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Abstract: &&1) Headline ok? 2) Are all acronyms defined
when first mentioned and applied thereafter?&&Cobalt-
copper (CoCu) catalysts have industrial potential in CO/CO2

hydrogenation reactions, and CoCu alloy has been elucidated
as a major active phase during reactions. However, due to
elemental surface segregation and dealloying phenomena, the
actual surface morphology of CoCu alloy is still unclear.
Combining theory and experiment, the dual effect of surface
segregation and varied CO coverage over CoCu(111) surface
on the reactivity in CO2 hydrogenation reactions is explored.
The relationship between C�O bond scission and further
hydrogenation of intermediate *CH2O was discovered to be
a key step to promote ethanol production. The theoretical
investigation suggests that moderate Co segregation provides
a suitable surface Co ensemble with lateral interactions of co-
adsorbed *CO, leading to promoted selectivity to ethanol, in
agreement with theory-inspired experiments.

Introduction

In the past decade, CoCu bimetallic catalysts have shown
potential industrial applications in CO/CO2 hydrogenation

processes.[1] Distinct from traditional Cu/ZnO/Al2O3 catalysts
for CO2 hydrogenation,[2] CoCu alloys show promising
reactivity for the production of ethanol and other higher
alcohols, possibly due to the bifunctionality introduced by the
presence of cobalt and copper during hydrogenation reac-
tions.[3] It is indicative that by changing the surface compo-
sition of CoCu alloys, the reactivity and selectivity in hydro-
genation reactions could be modified, an appropriate Co-Cu
elemental distribution has been suggested crucial to produce
higher alcohols with a high selectivity.[3b] Though several
theories have been proposed to explain the high selectivity
towards higher alcohols over CoCu bimetallic alloys, the
atomic structure-performance relationship remains elusive,
due to the mechanistic complexity of higher alcohol produc-
tion.[4]

An in-depth analysis of the CoCu surface composition is
complicated by the fact that CoCu alloys are prone to surface
segregation, a result of the large difference in surface energies
and binding strength to adsorbates. Consequently, core–shell
CoCu structures and even de-alloyed phases have been
frequently observed in previous experiments,[5] and also been
predicted by theory.[6] As expected from their physical
properties, Cu tends to segregate to the surface in vacuum
or in an atmosphere with relatively inert gases, while the
inverse surface segregation of Co takes place when exposed to
Co-preferred adsorbates such as carbon monoxide.[7] There-
fore, coverage effects and lateral interactions of co-adsorbates
also play a role in CoCu-catalyzed reactions, as they dictate
changes in the adsorption strength of reaction intermediates
and corresponding reaction barriers, thus greatly influencing
the selectivity. This entanglement of surface segregation and
induced coverage effect makes it a big challenge to study the
catalytic nature of active sites over CoCu surfaces and similar
alloy systems.[8]

Herein, combining DFT-based surface phase diagram and
a prereduction-controlled surface segregation method, we
unveil the actual surface composition of CoCu alloys as
a function of CO pressures and address the dual roles of
surface segregation and induced coverage effects. A moderate
Co-segregated surface was identified as a crucial promotor to
ethanol production, while low Co-segregated surfaces were
responsible for catalyzing CO2 hydrogenation to methanol
and high Co-segregated surfaces suffer from severe self-
poisoning. We believe that the insight in this work provides
a new paradigm for theory-based catalyst optimization.

In previous work, we found that split H2 adsorbed on the
surface has no ability to drive Co segregation under temper-
atures usually applied in CO2 hydrogenation reactions, while
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adsorbed *CO induces segregation of Co.[9] To model the
CoCu alloy, we chose a 5-layer 3 � 3 CoCu(111) surface as the
catalyst model, which is large enough to describe surface
segregation tendencies under different CO pressures and can
also be subsequently used to calculate the hydrogenation
reactions in detail. The temperatures set in this work are
473 K and 723 K, corresponding to the reaction temperature
applied in CO2 hydrogenation reactions and CO pre-reduc-
tion temperature, respectively. To enhance the surface screen-
ing procedure, we applied a revised genetic algorithm[10] to
globally optimize nCO-(3 � 3)-CoCu(111) surfaces, with
n ranges from 0 to 9, corresponding to surface coverages
from 0 to 1ML. The global optimization method applied in
this work has not only accelerated the manual traversal by
setting up natural selection based on system energy, but also
included all possible surface configurations with multiple
adsorbates, greatly enhancing the authenticity of as-organized
surface phase diagrams. The detail of workflow of genetic-
algorithm-based surface screening applied in this work could
be found in Scheme S1 (Supporting Information). The surface
structures with lowest energies are displayed in Figures S2–
S10 (Supporting Information).

Results and Discussion

The obtained surface phase diagrams are shown in
Figure 1. It is obvious that within the wide range of studied
CO pressures, there are five separate surface configurations
(Figure 1c–g), with increasing degree of cobalt segregation
and consequent increasing CO surface coverage. Under UHV
conditions (< 10�7 Pa), the CoCu surface only exposes Cu
atoms. Under typical CO/CO2 hydrogenation reaction con-
ditions,[1a] three surface phases might exist, (4/9ML Co, 4/9ML
CO), (5/9ML Co, 5/9ML CO) and (1ML Co, 7/9ML CO). We
define the former two as moderately segregated and the third
as highly segregated, due to the segregation of a complete
overlayer of cobalt to the surface. Without CO, Cu dominates
the surface, because Cu has lower surface energy than Co (Cu
1.934 Jm�2 versus Co 2.709 J m�2). The adsorption of CO
could drive reverse segregation of Co towards surface, which
results from the compensation of enhanced adsorption
strength of CO on Co for the increase in surface energy. This
phenomenon has been thoroughly studied in our previous
work.[9] As the temperature increases from 473 K to 723 K,
the regions of (0ML Co, 0ML CO), (4/9ML Co, 4/9ML CO)
and (1ML Co, 7/9ML CO) are enlarged, while the regions of
(1/9ML Co, 2/9ML CO) and (5/9ML Co, 5/9ML CO) shrink
(Figure 1a,b). We discovered that there are loosely binding
CO molecules on (1/9ML Co, 2/9ML CO) and (5/9ML Co, 5/
9ML CO), sharing one Co atom or adsorbing on the Co/Cu
boundary, destabilizing the surface at higher temperature.
The segregation degree of Co not only changes the surface
CO coverage but also the molecular adsorption configura-
tions. The higher temperature undermines the thermal
stability of surface configuration with loosely dangling, and
thus narrows the existing interval of (1/9ML Co, 2/9ML CO)
and (5/9ML Co, 5/9ML CO).

Interestingly, the segregated Co tends to form islands
rather than be scattered. This phenomenon has been reported
before, where Co clusters form on CoCu(110) in dynamic
equilibrium with CO atmosphere.[7a] As suggested by Inte-
grated Crystal Orbital Hamilton Population (ICOHP) calcu-
lations shown in Figure S11, the Co-Co bonding is far more
stable than Cu-Cu and Co-Cu bonding over CoCu(111)
surface models, promoting the island formation of Co atoms
over CoCu alloy surfaces. With much stronger adsorption
strength on cobalt than that on copper, CO prefers bonding
on Co ensembles, leading to a relatively CO-free copper
surface. This result agrees well with the idea that the low
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Figure 1. DFT-calculated thermodynamic surface phase diagram of
nCO adsorbed 3 � 3 CoCu(111) at a) 473 K and b) 723 K. The diagrams
present the Gibbs surface energy Dg (eV/A2) as a function of CO
chemical potential DmCO (eV) or CO pressure (Pa). And the five
screened-out regions are the surfaces of c) (0ML Co, 0ML CO), d) (1/
9ML Co, 2/9ML CO), e) (4/9ML Co, 4/9ML CO), f) (5/9ML Co, 5/9ML
CO) and g) (1ML Co, 7/9ML CO). For each surface CO coverage, only
the surface configuration with the lowest surface energy is shown in
the phase diagram, with the other surfaces displayed in the Supporting
Information. Atom key: copper (brown), cobalt (blue), carbon (gray),
oxygen (red).
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coverage of reaction species on copper provides space for
significant H2 dissociative chemisorption, with the *CO and
*H grouping on different sites over CoCu alloys.[11] It has also
been confirmed that the spillover of *H from copper sites to
the Co/Cu boundary sustains the hydrogenation reactions.[12]

These evidences indicate the hydrogenation steps prefer to
proceed at the Co/Cu boundary.

The surface phase diagrams in Figure 1 encompass the
dual roles of surface segregation and coverage effect of key
adsorbed species, taking one step closer to the realistic
modeling of active sites over alloy surfaces. It is also inspiring
that the surface segregation of Co or Cu could be well-tuned
with different external conditions, e.g., CO partial pressure,
based on the proposed surface phase diagram. Next, we
calculated the CO2 hydrogenation reaction networks over the
surface models with the highest thermodynamic stability in
different CO pressure regions. Note that considering the
existence of H2O and other potential oxidizers in CO/CO2

hydrogenation process, the alloy surface could be partially
oxidized according to previous reports.[3b,7c] Thus, the models
applied here only encompass surface segregation and con-
sequent coverage effect over CoCu alloy surfaces, which
could describe the active surfaces at the beginning of the
catalytic reactions. And the surface phase diagram could
qualitatively capture the surface segregation trend of CoCu
alloy under different CO partial pressures, though the models
are not necessarily identical to exact active surfaces in
experiments.

Considering the same pathway applied on CoCu(111) and
other surfaces before, and recent experiments on metal
catalysts for CO2 hydrogenation[13] we mainly studied the
conversion of CO2 to CO and further hydrogenation of CO to
major products, i.e., CH4, CH3OH and C2H5OH.[14] According
to the supplementary calculation shown in Figure S12, the
CO2 activation is prohibitive on (1ML Co, 7/9ML CO),
because gaseous CO2 is not able to adsorb on the surface with

dense arrays of co-adsorbed *CO. Hence, we did not consider
the further reaction on this surface (further detailed calcu-
lations are presented in the Supporting Information. The
transition states of direct C�O breaking of CO2 are similar on
low- and moderate-coverage model surfaces, which have no
impact on the selectivity (Figure S13). Here, we mainly
focused on the selectivity-determining steps starting from
adsorbed *CO.

In CO hydrogenation part, while CH4 requires C�O bond
scission, CH3OH usually conserves C�O bond in CO2 or CO,
thus the C�O scission step should compete with hydro-
genation process to alter selectivity between CH4 and
CH3OH, e.g., for *CHO, *CH2O, *CH2OH, or *CH3OH.[14]

Furthermore, high alcohol production is supposed to happen
if C�C coupling and C�O bond scission are both ensured in
thermal catalysis.[15] Consequently, selectivity towards higher
alcohol should be heavily dependent on the competition of
hydrogenation with both C�O bond scission and C�C
coupling. The diagram of energy barriers is depicted in
Figure 2, from adsorbed *CO to the three major products.

The first observation is that the direct scission of *CO has
high energy barriers (> 2 eV) on all surfaces considered
herein, making it impossible to break the C�O bond without
H assistance, in line with calculations on other close-packed
transition metal surfaces.[16] The hydrogenation of *CO favors
the *CHO rather than *COH intermediate on all surfaces. We
rationalize this preference as *CO adsorbs on the surface via
the C atom, thus the addition of *H to the O atom in *CO
requires *H to migrate from its stable adsorption site to a very
unstable state away from the surface, whereas the addition of
*H to C is more straightforward. Interestingly, the magnitude
of the differences in barrier heights is strongly surface
dependent, being only 0.42 eV on (5/9ML Co, 5/9ML CO)
compared to 1.26 eV on (1/9ML Co, 2/9ML CO). The
narrowed barrier gap is possibly because some *CO is forced
to adsorb at a tilted configuration at higher coverages,
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Figure 2. DFT-calculated reaction networks of *CO hydrogenation towards methanol, methane and ethanol. Barriers of hydrogenation are in
boxes with a solid line, barriers of C�O scission are in boxes with a long dashed line, and barriers of CO insertion are in boxes with a short
dashed line. All values are in eV. The barrier values; (1/9ML Co, 2/9ML CO; purple), (4/9ML Co, 4/9ML CO; orange) and (5/9ML Co, 5/9ML CO;
green). The most favored pathway towards ethanol is highlighted with green arrows.
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narrowing the hydrogenating distance between surface *H
and *O in *CO (Figures S15 and S16).

The most impressive crossroad lies at the bifurcation of
*CH2O (Figure 3a). Reaction barriers of C�O bond scission
of *CH2O dramatically decrease from 2.18 (1/9ML Co, 2/9ML
CO) to 0.96 eV (5/9ML Co, 5/9ML CO), even lower than the
further hydrogenation to *CH3O (1.16 eV) or *CH2OH
(1.28 eV) (Figure 3b). Because *CH2O bonds to surface
much weaker than *CO, as for (1/9ML Co, 2/9ML CO) in
Figure 3c, the *CH2O is mainly adsorbed at the copper
surface, where the binding strength of transition state (TS)
[*CH2�*OH]� is relatively lower than the cobalt surface
areas, giving rise to an extremely high barrier to break the C�
O bond. In contrast, on moderate Co-segregated surfaces,
[*CH2�*OH]� could co-adsorb on the Co/Cu boundary,
highlighted in yellow rings in Figure 3, and thus be energeti-
cally stabilized, which lowers their C�O bond scission
barriers.

As for the competing hydrogenation step *CH2O + *H =

*CH3O in Figure 3d, the TS is a co-adsorption configuration
of [*CH2O�*H]�. While the adsorption of *CH2O on copper
domain of (1/9ML Co, 2/9ML CO) is nearly undisturbed by
the only *CO, the lateral compelling effect of co-adsorbed
*CO on Co ensembles is much more severe on moderate Co
segregated surfaces. The weakly-adsorbed *CH2O is pushed
to the rim of the Co/Cu boundary with increasing steric
hindrance to accept another *H. The transition states of
*CH2O + *H = *CH2OH are all close to the configuration of
final states, i.e., weakly adsorbed *CH2OH over the three
surfaces, averaging out the effects from almost constant. The
inverse changing pattern of barriers between C�O bond
scission and further hydrogenation of *CH2O promotes the
formation of *CH2 on moderate segregated surfaces. More-
over, like CO2, CH2O is also gas-phase chemically stable
molecule under CO2 hydrogenation conditions. The differ-
ential charge density shown in Figure S21 shows that the Cu
atom weakly binding CH2O has little charge redistribution,
while the Co atom binding CH2O strongly has a much larger

electron loss, indicating more electrons are transferred to
*CH2O on Co sites. This result agrees with the results of
Bader charge analysis that *CH2O species is negatively
charged (0.23 e�) on Co ensemble, while almost neutrally
charged (0.01e�) on Cu sites. And the calculated adsorption
energy of *CH2O on Co sites is ca. 0.27 eV stronger than the
physical adsorption on Cu site, indicating the stronger
interaction between CH2O and surface Co ensembles. Sur-
prisingly, after *CH2O is split to *CH2, the methanation
process is energetically less likely than CO insertion on (5/
9ML Co, 5/9ML CO), resulting in a more kinetically favored
formation of *CH2CO, a key precursor to ethanol production
(Figures S19 and S20). *CO. Thus, the barriers of *CH2OH
formation are almost constant. Consequently, one would
expect a promoted ethanol selectivity on moderate Co
segregated surfaces, where the Cu domains confine the size
of Co islands to avoid the over-binding of *CO. The similar
phenomenon has also been reported on CoGa alloys for
ethanol production from syngas, where Ga plays a diluting
role similar to Cu here.[15b]

Inspired by the surface phase diagram depicted in Fig-
ure 1, we synthesized a series of CoCu alloys via a refined
two-step procedure based on the previous oxalate route
shown in Figure 4a.[7c] The detailed synthesis procedures can
be found under “Catalyst Preparation” in the Supporting
Information. The surface-sensitive X-ray photoelectron spec-
troscopy (XPS) was used to characterize the surface elemen-
tal composition of CoCu alloy samples pretreated under
different CO partial pressures.

A pseudo core–shell CoCu alloy structure mainly expos-
ing CoCu(111) facets (Figure 4 b) of S-1 %CO catalyst could
be observed by aberration-corrected Scanning Transmission
Electron Microscopy in Figure 4c, indicating the strong
surface elemental segregation during segregation-inducing
step. The EDS line profile of the same sample in Figure S25
also shows a Co-rich surface and Cu-rich core structure after
CO-inducing procedure. In Figure 4d, the surface Co/Cu ratio
of fresh catalysts increases from trace amount to 2.23 with the

increasing CO partial pressures. The S-1%CO (S-
: catalyst sample) corresponds to approximately
1 kPa CO partial pressure in segregation-inducing
step, leading to a 50 % Co-segregated CoCu
surface structure, in good agreement with the
moderate segregation region (5/9ML Co, 5/9ML
CO) in Figure 1 b. In parallel, the CO adsorption
peak of S-10%CO (1972 cm�1) shifts to lower
wavenumbers than that of S-1 %CO (1981 cm�1)
and S-0.1 % CO (2002 cm�1) measured by in situ
Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) in (Figure S28), also
shows the enhancement of adsorption strength
of CO as the CO partial pressure increases during
segregation-inducing step. Theoretically, the cal-
culated CO asymmetry stretching frequency also
decreased from 2011 cm�1, on-top site of Cu
atoms for low coverage, to 1954 cm�1, on Co
atoms in (5/9ML Co, 5/9ML CO) model.

The experimental evidence above confirms
the feasibility of tuning surface composition on
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Figure 3. The competition of C�O bond scission in *CH2O and *CH2O further
hydrogenation reactions. a) Further reactions for key intermediate *CH2O. b) The
energy profile for C�O bond scission and further hydrogenation of *CH2O on three
surfaces. c) The transition states of C�O bond scission of *CH2O on three surfaces.
d,e) Further hydrogenation to *CH3O or *CH2OH. Key: Co/Cu boundary sites (half-
transparent yellow rings), spectator *CO (gray).
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account of the prediction of surface phase diagram. However,
we could also see the limitation of the prediction. As the CO
pressure approaches 0.1 MPa, the actual CoCu surface is not
covered by pure cobalt, but only ca. 75% of Co segregate to
the surface. Also, the surface phase diagram overestimates
the effect of CO to induce Co segregation in the low-pressure
regime. Nevertheless, the thermodynamic surface diagram
could qualitatively predict the trend of surface segregation,
offering important theoretical guidance for catalyst optimi-
zation, especially for surfaces sensitive to gas conditions.

Furthermore, the CoCu alloy samples were tested in CO2

hydrogenation at the same conditions: H2/CO2 = 3:1, Ptotal =

4 MPa, and T= 473 K. Impressively, a selectivity volcano to
ethanol production is obtained in Figure 4e, in agreement
with the calculations of CO2 hydrogenation networks above.
At S-1 %CO, both the yield and selectivity reach the
maximum, with a 61 % selectivity towards ethanol. Continu-
ing to increase CO pressure, the selectivity reduces by 18%
on S-10%CO and by 20 % on S-100%CO. Similarly, a volca-
no-like plot of ethanol yield can also be found in Figure 4 f.
Temperature-programmed surface reaction (TPSR) analysis
was used to evaluate the intrinsic activity of the catalysts for
C�O bond cleavage. In Figure S27, C�O cleavage and CH4

formation starts at ca. 200 8C on S-10%CO and 250 8C on S-
1%CO, while the MS signal of CH4 was extremely weak for S-
0.1%CO. This result supports that S-1 %CO shows moderate
capacity for C�O cleavage due to a moderately CO-induced
CoCu surface. The weak ability to activate C�O on Cu-rich S-
0.1%CO inhibits the generation of ethanol and thus methanol

is the major product. In contrast, Co-rich S-10%CO starts
methane production, due to facile C�O cleavage on Co
ensembles.

By modulating the CoCu surface to a moderate Co
segregation state at the beginning of the reaction, we were
able to promote ethanol production in CO2 hydrogenation
reactions, reaching over 60% selectivity towards ethanol, at
the same time completely avoiding methane production.
Despite in situ surface oxidation and restructuring might
occur during hydrogenation process, the theory still holds
based on surface models from surface phase diagram, at least
for the fresh catalysts. Considering the same overall Co/Cu
elemental ratio in different raw catalysts and the same
hydrogenation reaction conditions, the prereduction proce-
dure that modifies the surface distribution of the alloy should
play a crucial role in the volcano-like catalytic performance in
CO2 hydrogenation reactions. The accumulative yield and
selectivity results in Figure 4 f after 12 h of reaction indicates
the CoCu active surfaces are intrinsically different after being
pre-reduced in different gas conditions. The results shown
above display qualitative prediction ability of the workflow of
theory-based catalyst optimization exemplified in this article
(Scheme S2). And the workflow is believed to be transferable
to other similar systems, e.g., NiAu[8a] and CuNi[8b] alloy in
CO2 hydrogenation, AgCu[18]

&&Please cite ref. [17] in the
appropriate position&& alloy in epoxidation reactions,
PtSn[19] and CoPd[20] nanocatalysts in CO oxidation, etc.
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Figure 4. Experimental results of CoCu catalysts in CO2 hydrogenation reactions: H2/CO2 = 3:1, Ptotal = 4 MPa, and T = 473 K. a) The synthesis
methodology for CoCu alloys with different Co surface segregation degree: low, moderate and high. b) High-resolution TEM (HRTEM) images.
c) Aberration corrected scanning TEM high-angle annular dark-field images and element distribution of as-synthesized S-1%CO. d) XPS results
for the CoCu surface Co/Cu ratios after prereduction procedures, P0 = 0.1 MPa. e) The relationship between selectivity of ethanol and CO pressure.
f) The relationship between yield of ethanol and CO pressure. The values in front of CO in the X axis represent the ratio of CO/(N2 + CO) in
prereduction procedures.
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Conclusion

In brief, based on a theoretical surface phase diagram
from global searching, we have demonstrated that the
segregation of Co atoms over the CoCu surface accompanies
an increased CO coverage, changing catalytic performance
via both surface segregation and coverage effect. The
promoted C�O scission of *CH2O and competent C�C
coupling computationally predicts a high ethanol selectivity
over the CoCu surface with moderate Co segregation.
Applying a two-step reduction-induction procedure, we
successfully obtained > 60% ethanol selectivity over the
moderately CO-induced CoCu catalyst, despite possible
surface oxidation and restructuring during reactions. These
exciting discoveries strongly underpin the vision of a theory-
based optimization workflow for excellent industrialized
catalysts, especially for alloy systems with segregation ten-
dencies in certain conditions.
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