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The efficient fixation/utilization of CO, has been pursued by chemists for decades. In this work, the
catalytic kinetics of CO, fixation to methanol over a binary catalyst Cu/ZrO;, is investigated by first
principles kinetic Monte Carlo simulation. A Cu/ZrO, interface model is first established and the reaction
network of CO, hydrogenation is explored. In the Cu/ZrO, system two reaction channels to methanol are
identified (i) a reverse water-gas shift reaction via CO, decomposition to CO and (ii) the well-regarded
mechanism via a formate intermediate. The theoretical selectivity is determined to be 85% for methanol
and 15% for CO. The removal of the oxidative species is kinetically slow. As a result, 87% of the interface
sites are covered by these oxidative species, which oxidize the interface Cu. We show that the binding
strength of O atom at the interface is a critical parameter determining the activity and selectivity of the

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The hydrogenation of CO, over Cu/oxides received much recent
attention for both the industrial importance and the environmental
concerns to CO, emission [1]. The reaction is also of fundamen-
tal interests as it illustrates well the significance of the so-called
synergy effect in activating the thermodynamically very stable CO,
molecule [2,3]. However, because of the great complexity of reac-
tions occurring on composite materials, to achieve the atomic level
understanding on the synergy effect has been a long-standing chal-
lenge in heterogeneous catalysis. To date, the key questions in the
field, such as how and where CO; is activated over Cu/oxide sys-
tems [2], remain elusive. Aiming to establish a detailed kinetics
model for the synergetic promotion of metal/oxide systems, here
we carried out the first kinetic Monte Carlo (kMC) simulation over
a model system, namely, CO, fixation into methanol on Cu/ZrO,
based on extensive first principles calculations.

Methanol synthesis from CO,/H; is a desired way to utilize CO,,
where Cu dispersed on oxides, including ZnO, ZrO,, Al,03, MgO,
TiO, and SiO,, are the typical catalysts [4]. While Cu/ZnO systems
were most often used in practice, Cu/ZrO, systems received special
attention because of their mechanical and thermal stability and
high specific surface area [2]. Up to now, two classes of reaction
routes leading to methanol (H3COH) were hotly debated in liter-

* Corresponding author. Fax: +86 21 6564 2400.
E-mail address: zpliu@fudan.edu.cn (Z.-P. Liu).

0021-9517/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2009.01.017

atures, namely, via surface formate (HCOO) and via adsorbed CO.
The formate, as detected by in situ infrared spectroscopy, was sug-
gested to derive from the direct hydrogenation of CO, [5,6]. On the
other hand, the route involving CO, decomposition appears also
likely, which utilizes the reverse water-gas shift (RWGS) reaction
(CO3 + Hy — CO + H,0) to generate CO that is followed by the
conventional syngas-to-methanol conversion (CO + 2H, — H3COH)
[7-9]. The RWGS mechanism can explain straightforwardly the se-
lectivity problem in CO, hydrogenation, where CO is the major
unwanted byproduct [10], whilst the formate mechanism suggests
that CO may be from methanol decomposition [11].

Despite the controversy on the detailed mechanism, the re-
action was generally regarded to occur at the Cu/oxide interface
[7,12]. This is because CO; can adsorb on bare oxides and H dis-
sociates much more efficiently on bare Cu than on oxides [13].
However, the views on the active Cu phase at the interface were
much diverted. According to X-ray diffraction measurement of CO,
hydrogenation over Cu/ZrO,, Kéeppel et al. found that active cop-
per is present predominantly as Cu® not Cu™ [14]. In contrast, Cu*
was identified in Cu/Zn0O/SiO, catalysts by static low-energy ion
scatter experiment and was suggested to be the active component
[15]. However, the other groups suggested that Cu metal and low
valence of Cu (Cu’* and Cut) may all affect the catalytic activity
of Cu/oxide systems [4,16,17]. Such unsettled puzzles are in fact
common in heterogeneous catalysis. It is believed that to resolve
the geometrical and electronic structures of the active site is the
first step towards the rational design of catalyst with high catalytic
activity/selectivity.
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Fig. 1. (a) m-ZrO; crystal, (b) flat (111) surface, and (c) stepped (212) surface. O,
red; Zr, cyan. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Focusing on the atomic level detail of the interface catalysis,
this work implemented the first statistical kinetics model to de-
scribe the hydrogenation of CO; at a Cu/ZrO, interface. The kinetic
model relies on the first principles density functional theory (DFT)
calculations, which were utilized to model the interface structure,
explore the reaction network and provide the energetics of reac-
tion steps. We show that dual reaction channels are present for
CO, fixation into methanol at Cu/ZrO, interface. From the DFT re-
sults, kinetic Monte Carlo simulations were carried out to describe
the steady state kinetics. The contribution of each reaction chan-
nel to methanol formation was thus assessed explicitly in terms
of reaction rate. The kMC simulation demonstrates that methanol
is produced through both the RWGS route and the formate route.
Importantly, the catalytic activity and selectivity are shown to be
intimately related to the interface binding ability towards oxidative
species such as atomic O, as reflected by the apparently oxidized
interface Cu.

2. Theoretical methodology
2.1. DFT calculation setups

All DFT periodic slab calculations were performed using SIESTA
code [18]. The exchange-correlation functional utilized was at
the level of Perdew-Burke-Ernzerf generalized gradient approxi-
mation [19]. For all elements, the basis set was expanded with
the double-¢ plus polarization numerical atomic orbitals [20] and
Troullier-Martins norm-conserving pseudopotential was used to
treat the core electrons [21]. For Zr, the semi-core states (4s, 4p)
have been included as valence states. A radii confinement of the
orbitals was set as equivalent to an energy shift of 0.01 eV. The ki-
netic energy cutoff for the real-space mesh used to represent the
density was specified to be 150 Ry. As the chosen supercells are
rather large, only the I'-point was employed for the first Brillouin-
zone integration. Geometry optimization was performed by the
Quasi-Newton-Broyden method until all the remaining forces act-
ing on each relaxed atoms were below than 0.1 eV/A. Transi-
tion states (TSs) of all the catalytic reactions were searched with
our recently-developed constrained Broyden minimization method
[22]. The convergence of our results was checked with respect to
key DFT calculation parameters including the basis set, energy shift
and kinetic energy cutoff, as summarized in Table S1 of the Sup-
porting Information.

Monoclinic ZrO, (m-ZrO,, Fig. 1a) was chosen as our model for
the support since zirconia is one of the best oxide supports [4] and
Cu/m-ZrO, was reported to have much higher activity and selec-
tivity than Cu supported on tetragonal ZrO, (t-ZrO;) for H3COH
synthesis from CO3/H; [23]. Theoretically, the surface structure
and stability of ZrO, (as measured by surface energy) were thor-
oughly investigated by Christensen et al. using the plane-wave DFT
method [24]. They showed that the flat (111) facet (Fig. 1b) is the
most stable surface of m-ZrO, and the stepped (212) facet (Fig. 1c)
depicts the most common stepped sites. In our modeling, the two
surfaces of monoclinic ZrO, were simulated by 3-layer slabs with a

vacuum spacing of 16 A. Large unit cells were employed: p(2 x 2)
[13.629 A x 14.746 A and 48 formula units of ZrO,] for the (111)
facet; p(3 x 1) [20.443 A x 11.693 A and 54 formula units of ZrO, |
for the (212) facet. The topmost 16 ZrO, units and 24 ZrO units
were allowed to be relaxed for the two surfaces. Slab thickness was
checked in order to achieve convergence—the difference of CO, ad-
sorption energy calculated in the 3 and 4 layer slabs is at most
0.02 eV on each surface. To validate our DFT calculation setups,
the chemical adsorption of CO, on bare m-ZrO, (111) (flat surface)
and (212) (stepped surface) was first studied. The calculated CO,
adsorption energy are 0.83 and 1.58 eV for the two surfaces, which
are found to be in agreement with those determined by experi-
ment (0.75-1.51 eV) [25]. The details on the modelling of Cu/ZrO,
interface are addressed in Section 3.1.

2.2. Kinetic Monte Carlo setups

The kMC technique enables us to deal with complex hetero-
geneous catalytic phenomena on time scales of the order of sec-
onds or ever longer, which cannot be achieved by typical molec-
ular dynamics (MD) simulations [26,27]. For example, a previous
KkMC calculation of the partial oxidation of methanol on O/Cu(110)
demonstrated that the kMC simulations are a powerful tool to give
valuable insights into the complex details of the reaction kinetics
on surfaces [28]. In this work we used the Bortz-Kalos-Lebowitz
(BKL) kMC algorithm [29], which is briefly introduced as follows.
The kMC algorithm enables a system to evolve in real time with
dynamically varied system configurations. From a current configu-
ration, kKMC tells how to obtain the next system configuration and
also how to calculate the time interval At between the two con-
figurations. First, one should count all the possible events at the
current configuration and calculate the rate of each event as r(i)
(i=1,2,...,n, n is the total number of events). The total rate is
obtained by R =Y} r(i). Second, in the BKL algorithm, one can
choose a random number rand; with a uniform distribution in the
range [0, 1), which is used to locate the kth event that satisfies the
condition

k k—1
Zr(i) > R x randy > Zr(i).

i=1 i=1
Finally, the event k will be selected to occur that leads to the next
system configuration. The time interval between the two succes-
sive events (waiting time) is calculated as

1
At=——1 da),
R n(randy)

where rand, is another random number in the range [0, 1).

The rate r of an elementary event on a per site basis can be cal-
culated based on transition state theory and statistical mechanics
[30], as given by

_ ksT sy (_£>_ (_ Ea )
r(T) = P Fi(T)exp KaT = Aexp KT )’ (M
qTS
BT = e 2)

where kg is the Boltzmann constant, h is Planck’s constant, f is
the ratio of partition function q at the TS and that at the initial
state (IS), A is the pre-exponential factor, and E, is the reaction
barrier, which can be calculated explicitly from DFT.

For surface reactions with Langmuir-Hinshelwood mechanism
where the bond breaking-forming involves high-vibrational-fre-
quency mode (such as C-H, O-H bonds), it can be shown that
f is close to 1 because the entropy change (the vibrational par-
tition function qyj, contribution) from the IS to the TS is nearly
zero. In these cases, the pre-exponential factor A is about kgT/h,
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which is 10'2-10"® s~ at typical temperatures. On the other hand,
for the adsorption process (molecule from gas phase to surface),
the pre-exponential factor is typically much smaller than 103 s~ 1,
and f should be calculated explicitly. This is because the contri-
butions from the translational and rotational partition functions
of gas phase molecules significantly reduce the molecule stick-
ing probability. The equations for calculating the rate of adsorp-
tion/desorption and surface reactions are detailed in supporting
information.

3. Results and discussion
3.1. Reaction mechanism from DFT

Firstly, let us define the adsorption/binding energy of species X,
Ead(X), as Ead(X) = Esybstrate + Ex — Exjsubstrate, Where E is the DFT
total energy; a positive value of E,q(X) means the energy gain dur-
ing adsorption. From our calculations, the binding energies of a Cu
adatom at ZrO,(111) and Zr0»(212) are 0.99 and 1.08 eV, less than
one third of the calculated cohesive energy of bulk Cu, 3.55 eV
(experimental value 3.49 eV [31]). The growth of metallic Cu par-
ticles over the oxide surfaces is thus preferred thermodynamically,
which is in line with the observation by transmission electron mi-
croscopy on Cu/oxides catalysts [32]. However, it should be borne
in mind that the presence of metallic Cu particle does not exclude
the possibility that Cu particles can be partly oxidized during the
reaction so as that the interface Cu becomes ionic.

To represent the atomistic structure of the Cu/ZrO, interface,
we added a two-layer close-packed Cu strip onto the (212) stepped
surface because the stepped oxide can provide a better geometry
for both the adsorption of the Cu strip and reactant CO,. It was re-
ported that metal cationic monomers and metal particles anchor
preferentially at oxide defected sites [33,34]. Furthermore, our DFT
calculations for CO, adsorption on bare ZrO, also showed that CO,
adsorbs more strongly at the stepped ZrO; than at the flat ZrO,,
which implies that the defected ZrO, is chemically more active in
activating CO;. A large unit cell was utilized to allow for a better
lattice match between Cu and ZrO, (mismatch ~0.4%, referred to
the direction along the Cu strip, i.e., eight Cu-Cu lattice distances
with respect to six Zr-Zr distances in bulk ZrO, lattice). The struc-
ture of the Cu/ZrO; system was firstly relaxed by first principles
molecular dynamics with Nose thermostat at 200 K for ~1 ps; the
energetically favorable structures from the MD trajectories were
then selected and optimized by the Broyden method. The current
interface model with a two-layer Cu strip should be enough to cap-
ture the chemistry of interface reactions as all the second-nearest
neighboring atoms of the interface region have been included and
fully relaxed. Additionally, we also checked the H + CO, — HCOO
reaction by using an interface with a three-layer Cu strip and only
0.03 eV difference in barrier between two models is found.

Our optimized Cu/ZrO, interface is shown in Fig. 2a. This in-
terface structure exposes only the most stable facets of the two
components, i.e., the (111) terrace of ZrO, and (111)-like Cu sur-
face, which guarantees the structures to be energetically stable
during the CO, hydrogenation reactions. We found that the Cu
strip interacts mainly with the surface Og of ZrO, with the newly
formed Cu-O bonds being typically around 2.1 A. The strength of
each Cu-0 bond is estimated to be 0.71 eV (i.e., Adsorption energy
of the Cu strip divided by Number of Cu-O bonds). The interface
between the oxide step-edge and the Cu strip can thus be viewed
as an array of (Zr);-O-Cu linkages (see Fig. 2a), where the O is
the original two-coordinated lattice O (Oy¢) at the step-edge and
the two Zrs are five-coordinated (Zrsc) and six-coordinated (Zrgc)
lattice Zr.

CO, adsorbs preferentially on the ZrO, sites of the Cu/ZrO, in-
terface. The calculated adsorption energy (E.q) of CO; is 0.69 eV.
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Fig. 2. (a) Optimized structure of Cu strip on stepped m-Zr0O, (212), and (b) side and
(c) top views, respectively, of the structure of CO, adsorption. A, Zrgc; B, Zrsc; C, Oxc.
Lattice O, red; Cu, orange; Zr, cyan; C, grey; O of COy, light green. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

The best configuration of CO, adsorption, as shown in Figs. 2b
and 2c, features a tri-dented anchoring geometry: its two O and C
atoms bond with the Zrgc, Zrs. and Oy, respectively. The adsorbed
CO, molecule thus lies nearly parallel to the (111) plane with the
0-C-0 angle bent to 130.8°, as compared to the linearity of a free
CO3. Our Mulliken Charge analysis showed that upon adsorption,
CO,, is negatively charged by ~0.64 e. The extra electron is mainly
transferred from the ZrO, support to the antibonding 27, orbital
of CO;, [35], apparently leading to the internal C-O bonds of CO;
being much stretched (by ~0.1 A). It should be noticed that the
adsorption of CO, does not require the participation of Cu, which
is distinct from O, adsorption in Au/ZrO, systems [33,34].

In contrast to CO, adsorption at the ZrO; side, we found that
H atoms only adsorb strongly on the Cu side. The H atom adsorp-
tion energy at the Cu strip is 2.64 eV with respect to the gas phase
H atom, which is much stronger than the H adatoms at the ZrO;
side (1.76 eV) by forming OH with interface O,.. This might not be
surprising as ZrO; is hardly reducible [2]. In taking into account of
the typical reaction conditions (at 500 K and 1.3 MPa the chemical
potential of 1/2H; in the gas phase is 2.49 eV lower with respect
to the energy of a gas phase H atom), it is known thermodynami-
cally that H atoms will prefer to adsorb on Cu and cannot diffuse
to ZrO; via the interface O,. Kinetically, H, dissociation on Cu
only requires a reaction barrier of 0.38 eV on the Cu strip, which
is consistent with the general consensus that Hy adsorbs dissocia-
tively on Cu [36].

Next, we examined the reactions for CO, hydrogenation by
starting from CO; at the ZrO, side and H at the Cu side of the
interface. It should be born in mind that at present it is virtually
impossible to provide an exhaustive first-principles account of the
kinetics of a system of the complexity level as the CO, fixation.
Nevertheless, in determining the reaction network, we took a trial-
and-error iterative approach: (i) the likely reaction channels for a
given intermediate are first examined; (ii) guided by the calculated
reaction barriers, we only continue the low barrier reaction chan-
nels to reach the next new intermediate and reject the too high
barrier ones (e.g., the barrier larger than 2 eV); and (iii) we repeat
(i)-(ii) until methanol is produced. By this way, two routes lead-
ing to methanol, namely the formate route and the RWGS route as
suggested by experiments [5-9], were both identified.

In total, 13 adsorbed species were found to involve in the cat-
alytic paths, and their adsorption energies (E,q) at the most stable
site at the interface region are tabulated in Table 1 together with
the nearest adsorbate-substrate bond distances. To provide a sys-
tematic overview of the PES of the species over the Cu/ZrO, model
catalyst, the binding energies of these adsorbates are compared
with their adsorption energies at the edge of the supported Cu

strip and on Cu(111), namely, Eacg’Edge and Egé‘(m) (both sites are
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Table 1

Adsorption energy E,q (unit: eV) and the nearest adsorbate (A)-substrate (B) bond
distances (unit: A) for the species at the interface region (Figs. 3 and 4 for the
adsorption structures) involved in DFT determined reaction paths.?

Species  A-B  das Eng  ESye%e g g, puid

H H-Cu  173/174  2.64 264 2.43 021

o O-Cu 196199 663 492 462 2.01
0-zr 197

OH 0-Cu  2.09 432 329 3.18 1.14
0-zr 217

o C-Cu 195200 1.07 1.07 0.91 0.16

€0, -0 140 0.69 0.6 0.15 0.54
0-zr  228)2.34

H20 0-Zr 240 072 040 0.18 0.54

HCo C-Cu 201202 251 161 1.56 0.95
0-zr 217

HCoO 0-zr 223227 397  3.00 2.98 0.99

H,CO C-Cu 198 128 040 0.24 1.04
0-Cu 219
0-zr 214

H,C00  0-Cu 212 592 3.44 3.23 2.69
0-zr 203212

H3CO 0-Cu  219/219 354 260 2.40 1.14
0-zr 213

H,COOH  O-Cu 224 341 208 1.7 1.71
0-zr  216/2:34

CH;OH  0-Zr 239 071 031 0.20 0.51

2 For comparison their adsorption energies on the Cu strip ES“°®° and on Cu

ad
(111) Egg(m) are also listed. In calculations on Cu(111), a four-layer slab with a

p(2 x 2) or p(3 x 2) surface unit cell was adopted with the topmost two layers
relaxed.

Cu-only sites). Except for HoCOO and H,COOH, the adsorption of
the species on Cu(111) have been investigated within the DFT-GGA
framework [37-39]. Our results on Cu(111) (Eac:;(m)) are in good
agreement with the previous reports.

For the H atoms and CO that adsorb preferentially at the Cu-
only sites, E,q is equivalent to Egg‘e‘jge. For O, OH, HCO H,CO,
HCOO, H,COO0, H3CO and H;COOH intermediates, they all sit on
ZrOy with their O ends, and most of them (except HCOO) si-
multaneously form bonding with the interface Cu atoms and the
Zr atoms. For them, the adsorption energies at the Cu-only sites
(Egg'ecjge or Eac;(m)) are generally much less than E,q (by more
than 0.95 eV), which indicates that the diffusion of these O-con-
taining species over to Cu-only sites is unlikely. Interestingly, we
found that Eacg_Edge is 0.1-0.4 eV greater than Eac:jmn)' which im-
plies that the lower-coordinated Cu at the edge of Cu strip is
generally more active in binding with adsorbates compared to the
close-packed Cu(111) surface.

In the following, the detailed mechanism of the two identified
reaction routes is elaborated and their energy profiles are reported
in Fig. 3.

3.1.1. Formate route

This route initiates by the direct hydrogenation of CO, to yield
HCOO. At the TS (TS1, Fig. 3), the C-H bond distance is 1.73 A and
the calculated barrier height (E,) is 0.46 eV. The low barrier is con-
sistent with the strong exothermic nature of the reaction (1 eV). It
implies that once CO, is captured via hydrogenation, the reverse
reaction is unlikely to occur. Next, two more H can be sequentially
added to form H;COOH. In the process, the H atoms come from
the Cu strip, while the CO; and its derivatives sit on the Zr sites.
The internal C-O bond is weakened by the addition of H and it can
break easily at the stage of H,COOH, leading to the formation of
H,CO and OH. H,CO can further be hydrogenated to H3CO and fi-
nally H3COH. It should be mentioned that H,CO adsorbs strongly
at the interface with a strong O-Zr bonding, but only weakly at
Cu-only sites (Table 1). Considering that its hydrogenation barrier
is only 0.44 eV, H,CO at the interface would prefer hydrogenation
rather than desorption or diffusion to Cu-only sites.

CO2(g) + Cu/ZrO2

L. § 3 / : " . oy _.'.\'b '
+H*| 0.51

es =1.07,  CO(g) TS24(-0.07)

+ Cw/Zr02 %M' .:h.

+H*| 1.02

+H20* 0.00
) TS6 $(-0.01) H3COH(g)
+ Cw/ZrO2

o N ':
S Edes =0.71 |
)
Y

Fig. 3. Reaction network and the intermediates for methanol synthesis from CO,/H;
over the Cu/ZrO; interface. X* denotes an adsorbed species X. Key distances (A) at
TSs are labeled. Lattice O, red; Cu, orange; Zr, cyan; H, white; C, grey; O in reaction
(non-lattice 0), light green. The unit of energy is eV. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)
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From H3CO to H3COH, the direct hydrogenation (H + H3CO —
H3COH) at the interface is very difficult with a reaction barrier
being 1.31 eV. In addition, we found that the H3CO direct hydro-
genation on the Cu strip also possesses a high reaction barrier
of 1.01 eV. This implies that the diffusion of H3CO onto the Cu
side (requiring 1.14 eV, see Table 1) followed by the hydrogenation
therein is also energetically hindered. However, we found that the
hydrolysis channel (H,0 + H3CO — OH+ H3COH) at the interface is
not only kinetically but also thermodynamically much more favor-
able. The hydrolysis path is essentially a non-barrier thermoneutral
process. The facile hydrolysis reaction may not be surprising as it
is essentially an intermolecular proton exchange process, where
the breaking and forming O-H bonds at the TS (TS6) are deter-
mined to be as short as 1.30 and 1.16 A, respectively. Our results
confirm that the hydrolysis route is important to methanol forma-
tion, which has been proposed by experiment to explain why the
addition of CO, will speed up the syngas-to-methanol conversion
(CO/H; to methanol) [13].

It is worth mentioning that the cleavage of the C-O bond of
H3CO to yield CH3 and O is very difficult with a barrier of 1.53 eV,
even higher than the direct hydrogenation of H3CO. This means
that the production of byproduct methane (CHg) is kinetically in-
hibited. This agrees with the experimental finding that CO, hydro-
genation hardly has any selectivity to CH4 over Cu/ZrO, [40,41].

In the stepwise hydrogenation process, the CH bond forma-
tion is generally preferred over the OH bond formation, which, we
found, is controlled by thermodynamics. As shown in Fig. 3, the
former reactions are either exothermic or thermoneutral, whilst
the latter reactions are often endothermic. For example, the hydro-
genation of HCOO can lead to either H,COO or HCOOH. Although
HCOOH (acetic acid) is a more common molecule, the OH bond
formation at the interface is actually endothermic by 0.85 eV. By
contrast, the formation of H,COO is slightly exothermic by 0.07 eV.
Consistently, the hydrogenation barriers to the CH bond forma-
tion are low (0.46, 0.51 and 0.44 eV for the hydrogenation of CO,,
HCOO and H,CO, respectively), but the hydrogenation barriers to
the OH bond formation are high (0.88 and 1.31 eV for the hydro-
genation of H,COO and H3CO, respectively). This could be a general
feature for catalysis at metal/oxide interface, where the O-end of
intermediates affiliates strongly to the cationic site of oxides due
to the electrostatic attraction and thus appears quite inert.

3.1.2. RWGS route

Alternative to CO, direct hydrogenation, CO, can undergo de-
composition at the interface, i.e.,, CO; — CO + 0. The calculated
reaction barrier of CO, splitting is 0.38 eV, slightly lower than
the direct hydrogenation of CO, (0.46 eV). While no direct data
on Cu/ZrO, system is available for comparison, we noticed that EI-
liott et al. did detect CO, decomposition on Cu/ZnO/Al;03 catalysts
within the temperature range of 173-513 K using mass spectrome-
ter [42,43]. Our determined dissociation barrier, 0.38 eV, is lower
than the experimental values determined over Cu/ZnO/Al;03, 0.47-
0.96 eV [42], which implies that ZrO, is an even more active oxide
than ZnO/Al,0s. It is worth mentioning that the existence of CO,
decomposition channel demonstrates the synergetic promotion of
the Cu/ZrO; system: on single crystal Cu it is unlikely to thermally
destroy CO, because the splitting of CO, into CO and lattice oxy-
gen in bulk Cuy0/CuO is strongly endothermic by 1.32/1.20 eV [42].
By contrast, the CO, decomposition on Cu/ZrO, was found to be
highly exothermic because the interface O is rather stable with E.q
being 3.36 eV with respect to 1/2 O, in the gas phase. This mag-
nitude is about 1.71 eV larger than the O atoms adsorbed on bare
Cu sites.

After CO, dissociation, the produced CO shifts to the edge sites
of Cu strip and the atomic O forms a new linkage between Zrs. and
Cu with Zr(or Cu)-0 bonds being around 2.0 A. Next, CO can either

H20(g) + Cu/ZrOz2
es = (.72

Ea
(AHr)
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Fig. 4. Reaction path for the O removal (O — OH — H;,O0) reactions at the Cu/ZrO,
interface. X* denotes an adsorbed species X. Key distances (A) at TSs are labeled.
Lattice O, red; Cu, orange; Zr, cyan; H, white; O in reaction, light green. The unit of
energy is eV. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

desorb to the gas phase from the Cu sites, or be hydrogenated pro-
gressively at the interface leading to methanol (via HCO, H,CO and
H3CO). Energetically, the two processes are competitive: the CO
desorption requires 1.07 eV, while the CO + H reaction has to over-
come a barrier of 1.02 eV. It is worth mentioning that CO is hardly
hydrogenated on Cu(111) with a high reaction barrier (1.21 eV) be-
cause HCO there is highly unstable (CO + H — HCO reaction on
Cu(111) is endothermic by 0.89 eV) [39]. The produced HCO species
can be facilely converted to H,CO, with E; of 0.59 eV and the re-
action is exothermic by 0.34 eV. It can also be noticed that the
RWGS route and the formate route share the common intermedi-
ates H,CO and H3CO.

A key feature of the RWGS route is the production of atomic
O as additional linkages at the interface. Since the interface O is
much more stable than the O atoms adsorbed on bare Cu sites,
it might be interesting to ask whether the interface O will block
the catalytic sites and eventually poison the catalyst. To answer
this, we continued to scrutinize the possible pathways of the O
removal, which are summarized in Fig. 4. Indeed, we found that
the direct hydrogenation of the interface O is kinetically difficult
with a high barrier (1.33 eV). By contrast, the hydrolysis route by
H,0 + O — 20H at the interface is again more likely with essen-
tially no barrier by passing a proton exchange TS (TS10, Fig. 4),
where the forming/breaking O-H bond distances are short, being
1.35 and 1.14 A, respectively. Although the hydrolysis route can fa-
cilitate the O to OH conversion, the subsequent H;O releasing by
OH + H coupling still needs to overcome a 1.13 eV barrier, which
implies that O removal is a kinetically slow process under reaction
conditions.

It is of interest to further check whether the interface O atoms
or OH groups can be removed by other reductive species. To this
end, we have evaluated the reactions for CO + O — CO; (the re-
verse reaction of CO, dissociation) and CO + OH — HOCO, and
both of them are highly endothermic (CO + O: 0.91 eV; CO + OH:
135 eV). Consistently, the CO + O reaction needs to overcome
1.29 eV barrier, which is higher than the barrier of CO + H reaction
at the interface and also the CO adsorption energy. Experiment has
been shown that the addition of CO into CO/H, methanol syn-
thesis will poison the conversion [16], which is consistent with
our finding that CO is unlikely to help the removal of interface
O species. On the other hand, the diffusion of the interface O and
OH to the Cu-only sites (Cu strip and Cu(111)) has to overcome at
least 1.14 eV potential energy difference (Table 1) and the OH + H
reaction on the Cu strip is also a highly activated process with a
barrier 0.97 eV. Therefore, it can be concluded that the removal of
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interface O atoms and OH through the other channels, including
CO oxidation and diffusion to Cu sites, is energetically unfavorable.

In short, methanol synthesis from CO,/H, mixture over Cu/ZrO,
demonstrates well the synergetic effect between the Cu and ZrO,.
Initially, ZrO, acts as the adsorption site for CO,, whilst Hy disso-
ciates on the Cu side. At the interface, the hydrogenation of CO; is
competing with the direct CO, dissociation, which leads to two
distinct paths to methanol. A number of elementary steps and
intermediates are involved in this complex process, as shown in
Fig. 3. It is therefore of significance to assemble all the pieces of
information from DFT into a solid kinetic model to yield a more
complete microscopic description on the origin of the activity and
selectivity.

3.2. kMC simulations

With the whole reaction network being determined, we are
in the position to assess which reaction route dominates the
methanol formation and what is the theoretical selectivity. kMC
simulation based on the elementary steps obtained from first prin-
ciple calculations is an ideal approach to answer these questions.
However, a full-scale kMC simulation to take into account all the
sites on catalyst, including Cu and ZrO; sites, is a formidable task
to compute, and obviously, a simplified model without much loss
of the generality and the accuracy is necessary. By considering the
information from DFT, we found that the kinetics of the interface
catalysis may be reasonably described by a one-dimensional kMC
lattice model since the catalytic process, in spite of the overall
complexity, involves mainly the interface Zr sites (along a one-
dimensional chain). In our one-dimensional lattice model, each
lattice can be viewed as a Zr site at the interface; and every two
neighboring lattice sites, namely A site (Zrg:) and B site (Zrsc) (see
Fig. 2a), represent a potential location for CO, adsorption and the
subsequent reactions.We have explicitly considered 21 elementary
reaction steps, including the diffusion of H,O and H3COH along
the interfacial oxide sites, as listed in Table 2, where the DFT cal-
culated reaction barriers utilized have been tabulated. Although a
full-scale kMC simulation that considers all the possible events, in-
cluding diffusion and all reactions on Cu sites, is too demanding to
perform as a benchmark, our one-dimensional model for the inter-
face catalysis may still be largely validated for the following three
considerations.

First of all, it is energetically unfavorable for the interface O-
containing unsaturated species (such as O atoms, OH, HCOO and
H3CO) to diffuse either away from the interface to the Cu-only
sites or along the interface sites. These species are very unstable
at the Cu-only sites; and even if they happen to diffuse to the
Cu-only sites, the following hydrogenation reactions remain to be
kinetically difficult (e.g.,, OH + H — H;0 on Cu-only sites possess a
barrier of 0.97 eV). In addition, each Zr site at the interface is well
separated by lattice Os with the direct distance being about 3.5 A.
As these O-containing species bond strongly with one or two Zr
atoms at the interface, it is also unlikely to allow for their diffu-
sion along the interface by hopping from one Zr to another: from
our calculations, the OH and H3CO species can only diffuse unless
they desorb first as radical-like species (their diffusion barrier are
typically more than 2 eV).

Second, we found that H adatoms on Cu can reach thermody-
namic equilibrium facilely in the context of slow interface hydro-
genation/dehydrogenation reactions. The diffusion barrier of H on
Cu(111) is very low (~0.15 eV on Cu(111)) [44], while the hydro-
genation/dehydrogenation reactions occurring at the interface have
barriers of at least 0.42 eV. According to the rate equation, the dif-
fusion of H on Cu is at least 2-3 orders of magnitude faster than
the hydrogenation or dehydrogenation processes at the interface
at 500 K. Therefore, while one such interface event happens, the H

Table 2
Forward (E¢) and reverse (E;) activation energy (unit: eV) of 21 elementary steps in
kMC simulation of H3COH synthesis from CO,/H; over Cu/ZrO,.?

Elementary step E¢ E;

COy(g) + * < CO3 0 0.69
COx* + * < CO* + O* 0.27° 1.29
CO* + H* < HCO* + * 0.98P 0.92
HCO* + H* < H,CO* + * 0.59 0.93
CO* — CO(g) + * 1.07 —c

CO,* + H* < HCOO* + * 0.43P 1.46
HCOO* + H* < H,C00* + * 0.51 0.58
H,COO0* + H* < HyCOOH* + * 0.88 0.44
HpCOOH* + * <> H,CO* + OH* 0.23 0.26
H,CO* + H* < H3CO* + * 0.44 1.54
H,CO* < HpCO(g) + * 1.28 0

H3CO* + H* <> H3COH* + * 1.31 0.60
H3COH* — H3COH(g) + * 0.71 =€

0* + H* < OH* + * 1.33 1.32
OH* + H* < Hp0* + * 1.13 0.42
H,0* — Hy0(g) + * 0.72 -

H,0* + O* <> OH* + OH* 0.00 0.53
H,0* + H3CO* <> OH* + H3COH* 0.00 0.01
0* + H3COH* < OH* + H3CO* 0.00 0.70
Hp0* + * < * 4+ Hp0*d 0.45 0.45
H3COH* + * <> * + H3COH*d 0.46 0.46

3 (0, adsorption has a low pre-exponential factor of 2.2 x 103 s~! because of the
large entropy of the gas phase CO, and the pre-exponential factor for all the other
surface elementary reactions is 1.04 x 103 s~ from Eq. (1).

b The zero point energy correction is included for the reactions that are important
to the methanol/CO selectivity.

¢ The readsorption of products (CO, H3COH and H,0) is not considered in order
to obtain the theoretical selectivity without the interference of secondary reactions
(namely, the product readsorption/decomposition).

d The diffusion of the two species occurs along the interfacial oxide sites.

on Cu must nearly reach equilibrium. Statistically, it is reasonable
to treat the H atoms (and the vacant sites) on Cu implicitly in the
rate equations as follows.

For reactions involving a second site on the Cu side, we can
calculate the rate r'(T) by the following formula assuming the H-
equilibrium at the Cu side:

n={5

where p is a random number with a uniform distribution in the
range [0,1) and 6 is the coverage of H atoms (fy) or vacant sites
(Byvac) on Cu. This means that, for example, the rate for a hydro-
genation reaction is as that computed from Eq. (1) if the random
number p is not higher than the H atom coverage; otherwise, the
rate would be set to zero. In fact, at typical reaction conditions
(H2 at 500 K/1.3 MPa), it can be deduced that the H atom cover-
age at the interface region of the Cu side is rather high, more than
0.97, because the chemical potential of 1/2 H; in the gas phase is
0.15 eV less than the H atom adsorption energy at the interface
region. During our kMC simulation, we have tested explicitly two
cases where 6y = 0.99 and 0.90. We found that the catalytic selec-
tivity and the occupancy of interface sites are little affected (within
3%).

Third, the adsorption of CO at the edge of the Cu strip restricts
geometrically any other species to occupy its nearest Zr site. This
is consistent with the fact that CO can easily tilt down with its
O end attaching to the nearest Zr site during CO hydrogenation.
This feature enables that CO, although adsorbs on the Cu strip, can
be fitted into the one-dimensional lattice model by solely taking
one lattice site. In addition, CO diffusion away from the Cu-edge
(and subsequent desorption from Cu(111)) is considered to be not
important for the following three facts: (i) CO adsorption at the
edge of the Cu strip is stronger than it on Cu(111) by 0.16 eV (this
means that the rate of a CO away from the interface is 40 times
lower than it back to the interface at 500 K); (ii) CO is hardly hy-

p<9,
p >0,
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Fig. 5. Steady state interface composition averaged from 200 kinetic Monte Carlo
trajectories.

drogenated on Cu(111) (see Section 3.1) [39] and (iii) CO diffusion
away from the interface is kinetically hindered at typical reaction
conditions as the H coverage on Cu (i.e., nearby CO) is rather high,
as mentioned above. Overall, for one produced CO at an interface
Cu site, the probability of neighboring vacant sites on Cu is less
than 3% due to high H coverage. Moreover, even at such 3% situ-
ations, the probability of the CO will eventually be at the vacant
site is about 1/40. Therefore, it is reasonable to neglect the CO dif-
fusion away from interface Cu site. The same argument can also
be applied to understand that H,O diffusion is unlikely from the
interface to the Cu site.

Perhaps the most perplexing issue in kMC modeling is the
treatment of lateral interaction between intermediates. Fortunately,
our case is in fact much simpler. This is to a large extent due to the
fact that each Zr site is well separated by lattice Os with the di-
rect distance being about 3.5 A. This implies that the effect of the
lateral interaction on the reaction barriers is small. Therefore, we
only explicitly considered the lateral interaction for the key reac-
tion steps that are important to the selectivity. We have calculated
the two key reactions, say, CO, + H — HCOO and CO, — CO + O,
in the presence of one neighboring O atom or H3CO species. The
barriers for the two reactions are 0.31 and 0.32 eV in the presence
of O, and 0.36 and 0.38 eV in the presence of H3CO. The presence
of these oxidative species changes the reaction barrier by at most
0.15 eV, which is indeed small by absolute value (comparable to
the typical DFT error). However, we noticed that the barrier differ-
ence between the CO, hydrogenation and CO, splitting becomes
smaller, which can affect the selectivity. (In our kMC simulations,
zero point energy correction has been included on the barriers of
the two reactions and the CO, splitting always has a lower barrier
than the CO, hydrogenation, see Table 2.)

In our kMC simulation, we set the temperature at 500 K and
the CO, partial pressure at 0.4 MPa, which are the typical con-
ditions used in experiment for Cu/ZrO; catalysts [14]. Our lattice
model for kMC is a one-dimensional chain with periodic bound-
ary conditions imposed, which is composed of 10 pairs of 5-
coordinated Zr and 6-coordinated Zr sites at the interface. Such
a model was chosen to balance the accuracy and the efficiency. A
larger lattice model containing 50-pair sites was also tested, which
showed no significant difference in results. Our statistical results
were obtained by averaging the output of 200 kMC runs (trajec-
tories), each with 200 s (~10° steps); the results are statistically
converged as the standard uncertainty (i.e., estimated standard de-
viation) of the interface composition (see below) is below 3%. The
steady state is achieved after about 50 s.

The statistical results from our kMC simulations are summa-
rized as follows. As shown in Fig. 5, we found that at the steady
state 87% of the interface sites are covered by oxidative species, in-
cluding 39% atomic O, 25% OH and 23% H3CO species, and 12% are
vacant sites. The coverage of a species is with respect to the to-
tal interface sites, defined statistically by the [X'(n x At)]/(ttotal X
Niite), Where At is the time interval of each simulation step; n is
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Fig. 6. Interface snapshots taken every 0.2 s from a single 10-s kinetic Monte Carlo
trajectory. The major species are O (sphere), OH (square) and H3CO (triangle). The
lattice (the column) contains 10 pairs of A site (Zrg:, white) and B site (Zrsc, grey).
Pairs are separated by darker lines.

the number of the species within a time interval At; tya iS the
total time in simulation (ta) = > At) and Nijee is the number of
total sites (i.e., 20 in our simulation). The other surface intermedi-
ates with the concentration higher than 0.1% are only HCOO and
H,COO from kMC, which is simply due to the fact that HCOO and
H,COO are relatively stable species in the reaction map: neither
the dissociation of HCOO to CO, and H nor the further hydro-
genation of H,COO to H,COOH is thermodynamically favorable.
Importantly, the calculated interface composition indicates that the
interface Cu atoms are partly oxidized and the formal oxidation
state of Cu is about +0.9 by average in our model. This means
that the appearance of cationic Cu is just a natural consequence
of the catalytic process. The in situ formation of cationic Cu seen
from kMC simulation may help rationalize the experimental ob-
servations, where the ionic copper was identified during methanol
synthesis from CO,/H, [45,46].

The microscopic reaction pattern can be viewed from Fig. 6,
where the interface snapshots are taken every 0.2 s from a sin-
gle 10-s kMC trajectory. Although 12% of the surface sites is empty,
it is in fact not easy to create a pair of adjacent vacant sites (Zrs¢
and Zrg:) that is needed for CO, adsorption: statistically, the popu-
lation of such a pair of vacant sites is ~10~> of the total interface
sites from kMC and therefore cannot be identified in the snap-
shots with a 0.2 s interval in Fig. 6. Obviously, it is undesirable to
have too large bonding ability of Zr sites towards the O-containing
species, which will introduce the competition for the interface sites
between these species and CO,. Considering that the interface sites
are already in minority by themselves in a catalyst, the theory can
thus predict the low conversion rate of CO, fixation due to the lack
of surface active sites, although the barriers for CO, direct hydro-
genation/decomposition are both low. This does agree with the
general fact in experiment that the conversion ratio of CO; is typ-
ically below 10% but the measured barrier for methanol formation
is not high [14].

Fig. 6 also shows some important fingerprints of the complex
reaction network. Perhaps the most important one is that the hy-
drolysis route dominates clearly the formation of methanol. This
can be seen by comparing the fate of two H3CO as labeled by the
arrows in the figure. The upper arrow points to a H3CO neigh-
boring with other two H3CO, which keeps unchanged for a long
period (~6 s). This is because the direct hydrogenation of H3CO is
kinetically slow (E; = 1.31 eV) and it is not possible to pass pro-
ton from the neighboring H3CO groups. The lower arrow points
to a H3CO that neighbors with adsorbed O and OH groups, which
turns into methanol after a short period (1 s). According to our
statistics, more than 99.99% of the methanol produced originates
from the hydrolysis path via H,O + H3CO — OH + H3COH and
OH + H3CO — O + H3COH.
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Furthermore, the kMC simulation tells that methanol is mainly
produced via the RWGS route (74%) with a minor contribution
from the formate route (26%). The selectivity is obtained by count-
ing the number of the produced methanol molecules from the two
routes. Although HCOO and H,COO are the major surface species
apart from the oxidative species (O, OH and H3CO), they are in
fact not the key intermediates leading to methanol, which has
been suggested by Weigel et al. according to the FTIR experiment
[9]. Our determined selectivity to methanol is about 85%, which
is accordance with the experimental values reported for typical
Cu/ZrO; catalysts [6]. It however should be emphasized that the
selectivity obtained here is based on DFT data, where a typical
0.2 eV error bar in the computed energy barrier is often present.
Therefore, from our DFT results it might be more appropriate to
state that the two major routes are equally important for CO, hy-
drogenation to methanol.

It should be emphasized that the presence of the RWGS route
in the Cu/ZrO, catalyst leads inevitably to the unwanted CO. This
is because the adsorption energy of CO on Cu is comparable to
the barrier of CO hydrogenation. To further increase the selectiv-
ity to methanol, it would be ideal to increase the rate of CO, + H
reaction but slow the CO, splitting. By comparing the two reac-
tions, we suggest that the bonding ability of atomic O with cationic
Zr at the interface could be the key. According to the Brgnsted-
Evans-Polanyi relation [47,48], if the atomic O at the interface
becomes less stable, it is conceivable that CO;, dissociation will be-
come slower. In contrast, the CO, direct hydrogenation would be
less affected as only the bond between the C and the lattice Oy
breaks in the reaction and the O-Zr bonds remain untouched. As
the interface O bonding strength is determined largely by the oxide
support, it is thus possible to optimize the selectivity by varying
oxide support, for example, replacing ZrO, by ZnO as done in prac-
tice [49]. Interestingly, the microscopic picture of the CO, fixation
process revealed here indicates that the presence of interface ox-
idative species (or cationic Cu), being a reflection of the strong
bonding of O at the interface, is an indication for both low activity
and undesirable selectivity of the catalyst.

4. Conclusions

This work represents the first theoretical attempt to address
the kinetics of a catalytic process occurring at metal/oxide inter-
faces, namely, CO, hydrogenation at Cu/ZrO, interface. Despite the
complexity of the reaction network, which involves two reaction
channels and many intermediates, we demonstrate that a sim-
ple one-dimensional kinetic model may be enough to capture the
physical origin of the synergetic promotion in the composite sys-
tem. Our results are summarized as follows.

Methanol is produced from both the RWGS route, which fea-
tures the splitting of CO, to produce CO and atomic O at the
interface, and the formate route. Because of the presence of CO,
splitting route, the CO releasing as byproduct is inevitable as the
CO hydrogenation barrier is quite comparable to the CO adsorption
energy. Although HCOO and H;COO can indeed be identified, they
are not the key intermediate leading to methanol. The hydrolysis
route plays important roles in methanol formation and O removal.
The interface sites are largely occupied by oxidative species, such
as O atoms, OH and H3CO groups and, therefore, the interface Cu
atoms are cationic. The low conversion rate of CO, fixation can be
attributed to the lack of active sites for CO, adsorption/reaction,
where a (Zr);-0-Cu interface linkage is necessary. To optimize
the interface property by controlling the O-affinity of the oxide
cationic site (e.g., acidity) could be the key to enhance CO, conver-
sion rate and also to increase the selectivity. The picture presented
here would benefit the rational catalyst design by tuning the in-
terface properties, and maybe more importantly, provides the first

hope for theory to solve the kinetics of complex catalytic process
over multi-component materials.
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