supercell additional charge, the LH mechanism is fa-

vored, whereas between 19 and 29 e −/supercell the ER mechanism

is energetically favored. At higher surface electron concentrations,

such as when the additional charge is larger than 29 e −/supercell,

the reduction of CO 2 molecules would become energetically favor-

able than their adsorption on the electrode surface. Finally, when

additional charge exceeds 42 e −/supercell, the production of CO (g) 

would become thermodynamically favorable. Unique for the CO 2 

conversion on charged Ag electrodes as investigated here, by ap-

plying a proper correction scheme, we showed that the transition

from an oxidation catalyst to a reduction catalyst require substan-

tially higher charging of the metal surface with electrons than the

case when no correction scheme is used. The methodology em-

ployed here is in principle applicable to the computational study

of any conversion reaction on charged electrodes of various kinds. 
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