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ABSTRACT: We present a comprehensive mean-field microkinetic
model for the methanol synthesis and water-gas-shift (WGS)
reactions that includes novel reaction intermediates, such as formic
acid (HCOOH) and hydroxymethoxy (CH30,) and allows for the
formation of formic acid (HCOOH), formaldehyde (CH,O), and
methyl formate (HCOOCH;) as byproducts. All input model
parameters were initially derived from periodic, self-consistent,
GGA-PW91 density functional theory calculations on the Cu(111)
surface and subsequently fitted to published experimental methanol
synthesis rate data, which were collected under realistic conditions
on a commercial Cu/Zn0O/Al,Oj catalyst. We find that the WGS
reaction follows the carboxyl (COOH)-mediated path and that
both CO and CO, hydrogenation pathways are active for methanol
synthesis. Under typical industrial methanol synthesis conditions,
CO, hydrogenation is responsible for ~2/3 of the methanol
produced. The intermediates of the CO, pathway for methanol
synthesis include HCOO*, HCOOH*, CH;0,* CH,0* and
CH;0*. The formation of formate (HCOO*) from CO,* and H* on Cu(111) does not involve an intermediate carbonate
(CO5*) species, and hydrogenation of HCOO* leads to HCOOH* instead of dioxymethylene (H,CO,*). The effect of CO is not
only promotional; CO* is also hydrogenated in significant amounts to HCO*, CH,0*, CH3;0%, and CH;OH*. We considered two
possibilities for CO promotion: (a) removal of OH* via COOH* to form CO, and hydrogen (WGS), and (b) CO-assisted
hydrogenation of various surface intermediates, with HCO* being the H-donor. Only the former mechanism contributes to
methanol formation, but its effect is small compared with that of direct CO hydrogenation to methanol. Overall, methanol synthesis
rates are limited by methoxy (CH30*) formation at low CO,/(CO + CO,) ratios and by CH;0* hydrogenation in CO,-rich feeds.
CH;0* hydrogenation is the common slow step for both the CO and the CO, methanol synthesis routes; the relative contribution
of each route is determined by their respective slow steps HCO* + H* — CH,O0* + *and HCOOH* + H* — CH;0,* + *as well as
by feed composition and reaction conditions. An analysis of the fitted parameters for a commercial Cu/ZnO/Al,O; catalyst suggests
that a more open Cu surface, for example, Cu(110), Cu(100), and Cu(211) partially covered by oxygen, may provide a better model
for the active site of methanol synthesis, but our studies cannot exclude a synergistic effect with the ZnO support.

KEYWORDS: methanol synthesis, water-gas-shift, Cu surfaces, CO, hydrogenation, formic acid, density functional theory,
microkinetic modeling, reaction mechanism, rate-limiting step

H INTRODUCTION Although the development of highly efficient fuel cells is fairly
advanced, there exist several significant hurdles for the wide-
spread use of hydrogen fuel cells in automotive and other mobile
applications. As an alternative, CO, and H, can be used to
synthesize methanol. Methanol is produced on an industrial scale
from mixtures of CO/CO,/H, (synthesis gas) over a Cu/ZnO/
Al,Oj catalyst at typical reaction conditions of 230—280 °C and
50—120 atm.” Methanol can be used as a transportation fuel in
either modified internal combustion engines or direct methanol
fuel cells. In addition to acting as an energy carrier, methanol is

With the increasing cost of energy and the fast depletion of
fossil fuels, it is evident that new ways for energy production need
to be explored and realized in the near future. The most
promising primary energy sources with negligible CO, emissions
are biomass, nuclear, hydro, wind, and solar power. A new
method using a concentrated solar-power-driven heat engine
based on reactive metal oxides allows for efficient splitting of
water into H, and O, as well as the production of CO and O,
from CO,.! CO may be used to generate additional hydrogen via
the water-gas-shift (WGS) reaction (CO + H,0 — CO, + H,).
Hydrogen can act directly as a secondary energy carrier, and its Received:  February 3, 2011
energy can be recovered as needed using hydrogen fuel cells. Published: March 04, 2011
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also a main building block for the production of other important
chemicals, such as olefins and aromatics, and offers a very
favorable route for chemical fixation of CO,.>* In light of the
numerous advantages of methanol over pure hydrogen as a
transportation fuel, the feasibility of a sustainable methanol-
based economy has been championed by Olah et al.®

Despite the fact that industrial methanol synthesis technology
has been in place for almost 100 years, several key mechanistic
questions have not been settled. CO hydrogenation (CO + 2H, —
CH;O0H) was assumed to be the main reaction pathway for
methanol synthesis®” until the isotope labeling experiments by
Chinchen et al. strongly suggested that CO, is the main carbon
source (CO, + 3H, — CH;0H + HZO).8 Since Cu is also an
excellent WGS catalyst facilitating the conversion of CO to CO,
and vice versa, the controversy about the carbon source in
methanol synthesis still lives on, but the majority of researchers
nowadays are in favor of CO, hydrogenation mechanisms (for
example, see refs 9 and 10).

The controversy is enhanced regarding the nature of the
methanol synthesis active site in Cu/ZnO/Al,O; catalysts. It
has been suggested that ionic Cu sites are the active catalytic
centers,”"" but on the other hand, linear scaling of the catalyst
activity with the metallic Cu area has been reported.'” Further
evidence supporting metallic Cu as the active site is provided by
experiments on single crystal Cu(100),"*'* Cu(110),"* and
polycrystalline Cu films exposing primarily Cu(111) facets.'®
These experiments indicate that the reaction is structure-sensi-
tive and shows turnover frequencies (TOF) for methanol
synthesis that are comparable to the industrial catalyst."* Fujitani
et al. also observed structure sensitivity during the deposition of
Zn on single-crystal Cu surfaces: 0.19 ML Zn on Cu(111) results
in a 13-fold increase in the methanol synthesis TOF,'” whereas
Zn on Cu(110) acts as a poison.'® In addition to the structure
sensitivity, these results indicate a synergistic effect between the
ZnO support and metal Cu particles, adding to the complexity of
the reaction mechanism and the nature of its active site.

It has been speculated for a long time how the ZnO support
influences the activity for methanol synthesis, and a large number
of possibilities have been suggested. Chinchen et al. found Cu
supported on SiO, and MgO as active as Cu on ZnO and argue
that no significant support effect exists.'> ZnO may allow for the
incorporation of Cu” ions into the ZnO lattice and thereby
stabilize Cu™.” Spillover mechanisms between Cu and ZnO
involving migration of H/ OH'? and formate?° have also been
proposed. As suggested by Frost, a Schottky junction effect
between Cu and ZnO may increase the number of O vacancies
in ZnO by 3 orders of magnitude.”" Although these defect sites
are the active sites when ZnO alone is used as a catalyst, no key
reaction intermediates are observed on ZnO when Cu is present,
and the junction effect therefore cannot explain the increased
activity of Cu/ZnO over Cu alone.” Last, it has been unambigu-
ously shown with atom-resolved TEM that ZnO induces shape
changes of supported Cu particles, depending on the oxidation
and reduction potential of the surrounding gas phase.”* Under
reducing conditions, such as those encountered during methanol
synthesis, and at a total pressure of 1.5 x 10" bar, Cu particles
primarily expose Cu(111) and Cu(100) facets.”> Dynamic
morphology changes and variations in surface area of Cu particles
have been taken into account in a previous microkinetic model,
and it was shown that the model is significantly improved by
including the structure sensitivity on the Cu(111), Cu(100),
and Cu(110) facets.”® However, Ovesen et al.”® used estimated

parameters to describe the interfacial energies used for the Wulff
construction of the Cu particles under different atmospheres and
found, in contradiction to the TEM work by Hansen et al,** a
larger fraction of the Cu(110) facet under reducing conditions. A
new, promising approach using TEM in combination with a
microelectromechanical system (MEMS) enables atomic-resolu-
tion microscopy at ambient pressures and may, in the future,
clarify the catalyst particle shape under realistic methanol synth-
esis conditions.**

In addition to the microkinetic model by Ovesen et al., which
is the only microkinetic model in the literature including
structural changes, several other authors have presented kinetic
models for methanol synthesis.">'*#**7>° All of these kinetic
models adequately describe experimentally measured rates,
although different assumptions regarding the mechanism and
the rate determining step are made. In an attempt to resolve this
unsatisfying status quo of kinetic models for methanol synthesis
and to address some of the open questions regarding the
mechanism and the nature of the active site, we develop here a
comprehensive microkinetic model based only on elementary
steps investigated by rigorous density functional theory (DFT)
calculations. DFT has been shown to be very useful in unraveling
multiple aspects of heterogeneous catalysis on transition metal
surfaces.*>”' We primarily address CO, hydrogenation as a
method for CO, fixation, but we also include various CO and
CO, hydrogenation pathways, the WGS reaction, and the
formation of possible byproducts and intermediates, such as
formic acid (HCOOH) and formaldehyde (CH,O). All input
parameters for this model are derived from extensive DFT
calculations, and no assumptions regarding the rate-limiting step
or mechanism are made. We find the experimental evidence that
Cu is mainly responsible for the observed methanol synthesis
activity of the industrial catalyst convincing and neglect support
effects. Since it was shown that under reducing conditions at low
pressures, the Cu(111) and Cu(100) surface are predominantly
exposed,”” we chose the Cu(111) surface for our DFT calcula-
tions to derive initial guesses for all surface reaction energetics.

B METHODS

Density Functional Theory (DFT). All calculations were
performed using the DACAPO total energy code.>**> The
Cu(111) surface is represented by a three-layer slab, periodically
repeated in a super cell geometry with five equivalent layers of
vacuum (~10.6 A) between any successive metal slabs. As done
previously, we kept the Cu atoms fixed in their bulk truncated
positions, since surface relaxation effects in this system are
small**73® To accommodate larger coadsorbed species without
significant interaction across repeated unit cells, we employ a
p(3 x 3) unit cell, corresponding to a surface coverage of 1/9
ML for each single adsorbate. Adsorption is allowed on only
one of the two surfaces ex3posed, and the electrostatic potential
is adjusted accordingly.””** Ultrasoft Vanderbilt pseudo-
potentials® were utilized to describe core electron interactions,
and the Kohn—Sham one-electron valence states are expanded
on the basis of plane waves with kinetic energy below 25 Ry. The
surface Brillouin zone is sampled at 54 special k points; con-
vergence is confirmed with respect to the k point set. The self-
consistent PW91 generalized gradient approximation (GGA-
PW91)*** was used for describing the exchange-correlation
energy and potential. The self-consistent PW91 density is
determined by iterative diagonalization of the Kohn—Sham
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Hamiltonian, Fermi population of the Kohn—Sham states (kg T
= 0.1 eV), and Pulay mixing of the resulting electron density.**
All total energies have been extrapolated to kgT = 0 eV. We
calculated the lattice constant for bulk Cu to be 3.66 A, in good
agreement with the experimental value of 3.62 A.** All binding
energies (BE) are given with respect to the clean slab and the
adsorbate in the gas phase. In the discussion of the DFT results,
we refer to electronic energy values neglecting zero point
energy (ZPE) corrections unless otherwise noted. For the
microkinetic model, we included ZPE corrections, tempera-
ture-dependent heat capacity at constant pressure ( Cp) correc-
tions and entropy contributions, all derived from calculated
vibrational frequencies (see Supporting Information). Frequen-
cies are calculated using the harmonic oscillator assumption by
diagonalization of the mass-weighted Hessian matrix in internal
coordinates obtained with a displacement of 0.01 A.** Using
internal coordinates for the diagonalization of the Hessian
matrix allows for separation of translational and rotational
modes from the pure vibrational modes.** Although it is easy
to define the translational and rotational modes for a gas phase
species using its center of mass (COM) and principle moments
of inertia, it is much harder to unambiguously define these
frustrated modes for adsorbed species. Hence, we treat only the
two frustrated translational modes of adsorbed species char-
acterized by changes of position of the COM within the plane
parallel to the substrate surface separately. Vibrational and
frustrated rotational modes are then obtained by diagonaliza-
tion of the remaining Hessian matrix.

Minimum energy paths and respective activation energy bar-
riers for all elementary steps are calculated using the climbing
image nudged elastic band method (CI-NEB).**"* The mini-
mum energy path for each elementary step is discretized by at least
seven images, including the initial and final state. Transition states
were confirmed by vibrational frequency calculations yielding a
single imaginary frequency along the reaction coordinate.

Microkinetic Model. We present an extensive microkinetic
model***” for methanol synthesis, including WGS, on the basis
of 49 elementary steps, taking into account possible formation of
byproducts such as formaldehyde, formic acid, and methyl
formate. No assumptions regarding the mechanism or the rate-
limiting step are made, and with the exception of sticking
coefficients, all model parameters are rigorously derived from
DFT calculations and later fitted to reproduce published experi-
mental kinetic data collected under realistic conditions on a Cu/
ZnO/AL,O; catalyst. Mean-field microkinetic models, as used
here, can fail to describe the correct surface kinetics when local
ordering is important and diffusion is slow. In these cases, one has
to resort to kinetic Monte Carlo (kMC) simulations, which are
capable of accounting for the correct local structure and
coverage*® and yet are much more costly if performed properly.
To achieve the correct description of a reaction network with
kMC, one would have to perform orders of magnitude more
DFT calculations to account for various adsorbate ensembles
surrounding the active site for a certain elementary step,* which
can be done for simple reaction networks. Unfortunately, to date,
such an analysis remains completely impractical for reaction
networks as complicated as the one needed to describe this
complex problem. In addition, at typical methanol synthesis
temperatures (~500 K), we expect the adsorbates on the surface
to be well-mixed and diffusion limitations to be negligible.
Hence, the use of a mean-field microkinetic model is justified,
and more complex kMC simulations are not necessary.

Lateral adsorbate—adsorbate interactions can influence the
stability of intermediates and the kinetics of strong binding
metals which exhibit high surface coverages.g'0 However, we
expect the total surface coverage under typical methanol synth-
esis conditions to be low, and all binding energies and activation
barriers are assumed to be coverage-independent. The maximum
surface coverage was restricted to 1 ML, and multilayer adsorp-
tion was not considered. For some of the larger species treated in
our model, the number of blocked sites cannot be easily defined.
For simplicity, we assume that all species occupy exactly one site
on the surface.

The entropy was directly calculated from the vibrational
frequencies of the respective states and used to fit the parameters
of the Shomate equation. To obtain enthalpy estimates for all
intermediates, the electronic energy was corrected for zero point
energy (ZPE) contributions and temperature variations using
CP.5 The transition state energies were also corrected using ZPE
and C, corrections in a similar manner. The pre-exponential
factor was calculated from entropy differences between the initial
and transition states of the respective elementary step.”’ For
spontaneous reactions, we assumed a pre-exponential factor of
10" s~ . Instead of fitting transition state energies (i.e., activation
barriers) directly, we introduced, as in an earlier publication, a
parameter w, which describes the proximity of the transition state
to the initial or final state of the respective elementary step.>* This
parameter @ can be estimated from NEB calculations as the ratio
(reaction coordinate (transition state))/(reaction coordinate-
(final state)). If the transition state occurs early in the reaction
(the reaction coordinate of the transition state is small in
comparison to the reaction coordinate of the final state), then
o approaches 0. In contrast, @ = 1 indicates a transition state with
final state character. The forward activation barrier E; is then
calculated as E¢ = E¢ppr + @(AH — AEpgr), where Egppr and
AEpgr correspond to the activation energy barrier and energy
change derived from DFT and are kept constant throughout. The
reaction enthalpy AH is calculated from the individual enthalpies
of all involved species and depends on the temperature (C,
corrections) according to the Shomate equation. AH can also be
altered during the fitting process by (de)stabilizing the involved
species. Using this approach to calculate the activation energy by
varying @ ensures that the fitted barrier remains qualitatively
similar to the predicted barrier from DFT calculations. This idea is
analogous to the Brensted—Evans—Polanyi principle for surface
reactions in which activation energies are linearly correlated to
reaction enthalpies across different transition metals.> > For
more details, see the Supporting Information.

B RESULTS AND DISCUSSION

To develop a consistent framework for the development of a
comprehensive microkinetic model, we have rigorously studied
with DFT the properties of 22 adsorbed and 8 gas phase species
as well as the reaction energetics of 49 elementary steps. For the
presentation of our results, we first focus on the DFT calcula-
tions, followed by the results from the microkinetic model. Given
the large amount of data, we will not comment on all results in
detail; the interested reader can find all relevant data in the tables.

Density Functional Theory Results. We chose a Cu(111)
model surface to derive thermodynamic and kinetic parameters
for the elementary steps considered. The choice of this surface is
motivated by several arguments: (i) the Cu(111) surface is the
most thermodynamically stable Cu facet; (ii) TEM experiments
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showed that under reducing conditions (such as methanol
synthesis), the Cu particles expose primarily Cu(111) and Cu-
(100) facets;* and (iii) measured reaction rates on polycrystal-
line Cu exposing mostly Cu(111) facets are similar to rates from
realistic Cu/ZnO catalysts.'® Since there is general agreement
that methanol synthesis is a structure-sensitive reaction, the
choice of the model surface may have significant impact on the
results. For this reason, a careful analysis of the kinetic modeling
results presented later is required. We studied 49 elementary
steps that allow for a wide variety of different reaction mecha-
nisms including the formation of unwanted byproducts. Our
microkinetic model reveals that several of the DFT-investigated
elementary steps are of little relevance to the overall reaction
because of high activation barriers (=2.0 €V) or extremely low
reactant coverages. In the text, we focus only on the key
elementary steps that contribute to the overall reaction. Addi-
tional data for the remaining elementary steps is included in
Tables 1 and 2, Figure 1, and the Supporting Information.

Water-Gas-Shift. Cu/ZnO is not only the catalyst of choice for
methanol synthesis, but it is also a highly active catalyst for the
low temperature WGS reaction. The typical feed for the metha-
nol synthesis reaction contains CO, CO,, and H,, allowing for
the conversion of CO, and H, into CO and H,O via the reverse
WGS reaction. For a correct description of the reaction kinetics,
it is therefore necessary to include the WGS reaction in a
microkinetic model for methanol synthesis. Gokhale et al.**
recently studied the WGS reaction mechanism on Cu and found
that under typical conditions, the reaction proceeds via a carboxyl
(COOHY) intermediate formed from CO* and OH*. COOH*
then reacts with surface OH* to form CO, and H,O. The rate-
limiting step is H abstraction from H,O* The experimentally
observed formate species (HCOO¥) acts merely as a spectator
species. An analogous study of WGS on Pt draws similar
conclusions, but in the case of Pt, the concentration of surface
OH* is very low, and COOH* decomposes directly to CO, and
adsorbed H¥, which is the rate-limiting step.>>

In the present model, both pathways and additional routes for
the WGS reaction are included (e.g. the direct CO oxidation via
RO (see Table 2), or the link through formic acid (HCOOH) and
formaldehyde (CH,O), which can be both formed from CO and
CO, hydrogenation). Because all DFT calculations for the
methanol synthesis reactions were done on a p(3 X 3) unit cell
(1/9 ML), we repeated all WGS calculations, which were done
by Gokhale et al.** ona p(2 x 2) unit cell (1/4 ML), on the larger
p(3 x 3) unit cell. Activation energy barriers, E,, agree generally
well (within 0.1 eV), but the reaction enthalpies, AE, show
deviations of ~0.2 eV and even up to 0.35 eV for CO adsorption
and COOH* + OH* — CO,* + H,0* CO* molecules
experience strong repulsive interactions among each other on
the surface and the BE(CO) depends strongly on CO* coverage.
This coverage effect was approximated by Gokhale et al,, and it is
to be expected that at lower coverages, as was calculated here (1/
9 ML), the interaction of CO with the metal surface is stronger
than that at higher coverages (1/4 ML)

Formate. The formate intermediate (HCOO?, Figure 1a) is
quite possibly one of the key intermediates in methanol
synthesis®® ®" and has been frequentlz invoked as a possible
intermediate for the WGS reaction.®” % It has even been
suggested that the TOF for methanol synthesis is proportional
to the formate surface coverage on Zn/Cu(111) model
catalysts."” Hence, HCOO* has received much scientific
attention, and a large number of experimental®”®’ """ and

theoretical”®** studies of HCOO* on Cu surfaces exist. All
reported experimental evidence of HCOO* on Cu(111) points to
the existence of only a bidendate species,””””** as was found in
our DFT calculations. HCOO* binds through both O atoms to
top sites of the Cu(111) surface with a BE(HCOO) of —2.68 eV,
and the calculated Cu—O distance is dcy—o = 2.05 A. The
existence of a monodendate HCOO* species as reported by
Gokhale et al.** using DFT onap(2 x 2) unit cell of Cu(111) and
by a combined IR/TPD study on oxidized Cu/SiO,”* could not
be confirmed in our Cu(111)-p(3 X 3) unit cell. No stable
monodendate HCOO* on Cu(111) could be found at 1/9 ML
coverage. Apparently, coverage effects can play an important role
in determining structural stability of various adsorbed states.

Surface HCOO* species can be formed in different ways: (i)
combination of CO,* and H*, (ii) combination of CO,* and H*
via a CO3* intermediate, and (iii) decomposition of formic acid
(HCOOH). The combination of CO,* and H* is the most
straightforward approach and has been used in various experi-
mental studies.®”’%7>77 Although the direct formation mecha-
nism for HCOO* from CO,* and H* seems likely, there is
evidence that the reaction proceeds via a carbonate (CO3*)
intermediate.”®”>*> 7% Indeed, it has been shown using a combi-
nation of polarization modulation infrared reflection absorption
spectroscopy (PM-IRRAS), electron energy loss spectroscopy
(EELS), temperature programmed desorption (TPD), X-ray
photoelectron spectroscopy (XPS), and DFT that on Cu deposi-
ted on Pt(111) CO, dissociates into CO* and O*, then a facile
reaction between CO,* and O* results in the formation of a CO3*
species adsorbed on step sites.*® The presence of CO5* is
primarily observed on steg)gped or rou§h surfaces or flat surfaces
with preadsorbed oxygen, 7285868587 hile clean, single-crystal
surfaces of Cu(110),"*°* Cu(100),”* and Cu(111)*® have been
shown to be unreactive upon adsorption of CO,.

Our DFT results verify the experimental observation that CO,
does not adsorb dissociatively on the Cu(111) surface, and
therefore, CO5* species are not formed due to the lack of atomic
oxygen on the surface. Although the formation of CO;* from
CO,* and O* is very facile with a barrier of only 0.34 eV and a
small endothermicity of 0.11 eV, the dissociation of CO,*is highly
activated, with a barrier of 1.77 eV and an endothermicity of 1.12 eV.
Unless the atomic oxygen species on the surface are generated via
another path, the lowest-energy path for the formation of
HCOO* from CO,* on Cu(111) is the direct CO,* hydrogena-
tion by adsorbed H* atoms (CO,* + H* — HCOO* + *) with a
barrier of only 0.87 eV and an exothermicity of —0.25 eV.

Finally, HCOO* can also be prepared by the decomposition of
HCOQH. 537074767 78849495 Bor this step, we obtain an activa-
tion energy barrier of E, = 0.68 ¢V; and AE = —0.23 V. Kinetic
analysis”>’* and an STM study’® of HCOO* prepared by
HCOOH decomposition and CO,/H, combination showed
that the HCOO* species obtained with the two preparation
methods were different. In particular, when HCOO* is prepared
from CO, and H, on Cu(111), well-ordered rows can be
observed with STM, but there is no ordering when the HCOOH
preparation method is used.”® The difference was attributed to
the higher H coverage for the CO, and H, preparation method.
We note that in our DFT calculations, all HCOO* species are
identical, regardless of the elementary step responsible for their
production.

Dioxymethylene vs Formic Acid. Formate is a very stable
reaction intermediate for methanol synthesis on Cu, and its
further hydrogenation to methoxy (CH;0%, Figure 1d) is often
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Table 1. Calculated Binding Energies (BE) and Vibrational Frequencies of Gas Phase and Adsorbed Species at Their Preferred

preferred

species adsorption site BE/eV frequencies/cm '
H, gas 4430
CcO gas 2205
CO, gas 2469, 1351, 629, 623
H,O0 gas 3940, 3825, 1575
CH,0 gas 2898, 2821, 1798, 1472, 1204, 1143
HCOOH gas 3693, 2980, 1725, 1281, 1025, 996, 925, 682, 402
CH,O0H gas 3804, 3044, 2969, 2822, 1451, 1410, 1361, 1268, 1027, 943, 482, 292
HCOOCH, gas 3136, 3084, 3016, 2999, 1720, 1435, 1414, 1390, 1288, 1176, 1127, 1094, 987, 842, 537, 367, 160, 133
H* fec —243 1013, 862, 862
o* fee —4.25 470, 325, 324
OH* fec —2.80 3820, 405, 405, 369, 194, 193
H,0* top —021  3843,3732, 1538, 364, 320, 149, 83, 77, 60
Cco* fec —0.86 1894, 282, 188, 187, 108, 107
CO,* physisorbed —0.08 2453, 1353, 627, 621, 154, 137, 135, 128, 74
COs* bridge—bridge —3.62 1760, 963, 885, 754, 618, 599, 275, 213, 165, 163, 121, 71
HCO,* top—top —248 3791, 1588, 1407, 1191, 1026, 769, 649, 596, 546, 214, 168, 129, 122, 110, 102
HCO* bridge —1.18 2866, 1464, 1216, 558, 375, 187, 127, 108, 96
COH* fec —2.57 3689, 1273, 1085, 336, 322, 287, 222, 198, 18
HCOH* fec —1.85 2901, 2677, 1342, 1109, 1104, 768, 344, 296, 223, 151, 75, 71
HCOO* top—top —268 2965, 1571, 1332, 1309, 984, 733, 305, 237, 233, 136, 124, 98
H,CO,* bridge—bridge —332  2971,2931, 1439, 1308, 1170, 1059, 979, 861, 577, 337, 328, 218, 179, 166, 21
COOH* top —1.52  3739,1557, 1204, 1122, 664, 575, 372, 246, 173, 139, 117, 106
HCOOH* top —022  3241,3012, 1724, 1343, 1283, 1135, 990, 684, 639, 170, 147, 115, 114, 97, 96
CH,O* C-top/O-bridge —0.06  3075,2983, 1454, 1228, 1140, 827, 521, 307, 159, 150, 115, 85
CH,O* foc —2.45 3041, 3038, 2963, 1435, 1434, 1404, 1119, 1116, 1002, 265, 185, 169, 139, 128, 75
CH,OH* C-bridge/O-top —0.84  3671,3031,2972, 1384, 1291, 1111, 1056, 891, 498, 400, 327, 167, 105, 102, 64
CH,0,* O-bridge/O-top —201 3712, 3016, 2957, 1452, 1344, 1287, 1192, 1050, 996, 875, 556, 407, 299, 245, 148, 109, 102, 95
CH;O0H* O-top —0.28 3749, 3092, 3040, 2970, 1444, 1435, 1409, 1293, 1125, 1034, 980, 373, 164, 129, 119, 99, 76, 52
HCOOCH; physisorbed —0.10 3139, 3079, 3003, 2992, 1773, 1429, 1422, 1405, 1339, 1199, 1136, 1123, 981, 900, 753, 361, 296, 136, 119,

99, 84, 78, 73, 23

H,COOCH;  O-bridge/O-bridge ~ —1.96 3071, 3023, 2958, 2921, 2887, 1457, 1441, 1419, 1402, 1345, 1192, 1180, 1130, 1120, 1088, 1040, 848, 526,

348,261, 213, 167, 127, 108, 78, 77, 12
“ The more negative the BE, the stronger the interaction with the Cu(111) surface. The zero energy reference corresponds to the gas-phase adsorbate at

infinite separation from the Cu(111) surface.

believed to be the rate-determining step.”” However, for the
formation of CH;0* from HCOQ¥, the formation of two C—H
bonds and the breaking of one C—O bond are necessary. It is
unlikely that all three bond-making and bond-breaking events
occur simultaneously, and a sequential mechanism via less stable
surface intermediates is expected. Considering an adsorbed
HCOO* species, one can start with breaking the C—O bond
to form a formyl (HCO¥, Figure 1f) intermediate. The HCO*
intermediate is not very stable, which leads to highly unfavorable
energetics of this step. C—O bond-breaking in HCOO* is
endothermic by 2.18 eV and has a barrier of 2.36 eV. Because
the C—O bond-breaking in HCOO* is so expensive, we will not
consider this possibility any further. Alternatively, one can start
the stepwise hydrogenation at either the C or O atom of the
HCOO* species forming dioxymethylene (H,CO,*, Figure 1b)
or formic acid (HCOOH?®, Figure 1g), respectively.

We have calculated the energetics of both processes, and we
found that the hydrogenation of the O atom in HCOO* is both
kinetically and thermodynamically preferred over the hydroge-
nation of the C atom. The potential energy surface (PES) of

methanol synthesis in Figure 2 clearly shows that HCOOH* is
the more stable product of HCOO* hydrogenation. The forma-
tion of HCOOH* is only modestly endothermic (AE = 0.23 eV)
and has a barrier of 0.91 eV, whereas the formation of H,CO,* is
endothermic by 0.87 eV and has a barrier of 1.59 eV. On
Cu(111), HCOOH* binds weakly through the O atom with a
BE(HCOOH) of —0.22 eV.

We calculate vibrational frequencies for v(O—H), v(C—H),
and the asymmetric COO stretch v,,(COO) of 3241, 3012, and
1724 cm™ ', respectively. These frequencies are in reasonable
agreement with an IR study of HCOOH adsorption on Cu/SiO,,
in which the characteristic HCOOH* features at 299 Kand 10’
Torr are reported at 2870 and 1670 cm ™~ >+

It is well-known that HCOOH readily decomposes into
HCOO* + H* upon adsorption; in fact, HCOOH has
been frequently used to deliver HCOO* species on Cu
surfaces. 57074707 78849495 Hwever, HCOOH* is rarely men-
tioned in the context of methanol synthesis. One study considers
HCOOH* as an intermediate or byproduct in the hydrogenation
of HCOO** and another study suggests that Cu-bound
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Table 2. The 49 Elementary Steps Included in the Microkinetic Model”

sticking probability or

no. reaction E,../eV IS/ES AE/eV E,/ eV pre-exponential factor w
R1 CO, +*— COy* —0.08 1

R2 H, 4 2*—2H* —0.29 1

R3 CO +*— CO* —0.86 1

R4 H,0 + *— H,0* —021 1

RS HCOOH + *— HCOOH* —0.22 1

R6 CH,0 + * — CH,0* —0.04 1

R7 CH;0H + *— CH;0H* —0.28 1

RS HCOOCH; + *— HCOOCH;* —0.10 1

R9 CO* + O*— COy* + * 0.14/0.76 -1.12 0.65 1.195 x 10" 0.44
R10 CO* + OH* —~ COOH* + * 0/0 0.14 0.56 4.667 x 10" 0.36
R11 COOH* + *— CO,* + H* 0.00/0.11 —0.55 123 2.326 x 107 0.32
R12° COOH* + OH* — CO,* + H,0* —0.34/0.22 —0.76 0 1.000 x 10" 0.00
R13 COOH* 4+ H* — HCOOH* + * —0.01/0.00 —0.59 0.73 6.793 x 10" 0.35
R14 H,O* + *— OH* + H* 0.01/0.08 0.21 1.39 1.436 x 10" 0.60
RIS OH* + *— O* + H* 0.06/0.88 0.72 1.68 2.193 x 10" 0.88
R16 2 OH* — H,0* 4 O* 0.15/—0.16 0.51 0.61 1.675 x 10" 0.65
R17 CO,* + H* — HCOO* + * 0.11/0.00 —0.25 0.87 3.658 x 10" 0.31
R18 HCOO* 4+ H* — H,CO,* + * 0.01/0.00 0.87 1.59 3.737 x 10" 0.54
R19 HCOO* + H* — HCOOH* + * 0.01/0.00 0.23 0.91 1302 x 10" 0.50
R20 HCOOH* 4 H* — CH;0,* + * 0.06/0.02 0.10 1.04 6.244 x 10" 0.45
R21 H,CO,* + H* — CH;0,* + * 0.12/0.01 —0.54 0.74 2.114 x 10"? 0.58
R22° H,CO,* + *— CH,0* + O* 0.00/—0.19 091 091 1.000 x 10" 1.0
R23° CH;0,* + * — CH,O* + OH* 0.00/—0.05 0.74 0.74 1.000 x 10" 1.0
R24 CH,0* + H* — CH;0* + * —0.04/0.00 —1.02 0.24 1.815 x 10" 0.37
R25 CH,0* + H* — CH,;0H* 0.06/0.00 —023 117 1.280 x 10" 0.60
R26 CO* + H* — HCO* + * 0.08/0.00 0.78 0.99 9.240 x 10'? 0.61
R27 CO* + H* — COH* + * 0.08/0.00 115 226 1.118 x 10" 0.42
R28 HCOO* + * — HCO* + O* 0.00/—0.05 2.18 2.36 2.570 x 102 0.56
R29 HCO* + H* — HCOH* + * 0.14/0.00 0.09 0.91 8.971 x 102 0.54
R30 HCO* + H* — CH,O* + * 0.00/0.02 —0.40 0.47 5.685 x 10" 0.42
R31 CH,O* 4+ H* — CH,OH* + * —0.01/0.01 —0.06 0.82 9.518 x 10™* 0.58
R32 HCOH* + H* — CH,OH* + * 0.07/0.00 —0.55 0.47 3.698 x 10" 0.40
R33 CH,OH* + H* — CH;0H* + * 0.01/0.07 -1.19 0.51 8.189 x 102 0.32
R34 HCOOH* + * — HCO* + OH* 0.00/—0.09 1.24 1.63 5242 x 102 0.72
R35 HCOOH* + * — HCOH* + O* 0.00/0.15 2.04 2.50 4.828 x 10" 0.70
R36 CH;0,* + * — CH,OH* + O* 0.02/0.00 1.39 2.01 5485 x 10" 0.67
R37 CO,* + O*— COz* + * —0.07/0.00 0.11 0.34 8.902 x 10! 047
R38 CO;* + H* — HCO;* + * 0.10/0.52 —121 1.00 1.717 x 10" 0.39
R39” O*+ HCO* — OH*+ CO* —0.10/0.17 —1.50 0 1.000 x 10" 0.00
R40 OH*4 HCO* — H,0*+ CO* —0.10/—0.08 —0.99 0.30 9.597 x 102 0.45
R41 HCOO* + HCO* — HCOOH*+ CO* —0.04/—0.05 —0.56 0.60 2200 x 10™* 0.34
R42 HCOO*+ HCO* — H,CO,*+ CO* —0.04/0.03 0.09 0.80 3.441 x 102 0.53
R43 HCOOH* 4+ HCO* — CH;0,*+ CO* —0.11/—0.03 —0.68 0.42 5.340 x 10" 0.42
R44" CH,O* + HCO* — CH;0*+ CO* —0.04/—0.03 —1.81 0 1.000 x 103 0.00
R4S CH;0*+ HCO* — CH;0H*+ CO* —0.05/—0.04 —1.02 0.38 1.934 x 10" 0.54
R46° CH;0* + HCOO* — HCOOCH;* + O* —0.10/—0.02 0.99 1.24 6.934 x 10" 0.80
R47 CH;0* + CH,0* — H,COOCH;* + * —0.12/0.02 —0.78 0.13 6.405 x 10" 0.58
R48 HCOOCH;* + H* — H,COOCH;* + * 0.16/0.01 0.01 0.94 1.536 x 10" 0.54
R49 2 CH,0* — HCOOCH;* + * —0.28/0.00 —1.81 111 2,527 x 10" 0.73

“ Pre-exponential factors are calculated from AS™S at 499.3 K. E,, describes the adsorbate—adsorbate interactions in the initial (IS) and final states (ES)
used in the NEB calculation. AE and E, are the energy change and activation barrier from DFT at infinite separatlon without further corrections (e.g. ZPE,
C,)- @ describes the prox1m1ty of the transition state to the initial/final state as described in the Methods section. * Reaction is spontaneous: @ = 0. 0 and pre-
exponentlal factor = 1 x 10" s~ " are assumed. “ Reaction is spontaneous in the reverse direction: @ = 1.0 and pre-exponential factor = 1 x 10'* s~ " are
assumed. ? A stable HCOOOCH3 is formed as an intermediate, but it is not explicitly included in the microkinetic model. Two NEBs were used to ﬁnd the
transition states of the steps CH;0* + HCOO* — HCOOOCH;* + * and HCOOOCH;* 4 * — HCOOCH;* + O*. The reported barrier and pre-
exponential factor are obtained from the transition state of the step HCOOOCH;* + * — HCOOCH;* + O*, which has the highest total energy.
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HCOO* reacts to HCOOH* as a byproduct, and only ZnO-
bound HCOO* is further reduced to methanol®® On the

Figure 1. Most stable adsorption states of selected intermediates in the
methanol synthesis reaction on Cu(111). Adsorbed states of atomic
species, weakly adsorbed molecular species and common species such as
OH and CO are not included. Top row: (a) formate, (b) dioxymethy-
lene, (c) formaldehyde, (d) methoxy, (e) methanol. Middle row: (f)
formyl, (g) formic acid, (h) hydroxymethylene, (i) hydroxymethyl, (j)
carboxyl. Bottom row: (k) hydroxymethylidyne, (I) carbonate, (m)
bicarbonate, (n) methyl formate, (o) methoxyoxymethylene.

contrary, isotopic labeling studies showed that CH;0H could
not be synthesized by HCOOH* or HCOO* hydrogenation on
Cu/ZrO,, but only from CH,O* hydrogenation.9 An FTIR
study on Cu/ZrO, arrived at the same conclusion.”® MS-IR
experiments on Cu/SiO, and unsupported Cu® as well as
kinetic modeling indicates that direct hydrogenation of HCOO*
does not lead to methanol synthesis.”” To our knowledge, there
is only one mention of HCOOH* as an active reaction inter-
mediate in methanol synthesis from CO, and H, on Cu/ZnO/
AL 1

In stark contrast to HCOOH*, H,CO,* has been frequently
invoked as the product of HCOO* hydrogenation on
Cu.!#23253895,10L102 gipilar to HCOO*, H,CO,* binds with
both O atoms to the Cu surface, but the O atoms are in bridge
positions, rather than on atop sites, and the C atom is centered
above another bridge site (Figure 1b). We calculated the
BE(H,CO,) as —3.32 eV. Our results for adsorbed HCOO*,
H,CO,* and its formation from HCOO* agree well with a
previous periodic DFT study.*® Gomes and Gomes have per-
formed DFT calculations on 7- and 30-atom Cu clusters and
reported a cross-bridge adsorption that is ~0.4—0.7 eV more
stable than the aligned-bridge geometry.*"'*® The cross-bridge
adsorption was not stable in our periodic slab calculations, and
we speculate that Gomes and Gomes’s result may be related to
the specific cluster used in their study. Increasing the cluster size
from Cu; to Cusp increases the BE(H,CO,) on the cross-bridge
site from —4.19 to —4.30 eV and at the same time decreases the
BE(H,CO,) on the aligned-bridge site from —3.80 to —3.55
eV.®! Our calculated frequencies in Table 1 show deviations of
30—80 cm ™ ' from the Cus results of cross-bridge adsorbed
H,CO, reported by Gomes and Gomes,*! but the relative order
of the different modes is identical in both calculations.

It was previously suggested that H,CO,* may react directly
to CH;O* via the reaction H,CO,* + H* — CH;0* 4+ O¥, and
this reaction is included in a variety of published kinetic
models."*#**?51%2 However, this concerted step would require
the formation of a C—H bond with a simultaneous C—O bond
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Figure 2. Potential energy surface of methanol synthesis via CO, hydrogenation. To improve legibility, H* was omitted from the labels after the
adsorption of six H atoms in the first step. The black line indicates the lowest-energy pathway through the HCOO*, HCOOH*, CH;0,*, CH,0%, and
CH,0* intermediates. The main intermediates along the red path are HCOO*, H,CO,*, CH,0%, and CH,OH". The two dashed horizontal lines

indicate the desorption barriers of HCOOH and CH,O.
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Figure 3. Hydroxymethoxy (CH30,) on Cu(111). (a) Binding geometry (BE = —2.01 eV). (b) Simulated vibrational spectrum.

breaking event. We devoted significant effort in exploring the
details of this hypothetical concerted step, but in all cases, our
NEB calculations predicted the C—O bond breaking to happen
first, forming adsorbed CH,O*. CH,O* is then hydrogenated to
CH;0% but the reaction events are sequential rather than
concerted. We therefore concluded that the above surface
reaction (H,CO,* + H* — CH;0* + O*) cannot be an
elementary reaction step and did not include it in the micro-
kinetic model. Importantly, the alternative sequential two-step
pathway going through CH,O* (reactions R24 and R2S in
Table 2) is included in our microkinetic model.

Formaldehyde (CH,O). The interaction between formalde-
hyde (CH,O% Figure 1c) and Cu(111) is very weak, character-
ized by a BE(CH,O) of —0.04 eV. Hence, if CH,0* is formed as
an intermediate in methanol synthesis, the observation of CH,O
as byproduct should be expected, but experimental evidence for
CH,O production is not conclusive.">'* On the other hand,
adsorption of CH,O on Cu/Zn0O/Al,O; yields both CH;0* and
HCOO* species, which is in support of CH,O* as surface
intermediate for the reduction of HCOO***” In addition, an
isotope labeling study for methanol synthesis on Cu/ZrO,
suggested that CH;OH is exclusively formed from CH,0O%, not
from HCOO¥, and CH,0O* is the key reaction intermediate in
methanol synthesis.”” Despite the fact that several kinetic models
which do not include CH,O* as an intermediate'****>'°* have
been published, we do include CH,O* in our model.

CH,O* on the supported Cu catalyst may be more stable than
the calculated BE(CH,O) of —0.04 eV on Cu(111) suggests. On
Cu(110), the BE was estimated to be —0.59 eV. " Under
industrial conditions, the Cu surface of the catalyst is partially
oxidized."> The presence of oxygen on the Cu(111) surface further
stabilizes CH,O*. Upon coadsorption of 1/9 ML of O and 1/9 ML
of CH,0% the two adsorbates show an attractive interaction of
—0.2 eV. Not only the interaction with O, but also the interaction
of CH,O* molecules among themselves is considerable. When
two CH,O* molecules are adsorbed in a p(3 X 3) unit cell, the
attraction between them is ~—0.3 eV. CH,O polymerization on
Cu (110)"* and (100)"* surfaces has also been reported, but we
do not consider that phenomenon in our model.

Hydroxymethoxy (CH;0,). CH;0,* is a methoxy species in
which one H atom is replaced by an OH group, as shown in
Figure 3. CH30,* binds through its O end to Cu(111), with a

372

BE(CH;30,) of —2.01 eV. Structural and vibrational properties
of this adsorbed state are given in Figure 3 and Table 1. To our
knowledge, there exists only one recent publication that con-
siders 1(37}1302* as an intermediate in methanol synthesis on Cu/
Zl‘Oz.

CH;0,* can be formed by hydrogen addition either to the C
atom of HCOOH* or to an O atom of H,CO,* The hydro-
genation of HCOOH* is quasi-thermoneutral (AE = 0.10 eV)
with a barrier of E, = 1.04 eV. The energetics for the formation of
CH;0,* from H,CO,* are more favorable (AE = —0.54 ¢V, E, =
0.74 eV), but we note here again that the total energy of adsorbed
HCOOH" is 0.64 eV lower than the total energy of its isomer
adsorbed H,CO,*. In the case of HCOOHY, no other compe-
titive pathways for further reaction exist: both possible C—O
bond breaking steps are highly activated (HCOOH* + * —
HCO* 4+ OH*: AE =124 eV, E, = 1.63 eV. HCOOH* + * —
HCOH* + O*: AE=2.04 eV, E, = 2.50 eV), and although these
steps are included in the kinetic model, we will not discuss these
pathways in greater detail here.

For H,CO,* the situation is somewhat different. In addition
to the very favorable hydrogenation to CH30,%, its reduction to
CH,O" is an alternative. C—O bond-breaking in H,CO,* has
only a thermodynamic barrier (AE = 0.91 eV, E, = 0.91 eV); in
other words, the recombination of CH,O* 4+ O* to H,CO,* is
spontaneous. Spontaneous formation of H,CO,* from CH,O0* +
O* has also been reported in a DFT study on Cu(110).'*®
Similarly, the recombination of CH,0* 4+ OH* to CH;0,* is
spontaneous, which opens up a low-energy pathway for the C—
O bond breaking in CH30,* The reaction CH30,* + * —
CH,O* + OH* is endothermic with AE = 0.74 eV (E, = 0.74 eV).
In summary, we suggest, on the basis of our DFT results alone,
that the reduction of HCOO* to CH,O* may proceed via the
sequence HCOO* + 2 H*—HCOOH"* + H* +*— CH;0," +
2*— CH,O0* + OH* + *

Methoxy (CH30) vs Hydroxymethyl (CH,OH). The last inter-
mediate for stepwise hydrogenation of CH,0* to CH30H is
either methoxy (CH3;0*) or its isomer hydroxymethyl
(CH,OH*). In both pathways to CH3;0H, one C—H bond
and one O—H bond needs to be formed, but in different order.
The activation energy barriers in the CH,OH* pathway (CH,O*
— CH,OH* — CH;O0H*) are E, = 0.82 eV for the O—H bond-
making and E, = 0.51 eV for the C—H bond-making. For the
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Table 3. Comparison of Experimental''® and Calculated
Methyl Formate Frequencies”

EELS frequency/ DEFT frequency/
vibrational mode cm™ ' Cu(110)'"* cm™ ' Cu(111)
COC bend 370 296
OCO bend 720 753
OCO sym. stretch 920 900"
methyl rock 1180 1123, 1136
OCO asym. stretch 1260 1199°
methyl bend 1450 1408, 1422, 1429
C=0 stretch 1670 1773
CH stretch 2980 2992, 3003, 3079, 3139
3050

“Note the different Cu facets for the two columns. * O—CHS3 stretch.
“COC asym. stretch.

CH;0* pathway, the barriers are E, = 0.24 eV and E, = 1.17 eV,
for the C—H and O—H bond-making, respectively. A graphical
representation of both pathways is given in the PES in Figure 2,
where it can be seen that even though the CH30* pathway has
the highest individual barrier (E, = 1.17 eV) for the final
hydrogenation step, its energy trace lies permanently lower than
the energy trace for the CH,OH* pathway. This reflects the
much higher stability of adsorbed CH30* as compared with
adsorbed CH,OH*. The difference in total energy of the two
isomers is 0.96 eV. The higher stability of CH;O* leads to a
higher surface coverage compared with CH,OH¥, and the
abundance of CH3;0* species on the surface counteracts the
high activation barrier for its last hydrogenation step. An in situ
FTIR study on Cu/ZnO and Cu/ZnO/Cr,0; catalyst con-
cluded that CH;0* hydrogenation is the rate-limiting step in
methanol synthesis,"” which agrees with the high barrier calcu-
lated here. Overall, the DFT results imply that the CH,O*
pathway is dominant over the CH,OH* pathway. Further
support for CH3;0* as the final reaction intermediate prior to
CH;0H formation has been provided previously by a large
number of experimental studies. CH3;0* was identified in situ
using FTIR on Cu/ ZnO/AIZO3,60 Cu/Zn0,%*%° Cu0/Zn0,"*
Cu/Si05,¥1° and Cu/Zr0,.5?%"! The reverse process, ad-
sorption of methanol, is well-known to be dissociative on Cu-
(110)'* and on most transition metals''? and results in the
formation of adsorbed CH;0*.

Methyl Formate (HCOOCH;). In-situ FTIR studies have
identified methyl formate (HCOOCHS;, Figure 1n) under
methanol synthesis conditions,*” and it is a major byproduct of
methanol decomposition over Cu/SiO,.""* The adsorption of
HCOOCH; on Cu/Zn0/Si0,"** and Cu(110) predosed with
O0*'" leads to the formation of HCOO* and CH;0* species.
Since HCOOCHj; did not react on the clean Cu(110) surface
but only when O* was predosed, Sexton et al. suggested that
HCOOCH;* dissociates in the step HCOOCH;* + O* —
CH,;0* + HCOO*' The discovery of alcohol-promoted
pathways for the low-temperature methanol synthesis provides
further motivation for the investigation of HCOOCH,.'"¢7%1n
these reaction schemes, HCOOH* or HCOO* is synthesized
from CO, and H,, followed by the esterification with ethanol/
propanol to ethyl/propyl formate. Hydrogenolysis of the alkyl
formates recovers the alcohol promoter and produces methanol.
Recently, Yu et al. proposed a method for CO, fixation by
reaction with H, in the presence of CH;OH over clean and

promoted Cu/ZnO/Al,O; catalysts to form HCOOCH,."*' It is
clear that HCOOCHj; is closely related to methanol synthesis
intermediates, and the observation that it decomposes in the
presence of oxygen into HCOO* and CH;0* upon adsorption
makes it a potential reaction intermediate connecting HCOO*
and CH;0*

A monolayer of HCOOCH;* on Cu(110) at 140 K was
characterized using EELS.""® As shown in Table 3, our calculated
frequencies for HCOOCH;* on Cu(111) are in general good
agreement with these EELS data on Cu(110). Our results
disagree on only the mode assignment for frequencies at 920
and 1260 cm ™. There is no indication of any OCO stretchin%
modes, but similar modes with frequencies at 900 and 1199 cm
exist. These modes are an O—CHyj stretch and an asymmetric
(asym) COC stretch, respectively.

The decomposition of HCOOCH;* into two CH,O* mole-
cules turns out to be very unfavorable and highly activated on
Cu(111). The reaction is endothermic (AE = 1.81 eV) and has a
barrier of E, = 2.92 eV. This step is concerted (formation of a
C—O and a C—H bond while breaking another C—H bond),
and the transition state has, indeed, a single imaginary frequency.
The reverse reaction (2 H,CO* — HCOOCH;* + *) is very
exothermic and has a modest barrier of 1.11 eV. However, Sexton
et al. did not find any evidence for HCOOCH;* formation from
CH,0* on Cu(110); instead, CH,O* formed a surface polymeric
structure.''> We did not consider CH,O* polymerization in our
study, but we find that CH,O* has other much more facile reaction
channels it can follow than its dimerization to HCOOCHS;*. For
example, CH,O* spontaneously reacts with adsorbed O* and OH*
to give H,CO,* and CH30,%, respectively, and these two reactions
were included in our microkinetic model.

CO Promotion. The promotional effect of CO on methanol
synthesis from CO,/H, mixtures is experimentally well estab-
lished, but the exact origin remains unknown. There is convin-
cing evidence that the gas phase reduction potential determined
by the CO concentration induces morphological changes on the
catalyst particles that can be responsible for changes in the
catalytic activity.”>*>'%* Furthermore, an in situ FTIR study of
methanol synthesis over Cu/ZnO concluded that adsorbed CO*
species are necessary for the reduction of HCOO* to CH;0*%
Examining the structure sensitivity of methanol synthesis and the
effect of morphological changes in detail is beyond the scope of
this work. Nevertheless, we did consider the effect of CO on the
removal of H,O via the WGS reaction and on chemistry via CO-
assisted hydrogenation reactions of various surface intermediates
through a formyl intermediate (HCO*) playing the role of
H-carrier (see reactions R39—R4S in Table 2).

The first step in the CO-assisted hydrogenation is the forma-
tion of adsorbed HCO* from coadsorbed CO* and H*. HCO*
formation is endothermic (AE = 0.78 eV) and has a moderate
activation barrier of E, = 0.99 eV. This activation barrier is in the
same range of values as the barriers for direct hydrogenation of
some of the key surface intermediates (see Table 2). Not only is
this barrier comparable to most of the other barriers in the
reaction scheme, but HCO* is also not very stable, and the
expected surface concentration could be rather low. If instead of
HCO?* its isomer, a COH* intermediate was considered as a
hydrogenation agent, then the energetics for the reaction CO* +
H*— COH* + *become AE = 1.15 ¢V and E, = 2.26 eV, which
are worse than the respective numbers for HCO* formation.
Therefore, we studied seven hydrogenation steps and compared
the direct and CO-assisted hydrogenation via the HCO*
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Table 4. Promotional Effect of CO on Several Hydrogenation
Steps”

E, (direct E, (CO-assisted
reaction hyrodgenation)/eV hydrogenation)/eV

CO* — HCO* 0.99

O* — OH* 0.96 spontaneous
OH* — H,0* 1.18 0.30

HCOO* — HCOOH* 091 0.60

HCOO* — H,CO,* 1.59 0.80

HCOOH* —CH;0,* 1.04 0.42

CH,0* — CH;0* 0.24 spontaneous
CH,0* — CH,OH* 117 038

“ E, represents the calculated activation energy barrier for direct hydro-
genation (H* is used as the H source) and for CO-assisted hydrogena-
tion (HCO* is used as the H source).

intermediate. As shown in Table 4, the barriers for CO-assisted
hydrogenation are always lower than for direct hydrogenation.
This indicates that a promotional effect of CO via CO-assisted
hydrogenation steps is possible, but the availability of adsorbed
HCO* on the surface may be the key factor. We note that
adsorbed HCO* may also react with adsorbed H* to H,CO*
(E, = 0.47 eV) and ultimately form methanol through the direct
CO hydrogenation route.

Microkinetic Model. Experimental Data. After having ana-
lyzed the methanol synthesis and WGS reaction using DFT on
the Cu(111) surface, a microkinetic model was developed using
the DFT results as a starting point for the model parameters. We
were unable to find an extensive kinetic data set collected on the
Cu(111) surface. Instead, we used the comprehensive kinetic
data set published by Graaf et al,>”*® which has been used by
other authors'>'***** to compare their models with rates
collected under realistic conditions on an industrially used
catalyst. The kinetic data was collected in a spinning basket
reactor at pressures between 1S5 and 50 atm and temperatures
between 483 and 547 K over a Cu/ZnO/AlL, O3 catalyst with
various H,/CO,/CO feed compositions. As pointed out by
Askgaard et al,, some of the experimental data points show
deviations between measured methanol exit mole fractions and
theoretical exit mole fractions derived from a material balance of
up to 100%.”° These data points may not have been collected at
steady state. In addition, Graaf et al. observed intraparticle
diffusion limitations at temperatures above 518 K.** We used
the same criteria as Askgaard et al. and neglected data points
collected above 518 K and those that show a relative exit mole
fraction error of more than 40%.>> A CSTR model was employed
to simulate the spinning basket reactor; the number of Cu sites
used was 300 umol(sites) /g(catalyst).122

Parameter Estimation and Model Optimization. First, we
used a parametrization of the microkinetic model which was
based on our DFT results for the Cu(111) facet. The sticking
coefficients of all adsorption steps were assumed to be 1. Without
any further adjustment to the DFT-derived parameters, the
microkinetic model predicts methanol synthesis rates that are 6
orders of magnitude smaller than measured rates on the indus-
trial catalyst. Both CO and CO, hydrogenation contribute to the
overall methanol synthesis rate, along the pathways CO* —
HCO*— CH,0*— CH;0*— CH;0H*and CO,*—HCOO*—
HCOOH* — CH;0,* — CH,0* — CH;0* — CH;O0H*. The
reverse WGS reaction also proceeds through two routes: direct

CO, dissociation to CO and indirect via the COOH* intermedi-
ate. Starting from a CO/CO,/H, mixture, HCOOH and
CH;OH are the main products of the reaction. CH,O desorption
is also present to a smaller extent, but almost no HCOOCHj; is
formed. Since methanol synthesis typically has a high selectivity
toward methanol production, it is clear that the DFT-derived
parameters on the Cu(111) surface are not adequate to describe
the reaction on a commercial catalyst under industrial conditions.
Some parameter adjustments will be necessary to account for
differences between the ideal Cu(111) surface and the realistic
Cu/ZnO/AlL,O; catalyst.

The number of adjustable parameters in our complex model
with 49 elementary steps is quite large, and multiple solutions
could be found that fit the experimental data reasonably well. For
the DFT parameter set, the methanol synthesis rate is most
sensitive to the binding energies of HCO* and CH,O*. Stabiliz-
ing these two intermediates by 0.4—0.5 eV accelerates the CO
hydrogenation pathway by 3—4 orders of magnitude, but the
calculated H,O formation rates remain S orders of magnitude
too small. To balance the contributions from CO and CO,, we
took a two-step approach. First, we focused only on the WGS
reaction and did a preliminary fit of the WGS-relevant parameter
subset to the kinetic data set reported by Koryabkina et al. on
Cu/Zn0O/Al,05.">* The optimization was not fully converged
and stopped as soon as the calculated WGS rate was in the same
order of magnitude as the experimental rate. Since the WGS
reaction acts as a link between the CO and CO, hydrogenation
pathways, we believe that starting the full optimization for
methanol synthesis with a preoptimized WGS model will give
a better result for the relative contributions of the CO and CO,
hydrogenation routes.

Next, for the full optimization of the methanol synthesis
reaction, we identified the 31 parameters given in the left
column of Table 5, which are most relevant for the three active
reaction pathways when pure DFT numbers were used (i.e., CO
hydrogenation, CO, hydrogenation, and WGS). Sticking coef-
ficients were not fitted because we found no influence of
sticking coefhlicients for values between 0.01 and 1.0 for all
adsorption steps. Hence, adsorption and desorption steps can
be assumed to be quasi-equilibrated. The final parameter values
after performing a least-squares fit to the experimental data by
Graaf et al.>”*® are given in Table 5. The objective function of
the fit was formulated to account for CH3;0H and H,O
production rates simultaneously and with equal weights for
these two quantities. The parity plot of experimental and
calculated rates for the production rates of CH;0H and H,O
(see Figure 4) shows a good fit with an R* value of 0.90 for
CH;O0H and 0.94 for H,O rates (R* = 0.92 overall). After this
parameter fitting, the 6-orders of magnitude gap in measured
versus predicted rates is closed, the selectivity to CH3;0H is
high, and the desorption of HCOOH, CH,0, and HCOOCHj,;
as byproducts is negligible. The decreased production of
HCOOH and CH,O as compared with the model with the
DFT-derived parameters can be, at least in part, attributed to
the significant increase in the stability of these surface species
(~—0.5 eV).

The absolute value of parameter w is difficult to define on the
basis of DFT calculations and was only approximated from the
reaction coordinates of the transition and final states. The choice
of initial and final state in an NEB calculation can significantly
influence the reaction coordinates, and the estimate for w can
vary widely. Therefore, it is not possible to critically discuss any
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Table 5. Fully Optimized Parameter Set Used in the Micro-
kinetic Model”

parameter optimized value
AHy, (H) —0.07eV
AHg, (0O) 0.00 eV
AHg, (OH) —0.41eV
AHg, (H,0) 0.00 eV
AHg, (CO) 0.10eV
AHg, (CO,) 0.00 eV
AHj, (COOH) —0.31 eV
AHg, (HCO) —0.55¢eV
AHg, (HCOO) —0.60eV
AHg, (H,COO) 0.00eV
AHg, (HCOOH) —0.49eV
AHy, (CH;0,) —0.55¢eV
AHy, (CH,0) —0.43eV
AHg, (CH;0) —0.64eV
AHg, (CH,OH) 0.00 eV
AHg, (CH;0H) —023 eV
w(CO* + H* — HCO* + *) 0.68
w(HCO* + H* — CH,0* + *) 0.26
®(CH,0* + H* — CH;0* + ¥) 0.21
w(CO,* + H* — HCOO* + *) 0.82
w(HCOO* + H* — HCOOH* + *) 0.68
®w(HCOO* + H* — H,CO,* + %) 0.33
»(HCOOH* + H* — CH;0,%) 0.30
w(CO* + O*— CO* + %) 023
w(CO* + OH* — COOH* + *) 0.59
w(COOH* + *— CO,* + H¥) 0.33
o(H,0* + *— OH* + H*) 0.87
w(OH* + *— O* 4+ H¥) 091
(2 OH* 4+ * — H,0* + 0%) 0.66
®(COOH* + H* — HCOOH* + *) 027
w(CH;0* + H* — CH;0H* + *) 0.60

* AHg(X) is the deviation of the fitted enthalpy of species X from the
DFT value; that is, AHg, = 0 eV means no adjustment was necessary. A
negative entry for AHg,(X) means that species X was stabilized on the
catalyst surface compared to the DFT-derived parameter for binding of
species X on Cu(111). w(R) is the proximity factor of the transition state
of reaction R.

deviations between the DFT estimates and the fitted values for .
The DFT estimates were merely used as initial guesses. However,
BEs are well-defined, and any differences between DFT values
and fitted parameters carry useful information. The biggest
deviations are found for the BEs of the following intermediates:
OH*, COOH*, HCO*, HCOO* HCOOH*, CH;0,*, CH,0%,
CH;0% and CH3;OH*. In the case of H*, and CO* the difference
is ~0.1 eV and well within the error bars of our calculations. For
all other species, a stabilization of 0.3—0.6 eV is necessary, which
merits a more detailed discussion.

First, we note that all binding energies were calculated on a
static surface, and although relaxation effects are expected to be
small, they may contribute with a stabilization of 0.1—0.2 eV for
strong, interacting, surface radical species, such as OH*, COOH?,
HCO*, HCOO*, CH;0,% and CH;0* In the case of the three
closed-shell molecules (CH,O* HCOOH?*, and CH;OH*), all
showing weak interactions with the Cu(111) surface, the
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Figure 4. Parity plot of experimental and calculated TOF. Full circles
represent CH;0H production rates; open circles, H,O production rates.
Experimental data is taken from refs 27 and 28. Quality of fit: R>-
(CH;0H) = 0.90, R* (H,0) = 0.94, R* (overall) = 0.92.

difference may be caused by the deficiency of standard DFT
methods to account for long-range interactions, such as van der
Waals forces,'** which may dominate the binding interactions for
these stable molecules.

A theoretical method which is capable of describing van der
Waals interactions'>® was recently presented. In the case of
benzene adsorption on graphite, the additional energy contribu-
tion is ~—0.5 eV. For transition metal surfaces, a good estimate
for the van der Waals contributions is ~0.1—0.2 eV per carbon
atom, not enough to explain the additional stabilization needed
in our microkinetic model for these three species. However, the
fitted BE(CH,O) = —0.49 eV agrees well with the measured heat
of adsorption of CH,O on Cu(110) of —0.59 eV, and similarly,
the fitted BE(CH;OH) = —0.51 eV is within the measured value
of —0.72 eV for CH;0H on oxidized Cu(110).'* The devia-
tions between calculated and fitted binding energies cannot be
simply attributed to inaccuracies in our DFT methods, and the
possibility of an active site different from the Cu(111) facet for
methanol synthesis will be discussed later.

Reaction Mechanism. After fitting the microkinetic model to
the experimental data, we can analyze the reaction mechanism
and indentify key elementary steps in the model. A scheme
including the most important reaction steps, according to the
model fit, is given in Figure S. Methanol is produced primarily
from CO, hydrogenation through the following sequence of
intermediates: HCOO*, HCOOH*, CH;0,*, CH,0% and
CH;0*. Methanol is also produced from CO hydrogenation
through another sequence of intermediates: HCO*, CH,0%, and
CH;0*. Pathways involving H,CO,* or CH,OH* are not
significant and can be neglected from the rest of the mechanistic
analysis. Desorption of HCOOH and CH,O is not observed
after both surface species were stabilized during the fitting
procedure by almost —0.5 eV with respect to the respective
DEFT binding energies. At typical conditions from the data set of
Graaf et al*”*® (T = 499.3 K, P = 29.9 atm, yco = 0.053, yco, =
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0.047, yp, = 0.90), the surface is covered with 0.21 ML of CH;0%,
0.18 ML of H*, 0.04 ML of HCOO*, and 3 x 10> ML of OH*.
No substantial coverage of atomic O* is found. Under these
typical conditions, roughly 2/3 of CH3;0H is formed from CO,,
and the balance, from CO hydrogenation.

Calverley and Smith suggested that CO and CO, hydrogena-
tion occurs independently on different types of active sites;'>”
however, the degrees of rate control'?® obtained in our micro-
kinetic model (Table 6) suggest that the relative contribution of
both pathways is largely determined by the kinetics of the slow
steps HCO* 4+ H* — CH,0* + * and HCOOH* + H* —
CH;0, + *. The hydrogenation of CH;0* to CH3;OH* also has
a high degree of rate control and is common to both routes for
methanol production. HCO* primarily reacts to CH,O* and
does not significantly participate in CO-assisted hydrogenation
of other reaction intermediates. For CO,-containing feeds, OH*
is formed in the step CH30,* + * — CH,O* + OH* (R23) and
reacts mainly with H* to form H,O* (R14, ~48%), with CO* to
COOH* (R10, ~26%), or with COOH* to CO,* + H,0* (R12,

CO(g) CO,(g)
VB3 lm
(0]

& R10 (0] o OH R12, R11 0-C-0
lRIY
HO(g) i
C
R26 Tm O O
HOH '
R16, R14 lnw
H
R15 H R34 C OH
0 R16 0 Y

Figure S. Reaction network of simultaneous methanol synthesis and
WGS reaction over Cu catalysts. The labels R# refer to the reaction
numbers provided in Table 2 and indicate the relevant steps to convert
one main intermediate to the next one.

~26%). The last two OH* consumption steps represent the main
pathway for the WGS reaction: CO* 4+ 2 OH* — COOH* +
OH* + * — COy* + H,O*+ *. At least for the conditions
represented by the values in Table 6, both steps show small
degrees of rate control for CH;OH production, indicating that
methanol synthesis rates from CO/CO,/H, mixtures show only
a small sensitivity to the WGS activity of the catalyst. However,
higher WGS activity promotes the consumption of CO and
reduces the adsorption of CO,, as seen by the positive degrees of
rate control for CO adsorption and negative degrees of rate
control for CO, adsorption.

The importance of a comprehensive microkinetic model and
the simultaneous investigation of CO/CO, hydrogenation and
the WGS reaction becomes evident by looking at the PES in
Figure 6. The PES shows reaction enthalpies and activation
energy barriers after fitting of the microkinetic model to experi-
mental methanol synthesis data for CO, hydrogenation (blue),
CO hydrogenation (green), and the (reverse)WGS reaction
(red). The hydrogenation of CH,O* to CH30* and then to
CH;O0H is a common path to all methanol formation routes and
is given with the black line in Figure 6. A direct comparison
between the CO hydrogenation pathway (state 2 — green line —
black line — state 3) and the CO, hydrogenation pathway (state 1
— blue line — black line — state 3 — blue line — state 4) to
CH;0H would suggest that CO hydrogenation is the dominant
reaction, because (i) it is more exothermic than CO, hydrogena-
tion, (ii) the largest barrier is CH;0* hydrogenation (black line),
which is also a part of the CO, pathway, and (iii) there exists a
large barrier for OH* hydrogenation to form H,O* (blue line after
state 3), which is a step involved in CO, hydrogenation to
CH;30H. Nevertheless, only ~1/3 of the produced methanol
originates from CO.

The explanation for this nonintuitive result is that CO* is more
efficiently consumed by a path competitive to its hydrogenation
toward HCO*. In particular, CO* has to overcome only a small
barrier to react with 20H* to COOH* 4+ OH* and eventually to
CO,* + H,0* (WGS). This reaction not only consumes CO but
also facilitates the formation of H,O, bypassing the highly
activated OH* + H* — H,0* + * step. The promotional effect
of CO on CO, hydrogenation is nicely illustrated in Figure 6:
starting at state 3 and comparing the blue path to state 4 versus
the red path to state 5 clearly shows the kinetic and thermo-
dynamic preference to remove OH* with CO* via the WGS
reaction. This explanation agrees well with the degrees of rate
control we determined for the WGS and water dissociation steps
in Table 6: higher WGS activity increases the adsorption of CO
and is somewhat beneficial for CH;OH production. In addition
to the OH* hydrogenation barrier, other steps with high barriers
in the CO, hydrogenation path are HCOOH* + H* — CH;0,*

Table 6. Degrees of Rate Control'*® for Adsorption and Desorption Reactions of CH;0H, H,, CO, CO,, and H,0*

CH;30H desorption H, adsorption CO adsorption CO, adsorption H,O0 desorption
H,0* 4+ *— OH* + H* 0.00 0.01 —0.02 0.03 0.03
OH* 4+ CO* — COOH* + * 0.01 0.00 0.09 —0.08 —0.08
COOH* + OH* — CO,* + H,0* 0.01 0.00 0.04 —0.03 —0.03
HCO* + H* — CH,0* + * 0.20 0.1 0.42 —0.08 —0.08
HCOOH* + H* — CH;0,* + * 0.22 0.25 0.09 0.38 0.38
CH;0,* + * — CH,O* + OH* 0.00 0.00 0.00 0.01 0.01
CH;0* + H* — CH3;0H* + * 0.20 0.19 0.24 0.1 0.15

“Values are reported for T' = 499.3 K, P = 29.9 atm, yco = 0.053, Yco, = 0.047, yy, = 0.90 using a CSTR reactor model.
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Figure 6. Potential energy surface for methanol synthesis reactions after fitting of the microkinetic model to experimental data. Enthalpies at 499 K are
shown and referenced to CO,(g) + CO(g) + 3 Ha(g). To improve readability, adsorbed H* atoms have been omitted from all labels, and spectator
species along certain pathways are represented by black boxes in the shaded areas. For the (reverse) WGS reactions (red), we assume the presence of an
additional OH*, marked with dark gray and italic font. The CO, hydrogenation with only spectator CO is given by the path: state 1 — blue line — black
line — state 3 — blue line — state 4. CO, hydrogenation followed by WGS in the presence of CO proceeds along: state 1 — blue line — black line —
state 3— red line — state S. CO hydrogenation takes place from state 2 to state 3 along the green — black path. The reverse WGS path starting from CO,,
and followed by CO hydrogenation goes from state 1 — red line — state 2 — green line — black line — state 3 — blue line — to state 4. Last, the WGS
reaction is shown as the sequence: state 4 — blue line — state 3 — red line — state S. The black path from CH,0* to CH3;0H(g) is common to all CO

and CO, hydrogenation routes.

+ * and CH;0* hydrogenation, in good agreement with the
degrees of rate control we found for these steps.

The WGS mechanism is in agreement with our earlier
combined DFT and microkinetic modeling study, which found
COOH* to be the key intermediate responsible for turning over
WGS rates.** A COOH-type intermediate in the reverse WGS
reaction has been proposed in the associative mechanism by
Clarke and Bell derived from IR experiments and literature
surveys.''” The same authors also considered a HCOOH*
complex during the hydrogenation of HCOO* to H,CO,%
which is similar to the HCOO* hydrogenation mechanism we
propose. Indeed, introducing small amounts of HCOOH to the
syngas feed increased the methanol yield for Cu/ZnO, Cu/ZrO,,
and Cu/MgO catalysts.'””® An intermediate with the same
stoichiometry as HCOOH was also suggested in the forward
and reverse WGS reaction and can be formed in the reaction of
CO, and H,.%*

The first intermediate in the methanol synthesis reaction from
CO, is HCOO™*. Spectroscopic evidence for HCOO* on Cu
catalysts is overwhelming, and there is no doubt that HCOO* is
pivotal in the mechanism.’® MS-IR and SSITKA studies have
shown that the formation and decomposition of HCOO* from
and into CO, and H, is very fast and quasi-ec%uilibrated under
methanol synthesis conditions on Cu/SiO,."*> Only on Cu/
ZrO, was it reported that HCOO* is a spectator species and a
precursor to methane formation, whereas methanol synthesis
proceeds through CO hydrogenation after CO* is formed from
CO, via a CO5* intermediate.”® We find that HCOO* is formed
readily from CO, and adsorbed H* and that no CO3* inter-
mediate is necessary. Although our model does not include a
mechanism for the formation of HCOO* from COj3*, the rate of
CO;* formation in our model is small, and the CO3* coverage is

extremely low. This agrees well with experimental surface science
studies on flat Cu surfaces.”® *® CO;* has been primarily
observed on rough and stepped Cu surfaces’>*> or strained
surfaces with high defect concentrations.'*° These more complex
surfaces were not considered in our DFT work; the thermo-
chemistry and kinetics of various steps on these surfaces could be
drastically different from those on Cu(111).*® Hence, on the
basis of this present work, we cannot exclude that on more
open/rough surfaces, the CO3* intermediate may play a role in
methanol synthesis. CH;30,* is the key intermediate in the CO,
hydrogenation mechanism proposed here. CH3;0,* can be
formed from HCOO* through HCOOH* with barriers that are
smaller than the barrier for H,CO,* formation from HCOO*.
The formation of CH30,* from HCOOH* is a slow step in the
CO, hydrogenation route, but after its formation, CH30,* is
easily converted into CH,O* and OH*. In the CO hydrogenation
pathway, CH,O* is produced from CO* through hydrogenation
of the HCO* intermediate. Hydrogenation of CH,O* leads to
CH;0%, which is ultimately hydrogenated to CH;OH*.

The mechanism we propose here suggests that the key
intermediates for the WGS reaction and methanol synthesis
are different. By application of various experimental techniques
including IR, in situ FTIR, TPR and isotopic labeling, other
authors have arrived at the same conclusion.*”*"'*'*! Accord-
ingly, it should be possible to influence the selectivity between
methanol synthesis and WGS by the addition of suitable pro-
moters/inhibitors. In fact, it has been shown that adding
potassium to Cu/SiO, enhances the reverse WGS reaction while
hindering methanol synthesis."'® Importantly, for industrial
applications, Haldor Topsoe offers a commercial Cs-promoted
low-temperature WGS catalyst capable of suppressing the un-
desired production of CH;OH (LK-823).'**

dx.doi.org/10.1021/cs200055d |ACS Catal. 2011, 1, 365-384



ACS Catalysis

RESEARCH ARTICLE

The Active Site for Methanol Synthesis. The fact that many
intermediates needed to be stabilized by a similar amount to fit the
experimental data set indicates a rather systematic error; that is,
the Cu(111) facet may not be the most accurate representation of
the active site for methanol synthesis. In addition, the structure
sensitivity of methanol synthesis has been demonstrated through
activity measurements on Cu(110), Cu(100), and polycrystalline
Cu, where Cu(110) showed the highest turnover frequency.">"®
AlIDFT calculations in this work were performed on the Cu(111)
facet, which is thermodynamically the most stable but less reactive
than more open facets (e.g, Cu(110), Cu(100)) or even step and
defect sites. In a recent DFT study on CH;OH oxidation, the
binding energies of several intermediates on Cu(110) were
published.'® The biggest effect of the different surface structure
is seen for CH;0% H,CO,*, and HCOO*. These adsorbates
show an increased magnitude of the BE, as compared with our
values on Cu(111), by 0.49, 0.85, and 0.69 eV, respectively. It is
well-known that step sites play a crucial role in syngas catalysis,'**
and the stability gain on the stepped Cu(211) versus the Cu(111)
surface was estimated as —0.4 eV for OH*, —0.3 eV for HCO*, —
0.3 eV for H,CO,* —0.2 eV for HCOOH*, —0.3 eV for CH;0,%,
—0.2 eV for CH,0* —0.4 eV for CH;0% and —0.2 eV for
CH;OH*."** For kink or defect sites, an even larger stabilization
of the intermediates is expected.

Our DFT studies of various coadsorbed species on Cu(111)
have shown that O* and OH* exhibit attractive interactions with
many other intermediates. The attraction was usually in the range
of —0.1 to —0.2 eV, but it is to be expected that the attractive
interactions depend on surface coverages. In turn, O*/OH*
coverage will depend strongly on the reaction conditions,
especially the reduction/oxidation potential of the gas phase.
For CO-rich feeds (strongly reducing conditions), we expect a
negligible O*/OH* coverage, whereas some O* and OH* is
expected for more oxidizing conditions (CO, or H,O in the
feed). Sakong and Gross investigated CH3;OH adsorption on the
O-covered Cu(110) surface and found that the BE of CH;OH
varies between —0.05 and —0.77 eV."%® The strongest BE of —
0.77 eV corresponds to CH3;OH adsorption at the end of a
CuO chain.

In summary, a comparison between the microkinetic model
fitted BEs and the DFT values on the Cu(111) surface suggests
that partially O*/OH*-covered step/defect sites may be a more
suitable representation of the active site for methanol synthesis.
Although the arguments we present here (stabilization by surface
oxygen and structure sensitivity) may seem sufficient to explain
the difference between the fitted BEs and the DFT values on
Cu(111), our results cannot exclude support effects through Cu-
support interactions,”"** reaction at the Cu-support interface,'®’
or adsorption of species onto the support itself.'”*°

The Role of CO. The effect of CO in methanol synthesis from
CO/CO,/H, mixtures is mostly thought to be negligible or
strictly promotional.”'%'**'36 In contrast, very early studies by
Natta® and the Klier group’ proposed that the CO-to-CH;OH
route is dominant. It has also been reported that the methanol
synthesis rate increases by ~70% with CO partial pressure over
Cu(110)." Our results show that the effect of CO is not only
promotional, but that both CO and CO, are hydrogenated and
ultimately produce CH;OH.

Simultaneous CH30H production from CO and CO, hydro-
genation has been proposed in other theoretical'®”'*” and
experimental®”"?” studies. With our model, we tested two
possibilities for a purely promotional effect of CO. First, CO
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Figure 7. Gibb’s free energy change, AG, for CO and CO, hydrogena-
tion to CH3OH and the WGS reaction at P = 75 atm and three different
conversion levels as a function of temperature. AG is calculated using
tabulated energy and entropy values and assuming ideal gas behavior.
The overall gas phase composition is obtained from a feed composition
of CO/CO,/H, = 10/10/80 and equal extents of reaction &, for CO +
2H, — CH;0H and &, for CO, + 3H, — CH;OH + H,0.&, =&, =
0.1 corresponds to complete conversion of all available CO and CO, to
CH;0H. The shaded area represents the typical range of temperature
for industrial methanol synthesis.

removes OH*/H, 0%, which is formed during CO, hydrogena-
tion, via the WGS reaction and shifts the reaction equilibrium
toward CO, and H,. Second, CO can facilitate the hydrogena-
tion of other CO, hydrogenation intermediates via the formation
of HCO*. Our microkinetic model simulations suggest that only
the former promotional pathway (via the WGS reaction) shows a
significant contribution. Under the same conditions as above
(T = 4993 K, P = 29.9 atm, yco = 0.053, yco, = 0.047, yy, =
0.90), the rate of the WGS reaction via COOH* is ~16% of the
rate of CH30H production. CO is consumed to 28% by the
WGS reaction and to 72% by CO hydrogenation to CH,O. Our
model does not allow testing for the possibility of CO promotion
by surface reconstructions induced by changes in the CO gas
phase reduction potential, but the importance of this effect
should not be neglected.””**

Methanol Synthesis Dependence on CO/CO, feed Ratio at
Industrial Conditions. Among the most powerful features of a
microkinetic model is its ability to predict reaction rates at various
temperature, pressure, and feed composition conditions. This can
be very useful for both the improved understanding of the reaction
mechanism and for practical applications, such as chemical reactor
design.*” Before we discuss the kinetic aspects of methanol
synthesis, it is instructive to look at the overall thermodynamics
of the simultaneously occurring reactions. Typically, methanol
synthesis is carried out at 523 K, P = 50—100 atm and feed
compositions of CO/CO,/H, = 10/10/80.°

In Figure 7, we show the Gibb’s free energy change of CO and
CO, hydrogenation to CH;OH as well as that of the WGS
reaction as a function of temperature at P = 75 atm. The gray
shaded area indicates the typical temperature range. The more
negative the AG for a reaction, the higher its thermodynamic
driving force. Initially, at very low conversions (squares), CO,
hydrogenation has the highest thermodynamic driving force in
the temperature range of interest. The WGS reaction proceeds in
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Figure 8. Calculated turnover frequencies (TOF) as a function of CO,/(CO + CO,) ratio and different feed compositions at P = 75 atm, T = 528 K:
(a) (CO + CO,)/H, = 20/80, (b) (CO + CO,)/H,/H,0 = 20/75/5, (c) (CO + CO,)/H, = 50/50, and (d) (CO + CO,)/H, = 5/95.

the reverse direction (positive AG) and converts some CO, to
CO. At ~10% conversion of CO and CO, (&, = & = 0.01,
triangles), both routes have the same driving force and the WGS
reaction is equilibrated. At higher conversions (circles), CO
hydrogenation has the most negative AG, and the WGS reaction
runs in the forward direction. Although this analysis is based
purely on the overall thermodynamics, it clearly shows that the
reaction conditions and conversion levels can have a significant
influence on the driving forces for competing CO and CO,
hydrogenation and may even reverse the direction of the WGS
reaction. Therefore, one must use caution with the interpretation
of experimental data, and it may be inappropriate to extrapolate
results regarding the relative importance of CO versus CO,
hydrogenation from low temperature/pressure/conversion la-
boratory experiments to high temperature/pressure/conversion
industrial conditions. In other words, conclusions about the main
carbon source in CH30H can only be made for specific condi-
tions and may not be generalized.

Next, we use our microkinetic model for exploring methanol
synthesis kinetics at industrially relevant conditions (T = 528 K, P
=75 atm, CO + CO,/H, = 20/80). Figure 8a shows simulated
reaction rates of CO hydrogenation, CO, hydrogenation, WGS
reaction, and the overall CH;OH and H,O production as a
function of the CO,/(CO + CO,) ratio. For pure CO/H,
mixtures, methanol is exclusively produced from CO hydrogena-
tion, and all other rates are zero. In the other extreme case of a
binary CO,/H, mixture, methanol is produced only from CO,
hydrogenation, with the formation of H,O as byproduct. For the
binary CO,/H, mixture, additional H,O and CO are produced

through the reverse WGS reaction (CO, + H, — CO + H,0)
via the COOH intermediate, but we also observe a small
contribution to reverse WGS via CH,O, the first common
intermediate of the CO and CO, hydrogenation route to
CH;O0H, causing the negative CO hydrogenation rates for large
CO,/(CO + CO,) ratios in Figure 8. Both binary mixtures show
a similar activity toward methanol production, but a shallow
maximum exists for CO,/(CO + CO,) ~ 0.3—0.5, which is
close to the typical ratio used for industrial purposes (0.5). In the
range from 0.3 < CO,/(CO + CO,) < 1.0, the larger fraction of
methanol results from CO, hydrogenation. The surface cov-
erages of CH;0%, HCOO*, H*, and OH*, the only four species
calculated to exist in observable quantities on the surface, are
shown in Figure 9a. CH30* is the most abundant surface species
throughout these conditions. The coverage of HCOO* and OH*
increases with increasing CO, in the feed, consistent with the fact
that these species participate only in the hydrogenation of CO,.

In Figures 8b and 9b, we examine the effect of small amounts
of water in the feed. When 5% water is included in the feed, the
overall methanol production decreases, especially for CO,-rich
feeds, which is expected, since H,O is a byproduct of CO,
hydrogenation. The forward WGS rate increases dramatically,
particularly at the CO-rich end of the feed composition spec-
trum, and some CH,O* originating from CO decomposes to
CO,, causing a negative CO, hydrogenation rate. The surface is
covered with 5—10% less CH;0% and the OH* coverage
increases to 1—3%.

We also investigated the effect of H, content in the feed and
find a strong effect for CO-rich feeds. When the reaction is
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Figure 9. Surface coverage, 6, of the most abundant surface intermediates as a function of CO,/(CO + CO,) ratio and different feed compositions
atP=7Satm, T=528 K: (a) (CO + CO,)/H, =20/80, (b) (CO + CO,)/H,/H,0 =20/75/5, (c) (CO 4+ CO,)/H, = 50/50, and (d) (CO + CO,)/

H, = 5/95.

running under lean hydrogen conditions (50% H,, Figures 8c, 9c),
the CO hydrogenation activity is slightly increased, and the overall
methanol production decreases nearly linearly with increasing CO,
content. In contrast, if there is excess hydrogen available (95% H,,
Figures 8d, 9d), the CO hydrogenation activity is low, and the
overall methanol production increases with increasing CO, content.
We can rationalize the different behavior under lean and rich
hydrogen conditions by the hydrogen requirements of CO and
CO, hydrogenation. The hydrogenation of 1 mol CO, to CH;0H
requires 3 mol of hydrogen, whereas the hydrogenation of 1 mol
CO to CH;0H requires only 2 mol of hydrogen. The contributions
of CO and CO, hydrogenation to the overall CH;OH production
rate also depend on the total pressure (not shown): at low pressures,
the relative contribution from CO, hydrogenation is larger than for
high pressures and vice versa. This observation can be explained by
invoking the Le Chatelier principle. In the CO hydrogenation
pathway, 3 mol of reactants are converted to 1 mol of product
(compression of 1/3), whereas in the CO, hydrogenation pathway,
4 mol are converted to 2 mol of product (compression of 1/2).
The majority of our observations under various conditions can
be explained by looking at the surface coverages of CH;0* and
H*. We have previously identified step R25 (CH,0* + H* —
CH;O0H* + *) as the common slow step of both CH;OH
formation routes, and its forward rate depends linearly on the
product Ocpy,o X Oy Figure 10a shows a comparison of the
coverage product Oc,o X O (symbols) with the overall
CH3OH production rates (solid lines) for the four different
conditions used in Figures 8 and 9. With the exception of the

shallow maximum in our standard feed composition ((CO +
CO,)/H, = 20/80), all trends are qualitatively reproduced, and
high methanol production rates are achieved for high simulta-
neous coverages of CH;0* and H*.

To explain the maximum for the (CO + CO,)/H, = 20/80
mixture, we take a closer look at the forward reaction rates of the
key reactions, as shown in Figure 10b. The slow steps during CO
and CO, hydrogenation to CH;0* are HCO* + H*— CH,0* +
*(R30) and HCOOH* + H* — CH;30,* + * (R20), respectively.
By neglecting the reverse rates of R30 and R20 and taking the sum
of the forward rates, we can find the upper limit of the achievable
CH;0* formation rate via CO and CO, hydrogenation. The
CH;O* formation rate increases with CO,, content. On the other
hand, the forward rate of CH;0* hydrogenation (R25) represents
the fastest possible CH;0* consumption rate and decreases with
CO, content, caused by the change of cyy,0 X Oy, as shown in
Figure 10a. The maximal achievable CH3;0* production and
consumption rates form a volcano-shaped curve, whose top
coincides approximately with the maximum of actual CH;0H
production. For low CO,/(CO + CO,) ratios, the formation of
CH;0* is limiting the production of CH3;0H, whereas at high
CO,/(CO + CO,) ratios, the CH30* hydrogenation is rate-
limiting. This analysis also indicates that in the binary CO/H,
mixture, HCO* + H* — CH,O* + *is the slow step, and adding
CO, to the reaction mixture opens a parallel pathway for CH;0*
production with higher activity.

Several groups have experimentally studied the dependence of
methanol synthesis rates on the CO/CO, feed ratio on various
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Figure 10. (a) Calculated methanol production rates (solid lines) for the four conditions in Figures 8 and 9 (P = 75 atm, T = 528 K). The symbols
represent the product of the respective calculated surface coverages for CH;0* and H* (Ocpy,0 X 6y). (b) Forward reaction rates of HCO* + H* —
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Table 7. Calculated Reaction Orders for CH;OH Synthesis over Cu Catalysts at P =75 atm and T = 528 K, for Four Different Feed

Compositions
CH;0H from CO
feed composition CO/CO,/H,/H,0 CcO CO, H, H,0
10/0/80/0
0/10/80/0
10/10/80/0 1.34 —0.30 0.38
10/10/75/5 1.13 —0.21 0.31 0.02

CH;0H from CO, CH;0H overall

co co, H, H,0 coO Co, H, H,0
0.73 0.68
039 099
—007 073 088 008 015 072

—0.04 1.00 1.48 —0.13 0.16 0.16 0.99 —0.08

Cu-based catalysts. For example, Liu et al. reported a linear
increase in CH3OH production rate with increasing CO, content
((CO + C0,)/H, = 30/70) on a Cu/ZnO catalyst (30% Cu,
70% Zn) at 17 atm and temperatures between 468 and 498 K.'**
The highest CH3;0H production rates were measured for the
binary mixture of CO,/H,; even small amounts of H,0, as little
as 0.554%, had a strong negative effect on the production rate.
Since we used a higher pressure and temperature (75 atm, 528 K)
and different feed compositions, we cannot directly compare our
model with the results of Liu et al., but the negative effect of H,O
is clearly reproduced (Figures 8b and 10a).

The linear increase in CH;OH production rate with increasing
CO, content observed by Liu et al. is reproduced by our model
only for feeds with a high H, content (95%, Figure 8d). However,
we mentioned above that lower pressures favor CO, hydrogena-
tion, and it may require less H, at low pressures to observe the
linear increase with CO, content. Fisher et al. measured the
activation barriers for CH3;OH formation from CO and CO, on
several unpromoted and ZrO,-promoted Cu/SiO, catalysts and
found lower activation barriers for CO, hydrogenation than for
CO hydrogenation on all catalysts."* Consequently, the larger
fraction of CH30H in CO/CO,/H,-containing feeds should
originate from CO,, in agreement with the results of our model.

Bourzutschky et al. investigated a variety of Cu-containing
catalysts ((CO + CO,)/H, =75/25, T =573, P=13.4 atm) and
found that the activity of NaO,/Cu powder and Cu/La,0; are
very high for CO/H, mixtures and drops sharply when CO, is
added.™ On the other hand, the activity of Cu/SiO, reaches a
maximum at CO,/(CO + CO,) = 0.8 and reaches zero when no
CO, is present. The behavior reported on Cu/SiO, resembles
the behavior of industrially used Cu/ZnO/Al,O; catalysts more

closely and is in qualitative agreement with our microkinetic
model for CO,-rich feeds. However, for CO-rich feeds, our
model predicts a significant activity, which was not observed by
Bourzutschky et al. on Cu/SiO,. No activity for CO/H, mixtures
at T = 543 K and P = 1.4 bar was found by Nerlov et al. on
Cu(100), and the CH;OH production rate depends only on the
partial pressures of CO,."*® The kinetic model and experimental
results by Calverly and Smith suggest that Cu/ZnO/Cr,0;
catalysts show some activity for CO/H, mixtures, which drasti-
cally increases when small amounts of CO, are added.'”” The
maximum CH;OH production at 50 atm is found for CO-rich
feeds with 0.05 < CO,/(CO + CO,) < 0.2.

Although our model qualitatively captures and reproduces many
experimental observations on different Cu-based catalysts, such as
the high contributions of CO, hydrogenation and the existence of a
maximum for certain feed compositions, there evidently exists a
discrepancy for CO-rich feeds. Specifically, the experimental data by
Calverly and Smith suggest that CO, could have a promotional
effect on CO hydrogenation in CO-rich feeds. We note that our
focus lies on CH3;0H production from CO, and the data set by
Graaf et al.,>”*® on which we based our parameter estimation, does
not contain data for a pure binary CO/H, feed. Hence, for low
CO,/(CO + CO,) ratios, our predictions are mere extrapolations,
and deviations in that range could be expected. However, one must
also consider the possibility that a different mechanism may be
dominating for CO-rich feeds or that the strong reducing potential
of pure binary CO/H, mixtures changes the Cu particle shape,”
which in turn affects the stability and reactivity of the main surface
intermediates. Therefore, our fitted thermodynamic and kinetic
parameters may not be representative under strongly reducing
conditions.
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Last, we briefly comment on the reaction orders of methanol
synthesis. The calculated reaction orders should be used with
caution because they strongly depend on feed composition and
reaction conditions. Here, we chose four different feed composi-
tions representing a typical mixed feed with CO/CO,/H,, the
two binary mixtures of CO/H, and CO,/H, (see Table 7),and a
quaternary feed with H,O, all at P =75 atm and T'= 528 K. In the
ternary feed mixture (10/10/80), we find that the overall
reaction order with respect to CO, (0.15) is larger than the
reaction order with respect to CO (0.08), in qualitative agree-
ment with our previous analysis showing that the larger fraction
of CH;0H is formed from CO,. Increasing the pressure of CO
(CO,) increases the fraction of CH;OH formed from CO
(CO,), as indicated by the reaction order of 1.34 (0.73);
simultaneously, the contribution of CO, (CO) hydrogenation
to CH30H production is reduced, as seen by the negative
reaction order of —0.30 (—0.07). Further, we note that the
larger reaction order with respect to H, for CH;OH production
from CO, (0.88) than from CO (0.38) is in excellent agreement
with our findings that higher H, pressures favor CO, hydro-
genation. The presence of small amounts of water in the feed has
an adverse effect on the overall CH;OH production (—0.08),
which is largely caused by inhibition of the CO, hydrogenation
pathway (—0.13). CH3OH formation from CO, on the other
hand, is slightly enhanced (0.02) by the presence of H,O in
the feed.

Bl CONCLUSIONS

We performed an extensive set of periodic, self-consistent
DFT calculations to determine the energetics of 22 surface
species as well as the activation energy barriers and pre-expo-
nential factors necessary to describe 49 elementary surface
reactions on Cu(111), a representative stable facet of methanol
synthesis catalytic nanoparticles. In addition to species that are
part of previously suggested mechanisms, we also considered
intermediates such as HCOOH* and CH;0,* and allowed for
the formation of CH,0, HCOOH, and HCOOCHj; as bypro-
ducts. The DFT results show that hydrogenation of HCOO*
preferentially leads to the formation of HCOOH®, not H,CO,%,
which had been suggested previously. HCOOH* is then further
hydrogenated to CH30,*, which subsequently forms CH,O* by
splitting off its OH group. CH;O* is the final intermediate before
CH;OH* is formed.

Guided by our detailed DFT results, a mean-field microkinetic
model was fitted to published experimental methanol synthesis
rate data, which were collected under realistic conditions on a
commercial Cu/ZnO/Al,O5 catalyst. The model shows a good
fit to the experimental data with R* = 0.92. Both CO and CO,
hydrogenation pathways are active under typical methanol
synthesis conditions, and the effect of CO is not only promo-
tional. CO, is hydrogenated via the sequence CO,* — HCOO*
— HCOOH* — CH;0,* — CH,0* — CH;0* — CH;0H*
The formation of HCOO* from CO,* and adsorbed H* is fast
and does not require a CO3* intermediate. CO hydrogenation
yields methanol through the sequence CO* —HCO* — CH,O0*
— CH;30* — CH;O0H*. The hydrogenation of CH30* is slow,
and the product of CH3;0* and H* coverage (Ocy,o X On)
qualitatively describes the behavior of overall methanol synthesis
rates for a large range of conditions and CO,-rich feed composi-
tions. However, under some conditions, especially for CO-rich
feeds, the formation of CH;O* can be rate-limiting, resulting in a

volcano-shaped curve for methanol production as a function of
the CO,/(CO + CO,) feed ratio. The relative contributions of
CO and CO, hydrogenation pathways are determined by the
steps HCO* + H* — CH,O* + *in the CO route and HCOOH*
+ H*— CH;0,* + * in the CO, route and also depend on the
reaction conditions. Under typical industrial conditions, 2/3 of
the methanol is produced from CO, hydrogenation. Naturally,
because the experimental data points used to fit our model were
heavily probing CO,-rich feeds, our microkinetic model per-
forms well for CO,-rich feed compositions, which are most
relevant for CO, chemical fixation, but some discrepancies with
other experimental observations for CO-rich feed compositions
exist. The latter might be caused by an adsorbate (CO)-induced
surface reconstruction when moving from oxidizing (CO,-rich)
to reducing (CO-rich) conditions, which, in turn, could affect the
dominant reaction mechanism. We considered two possibilities
that could explain the CO promotion of CO, hydrogenation: (a)
removal of OH* via the WGS reaction and (b) CO-assisted
hydrogenation via the HCO* intermediate. No evidence was
found for the latter CO-promotion mechanism, but the removal
of adsorbed OH* with CO* via the WGS reaction shows a
considerable contribution to the reaction mechanism.

A comparison between binding energies calculated with DFT
on the Cu(111) surface and the parameters obtained from fitting
the microkinetic model suggests that the clean Cu(111) surface
may not provide the most accurate representation of the active
site on a commercial Cu/ZnO/AL,O; catalyst. However, the
fitted parameter values suggest that a more open and partially
oxidized Cu facet (e.g,, Cu(110), Cu(100), Cu(211)) might be a
more suitable representation of the active site for methanol
synthesis. Although it seems likely that only the Cu particles are
responsible for the catalytic activity of the real catalyst, our work
cannot exclude synergistic effects with the ZnO support. For
more quantitative conclusions about the structure sensitivity of
the reaction and the oxidation state of the surface, further studies
would be needed.
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