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Abstract

The surface-structural sensitivity of the reverse water-gas shift (RWGS) reaction (CO2 +H2 fiCO+H2O) over the

Cu(1 1 1), Cu(1 0 0), and Cu(1 1 0) surfaces has been studied by first-principle density functional calculations together

with the UBI-QEP approach. Cluster models of the surface have been employed to simulate the adsorption of CO2, H2,

H, O, OH, CO, and H2O on the Cu(hkl) surfaces at low coverage. This sensitivity is determined by the difference in the

activation barriers. It can be noticed that the most likely rate-determining step in RWGS reaction is the CO2 disso-

ciative adsorption, namely CO2;g fiCOs +Os. The trend in the calculated activation barriers for the reaction of CO2

dissociative adsorption follows the order of Cu(1 1 0) <Cu(1 0 0) <Cu(1 1 1), suggesting that the most efficient crystal

surface for catalyzing RWGS reaction by copper is Cu(1 1 0), and the more densely packed Cu(1 1 1) surface is the least

active among the Cu(hkl) surfaces studied here. As expected, the activation barriers for the recombinative reactions over

Cu(hkl) are in the order of Cu(1 1 0) >Cu(1 0 0) >Cu(1 1 1), just opposite to the dissociative reactions. The interesting

thing is that there is a good correlation between the adsorption bond length and the adsorption energy: The preferred

adsorption site is the one with the shortest adsorption bond length. The present calculations are in good agreement with

experimental observations.
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1. Introduction

The catalytic water-gas shift (WGS) reaction

(CO+H2OfiCO2 +H2) is frequently applied in

the chemical process industry; it also takes part in

many proposed future technologies for energy
ed.

mail to: wangguichang@nankai.edu.cn
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conversion (e.g. coal conversion to liquid fuels) [1].

For example, the steam reforming of hydrocar-

bons (CnHm þ nH2O ! nCOþ ðnþ m=2ÞH2) and

the WGS reaction take place simultaneously. On

the other hand, the reverse water-gas shift (RWGS)

reaction (CO2 +H2 fiCO+H2O), the reaction of
carbon dioxide and hydrogen to produce carbon

monoxide and water, is also a reaction of consid-

erable industrial importance. The RWGS reaction

technology is recently suggested in industries pro-

ducing valuable CO from cheap CO2 using hy-

drogen produced as a by-product. By the way, the

hydrogenation of CO2 usually reaches the pro-

duction of CH4 with transition metal catalysts at
atmospheric pressure [2–5].

Both metal and metal oxides are common cata-

lysts for the WGS reaction. The so-called ‘‘low-

temperature’’ Cu/ZnO catalyst is widely used to

catalyze this reaction. To study RWGS reaction, we

borrow the same catalyst fromWGS reaction for the

moment. Indeed, the WGS and RWGS reactions

have been studied over both high-surface-area cat-
alysts containing Cu and ZnO [6–12] and model

catalysts based on Cu single crystals, which have

very well-controlled surface cleanliness and geo-

metric structure [13–17]. Generally, two mecha-

nisms (i.e. a formate mechanism and a ‘‘surface

redox’’ mechanism) may be used to elucidate the

WGS reaction on copper surface. According to the

former, surface hydroxyls (OHs) produced from
dissociatively adsorbedH2O combinewith adsorbed

CO (COs) to produce a surface formate intermediate

(HCOOs), which then decomposes to 1/2H2 and

CO2 [6–9]. While in the ‘‘surface redox’’ mechanism

[6–12], H2O surface-redox-dissociatively adsorbs to

produce oxygen adatoms (Os) and H2, followed by

the well-known reaction of CO with Os to produce

CO2 (Ref. [9] and references therein). Very recently,
the micro-kinetics of the WGS reaction has been

investigated by Fishtik and Datta [19] utilizing the

conventional transition state theory along with the

unity bond index-quadratic exponential potential

(UBI-QEP)method, indicating that the formate and

associative mechanisms are dominant at lower

temperatures while the redox mechanism is domi-

nant at higher temperatures. Interestingly, the rate-
determining step in bothmechanisms is the same, i.e.

the dissociative adsorption of water.
On the other hand, for the RWGS reaction the

study of interaction of CO2 with a clean Cu(1 1 0)

surface supports a catalytic redox mechanism

whereby the rate-determining step is the dissocia-

tive adsorption of CO2, followed by consumption

of the resulting Os by reaction with H2;g [15]. This
has also been confirmed by Ernst et al. [16] from

the steady-state kinetic measurements and the

analysis of RWGS reaction rate.

Real materials used in application normally

expose a number of different crystallographic

faces. The sensitivity of surface reactions to the

crystallographic orientation of the surface is an

interesting aspect to understand the catalysts.
Some investigations [16–18] show that the RWGS

reaction over the silica-supported copper catalysts

is surface-structural sensitive. However, no sys-

tematic and detailed analysis on the energetic be-

havior of RWGS reaction on the Cu(hkl) surfaces
can be found in the literature to our knowledge.

A property related to the surface-structural

sensitivity is the adsorption energy of an adsorbate
on different single crystal surfaces. In our previous

reports [20,21] the interaction of C, H, O, and S

atoms with the Cu(1 1 1) surface has been system-

atically studied from first-principle density func-

tional calculations and the results agree well with

the experiments. In this paper, the interaction of

adsorbed species (i.e. CO2, H2, H, O, OH, CO, and

H2O) with the Cu(1 1 1), Cu(1 0 0) and Cu(1 1 0)
surfaces will be studied by density functional

techniques to elucidate the equilibrium geometry

and the binding characteristics. Because it is diffi-

cult to locate the transition states of the RWGS

reaction on these surfaces, we focus mainly on

an evaluation of dissociation or recombination

energies, and then follow Shustorovich�s approach
[22–24] to determine the activation barriers of
elementary reactions. Shustorovich [22,23] has

developed the so-called bond-order conservation

Morse-potential (BOC-MP) method to treat the

dissociations of adsorbates on metal surfaces, and

the analytical BOC-MP formula relates the acti-

vation energy to the dissociation or recombination

energies and the adsorption energies of an adsor-

ate and its dissociative fragments. Recently,
Shustorovich and Sellers [24] have made a con-

siderable revision to the BOC-MP method and
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renamed as the unity-quadratic exponential po-

tential (UBI-QEP) method. However, the analyti-

cal expression for estimating activation barriers

remains unchanged. The UBI-QEP method dem-

onstrated in every case [21–26] can provide an ef-

ficient and fast way to evaluate the activation
barriers. We will limit our description of the

method to a brief summary of the equations re-

quired for the present study (see Appendix A). The

reader could refer to the work of Shustorovich and

Sellers [23,24] for an in depth discussion on the

UBI-QEP approach.
2. Cluster models and computational methods

The cluster model has been used frequently to

investigate the chemical interaction of the ad-

sorbates with the metal surfaces. Many papers

have been published [20,21,26–30], in which cluster

models have provided accurate descriptions of

adsorbate geometry, vibrations and energetics.
The development of modern surface science pro-

vided the opportunity to investigate the interaction

between catalysts and molecules or atoms in the

atomic scale. However, computations of molecules

containing transition metal atoms have proven to

be more difficult than those for first- and second-

row atoms [30]. Recent advances in methodology

based on the technologies of pseudopotential and
plane-wave basis sets and the high-speed comput-

ers have now made it possible to obtain quanti-

tative information on the surface phenomena.

In this work, cluster models of the surface have

been employed to simulate CO2, H2, H, O, OH,

CO, and H2O adsorbed on the Cu(1 1 1), Cu(1 0 0)

and Cu(1 1 0) surfaces. The copper cluster models
(a) (b)

Fig. 1. The Cu18(15,3) and Cu18(12,6) cluster models represent the

Cu18(15,3)–(1 1 1), (b) Cu18(12,6)–(1 0 0), and (c) Cu18(12,6)–(1 1 0).
of Cu18(15,3) (i.e. 15 atoms in the first and three

atoms in the second layer), and Cu18(12,6) (i.e. 12

atoms in the first, six atoms in the second layer)

shown in Fig. 1 have been chosen to represent the

Cu(1 1 1), Cu(1 0 0) and Cu(1 1 0) surfaces, respec-

tively. The Cu(1 1 1), Cu(1 0 0) and Cu(1 1 0) sur-
faces are constructed using the bulk lattice

constants of 3.615 �AA [31]. Our recent investigation

of the interaction of CO2 with the Cu(hkl) surfaces
(unpublished results) demonstrates that the

Cu18(15,3) and Cu18(12,6) cluster models can pro-

vide accurate descriptions of the interaction be-

tween well-defined single crystal copper surfaces

and small molecules or atoms such as CO2, H2, O.
Generally, there are four different adsorption sites

on the Cu(1 1 1) crystal surface: the atop site which

resides above a surface atom, two 3-fold hollow

sites which correspond to the ‘‘fcc site’’ and the

‘‘hcp site’’ (the hcp site resides above an atom of

the second substrate layer; the fcc site does not),

and the ‘‘bridge’’ site which lies halfway between

the fcc and hcp sites. Similarly, the 4-fold hollow
site, short bridge (SB) or long bridge (LB) site, and

the top site could be found in the Cu(1 0 0) and

Cu(1 1 0) surfaces. These sites are schematically

illustrated in previous study [21]. In the present

calculations, the geometry of metal cluster was

kept unchanged while the geometry of adsorbates

above the surface was fully optimized, which is

based on the fact that there is indeed very little
modification of the metal surface by adsorbed

species at low coverage [32,33].

The interaction of CO2, H2, H, O, OH, CO,

and H2O with the different adsorption sites on

Cu(1 1 1), Cu(1 0 0) and Cu(1 1 0) surfaces has

been studied by first-principle density func-

tional calculations that use the hybrid B3LYP
(c)

Cu(1 1 1), Cu(1 0 0), and Cu(1 1 0) surfaces, respectively. (a)
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exchange-correction functional [34,35] as imple-

mented in Gaussian94 program package [36]. For

Cu atoms, the relativistic effective core potentials

(ECP) reported by Hay and Wadt [37] have been

used to describe the 1s–2p core while the electrons

arising for the 3s, 3p, 3d, 4s, 4p shells are treated
explicitly. It is customary to refer to these ECPs as

LANL2. The standard double-f basis set, also re-

ported by Hay and Wadt [37] and denoted as usual

as LANL2DZ, is used to describe the electron

density of the valence electrons of Cu. Based on

analysis of BSSE in our recent study of the inter-

action of CO2 with Cu(hkl) surfaces (unpublished
results) and previous study [21], the electron den-
sities of C, O, and H atoms are described with the

standard 6-31G basis set.

Manifesting the high level of accuracy in cal-

culations of atomic and molecular chemisorption

energies on metal surfaces, the UBI-QEP method

demonstrated in every case [21–26] can provide a

useful way to evaluate the activation barriers. The

highest adsorption energies of CO2, H2, H, O, OH,
HCOO, CO, and H2O on Cu(hkl) from first-prin-

ciple DFT calculations together with the dissoci-

ation energy of these molecules in the gas phase

can be used to determine the activation barriers of

forward reactions ðEfÞ and reversed reactions

ðDErÞ and enthalpy changes (DH ) for reverse

water-gas Shift reaction on the Cu(1 1 1), Cu(1 0 0),

and Cu(1 1 0) surfaces. The appendix provides a
Table 1

Adsorption energies ðEÞ and structural parameters for the reactants (C

surfacesa

CO2 RCu–C/�AA C–O distance/�AA O

Left O–C Right C–O

Cu(1 1 1) 3.353 1.187 1.189 1

Cu(1 0 0) 3.251 1.188 1.188 1

Cu(1 1 0) 3.102 1.192 1.182 1

H2 Site RCu–H/�AA RH–H/�AA T

Cu(1 1 1) Top 2.376 0.746 1

Cu(1 0 0) Top 2.297 0.747 2

Cu(1 1 0) Hollow 3.121 0.745 3

Cu(1 1 0) LB 2.537 0.746 1

Cu(1 1 0) Top 2.195 0.749 0

aRCu–C or RCu–H, the distance from Cu atom to the nearest C or H
brief summary of the equations required for the

present study.

One should further comment on the UBI-QEP

analysis of the surface reactivity. Remember that

the reaction rate constants k of an elementary

process is described in the Arrhenius form as [6]

k ¼ A expð�E�=RT Þ
where A is a pre-exponential factor and E� is an

activation barrier. Because of their exponential

effect, the values of E� are usually critical, how-

ever, the values of A should be close in order to
make a decisive comparison between two reactions

based solely on the values of E�. This condition is

most likely to be met for a given reaction on a

surface with given orientation, say fcc(1 1 1),

though of two different metals, say Fe(1 1 1) and

Ni(1 1 1). However, the next best case will be for

two reactions of the same reaction order on a given

surface.
3. Results and discussion

Tables 1–3 list the adsorption energies and

structural parameters of CO2, H2, H, O, OH, CO,

and H2O adsorbed onto the Cu(1 1 1), Cu(1 0 0)

and Cu(1 1 0) surfaces, together with available ex-
perimental data. The adsorption energy ðEÞ is

calculated according to the formula:
O2 and H2) adsorbed onto the Cu(1 1 1), Cu(1 0 0), and Cu(1 1 0)

–C–O angle/� ECO2
(DFT)/eV ECO2

(exptl)/eV Ref.

79.98 0.20 0.19 [40]

78.93 0.23 0.26–0.31 [42]

79.98 0.33

ilting angle/� EH2
(DFT)/eV EH2

(exptl)/eV

.00 0.21

.80 0.30

.81 0.18

.82 0.26

.17 0.36 0.35–0.52 [43]

atom.



Table 2

Adsorption energies ðEÞ and structural parameters for intermediate fragments (H, O, and OH) adsorbed onto the Cu(1 1 1), Cu(1 0 0),

and Cu(1 1 0) surfaces

H RCu–H/�AA EH (DFT)/eV EH (exptl)/eV Ref.

Cu(1 1 1)-hcp 1.793 2.01

Cu(1 1 1)-fcc 1.776 2.19 2.43 [44]

Cu(1 0 0)-hollow 1.720 2.38

Cu(1 1 0)-hollow 2.273 1.77

Cu(1 1 0)-SB 1.695 2.62

O RCu–O/�AA EO (DFT)/eV EO (exptl)/eV

Cu(1 1 1)-hcp 1.957 4.19

Cu(1 1 1)-fcc 1.940 4.39 4.47 [46]

Cu(1 0 0)-hollow 1.919 4.60

Cu(1 1 0)-LB 1.826 4.76

OH RCu–O/�AA RO–H/�AA Tilting angle/� EOH (DFT)/eV EOH (exptl)/eV

Cu(1 1 1)-hcp 2.025 0.959 2.70 2.62

Cu(1 1 1)-fcc 1.995 0.963 1.00 2.70

Cu(1 0 0)-bridge 1.930 0.969 0.18 2.40

Cu(1 0 0)-hollow 1.916 0.975 1.02 2.86

Cu(1 1 0)-hollow 1.901 0.986 0.20 2.96

Cu(1 1 0)-LB 1.886 0.996 0.08 3.07

Table 3

Adsorption energies ðEÞ and structural parameters for the products (CO and H2O) adsorbed onto the Cu(1 1 1), Cu(1 0 0), and

Cu(1 1 0) surfaces

CO RCu–C/�AA RC–O/�AA Tilting angle/� ECO (DFT)/eV ECO (exptl)/eV Ref.

Cu(1 1 1) 2.222 1.151 0.08 0.50 0.72 [51]

Cu(1 0 0) 2.126 1.156 1.12 0.72 0.80 [51]

Cu(1 1 0) 1.990 1.157 1.18 0.81 0.85 [51]

H2O RCu–O/�AA H–O distance/�AA H–O–H angle/� EH2O (DFT)/eV EH2O (exptl)/eV

Left H–O Right O–H

Cu(1 1 1) 2.162 0.974 0.976 111.15 0.61 0.40–0.70a [54]

Cu(1 0 0) 2.078 0.980 0.976 112.76 0.81

Cu(1 1 0) 2.003 0.993 0.973 111.01 1.00

a The data were measured on an unspecified orientation metal surface.
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E ¼ EðclusterÞ þ EðadsorbateÞ
� Eðclusterþ adsorbateÞ ð1Þ

where E(cluster), E(adsorbate), and E(clus-
ter + adsorbate) denote the calculated energy of a

cluster without adsorbate, the free adsorbate, and

a cluster with adsorbate, respectively. A positive

value of E implies that the adsorption of adsorbate
from gas-phase is thermodynamically favorable.

From the calculated adsorption energies, the dis-

tances from Cu atom to the nearest C, H, or O
atom, and the intramolecular bond lengths re-

ported in Tables 1–3, it can be inferred that the

relative strength of adsorption for adatom (i.e. H
or O) or radical (i.e. OH) is stronger than that for

molecule (i.e. CO2, H2, CO, or H2O) on a given

surface.
3.1. Adsorptions of the reactants (CO2, H2)

In general, a major objective in studying CO2-

surface interactions is investigating its activation
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Fig. 2. Top views of the initial forms and side views of final optimized forms of CO2 adsorbed onto: (a) Cu(1 1 1), (b) Cu(1 0 0), and (c)

Cu(1 1 0) surfaces. (The directions of side views are as indicated by arrows in the initial forms.) In the view of final optimized form, the

oxygen atom on the left of carbon atom is labeled as ‘‘Left O’’ in text and Table 1.
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because of the implication of CO2-activation in

many chemical processes with the cheap C1 feed-

stock. Solymosi [38] and Freund and Rorbert [39]

have provided comprehensive reviews for CO2 in-

teraction with clean and modified single crystal

metal surfaces and real catalyst surfaces. Our
representative results of top views of the initial

forms and side views of final optimized forms of

CO2 adsorbed onto the Cu(1 1 1), Cu(1 0 0), and

Cu(1 1 0) surfaces with the largest adsorption en-

ergy are shown in Fig. 2. These optimized results

indicate that the final structure of adsorbed CO2 is

near linear and the preferred modes for the ad-

sorption of CO2 onto the Cu(1 1 1), Cu(1 0 0), and
Cu(1 1 0) surfaces are the side-on adsorption at the

cross-bridge site with an adsorption energy of 0.20

eV, the side-on adsorption at the short bridge site

(0.23 eV), and the end-on adsorption on the on-

top site with C–O bonds locating along the short

bridge site (0.33 eV), respectively. In addition, the

slightly elongated C–O bond length in CO2;s indi-

cates the activation of CO2. Therefore, the ad-
sorption energies for the nonpolar CO2 are small

and in the order of Cu(1 1 0) >Cu(1 0 0) >

Cu(1 1 1).

Carbon dioxide is thought to be adsorbed on

polycrystalline Cu both in physisorbed form with

the adsorption energy ðEÞ of 0.19 eV [40] and in an

anionic (CO�
2 ) chemisorbed state (E < 0:62 eV)

[41]. The interaction of carbon dioxide with
Cu(1 0 0) surface has been investigated by TPD

and the adsorption energy has been measured to
be 0.26–0.31 eV in the coverage range 0.05–0.40

ML [42]. From Table 1 it is easy to find that the

calculated results agree well with the experiments.

Among other studies, the highest adsorption en-

ergy of CO2, computed by Au and Chen [32] with

the Slater DFT code on a Cu14(9,4,1) cluster which
is taken as a cluster model of the Cu(1 0 0) surface,

was 0.27 eV, which also is in good agreement with

the experimental value 0.26–0.31 eV [42].

For the adsorption of H2 on the Cu(hkl) sur-

faces, the adsorption energies involved are also

small, with magnitudes less than 0.40 eV. This is to

be expected as H2 is a nonpolar molecule. The

optimized molecular axis of H2;s is nearly normal
to the surface. The H2 adsorption at the top site of

Cu(1 1 1), Cu(1 0 0), and Cu(1 1 0) is found to be

energetically preferred with an adsorption energy

of 0.21, 0.30, and 0.36 eV, respectively. The

slightly elongated H–H distance from free H2

molecule (0.741 �AA) [31] demonstrates that the H–H

bond in adsorbed H2 molecule gains somewhat

activation. This kind of weakly adsorbed behavior
is consistent with the experimental observations

[43].

3.2. Adsorptions of intermediate fragments (H, O,

OH, HCOO)

Previous study of the atomic hydrogen ad-

sorption on the Cu(1 1 1) surface [20] has shown
that H prefers the high-coordination three hollow

site. Thus, for Cu(1 1 1) the only geometries of H



Table 4

The adsorption energies of the adsorbates on Cu(hkl) and the

dissociation energy of molecules in the gas phase (units: eV)

Adsorbate Cu(1 1 1) Cu(1 0 0) Cu(1 1 0) DAB
a

CO2 0.20 0.23 0.33 16.65 (5.52b)

H2 0.21 0.30 0.36 4.52

H 2.19 2.38 2.62

O 4.39 4.60 4.76

OH 2.70 2.86 3.07 4.43

CO 0.50 0.72 0.81 11.16

H2O 0.61 0.81 1.00 9.54

HCOO 0.34 1.13 1.81 16.65

a The dissociation energies (DAB) are taken from Ref. [23].
b The value in parentheses represents the CO–O bond

strength taken from Ref. [29].
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adatom considered in the present work are on the

fcc and hcp sites. The results are collected in Table

2, together with results on Cu(1 0 0) and Cu(1 1 0)

surfaces and the available experiment data. It is

easy to find from Table 2 that H atom can adsorb

strongly on the Cu(hkl) surfaces. The calculated
adsorption energy of H atom at the fcc site of

Cu(1 1 1) (2.19 eV) is in accord with the experi-

mental value 2.43 eV [44]. Interestingly, the final

optimized site of H atom on Cu(1 1 0) is short-

bridge (SB) site from the initial site of long-bridge

(LB). The preference of SB site for hydrogen

atomic adsorption on the Cu(1 1 0) surface is dif-

ferent from O atom whereas the most stable po-
sition for oxygen is the LB site [21,45].

Based on the systematic investigation of the

equilibrium geometry and the binding character-

istics of atomic oxygen on the Cu(1 1 1), Cu(1 0 0)

and Cu(1 1 0) surfaces [21], only four preferred

sites of atomic oxygen on Cu(hkl) have been op-

timized in this work. The calculated adsorption

energies (listed in Table 2) are 4.19–4.76 eV, in
good agreement with the experiments [45,46] and

the previous B3LYP hybride calculations [21].

The adsorption of small molecular radicals at

metal surfaces is of considerable experimental as

well as theoretical interest since they are present

and can occur as the reaction intermediates in

heterogeneous catalytic processes. For example,

OH is found as a component in the catalytically
activated hydrogen–oxygen reaction or in the

water-gas shift reactions. For the adsorption of

OH on Cu(hkl), the present optimized results show

that OH stabilizes with its molecular axis nearly

normal to the copper surface and the oxygen

pointing towards the metal. OH prefers the fcc

hollow, 4-fold hollow site, and long-bridge site on

the Cu(1 1 1), Cu(1 0 0), and Cu(1 1 0) surfaces with
an adsorption energy of 2.70, 2.76, 3.07 eV, re-

spectively. As a comparison, among other studies,

the fcc site of Cu(1 1 1) is found to be energetically

preferred with an OH/Cu binding energy of 3.10

eV at the configuration interaction (CI) level [27],

but OHs is also negative charged in the presence of

surface with the formation of ionic surface bond.

In the case of HCOO, Hu and Boyd [29] have
investigated the adsorption behavior of formate on

the Cu(hkl) surfaces using the DFT method, and
found that the calculated geometries and vibra-

tional frequencies were in good agreement with

experimental data. According to the adsorption

energies, however, the comparison between DFT

method and experiments could not be found in
their work. For the moment, the adsorption en-

ergies HCOO (Table 4) are calculated using the

UBI-QEP method (see Appendix A) based on

the reliable adsorption energies for O atom from

the present DFT calculations (Table 2). Indeed, we

plan to investigate the formate decomposition

pathway in future studies.

3.3. Adsorptions of the products (CO, H2O)

There are many experimental and theoretical

studies of the interaction between CO and transi-

tion metal surfaces because of the potential use of

Fischer–Tropsch chemistry in the production of

hydrocarbons and synthetic alcohol fuels. A good

review can be found in Ref. [47]. A few of the most
important points will be cited with more recent

results. It can be concluded from previous studies

[47–50] that at low coverage CO prefers the top

site on the copper surface with the carbon end

down. From Table 3, the CO molecule is found to

be slightly tilted with angle of 0.08–1.18, suggest-

ing that the molecular axis of CO is nearly normal

to the surface. One can see that the calculated
adsorption energies on the Cu(hkl) surfaces (0.50–
0.81 eV) are quite close to the experimental data

(0.72–0.85 eV) [51]. In addition, the slightly elon-

gated C–O distances in adsorbed CO further
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confirm the weakly adsorbed behavior of CO on

the copper surfaces. This again agrees well with

various experimental evidences [47–49].

For H2O adsorption, the side views of the initial

forms and top views of final optimized forms of

water adsorbed onto the Cu(1 1 1), Cu(1 0 0), and
Cu(1 1 0) surfaces are schematically shown in Fig.

3. The top site on Cu(hkl) is found to be energet-

ically most favorable. Water bonds through the

oxygen atom to the surface. Similarly, calculations

with metal clusters by M€uuller and Harris [52] and

Ribarsky et al. [53] point to an on-top tilted ge-

ometry as the most favorable. Finally, the calcu-

lated adsorption energies of H2O on the Cu(1 1 1),
Cu(1 0 0), and Cu(1 1 0) surfaces are 0.61, 0.81, and

1.00 eV respectively, which may be with a bigger

deviation than the other adsorbed species from the

available experimental data (0.40–0.70 eV) [54,55].

However, because of the uncertainty on surface

orientation in Ref. [54], this deviation is not for

sure yet.

From Tables 1–3, one may reach a conclusion
that the adsorption energies for a given adsorbate

are in the order of Cu(1 1 0) >Cu(1 0 0) >Cu(1 1 1)

at low coverage, and consistent with the order in

the distances from Cu atom to the nearest C, H, or

O atom and the intramolecular bond lengths,

suggesting that the relative strength of adsorption

for the adsorbates on Cu(hkl) may be character-

ized by several indexes.
Fig. 3. Side views of the initial forms and top views of final optimized

Cu(1 1 0) surfaces. (The directions of side views are as indicated by arr

hydrogen atom on the left of oxygen atom is labeled as ‘‘Left H’’ in
3.4. Energetics for the RWGS reaction over

Cu(hkl) surfaces

In this section, the energetics of the RWGS

reaction on the Cu(hkl) surfaces will be discussed
in terms of the elementary reaction steps in the

surface mechanism. Considering that the reaction

pathway of molecule dissociation maybe involve

surface dissociation or dissociative adsorption, the

possible elementary reactions of the RWGS reac-

tion are summarized as

CO2;g ! CO2;s ½R1�

CO2;s ! COs þOs ½R2�

CO2;g ! COs þOs ½R3�

H2;g ! H2;s ½R4�

H2;s ! 2Hs ½R5�

H2;g ! 2Hs ½R6�

Hs þOs ! OHs ½R7�

Hs þOHs ! H2Os ½R8�

CO2;s þHs ! HCOOs ½R9�

HCOOs ! COs þOHs ½R10�

CO2;s þHs ! COs þOHs ½R11�
forms of H2O adsorbed onto: (a) Cu(1 1 1), (b) Cu(1 0 0), and (c)

ows in the final forms.) In the view of final optimized form, the

text and Table 3.
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Fig. 4. Schematic illustration of calculated activation barriers

(E�) of elementary reactions for reverse water-gas shift reaction

on the Cu(1 1 1), Cu(1 0 0), and Cu(1 1 0) surfaces.
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COs ! COg ½R12�

H2Os ! H2Og ½R13�
Based on the highest adsorption energies of CO2,

H2, H, O, OH, HCOO, CO, and H2O on Cu(hkl)
from first-principle DFT calculations together

with the dissociation energy of these molecules in

the gas phase (Table 4), the UBI-QEP formula is

employed and we report the calculated activation

barriers and enthalpy changes in Table 5, respec-

tively. In addition, the activation barriers of for-

ward reactions (DEf ) for RWGS reaction on the

Cu(1 1 1), Cu(1 0 0), and Cu(1 1 0) surfaces are
comparatively shown in Fig. 4. The rather negative

values of DE indicate that these reactions on the

Cu(hkl) surfaces are very favorable.

From Table 4, one may observe that the ad-

sorption energies of molecules (i.e. CO2, CO, H2,

H2O) are small. So, if the reaction could find a

pathway of dissociative adsorption to avoid the

difficulty of molecular adsorption, it will be the
dominant pathway. In the RWGS reaction mech-

anism, we find that R3 is the optimal pathway for

CO2 dissociation. For R3 (CO2;g fiCOs +Os), the

estimated activation barriers on Cu(1 0 0) and

Cu(1 1 0) are 0.82 and 0.64 eV respectively, which

are in good agreement with the experimental data,

i.e. 0.96 ± 0.05 eV [42] and 0.70 eV [15], respec-

tively.
Table 5

Activation barriers of forward reactions (DEf ) and reversed reaction

reaction on the Cu(1 1 1), Cu(1 0 0), and Cu(1 1 0) surfaces (units: eV)

Reactions Cu(1 1 1) Cu(1 0 0)

DEf DEr DH DEf D

R1 0.00 0.20 )0.20 0.00 0

R2 0.64 0.00 0.80 0.51 0

R3 1.08 0.45 0.63 0.82 0

R4 0.00 0.21 )0.21 0.00 0

R5 0.72 0.37 0.35 0.63 0

R6 0.51 0.58 )0.07 0.33 0

R7 0.46 1.01 )0.55 0.63 0

R8 0.19 1.02 )0.83 0.31 0

R9 0.04 0.14 )0.10 0.06 0

R10 0.39 0.04 0.35 0.37 0

R11 0.34 0.09 0.25 0.33 0

R12 0.50 0.00 0.50 0.72 0

R13 0.61 0.00 0.61 0.81 0
For the H2 dissociation (i.e. H2;s fi 2Hs) on the
Cu(1 1 0) surface, the calculated activation barrier

of 0.48 eV is consistent with the experiments

(0.60± 0.06 eV) [53]. Meanwhile, the trend in ac-

tivation barriers for the reaction R5 or R6 over

Cu(hkl) also follows the order of Cu(1 1 0) <

Cu(1 0 0) <Cu(1 1 1), indicating that the Cu(1 1 0)

is more reactive with respect to H2 and CO2 dis-

sociative adsorption. From the combinative ener-
gies for the reaction R7 and R8 listed in Table 5,

one can see that the recombinations of Hs and Os
s (DEr) and enthalpy changes (DH ) for reverse water-gas shift

Cu(1 1 0)

Er DH DEf DEr DH

.23 )0.23 0.00 0.33 )0.33

.11 0.40 0.47 0.22 0.25

.62 0.20 0.64 0.69 )0.05

.30 )0.30 0.00 0.36 )0.36

.57 0.06 0.48 0.84 )0.36

.87 )0.54 0.12 1.20 )1.08

.94 )0.31 0.78 0.78 )0.12

.99 )0.68 0.50 0.92 )0.42

.14 )0.08 0.21 0.10 0.11

.20 0.17 0.33 0.29 0.02

.24 0.09 0.39 0.26 0.13

.00 0.72 0.81 0.00 0.81

.00 0.81 1.00 0.00 1.00
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to OHs, and consequently with Hs to H2Os on the

Cu(hkl) surfaces are exothermic. The interesting

thing is that the activation barrier for recombin-

ative reaction (i.e. R2, R3, R5, R6, R7, or R8) is in

the order of Cu(1 1 0) >Cu(1 0 0) >Cu(1 1 1), sug-

gesting that the surface reactivity for these rec-
ombinative reactions are as expected just opposite

to the dissociative reactions here (shown in Fig. 4)

and the water dissociation (H2Os fiOHs +Hs)

from previous study [21]. This phenomenon re-

flects that the difference between a Lewis acid (i.e.

CO2) and a Lewis base (i.e. H2O) is not noticeable.

Because the dissociative reaction requires a higher

energy to cleave bond, it has to have a closer in-
teraction with the metal surface structure. So, the

bigger the coordinately unsaturated degree of

surface metal atom is, the easier is the bond

cleavage. Of course, further experimental supports

for these observations are needed.

As mentioned above, the deviation in the cal-

culated adsorption energies for water on Cu(hkl)
may be out of the error range for other adsorbed
species (i.e. CO2, CO, O, H, and OH), indicating

that the surface cluster models and/or basis set

used here may be less fit for H2O than for other

adsorbed species. This observation implies that

one should be further aware of the surface cluster

approximation and basis set effect in the modeling

study. Since the adsorption energies of CO2, H2,

H2O, and CO are all rather small, it has been
demonstrated that the coverage of these molecules

is undoubtedly below a few percent of monolayer

at 673 K during the RWGS reaction [14]. So, one

could exclude the possibility that the desorption

processes of CO and H2O would dominate the rate

of RWGS reaction.

The apparent activation barrier of formate

synthesis from CO2 and H2 is ca. 0.58 eV over
copper surfaces [57]. Taylor et al. [58] reported

that activation barrier of CO2;s +Hs fiHCOOs is

0.91 eV over Cu(1 0 0) surface. No matter how, the

present calculated activation barriers (0.04–0.21

eV) of R9 are underestimated, due to the fact that

the difference in dissociation energies between re-

actants and products of R9 is assumed to zero,

namely D ¼ 0, in the calculation [23]. Generally,
there are two pathways in the decomposition of

surface formate species, namely, dehydrogenation
that leads to the production of CO2 and H2, and

dehydration resulting in the production of CO and

H2O. It has been reported formate decomposes

only via dehydrogenation on Cu(1 1 0) [59–61],

Cu(1 0 0) [62,63], Cu(1 1 1) [64], and Pt(1 1 1) [65],

suggesting that the activation barriers of R10 (i.e.
HCOOs fiCOs +OHs) is very high. Thus, the el-

ementary step of CO2 dissociation is necessary for

RWGS reaction.

From the activation barriers (DE) listed in

Table 5, it seems that one of the reactions of R3

and R7 may possible be the rate-determining step

in RWGS reaction excluding the desorption of

products. However, the activation barrier of the
subsequent reaction (i.e. R8) is significant lower

than that of R7. So both Os and OHs could be

rapidly consumed through R7 and R8. Thus, the

activation barrier (DE) of R3 plays a more im-

portant role in the RWGS reaction, and it could be

identified as the rate-determining step in RWGS

reaction, which is consistent with the experimental

observations [12,15–19]. This conclusion was also
supported by the fact that the dissociative ad-

sorption probability for H2 (�10�5 at 673 K [56]) is

several orders of magnitude larger than that for

CO2 (�10�8 at 673 K [15]) at least on clean

Cu(1 1 0). And this difference would normally re-

sult in a switch in the rate-determining step from

R3 to R7 at H2/CO2 ratios well below unity. Based

on the above-analyzed trends for the CO2 molec-
ular surface dissociation energies in R2 and acti-

vation barriers in R3, the catalytic activity for the

RWGS reaction is in the order of Cu(1 1 0) >

Cu(1 0 0) >Cu(1 1 1), which is in line with the ex-

periments [15–18]. This is probably due to the fact

that the (1 1 0) plane is such a properly open sur-

face that its surface Cu atoms are much more co-

ordinately unsaturated and hence more favorable
in chemisorptive bonding. It was previous [21]

shown that the WGS reaction determined by the

dissociative adsorption of H2O on Cu(hkl) was

also surface-structural sensitive with the activation

barrier in the order ofCu(1 1 0) (0.95 eV) <Cu(1 0 0)

(1.03 eV)<Cu(1 1 1) (1.18 eV), which is consistent

with the experimental observations [14,16]. Fur-

thermore, the RWGS reaction may be more sur-
face-structurally sensitive (the activation barrier

difference for the CO2 dissociation between
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Cu(1 1 1) and Cu(1 1 0) is 0.44 eV (in Table 5) than

the WGS reaction (0.10 eV in Table 5, 0.23 eV in

Ref. [21]).
4. Conclusions

In the present work, the first-principle density

functional calculations together with the UBI-

QEP method have been performed to investigate

the surface-structural sensitivity of the RWGS

reaction on the Cu(hkl) surfaces. Cluster models of

the surface have been employed to simulate CO2,

H2, H, O, OH, CO, and H2O adsorbed on the
Cu(1 1 1), Cu(1 0 0) and Cu(1 1 0) surfaces at low

coverage. Optimized results show that the ad-

sorption energies for CO2 and H2 molecules are

the smallest resulting in the weakest adsorption,

while H, O, and OH can adsorb rather strongly on

the Cu(hkl) surfaces. The adsorption for CO and

H2O, which are the products in the RWGS reac-

tion, is stronger than that for CO2 and H2, which
are the reactants in the reaction.

Based on the results from DFT calculations, the

activation barriers of elementary reactions for the

RWGS reaction on the Cu(1 1 1), Cu(1 0 0), and

Cu(1 1 0) surfaces have been evaluated using the

analytic UBI-QEP formula. The activation barrier

is shown to be an important factor distinguishing

the pathway for the RWGS reaction on different
single crystal surfaces. It can be observed that the

rate-determining step in the RWGS reaction is the

CO2 dissociative adsorption, namely CO2;g fi
COs +Os. The trend in calculated activation bar-

riers implies that the RWGS reaction rate might

follow the order of Cu(1 1 0) >Cu(1 0 0) >

Cu(1 1 1). We also note that the surface reactivity

for the Hs +OHs fiH2Os reaction is in the order of
Cu(1 1 0) <Cu(1 0 0) <Cu(1 1 1), just opposite to

the dissociative reaction. The surface-structural

sensitivity of the RWGS reaction over Cu(hkl)
surfaces is in accord with the experimentally ob-

served tendency. Frankly, it should be pointed out

that the combined strategy of DFT calculations

with UBI-QEP approach is somewhat simple. We

plan to deconvolve rigorous and detailed DFT
calculations of the decomposition pathway of

molecules (i.e. HCOO, H2O, CO2, etc.) on transi-
tion metal surfaces to gain an insight into WGS

and RWGS reactions in the future.
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Appendix A

Here are the formulae to calculate the adsorp-

tion energies of HCOO (listed in Table 4), activa-
tion barriers of forward reactions (DEf ) and

reversed reactions (Er) and enthalpy changes (DH )

for RWGS reaction on the Cu(hkl) surfaces (listed
in Table 5). For the derivation of these equations,

the reader could refer to Refs. [23,24].
A.1. Adsorption energy of HCOO

EHCOO ¼ 1:5E2
O=ðEO þ DÞ ðA:1Þ

where EHCOO and EO denote the adsorption energy

of HCOO and oxygen atom, respectively, and
D ¼ 7:2 eV.
A.2. Activation barriers for dissociation ABs;g !
As þ Bs

(A) From the gas phase

DEAB;g ¼
1

2
fDH þ ½EAEB=ðEA þ EBÞ�g ðA:2Þ

where DH ¼D�ðEAB þEA þEBÞ and D¼DAB�
DA � DB.

(B) From an adsorbed state

DEAB;s ¼
1

2
fDH þ ½EAEB=ðEA þ EBÞ�g ðA:3Þ

where DH ¼ Dþ EAB � EA � EB and D ¼ DAB �
DA � DB.
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A.3. Activation barriers for recombination reaction

As þ Bs ! ABs;g

(A) If DEAB;g > 0, then

DEA�B;s ¼ DEA�B;g

¼ EA þ EB � DAB þ DEAB;g ðA:4Þ

(B) If DEAB;g < 0, then

DEA�B;g ¼ DEA�B;s � DEAB;g

¼ EA þ EB � DAB ðA:5Þ
A.4. Activation barriers for a disproportionation

reaction As þ BCs ! ABs þ Cs
DEf ¼
1

2
fDH þ ½EABEC=ðEAB þ ECÞ�g ðA:6Þ

where DH ¼ Dþ EA þ EBC � EAB � EC and D ¼
DA þ DBC � DAB � DC.

A.5. Activation barriers for CO2; g fiCOs +Os re-

action
DEf ¼ DE�;LJ
AB;g ¼ DH þ ½EAEB=ðEA þ EBÞ� ðA:7Þ

where DH ¼ DCO–O � ðEA þ EBÞ and DCO–O ¼ 5:52
eV.

DEr ¼ DE�;LJ
A�B;g ¼ EAEB=ðEA þ EBÞ ðA:8Þ

The CO2; g fiCOs +Os reaction is a special case,

and the reader could refer to Ref. [23, pp. 131–
132], for a detailed discussion.
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