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Hydrogenation mechanism of carbon dioxide and
carbon monoxide on Ru(0001) surface: a density
functional theory study†

Shi-Tong Zhang, Hong Yan,* Min Wei,* David G. Evans and Xue Duan

Catalytic hydrogenation of CO2 or CO to chemicals/fuels is of great significance in chemical engineering

and the energy industry. In this work, density functional theory (DFT) calculations were carried out to

investigate the hydrogenation of CO2 and CO on Ru(0001) surface to shed light on the understanding of

the reaction mechanism, searching new catalysts and improving reaction efficiency. The adsorption of

intermediate species (e.g., COOH, CHO and CH), reaction mechanisms, reaction selectivity and kinetics

were systematically investigated. The results showed that on Ru(0001) surface, CO2 hydrogenation starts

with the formation of an HCOO intermediate and produces adsorbed CHO and O species, followed by

CHO dissociation to CH and O; while CO hydrogenation occurs via either a COH or CHO intermediate.

Both the hydrogenation processes produce active C and CH species, which subsequently undergoes

hydrogenation to CH4 or a carbon chain growth reaction. The kinetics study indicates that product

selectivity (methane or liquid hydrocarbons) is determined by the competition between the two most

favorable reactions: CH + H and CH + CH. Methane is the predominant product with a high H2 fraction

at normal reaction pressure; while liquid hydrocarbons are mainly produced with a large CO2/CO

fraction at a relatively high pressure.
1. Introduction

Our current civilization depends mostly on energy produced by
burning fossil fuels, which releases a large amount of carbon
dioxide and carbon monoxide into the atmosphere. In the past
decade, the catalytic hydrogenation of CO2 and CO to useful
chemicals (e.g., methane and alcohol) has attracted increasing
interest for effectively mitigating CO2 and CO buildup and
circularly utilizing the carbon resource.1–4 For these hydroge-
nation reactions, noble metal-based catalysts (e.g., Ru, Rh and
Pd) have been widely accepted as the most efficient catalysts
because of their high activity, low reaction temperature and
product selectivity.5–9 Although considerable investigations on
CO2 and CO hydrogenation have been carried out based on
experimental and theoretical studies,10–15 detailed reaction
mechanisms and key intermediates of these processes are still
under debate.8,16–24 From the viewpoint of catalyst design and
recycling of carbon, a fundamental understanding and theo-
retical insights into the hydrogenation process and mechanism
of CO2/CO on the noble-metal surface are of crucial signicance
and remain a challenging task.
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For the CO2 hydrogenation process, the main question is
whether the reaction starts from C–O bond breaking or
hydrogen association followed by C–O bond breaking. Mostly, it
is assumed that CO2 initially transforms to carbonyl (CO) via the
reverse water gas shi (RWGS, CO2 + H2 / CO + H2O) with the
formation of a formate (COOH) intermediate.16,17,22 However,
Behm et al. recently proposed that the adsorbed CO2 molecule
rst dissociates to CO and O (CO2 / CO + O) during study of
CO2/COmethanation on a Ru catalyst.21 Some other researchers
have suggested that H prefers to rst bind at the C-end of the
CO2 molecule to form an HCOO intermediate.24 For CO hydro-
genation, the reaction mechanism is similarly controversial. It
is still not clear whether the initial step of the hydrogenation
process is hydrogen association with CO to produce a CHO/
COH intermediate or the direct dissociation of CO to carbon
and oxygen. The experimental studies of Mitchell et al. and
theoretical results of Inderwildi et al. demonstrated the
formation of a CHO intermediate from co-adsorbed CO and H
on the Ru surface.25,26 However, Andersson et al. proposed that
CO dissociation may proceed via a COH intermediate.19 Earlier
studies reported that CO directly dissociates in the initial step
(CO / C + O), resulting in an active carbon species, which
undergoes stepwise hydrogenation to CH, CH2, CH3, and nally
to CH4.27–29 This viewpoint was again reported in a recent study
by Shetty et al. on the Ru(1121) surface.30

As an important supplementary technique to experimental
investigations, theoretical methods can provide deeper insight
RSC Adv., 2014, 4, 30241–30249 | 30241



Fig. 1 Reaction mechanisms of the hydrogenation of (a) CO2 and
(b) CO.
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into reaction mechanisms and key factors that control the
reactivity and selectivity by systematically investigating the
reaction. However, most of the computational studies related to
CO2 and CO hydrogenations were focused on parts of the
hydrogenation process such as methanation from C, hydrogen-
assisted CO dissociation and C–C coupling reactions;26,30–34

information regarding the entire reaction process of CO2/CO
hydrogenation as well as its selectivity is relatively rare. There-
fore, a systematically theoretical investigation on CO2/CO
hydrogenation in the presence of noble-metal catalysts is highly
desirable for understanding the reaction mechanism,
designing/searching new catalysts and improving reaction
efficiency.

In this study, we employed density functional theory (DFT) to
investigate CO2 and CO hydrogenation on the at Ru(0001)
surface, including the adsorption of the intermediate species,
identication of the reaction mechanism, and unveiling the
reaction selectivity and kinetics. The results show that the
adsorbed CO2 initially prefers to dissociate to CHO and O via an
HCOO intermediate, and CHO tends to dissociate to active CH
and O species. The CO hydrogenation process occurs via either
a COH or CHO intermediate and then produces active C and CH
species, which subsequently undergoes stepwise hydrogenation
to CH, CH2, CH3 and CH4 or generates C–C coupling products.
The selectivity of the nal product (methane or liquid hydro-
carbons) is controlled by the competition between the CH + H
and CH + CH reactions, which are the most favorable pathways
for carbon hydrogenation and C–C coupling reactions, respec-
tively. This work provides a fundamental understanding for the
reaction processes of CO2/CO hydrogenation on the Ru(0001)
surface, which provides helpful instructions in the pursuit of
the effective utilization of noble metal catalysts and CO2/CO
recycling.

2. Computational method and details

First-principle calculations within the DFT framework were
performed with the DMol3 code in the Materials Studio 5.5
soware package.35–37 The exchange-correlation potential was
described by the Perdew-Wang 1991 (PW91) generalized
gradient approach (GGA).38 The atomic orbitals were repre-
sented by double numerical basis sets plus polarization func-
tion (DNP). The core electrons for metals were treated by
effective core potentials (ECP). SCF converged criterion was
within 1.0� 10�5 hartree per atom and the converge criterion of
structure optimization was 2.0 � 10�5 hartree per bohr. Bril-
louin zone sampling was performed using a Monkhorst-Pack
grid.

The Ru(0001) surface was represented as a four-layered slab
with p(2 � 2) supercell, and only the bottom atoms of the slab
were constrained to their crystal lattice positions. The neigh-
boring slabs were separated in a direction perpendicular to the
surface by a vacuum region of 12 Å. The rst Brillouin zone of
the p(2� 2) supercell was sampled with a 5� 5� 1 k-point grid.
Transition state (TS) searches were performed at the same
theoretical level with the complete LST/QST method.20 This
method begins by performing a linear synchronous transit
30242 | RSC Adv., 2014, 4, 30241–30249
(LST)/optimization calculation. The transition state (TS)
approximation obtained was used to perform a quadratic
synchronous transit (QST) maximization. Based on the maxi-
mization point, another constrained minimization was per-
formed, and the cycle was repeated until a stationary point was
located. The LST/QST results were subsequently optimized to
nd the true stable point with a unique negative frequency. The
energies of the initial states, transition states and nal states
were corrected by zero point energies (ZPE). The adsorption
energies (Eads) of the species adsorbed on the Ru(0001) surface
were calculated from the energy difference between the opti-
mized surface containing the adsorbate (Esurface+adsorbate) and
the optimized clean surface with the adsorbing molecule opti-
mized in the gas state (Esurface + Eadsorbing molecule),39,40 as shown
in the following equation:

Eads ¼ Esurface+adsorbate � (Esurface + Eadsorbing molecule) (1)

Herein, taking into account the different pathways via the
different intermediates mentioned above, we proposed two
detailed mechanisms for the hydrogenation of CO2 and CO on
the Ru(0001) surface. The reaction mechanisms are schemati-
cally illustrated in Fig. 1. For CO2 hydrogenation process, four
possible pathways including CO2 direct dissociation (Path I),
decompositions via trans-COOH (Path II), cis-COOH (Path III)
and an HCOO intermediate (Path IV) were investigated (Fig. 1a).
The corresponding nal products are HCOOH and CO,
respectively, in which the produced CO species subsequently
undergoes the hydrogenation pathways, as discussed in Fig. 1b.
Three feasible reaction pathways of CO hydrogenation (CO + H)
are investigated, including the C–O direct breaking (Path V) and
the association of an H atom to form a COH or CHO interme-
diate (Path VI and Path VII, respectively). CH4 and C2 (C2HxOy

compounds) are the corresponding nal products. Herein, the
reaction selectivity towards C1 (C, CH, CH2, CH3, CH4, CHOH
and CH2OH) and C2 (CHx–CHy and CHx–CO, x, y ¼ 1, 2, 3)
intermediates are discussed using kinetic analysis. The reaction
energy of each pathway was calculated by the energy difference
This journal is © The Royal Society of Chemistry 2014
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between the product and the initial reactant of this pathway.
The forward and reverse activation barriers of each reaction
pathway are dened as the energy differences between the
initial state and the saddle point, and between the saddle point
and the nal state, respectively.
3. Results and discussion
3.1 Adsorption of reactants and possible intermediates

To investigate the stability and congurations of the adsorbed
species involved in the hydrogenation of CO2 or CO on the
Ru(0001) surface (Fig. 1), structural parameters and adsorption
energies at their favorable sites are summarized in Table 1. The
dissociated H atoms from H2 are adsorbed at fcc sites with an
adsorption energy of �3.15 eV (with respect to the H atom) and
a Ru–H bond length of 1.88 Å. CO2 weakly binds at the hcp site
via a Ru–C bond (2.10 Å) with an adsorption energy of �0.52 eV.
The bond angle :OCO changes from 180� in the gas state to
125.3� in the binding state, and the C atom forms three Ru–C
bonds with adjacent metal atoms in an h3 fashion, indicating
that the CO2 molecule is activated. CO prefers to non-
dissociatively bind in the upright position with the C atom
facing the top site on the Ru(0001) surface, whose adsorption
energy (�2.30 eV) is signicantly lower than that of CO2. This
value is slightly lower than the reported values (�1.87 �
�1.95 eV).41,42 The C–O bond length in adsorbed CO is 1.16 Å
and the Ru–C bond is 1.88 Å, which also agrees well with
reported lengths (1.17 Å for C–O bonds, and 1.90 Å for Ru–C).

The key intermediate COOH is adsorbed at the Ru(0001)
surface in two distinguishable congurations, i.e., trans-COOH
and cis-COOH, depending upon the direction of the hydroxyl
group. The cis-COOH prefers to adsorb at the bridge site with an
adsorption energy of �2.24 eV; while the trans-COOH is prone
to adsorb at the fcc site with a slightly lower adsorption energy
(�2.95 eV). When H atom binds at the C-end of CO2 to form
HCOO, the adsorption energy of HCOO decreases to �3.03 eV.
CO2 is weakly adsorbed, while the adsorption of the produced
COOH and HCOO is signicantly stronger. The rehybridization
of the C atom in CO2 aer the association of H and CO2 may
induce the formation of s bonds between the C atom in CO2 and
the adjacent metal atom, enhancing the adsorption of COOH
and HCOO on the Ru(0001) surface.

The intermediate CHO tends to bind at the bridge site in a
h1h1(C,O) manner, and the bond lengths of Ru–C and Ru–O are
1.98 and 2.17 Å, respectively. The calculated adsorption energy
is�2.46 eV, agreeing with the previously reported results (�2.58
� �2.62 eV).43 For the COH species, it binds at the hcp site via
Ru–C bonds (2.03 Å) in a h3 mode, resulting in a considerably
lower adsorption energy (�4.69 eV) in comparison with CHO.
The C and CHCH intermediates are the C1 and C2 species,
respectively, with the lowest adsorption energy. Being the nal
products of CO2 and CO hydrogenation, HCOOH, CH3OH, CH4

and CH3CH3 interact weakly with the Ru(0001) surface with an
adsorption energy of �0.78, �0.78, �0.17 and �0.34 eV,
respectively, indicating that these products can easily escape
from the Ru(0001) surface.
This journal is © The Royal Society of Chemistry 2014
3.2 Dissociation and hydrogenation of CO2

As discussed above, whether the hydrogenation of CO2 starts
from C–O bond breaking or from the association of hydrogen is
still under debate. To elucidate this point, four possible reac-
tion pathways for CO2 hydrogenation are proposed (Fig. 1a),
and the reaction barrier (Ea) along with the reaction energy (DE)
of each elementary step are shown in Fig. 2. It can be seen that
the direct dissociation of CO2 (Path I: CO2* / CO* + O*) is
highly exothermic by �0.92 eV, indicating that this elementary
step is thermodynamically favorable. However, its activation
energy is relatively high (1.20 eV), suggesting the reaction does
not easily occur. The corresponding conguration of the tran-
sition state is displayed in Fig. S1 (ESI†), in which the cleaving
C–O bond is 1.62 Å. As listed in Table 1, CO and O species prefer
to adsorb at the top site and the hcp site on the Ru surface,
respectively, but in the transition state, both of themmove to the
fcc site and share a metal atom to form h1-C–Ru and h1-O–Ru
bonds. These changes may lead to a high dissociation barrier of
CO2 direct dissociation.

The adsorbed COOH exists in two isomeric congurations,
trans- and cis-COOH. The hydroxyl group in the trans-COOH
points toward the Ru surface; while in the cis-COOH state, it
points upwards and away from the surface. The calculated
energy barrier for CO2* + H* / trans-COOH*(Step II-1) is 1.04
eV and the reaction energy is �0.21 eV, indicating the CO2

hydrogenation to trans-COOH is not feasible. The bond length
of the produced O–H in the transition state (Fig. S2, ESI†) is
1.44 Å, accompanied with the co-adsorbed atomic H and CO2

molecules moving towards each other. In the case of cis-COOH,
the reaction energy and the energy barrier increases to 0.15 eV
and 1.12 eV, respectively. The formed HCOO via Step IV-1
(CO2* + H* / HCOO*) binds at the hcp site in a
h1h1h1(O,O,H) mode. At the transition state during HCOO
formation, the surface atomic H moves from the hcp site
towards the carbon atom, while the adsorbed CO2 molecule
does not move. As a result, the calculated energy barrier
(0.37 eV) is lower than that of the CO2 hydrogenation via the
COOH intermediate. However, the energy barrier for the reverse
reaction of Step IV-1 (HCOO* / H* + CO2*, Ea ¼ 0.58 eV) is
signicantly lower compared with the forward reaction (Step IV-
2, Ea ¼ 1.13 eV), indicating that the produced HCOO does not
prefer to form HCOOH. The dissociation of HCOO to HCO and
O (Step IV-3) was studied, and it was observed that this process
is exothermic by 0.47 eV and requires an energy barrier of only
0.41 eV, indicating that this step, along with its previous reac-
tion (Step IV-1), is the most energetically favorable pathway for
the initial hydrogenation of CO2.

By breaking the OC–OH bond, the trans- and cis-COOH
decomposes into CO and OH. For the reaction of trans-COOH*

/ CO* + OH* (Step II-2), the reaction energy is �0.75 eV with
an energy barrier of 1.48 eV, indicating that this step is only
thermodynamically favorable. For the dissociation of cis-COOH
(Step III-2), the activation barrier and the reaction energy are
0.09 eV and�1.11 eV, respectively, which are considerably lower
than those of the pathway via trans-COOH, indicating a more
favorable dissociation of cis-COOH into CO and OH. In the
RSC Adv., 2014, 4, 30241–30249 | 30243



Table 1 Optimized geometric parameters and adsorption energies (Eads) of the species involved in CO2/CO hydrogenation on the Ru(0001)
surface

Adsorbate Eads (eV) Site d(Ru�A) (Å) Bond length (Å) and bond angle (�) of adsorbed species

H �3.15 fcc Ru–H 1.88
CO2 �0.52 hcp Ru–C 2.10 d(C–O) 1.29 :O–C–O 125.3

Ru–O 2.15
CO �2.30 Top Ru–C 1.88 d(C–O) 1.16
cis-COOH �2.24 hcp Ru–C 2.02 d(O–H) 0.98 :O–C–O 115.0

Ru–O 2.18 d(C–O) 1.30 :C–O–H 107.2
trans-COOH �2.95 Bri Ru–C 2.04 d(O–H) 0.99 :O–C–O 114.6

Ru–O 2.24 d(C–O) 1.34 :C–O–H 106.7
HCOO �3.03 hcp Ru–C 2.54 d(C–H) 1.12 :O–C–O 124.7

Ru–O 2.11 d(C–O) 1.29 :O–C–H 117.2
Ru–H 2.43

HCOOH �0.78 hcp Ru–C 2.14 d(C–H) 1.10 :O–C–O 109.6
Ru–O 2.13 d(C–O) 1.45 :O–C–H 110.5
Ru–H 2.70 d(O–H) 0.98 :C–O–H 104.4

OH �3.29 Bri Ru–O 2.20 d(O–H) 0.97
O �2.86 hcp Ru–O 2.01
CHO �2.46 Bri Ru–C 1.98 d(C–O) 1.27 :H–C–O 115.1

Ru–O 2.17 d(C–H) 1.11
COH �4.69 hcp Ru–C 2.03 d(C–O) 1.35 :C–O–H 108.6

d(O–H) 0.98
CHOH �3.92 hcp Ru–C 2.04 d(C–O) 1.48 :C–O–H 107.3

Ru–O 2.24 d(C–H) 1.10 :O–C–H 107.2
Ru–H 3.16 d(O–H) 0.98

CH2OH �2.48 fcc Ru–C 2.13 d(C–O) 1.48 :C–O–H 105.2
Ru–O 2.30 d(C–H) 1.12 :H–C–H 101.7
Ru–H 1.96 d(O–H) 0.98

CH3OH �0.78 Bri Ru–C 3.25 d(C–O) 1.45 :C–O–H 109.1
Ru–O 2.30 d(C–H) 1.10
Ru–H 2.93 d(O–H) 0.98

C �7.76 hcp Ru–C 1.93
CH �7.28 hcp Ru–C 2.02 d(C–H) 1.10
CH2 �4.86 hcp Ru–C 2.13 d(C–H) 1.12 :H–C–H 105.1
CH3 �2.62 hcp Ru–C 2.28 d(C–H) 1.12 :H–C–H 106.2
CH4 �0.17 Top Ru–C 3.31 d(C–H) 1.11 :H–C–H 107.7
CH3CO �3.03 Bri Ru�Cdown 1.99 d(C–H) 1.10 :H–C–H 107.7

Ru�Cup 3.09 d(C–C) 1.50 :C–C–O 102.4
d(C–O) 1.28

CH3CH �4.97 fcc Ru�Cdown 2.08 d(C–H) 1.20 :C–C–H 99.6
d(C–C) 1.51

CH3CH2 �2.10 Bri Ru�Cdown 2.14 d(C–H) 2.14
d(C–C) 1.53

CHCH �6.62 Bri Ru�Cdown 2.15 d(C–H) 1.10
d(C–C) 1.43

CHCH2 �3.82 fcc Ru�Cdown 2.03 d(C–H) 1.09
d(C–C) 1.43

CH2CH2 �1.52 Top Ru�Cdown 2.15 d(C–H) 1.11
d(C–C) 1.45

CHCO �4.13 Bri Ru�Cdown 2.15 d(C–H) 1.09
d(C–C) 1.41

CH2CO �2.16 fcc Ru�Cdown 2.07 d(C–H) 1.09
d(C–C) 1.44

CH3CH3 �0.34 fcc Ru–C 4.05 d(C–H) 1.10
d(C–C) 1.52

RSC Advances Paper
transition state of this step, the co-adsorbed CO and OH attain
at the stable top and fcc sites without sharing metal atoms,
resulting in a rather low cis-COOH dissociation barrier. Alter-
native pathways involves hydrogenation at the C-end of cis-
COOH to form the HCOOH intermediate (Step III-3, Fig. 2) but a
high activation barrier (0.88 eV) and reaction energy (0.80 eV)
30244 | RSC Adv., 2014, 4, 30241–30249
excludes the unfavorable elementary step: cis-COOH* + H* /

HCOOH*. The total change in energy along Path III and Path IV
is not the same (Fig. 2), which is mainly because the energy
change in the co-adsorption process of H and COOH is different
from that in the co-adsorption process of H and cis-COOH
(Fig. S5†).
This journal is © The Royal Society of Chemistry 2014



Fig. 2 Dissociation (Path I), hydrogenation of CO2 (Step II-1, Step III-1
and Step IV-1), dissociation of carboxyl (Step II-2 and Step III-2),
formation of formic acid on the Ru(0001) surface (Step III-3 and Step
IV-4), denoted with their energy barriers (Ea) and reaction energies
(DE). Cyan, Ru; red, O; white, H; gray, C.

Paper RSC Advances
The energy proles of the four reaction pathways of CO2

dissociation are summarized in Fig. 3. The results demonstrate
that the overall barrier along Path IV (via the HCOO to CHO
intermediate) is signicantly lower than that along the trans-
COOH pathway (Path II) or via the cis-COOH intermediate to CO
or HCOOH (path III); the direct CO2 dissociation on the
Ru(0001) surface (Path I) shows a much higher overall barrier
(1.20 eV). According to the Arrhenius formula, the calculated
rate of CO2 hydrogenation to HCOO (Step IV-1) is 4.0 � 105 to
2.0 � 106 times larger than the COOH formation rate at a
temperature of 600 K. Therefore, the CO2 hydrogenation to
HCOO (Step IV-1) is more favorable than the cis- and trans-
COOH intermediate (Path II and III). The further hydrogenation
of HCOO to HCOOH (Step IV-2) has an energy barrier of 1.13 eV,
which is signicantly higher than that of HCOOH dissociation
back to HCOO and H by 0.97 eV. Therefore, it is expected that
the HCOOH formed would quickly dissociate back to HCOO
and atomic H. The dissociation pathway of HCOO to CHO and O
Fig. 3 Energy profiles for CO2 dissociation and hydrogenation,
dissociation of carboxyl, and the formation of formic acid on the
Ru(0001) surface. The energy sum of the adsorbed CO2 and H2 is set as
zero.

This journal is © The Royal Society of Chemistry 2014
was also investigated, and the highest individual barrier along
this route was only 0.41 eV (at Step IV-3) with relatively low
energy trace. As a result, it is concluded that adsorbed CO2 on
the Ru(0001) surface prefers to rst undergo hydrogenation to
HCOO, and sequentially dissociates to CHO and O; while the
dissociation via COOH intermediate is not favorable. This
agrees well with the experimental observations that abundant
HCOO was observed instead of COOH intermediate.44 In
general, it is believed that CO2 rst converts to CO on Ru cata-
lysts, followed by CO hydrogenation to methane.21 In addition,
the process of the dissociation of CHO to CO and H was also
studied in this work, and the results showed that CO interme-
diate mainly arises from the direct dissociation of CHO, which
is the reverse reaction of CO hydrogenation. More details will be
disclosed in the following section.
3.3 CO hydrogenation

In the case of CO hydrogenation, three possible reaction routes
were considered (Path V, VI and VII, Fig. 4). Our calculations
show that the direct dissociation of CO (Path V: CO*/ C* + O*)
is endothermic with the reaction energy as high as 1.08 eV and
energy barrier of 2.63 eV (Fig. 4). CO is prone to independently
adsorb on the top site, where the C atom adopts an sp hybrid-
ization to form s-Ru�C bond with a very short length (1.88 Å,
Table 1). At the transition state, the C and O atom move to the
hcp and fcc site, respectively, and the distance between C and O
is 1.81 Å. The high dissociation barrier of Path V is possibly
attributed to the high energy required for the breaking of the
Ru–C bond. When co-adsorbed with H atom, CO tends to bind
at the bridge site, while the H atom is at the hcp site (Fig. S7,
ESI†); the hydrogenation towards an COH intermediate (Step
VI-1) is endothermic by 1.24 eV with an energy barrier of 1.69 eV.
Step VII-1 involves hydrogenation at the C-end of CO to form a
CHO intermediate (Fig. 4) with an activation barrier of 1.29 eV
and the reaction energy of 0.93 eV, which is signicantly lower
than the values via the COH intermediate (Step VI-1). In addi-
tion, CO dissociation from the COH and CHO intermediate was
also investigated (Fig. 4), whose barriers are 0.71 eV (Step VI-2)
and 1.02 eV (Step VII-2), respectively. This implies that the
C–OH bond breaks more easily on the Ru(0001) surface
compared with the HC–O bond. The calculated barriers and
Fig. 4 Dissociation (Path V) and hydrogenation of CO (Path VI and VII),
dissociation of COH and CHO on the Ru(0001) surface (cyan, Ru; red,
O; white, H; gray, C), denoted with their reaction barriers (Ea) and
reaction energies (DE).

RSC Adv., 2014, 4, 30241–30249 | 30245



Fig. 6 Energy profiles for the dissociation and hydrogenation of CO,
COH, CHO on the Ru(0001) surface, respectively. The energy sum of
the adsorbed CO and H2 is set as zero.

RSC Advances Paper
reaction energies in this work agree well with the DFT study
reported by Inderwildi et al. regarding CO dissociation via path
V and path VII.26

3.4 Formation of CH3OH

Because both COH and CHO could be further hydrogenated to
CHOH,2 the reaction pathways involving the formation of
CH3OH from COH and CHO (Step VI-3 and VII-3, Fig. 5) were
investigated. The formation barrier from co-adsorbed CHO and
H to CHOH is 1.24 eV with a reaction energy of 0.62 eV. The
hydrogenation at the C-end of COH to form the CHOH inter-
mediate is also endothermic with an energy barrier of 0.96 eV,
which is higher than the direct dissociation of COH (Step VI-2)
by 0.25 eV. This suggests that the hydrogenation reactions of
both CHO and COH intermediate to CHOH are unfavorable.
CH2OH can be produced by the hydrogenation of CHOH, which
is found to be endothermic (0.36 eV) with an energy barrier of
0.66 eV; further endothermic (0.31 eV) hydrogenation of CH2OH
to CH3OH requires an energy barrier of 0.93 eV. The sequence of
hydrogenations to CH3OH with an endothermic property and
high barriers imply that the reactions toward alcohol may not
occur.

The energy proles of CO dissociation and hydrogenation
are summarized in Fig. 6. Our results show that direct CO
dissociation on the Ru(0001) surface (Path V) requires an energy
barrier as high as 2.63 eV; while CO dissociation barriers via the
COH intermediate (Step VI-1 and VI-2) and via the CHO inter-
mediate (Step VII-1 and Step VII-2) are equal (1.95 eV, Fig. 6). In
this case, CO dissociation is more favorable via CHO or COH
than the direct dissociation (Path V), not only because of the
lower barrier of the former pathway, but also because of a
higher stability of the produced intermediates. The COH and
CHO intermediates kinetically prefer to directly dissociate
rather than associate with H to form CHOH species (pink and
green dashes in Fig. 6)due to the lower barrier of the dissocia-
tion pathway. In fact, each step of the CH3OH formation from
CHOH and H atom is endothermic, while the dissociation steps
of COH and CHO are exothermic (Fig. 5). Therefore, rather than
the CH3OH formation, CO hydrogenation may be prone to
produce C and CH intermediate on the Ru(0001). For CHO
species produced by the CO2 hydrogenation and subsequent
dissociation (Fig. 3), the calculated results in Fig. 6 show that
Fig. 5 Hydrogenation of COH, CHO, CHOH and CH2OH on the
Ru(0001) surface (cyan, Ru; red, O; white, H; gray, C), denoted with
their reaction barriers (Ea) and reaction energies (DE).

30246 | RSC Adv., 2014, 4, 30241–30249
the dissociation of CHO to CO and H is exothermic by 0.93 eV
with a barrier of 0.36 eV; while the forward CHO dissociation to
CH and O should overcome an energy barrier as high as 1.02 eV.
This suggests that the produced CHO species may hardly
dissociate to CH and O until the dissociation of CHO to CO and
H reaches an equilibrium state. This result explains why the
required temperature for CO2 hydrogenation is signicantly
lower compared with that for CO hydrogenation:45 the reaction
from CO2 to CHO is entirely exothermic and the individual
barrier for each step is low; while CO hydrogenation to CHO is
endothermic with an energy barrier of 1.69 eV.
3.5 Formation of CHx (x ¼ 1–4)

CH formation. The geometries and energy pathways for the
formation of CH4 on the Ru(0001) surface are presented in
Fig. 7. During the initial state of the formation of CH, C and H
atoms attach to the hcp and bridge site, respectively, with
a distance of 2.79 Å. In the transition state, the distance of the
C–H bond is 1.46 Å, which is very close to that of the adsorbed
CH species (1.10 Å, Table 1), implying that CH formation from C
and H possesses a late transition state. In the nal state, the
adsorbed CH species is located in an upright position with the
C-end facing the hcp site. The barrier for CH formation is
Fig. 7 Stepwise hydrogenations of carbon to CH, CH2, CH3 and CH4

on the Ru(0001) surface (cyan, Ru; red, O; white, H; gray, C), denoted
with reaction barriers (Ea) and reaction energies (DE).
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Table 2 Calculated barriers and reaction energies of the C–C
coupling reactions

Reaction
Reaction
barrier (eV)

Heat of
reaction (eV)

CH* + CO* / CHCO* 1.22 0.97
CH* + CH* / CHCH* 0.77 �0.35
CH* + CH2* / CHCH2* 1.30 0.24
CH* + CH3* / CHCH3* 1.08 �1.33
CH2* + CO* / CH2CO* 1.58 0.71
CH2* + CH2* / CH2CH2* 0.95 �0.22
CH2* + CH3* / CH2CH3* 0.85 �0.01
CH3* + CO* / CH3CO* 1.42 0.64
CH3* + CH3* / CH3CH3* 1.33 �0.03
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0.72 eV, which is consistent with the previously reported DFT
calculations (0.75 eV).46

CH2 formation. CH2 formation on the Ru(0001) surface is
endothermic by 0.62 eV with an energy barrier of 0.63 eV. The
dehydrogenation from CH2 to CH requires only 0.01 eV,
implying that CH2 may easily dissociate back to CH and H. In
the initial state, both the CH and H are co-adsorbed at the
adjacent hcp sites with a distance of 2.76 Å. In the transition
state, both the CH and H are located at the hcp site and the
formed C–H bond length is 1.52 Å. In the nal state, CH2 also
remains at the hcp site with a C–H bond length of 1.12 Å. The
similar adsorption and conguration of HC–H in the transition
state and in the nal state demonstrate that the reaction
exhibits a late transition state.

CH3 and CH4 formation. The hydrogenation of CH2 is
endothermic (0.08 eV) and requires an energy barrier of 0.45 eV.
It has been reported that the CH3 intermediate was stabilized at
the bridge site on corrugated surfaces.32 In contrast, we
observed that CH3moves from the bridge site to the hcp site in a
at Ru(0001) surface during optimization. The hydrogenation
of CH3 is the nal step in the formation of CH4 and the reverse
reaction is the initial step for CH4 dissociation. In the transition
state of CH4 formation, the co-adsorbed CH3 and H are sepa-
rated by 1.52 Å. In this conguration, the CH3 group moves
towards the top site and shares it with the attacking H atom. In
the nal state, CH4 moves over the top site and weakly interacts
with the Ru(0001) surface.

The reaction pathway for the hydrogenation of C to methane
along with the energy proles are shown in Fig. 7. The formation
of CH4 from CH3 and H requires the highest activation energy
(0.93 eV), which is the rate-limiting step in the sequence of
hydrogenation reactions of C to CH4. van Santen et al. reported
the overall barrier for the formation of CH4 from active C and H
on corrugated Ru(1010) surface is �2.02 eV.32 In this work, the
overall barrier of CH4 formation on at Ru(0001) surface is
1.63 eV. This implies that compared with the corrugated
Ru(1010) surface, the at Ru(0001) surface is advantageous in
catalyzing carbon hydrogenation to CH4. The calculated reac-
tion energy of CH4 formation from CO2 is �0.90 eV (the exper-
imental value is �0.67 eV at 298 K)15 with an overall barrier of
0.37 eV; while CO2 hydrogenation to CH3OH is endothermic by
0.26 eV and requires an overall barrier of 1.23 eV. For CO
hydrogenation, CH4 formation was calculated to be �1.07 eV
(the experimental value is�2.10 eV at 298 K)15 and overcomes an
energy barrier of 1.95 eV (0.30 eV lower than CH3OH formation).
This demonstrates that CH3OH is an unfavorable product of
CO2/CO hydrogenation on Ru(0001) surface.
3.6 C–C Coupling of chain growth reactions

The reaction pathways of all the possible C–C coupling reac-
tions on the Ru(0001) surface among CO, CH, CH2 and CH3

were studied (Table 2). The results show that the lowest barrier
channel of C–C coupling on at Ru(0001) surface occurs via the
CH + CH reaction with an energy barrier of 0.77 eV. In the initial
state of CH + CH reaction, two methynes are co-adsorbed at the
adjacent fcc sites via h3-C�Ru mode. In the transition state,
This journal is © The Royal Society of Chemistry 2014
only two C–Ru bonds are broken, and one strong s and two p

bonds are formed between the two coupled carbon atoms
(Fig. S15, ESI†). This may lead to the relatively low reaction
barrier required for the CH + CH reaction. Moreover, the
adsorption energy of the formed CHCH intermediate (�6.62 eV,
Table 1) is much higher than that of the co-adsorbed CH
intermediate (�13.67 eV) because of the formation of C–C bond.
Note that all the C–C coupling reactions between CHx and CO
have a high barrier (Table 2), suggesting that carbon chain
growth reactions hardly occur between CHx species and CO.
This is mainly attributed to the adsorption conguration (in a
tilt mode) of CHxCO species on the Ru(0001) surface, in which
the OC-end is signicantly closer to the surface than the
HxC-end. Therefore, C–C bond formation between CHx species
and CO should overcome the higher energy barrier.

According to our calculation, the CHx + CO reactions
(Table 2) have a high reaction barrier, suggesting that the
Ru(0001) surface is benecial for C–O bond cleavage other than
alcohol production. Therefore, we calculated the reaction rates
of two pathways derived from C–O bond cleavage, CHi + H (i¼ 0,
1, 2, 3) and CHi + CHj (i, j ¼ 1, 2, 3), by kinetic methods to
analyze product selectivity (methane or liquid hydrocarbons) of
CO2 or CO hydrogenation on the Ru(0001) surface. The reaction
rates of C chain growth, hydrogenation of CH and CH4 forma-
tion reaction were evaluated (Table 3) using Cheng’s
method47–49 according to the calculated energy barriers and
reaction energies listed in Fig. 7 and Table 2 (the theory for
kinetic analysis is described in the ESI†). Based on the results in
Table 3, it can be clearly seen that all the C–C coupling reac-
tions, except the CH + CH reaction, can be negligible due to
their low reaction rates. The CH2 + CH3 and CH + CH reactions
are the two reactions with the lowest barriers (Table 2), however,
the former reaction is hardly reactive due to the low reaction
rates of CH2 and CH3 formation (Table 3). Because of a direct
competition against CH–CH coupling reaction, the CH hydro-
genation is also favorable since the reaction rate of CH hydro-
genation is rather high (2.45 � 109 qCt

2, Table 3) with rCH+CH/
rCH+H ¼ 3.19 � qC/q*. If qC is much less than q*, the CH + H
reaction would bemore favorable to produce CH2; otherwise the
CH + CH coupling reaction would be much faster to give C–C
chain growth. The ratio of qC to q* is positively correlated to
the CO2/CO fraction and reaction pressure. Furthermore,
RSC Adv., 2014, 4, 30241–30249 | 30247



Table 3 Reaction rates (s�1) of the stepwise carbon hydrogenation
and C–C coupling reactions on the Ru(0001) surfacea

Reaction pathway Reaction rate

CH + CH 7.82 � 109 q2Ct
2

CH + CH2 1.73 � 100 q2Ct
3

CH + CH3 2.59 � 10 q2Ct
4

CH2 + CH2 9.35 � 10�3 q2Ct
4

CH2 + CH3 1.37 � 10�2 q2Ct
5

CH3 + CH3 2.74 � 10�7 q2Ct
6

CH hydrogenation 2.45 � 109 qCt
2

CH4 formation 1.25 � 102 qCt
4

a The selected temperature is 600 K, which is in line with the work
previously reported.31
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considering the temperature effect (T), rCH+CH/rCH+H equals
exp(�0.57 eV/RT)qC/q*, indicating that a high temperature
promotes the C–C coupling reaction over methanation. These
results are consistent with the experimental observations: Ru
selectively produces methane at normal pressure with a rela-
tively high H2 fraction, while long-chain hydrocarbons are the
predominant products at high pressure with moderate H2

content. The F–T reactions usually require a higher temperature
than methanation reactions.50–56

4. Conclusions

DFT calculations were carried out to investigate the hydrogena-
tion process of CO2 and CO on the Ru(0001) surface, respectively,
including the adsorption of possible intermediates, reaction
mechanism and factors determining the product selectivity. For
CO2 hydrogenation, the adsorbed CO2 rst undergoes hydroge-
nation to a HCOO intermediate and produces an adsorbed CHO
and O species. In the case of CO hydrogenation, it is found that
CO may dissociate via either a COH or CHO intermediate,
resulting in C and CH species, respectively. The active C and CH
species then undergo stepwise hydrogenation to CH2, CH3 and
CH4, or the CHx species further transforms to longer carbon
chains. Calculations reveal that CH3 hydrogenation is the rate-
determining step in the sequence of C hydrogenation on the
Ru(0001) surface, and the lowest barrier channel of C–C
coupling occurs via the CH + CH reaction. The reaction rates of
CH + H and CHi + CHj (i, j ¼ 1, 2, 3) were obtained by kinetic
methods in an effort to reveal the selectivity of the nal products.
The results show that methane will dominate the nal product
with a high H2 fraction in the reaction at normal reaction
pressure, while the chain growth reactions are more favorable
with a high CO or CO2 fraction at relatively high pressures. This
theoretical work provides a fundamental insight into the reac-
tion mechanism of CO2 and CO hydrogenation on the Ru(0001)
surface, which is useful for the exploration of noble-metal
catalysts and recycling of carbon resources.
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