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It is well known that the performance of some key catalytic reactions has a strong dependence on
metal catalyst surfaces. In the current work, this concept is further extended to the CuPd alloy-
supported zirconium oxide inverse catalyst for CO, hydrogenation to methanol. A combined DFT and
microkinetic simulation study reveal that both the metal substrate surface and the precise exposed Cu
or Pd metal atoms on the substrate have a pivotal influence on the catalytic mechanism and
performance of the inverse catalyst for CO, hydrogenation to methanol. Herein, CuPd(100), (111), and
(110) surfaces with either Cu and Pd terminations have been examined, which provided five metal
substrates as support for the inverse catalyst. Three different mechanisms, including the formate
pathway, RWGS + CO-hydro pathway, and CO, direct activation pathway, are explored under the same
conditions; they take place at the interfacial sites between the metal alloy and oxide. The calculations
indicated that the inverse catalyst with the CuPd(100) substrate demonstrates better performance than
those with CuPd(110) and (111) for both formate and RWGS + CO-hydro mechanisms. Conversely, the
reaction pathway is more sensitive to exposed atoms on the metal substrate. The best inverse catalyst,
Zrz06/CuPd(100) with either Cu or Pd terminations, demonstrated a methanol formation TOF above
0.30 site™ s7! and the selectivity was above 90% at 573 K, as evaluated from microkinetic simulation.
The coverage analysis indicates the most populated species is HCOO*, which is consistent with
experimental reports. Both kinetic and thermodynamics control steps are identified from DRC analysis
for the best performing catalysts. Overall, the current study confirms the catalytic performance of
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the inverse ZrzOg/CuPd catalyst and demonstrates the tunable effects of the metal alloy substrate,

rsc.li/pccp which can facilitate effective optimization.

1. Inroduction CO, to value-added chemicals through thermocatalytic,
electrocatalytic®® and photocatalytic™® processes, is a very

The combustion of fossil fuels over the past decades has led
to the excessive emission of carbon dioxide. Consequently,
the ever-increasing CO, concentration in the atmosphere has
resulted in severe adverse effects, including the greenhouse
effect, rising sea levels and ocean acidification.” A global
consensus was attained to strictly control CO, emissions before
the occurrence of any irreversible environmental damage. The
carbon capture and utilization (CCU) technology, converting
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promising economical-viable strategy to reduce CO, and main-
tain sustainable developments.””® However, it is well known
that the CO, molecule is extremely stable thermodynamically.
Furthermore, CO, activation is not a trivial task. Among various
CO, catalytic conversion routes, the hydrogenation of CO, with
the assistance of H, can generate many valuable chemicals,
including methane,”'® formic acid,"*™® alkene," and
methanol>***™*° under mild conditions. Moreover, H, can be
produced from a green and renewable energy source. Among
various products of CO, hydrogenation, methanol stands out
due to its distinctive benefits, including ease of transportation
and storage, and high volumetric energy density.”® It has also
been suggested that the so-called “methanol economy” could
potentially change the energy supply landscape.?>*! Therefore,
it is not surprising that extensive efforts have been devoted to
developing an edge catalyst and technology for the catalytic
carbon dioxide hydrogenation to methanol.
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Cu/ZnO/Al,0; catalysts are industrially employed in metha-
nol synthesis for syngas feeding due to their good activity and
affordability, although their activity is greatly decreased with
high CO, concentrations.?” To address this issue, several
strategies to improve the Cu-based catalysts for CO, hydrogena-
tion to methanol were investigated. The alloying of a second
metal with Cu is one effective method to adjust the CO,
hydrogenation activity, and has been widely applied in metha-
nol synthesis (e.g;, CuPd,”®** CuNi,*® CuZn,*® PdZn*”?%).
It should be noted that an appropriate chosen support for
these metal alloy catalysts is vital for the catalytic performance.
Among various oxide supports, ZrO, is considered to be one of
the best options, particularly for the Cu catalyst, because of its
basicity, weak hydrophilicity, and increased methanol for-
mation rates. In addition to playing a role as an inert support
and spectator in the reaction, ZrO, also actively participates in
hydrogenation. It is generally accepted that the interface
between ZrO, and the metal is the active site for CO, hydro-
genation to methanol.>*?° As a further extension from the
conventional metal/oxide architecture, Wu et al.*' developed a
superior active inverse catalyst, in which Cu and ZrO, switched
their roles as the active material and support, respectively, and
applied this inverse catalyst in the CO, hydrogenation to
methanol. Therefore, an inverse catalyst is an architecture that
uses metal oxide as the active material and metal as the
support. They found that the inverse catalyst delivered a
methanol formation rate that was 3.3 times greater than that
of the conventional counterpart at 220 °C. The spectacular
activity increase is attributed to the fast hydrogenation of the
key elementary steps of formate to methoxy, and methoxy to
methanol, as observed from operando DRIFTS measurements.
Moreover, the unique adsorption configuration of CO,, COO*-
Cu, induced an adsorption-driven mechanism that is absent
in the conventional metal/oxide catalyst. Senanayake et al.*>
explored the relationship between the methanol formation
rate and coverage of oxide on a metal support for the inverse
CeO,/Cu(111) catalyst. It was found that there is a volcano curve
of activity, together with increasing oxide coverage, while the
fully covered or empty metal surfaces possessed the lowest
activity. This suggested that the interface between the oxide and
metal is responsible for the observed catalytic performance.
Consistent with this rationale, the exposed facets of the metal
support, as a part of the oxide-metal interface, considerably affect
the catalytic performance. For example, the methanol production
rate of ZnO/Cu(100) is almost twice that of ZnO/Cu(111).>* The
barrier of the rate-limiting step of the bridge formate hydrogena-
tion on inverse ZrO,/Cu(111) is two times greater than the counter-
parts on Cu(100) and Cu(110).>* The inverse catalyst showed
distinct features from the traditionally accepted mechanism. From
a combined density functional theory (DFT) and kinetic Monte
Carlo (kMC) simulation, Kattel et al.'® suggested that CO, hydro-
genation to methanol on Zr;OsHe/Cu(111) preferred a RWGS + CO-
hydro pathway over the conventional formate pathway due to the
strong CO adsorption at the interfacial sites.

Overall, the exceptional performance of an inverse cata-
lyst in CO, hydrogenation to methanol has been clearly
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demonstrated,">*"** and the properties of the interfacial sites
between oxide and metal are crucial to the catalytic activity.
However, the origin of the significant improvements from the
inverse catalyst over the conventional counterpart still remains
elusive, particularly in consideration of the pronounced con-
sequence induced by simply exchanging the metal and oxide.
To solve this enigma, a DFT-based microkinetic simulation was
performed to reveal and understand the reaction pathway and
mechanism of CO, hydrogenation to methanol catalyzed by an
inverse catalyst, Zr;0s/CuPd. The chosen bimetal alloy provides
more options to modulate the properties of the interfacial sites,
which serve to establish a structure-performance relationship,
and potentially break the linear scaling relation associated with
the single metal case. The supported CuPd bimetallic catalyst
has been reported to have excellent activity in CO, hydro-
genation to methanol.”® However, the corresponding inverse
counterpart or other oxide/bimetallic catalysts have not been
explored to the best of our knowledge. Three facets of the CuPd
alloy, including (100), (110), and (111), are chosen to construct
the interfacial configurations with the Zr;Og cluster. The
adsorption and activation of CO, at the interfacial sites are
carefully examined to reveal the origin of the activity. Three
different pathways are examined and evaluated under the same
conditions, including formate, RWGS + CO-hydro, and CO,
direct activation. A microkinetic simulation is performed to
reveal the different activities of the investigated inverse cata-
lysts and identify the dominant reaction mechanism. The
calculations verified the excellent performance of the inverse
Zr;06/CuPd catalyst, which is comparable with contemporary
catalysts. It is also demonstrated that the fine-tuning of the
atomic arrangement of the interfacial sites is key to adjusting
both performance and mechanism. The current work paves the
way for further advancing inverse catalyst applications in CO,
hydrogenation and provides a solid optimization strategy.

2. Computational details
2.1. DFT calculations methods

The Vienna ab initio simulation package (VASP) code®>*® with
the projector-augmented wave (PAW) method®”*® was used to
perform all calculations. The PBE exchange-correlation func-
tional,*® which incorporates the generalized gradient approxi-
mation (GGA), was utilized to characterize the exchange and
correlation interactions. Additionally, the Grimme correction
was applied to account for van der Waals interactions in all
calculations. The integration over the Brillouin zone was con-
ducted using a Monkhorst-Pack®® k-points grid with dimensions
of 2 x 2 x 1. The atomic configurations were iteratively optimized
until the forces acting on all unconstrained atoms reached a
magnitude lower than 0.02 eV A~ with the plane wave basis set
with a cutoff energy of 400 eV, and the total energy was converged
to an accuracy of 1 x 10~ eV. To describe the London-dispersion
interactions, the DFT-D3 correction was applied.*

The Zr;Oq cluster (denoted as Z) was modeled as the
oxide moiety due to its successful imitation of the Cu-ZrO,
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Fig. 1 Top views of the DFT-optimized structures of the inverse catalysts for (a) ZrsOs/CuPd(100)—Cu, (b) ZrsOe/CuPd(100)-Pd, (c) ZrsOe/CuPd(111)—
Pd, (d) ZrsOe/CuPd(111)-Cu, (e) Zr;Og/CuPd(110). Cu: orange, Pd: dark blue, Zr: light blue and O: red.

interface’® and its validity in depicting the coordination of
O and Zr atoms.*> The (100), (110), and (111) surfaces of
the CuPd alloy are used as support for the Zr;O¢ cluster. The
detailed information of each catalyst model is listed in Table S1
(ESIf). The (100) and (111) surfaces of the CuPd alloy both have
two different terminations with either Cu or Pd, while the (110)
surface of CuPd showed alternating Pd and Cu atom arrange-
ments. The combinations between the Zr;O4 cluster and the
CuPd alloy support resulted in five inverse catalysts, as shown
in Fig. 1. The term ‘Z/CuPd(100)-Cu’ denotes the Zr;O, cluster
inverse catalyst supported on a metal substrate (100) surface
with Cu termination.

The adsorption energy of the intermediates (E.qs) is defined
as

Eaas = Etotal — Estab — Egas

where E.,, represents the total energy of the slab containing
the adsorbed intermediates, while Eg,, corresponds to the
energy of the gas phase molecules, and Eg,,, denotes the energy
of the bare slab. The transition state (TS) is identified by dimer
method,” and is confirmed with the presence of only one
imagery frequency. The forward energy barrier, denoted as E,,
is defined as the energy difference between the transition state
and initial state. Crystal orbital bond index (COBI) analysis*’
was performed by the local orbital basis suite towards electro-
nic structure reconstruction (LOBSTER) package.’® Bader
charge analysis was performed to identify the charge distribu-
tion and transfer.”’

2.2. Microkinetic model

Microkinetic analysis was performed using the catalysis micro-
kinetic analysis package (CatMAP).*® The elementary reactions
considered in this microkinetic model are listed in Table 1.
During the simulation, two distinct sites were taken into

This journal is © the Owner Societies 2024

account: h_site, designated for hydrogen atoms, and s_site,
designated for other species involved in the reaction network.
In this approach, hydrogen was adsorbed at a special ‘“hydro-
gen reservoir” site, ensuring its adsorption occurred indepen-
dently without any competition from other species.***® The
reaction was conducted under specific conditions, where the
feed gas composition consisted of CO,(g): H,(g):inert gas in a
ratio of 0.10:0.40:0.50 under 473-573 K and total pressure of
10 Bar.

The free energies of the adsorbates and transition states
were estimated employing the harmonic approximation, and
the entropy was evaluated using the following equation:

harm DOF
S(T) = kg [

&i _ _ a—ti/kpT
kpT(est/k8T — 1) 1n<1 ¢ )

where kg is the Boltzmann constant and T is the temperature.
The number of harmonic energies (g;) used in the summation is
denoted as the degree of freedom, which is generally 3N, where
N is the number of atoms in the adsorbates or transition states.

Moreover, the free energies of the gas phase molecules are
corrected through the following equation:

Gy(T) = Eeiec + Ezpe + JdeT —TS(T)

where C, is the gas phase heat capacity as a function of
temperature derived from the Shomate equations.

3. Results and discussion
3.1. CO, adsorption and activation

As shown in Fig. 1, two different exposed atoms, either Cu or
Pd, form contacts with the Zr;O¢ cluster to construct the
interfacial structure for the investigated surfaces, including
CuPd(100) and CuPd(111), respectively. It is noted that the
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Table 1 Activation energies of the forward reaction (E,), and reaction energies (AE) (in eV) of the elementary reactions of methanol synthesis over

Z/CuPd catalysts

Z/CuPd(100)-Cu Z/CuPd(100)-Pd Z/CuPd(110) Z/CuPd(111)-Cu Z/CuPd(111)-Pd
Elementary reactions E,/eV AE/eV E,/eV AE/eV E,JeV AE/eV E,/eV AE/eV E,/eV AE/eV
R1 Hz(g) + 2% < 2H* 0.39 —0.78 0.11 —0.83 0.21 —0.31 0.36 0.27 0.47 0.09
R2 CO* < COy(g) + * 1.51 1.51 1.65 1.65 1.67 1.67 1.42 1.42 1.73 1.73
R3 CO,* + H* < HCOO* + * 0.67 —0.24 0.33 0.11 0.66 0.05 0.19 —0.86 0.46 —0.28
R4 CO,* + H* < COOH* + * 0.73 0.25 0.60 0.28 0.81 0.48 0.50 —0.30 0.90 —0.07
R5 CO* +* < CO* + O* 0.71 0.31 1.34 0.35 1.13 0.75 0.74 —0.11 1.30 0.55
R6 HCOO* + H* <« HCOOH* + * 1.11 0.79 0.74 0.63 0.74 0.59 1.19 1.10 1.08 0.89
R7 HCOO* + H* < CH,00* + * 1.33 0.65 1.87 1.01 1.23 1.05 1.48 —0.07 1.64 1.39
R8 COOH* + * < CO* + OH* 1.52 1.04 0.82 1.01 1.05 0.14 2.05 1.18 1.94 0.81
R9 CO* + H* <« HCO* + * 0.62 —0.52 0.79 0.63 0.97 0.40 0.98 —0.36 1.26 0.18
R10 HCOOH* + H* < CH,O0H* +*  0.55 —0.46 0.72 0.16 0.61 0.11 0.22 —0.75 0.64 —0.15
R11 CH,00* + H* < CH,OO0H* + * 0.56 —2.23 0.48 —0.25 0.44 —0.11 0.60 0.06 0.64 —0.69
R12 HCO* + H* < CH,O* + * 0.74 —0.21 0.56 0.13 0.65 —0.11 0.49 —0.40 0.65 —0.08
R13 CH,O0H* + * < CH,O* + OH* 0.51 0.32 0.52 0.21 0.54 0.02 1.30 1.10 1.20 0.34
R14 CH,O* + H* <= H3;CO* + * 0.62 —0.66 0.60 0.00 0.43 —0.27 0.22 —0.63 0.56 0.02
R15 CH,O0* + H* <« CH,OH* + * 1.44 0.44 1.19 0.73 1.70 0.83 0.92 0.33 1.48 0.67
R16 CH3;0* + H* < CH;OH* + * 1.34 0.87 0.74 0.44 0.89 0.67 0.73 0.29 0.81 0.61
R17 CH,OH* + H* « CH;OH* + * 1.15 —0.22 0.71 —0.26 0.54 —0.59 0.77 —0.29 0.64 —0.07
R18 OH* + H* < H,0* +* 1.41 0.95 0.70 0.45 0.94 0.69 1.08 0.82 0.83 0.61
R19 H,0* < H,0(g) +* 1.29 1.29 1.30 1.30 1.63 1.63 1.33 1.33 1.46 1.46
R20 CO* < CO(g) +* 1.23 1.23 2.36 2.36 2.61 2.61 1.59 1.59 2.23 2.23
R21 CH;OH* < CH3;O0H(g) + * 1.56 1.56 1.55 1.55 1.87 1.87 1.59 1.59 1.56 1.56

Fig. 2 Bader charge analysis (in |e|) of (a) Z/CuPd(100)-Cu and (b) Z/
CuPd(100)-Pd. The numbers on the atoms are the calculated charge
transfer from the Bader charge analysis.

interfacial atomic arrangement is different even for the same
metal support surface, which will provide in-depth understand-
ings of the catalytic mechanism beyond the pure surface-
dependent regime. The interactions between the oxide and
metal substrate induced a charge distribution polarization, as
shown in Fig. 2. For facet (100), the Cu and Pd atoms in the top
layer are mostly positively and negatively charged, respectively.
More importantly, the interfacial atoms between the oxide
cluster and metal support show different features from the
other surface atoms. For Z/CuPd(100)-Cu, the interfacial cop-
per atoms possessed around +0.37 |e”| charges, while the
others are around +0.17 |e”|. For Z/CuPd(100)-Pd, the inter-
facial palladium atoms are less negatively charged (—0.02 |e”|)
or even become positively charged (0.11 |e™|), while the others
are negatively charged at around 0.13 |e”|. From charge analy-
sis, the interfacial atoms showed a distinct charge pattern
from the rest of the surface atoms, which is induced by the
interaction between the oxide cluster and metal substrate.

25332 | Phys. Chem. Chem. Phys., 2024, 26, 25329-25340

Moreover, the polarized charge distribution rendered the inter-
facial atoms with good activity to bind various intermediates, as
discussed in the following sections.

The polarized charge distribution directed the strong
adsorption for the CO, molecule, as shown in Fig. 3a, which
is a key step to initiate the reaction and lower the first hydro-
genation barrier. For the Z/CuPd(100)-Cu catalyst, the CO,
adsorption preferentially occurs at the interfacial sites and
the adsorbed configuration is in the bent mode with an angle
of 122.1°. This is significantly different from the linear configu-
ration in the gas phase. Moreover, the C-O bond in CO, is
elongated to 1.26 A and 1.31 A after adsorption. These geometry
features clearly indicate that CO, is effectively activated upon
adsorption. The adsorbed CO, molecule configurations on
other inverse catalysts are shown in Fig. S1 (ESIt). The calcu-
lated adsorption energy is —1.51, —1.65, —1.67, —1.42, and
—1.73 eV on Z/CuPd(100)-Cu, Z/CuPd(100)-Pd, Z/CuPd(110),
Z/CuPd(111)-Cu, and Z/CuPd(111)-Pd, respectively. The calcu-
lated adsorption energies are much greater than previous
reports including metal or other inverse catalysts, which
are in the range from —0.20 eV to —1.10 eV.'>*? The strong
adsorption of CO, is mainly due to the covalent bond formation
with the interfacial atoms, as shown in Fig. 3b and c. The
strong adsorption is also witnessed as a significant charge is
transferred from the catalyst surface to the adsorbed CO,, as
shown in Table S2 (ESIt). In addition to the CO, molecule,
other key intermediates are explored, as shown in Fig. 4 and
Fig. S3-S6 (ESIt). For all investigated Z/PdCu catalysts, the
interfaces between Zr;Oq and PdCu served as the sites for the
intermediate adsorption. The bonding scenarios can be cate-
gorized into three types: (1) no bonding with the PdCu sub-
strate, such as HCOOH*, CH;OH*, and H,0*; (2) bonding
through the carbon atom in the intermediate with the PdCu

This journal is © the Owner Societies 2024
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Fig. 3 (a) Geometry configuration and (b) and (c) calculated isosurfaces of the bonding orbital for CO, adsorbed on Z/CuPd(100)-Cu, where blue
represents the negative lobe, while yellow represents the positive lobe. Cu: orange, Pd: dark blue, Zr: light blue, O: red and C: grey.

(a)

(©)

(d) ©

k) (m)

e

Fig. 4 Adsorbed structures of the intermediates involved in the synthesis of methanol through CO, hydrogenation over Z/CuPd(100)-Cu. (a) O%,
(b) CO*, (c) HCOO*, (d) COOH*, (e) HCO*, (f) CH,O0*, (g) HCOOH*, (h) CH,OOH?*, (i) CH,O*, (j) CHsO%*, (k) CH,OH*, () OH*, (m) OH*, (n) H,O*.

Cu: orange, Pd: dark blue, Zr: light blue, O: red and C: grey.

(cHoH+0H* | [ H,0() |

[m—»[ co*+oH* L[
g ]

[ cog) [ cor+o ]

[ cog) ]
+H*

"’ CHZOO*

HCOO* CH OOH*
HCOOH*

HCO*+OH*
+H/

N/

( CH,0*+OH* | [ CH;0H*+OH" |

AL

[ CH;0*+OH* | [ CHiOH(g) |

Fig. 5 Reaction network for CO, hydrogenation to methanol and carbon monoxide over ZrsOg/CuPd inverse catalysts. PATH I: formate, PATH II:

RWGS + CO-hydro, PATH lll: CO, direct activation.

substrate, such as CO*, COOH*, and HCO*; and (3) bonding
through the oxygen atoms in the intermediate with the PdCu
substrate, including O*, OH*, HCOO*, CH,O0H*, and CH;0*.
The adsorption energy for these key intermediates is illustrated
in Fig. S1 (ESIt). Notably, for catalysts with the same PdCu
support facet, the intermediates that bond through the oxygen
atoms exhibit stronger adsorption on the Cu-terminated sur-
face, ie., Type III. Meanwhile, the intermediates that bond
through the carbon atoms exhibit stronger adsorption on the
Pd-terminated surface, i.e., Type II. For catalysts with the same
support facet, the adsorption energy of the intermediates
that do not bond with the support is very similar, i.e., Type I

This journal is © the Owner Societies 2024

The ability of the catalysts to interact with key intermediate
species largely determines the mechanistic differences in
the CO, hydrogenation-to-methanol process across various
catalysts.

3.2. Reaction pathway

There are three major catalytic pathways for CO, hydrogenation
to methanol, as shown in Fig. 5. The main difference lies in the
first hydrogenation step on the pathway. There are three
different products at the first step, HCOO*, COOH*, and
CO* + O*, respectively, for the three pathways. Hydrogen
bonding with carbon or oxygen in the CO, molecule formed

Phys. Chem. Chem. Phys., 2024, 26, 25329-25340 | 25333
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HCOO* and COOH*, which distinguished the formate (PATH I)
and RWGS + CO-hydro (PATH II) pathways (RWGS stands for
reversed water-gas shift reaction). Conversely, CO, can undergo
a direct breaking of the C-O bond to form CO* and O*, which
corresponds to the CO, direction activation mechanism and is
named as PATH III. However, PATH III became identical with
PATH 1I after the first hydrogenation step. Therefore, only
PATH I and II are mainly investigated. PATH I and II are
basically paralleled until the formation of CH,O*, where the
two pathways meet. The targeted product, methanol, is
obtained after two successive hydrogenation steps via either
CH;0* or CH,OH* after CH,O* formation. One of the main
side products during the reaction is considered to be CO, which
is mainly generated on PATH II and III.

3.2.1. Formate pathway (PATH 1I). For simplicity,
Z/CuPd(100) with Pd and Cu terminations are selected to
describe the reaction pathway, as shown in Fig. 6. For the first
hydrogenation step to form HCOO*, it is clear that the Pd
termination is more active than the Cu termination with
a barrier of 0.33 eV, which is nearly half of the latter case
(0.67 eV). At the transition state (TS1), CO, significantly
deviated from a linear molecule in the gas phase. The angle

View Article Online
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of the CO, molecule at TS is 126.87° (Z/CuPd(100)-Cu) and
125.90° (Z/CuPd(100)-Pd), respectively. To quantitatively evalu-
ate the bonding nature and strength, COBI analysis was per-
formed, as shown in Fig. 7. The COBI method extended the
rationale of the Mayer bond order to crystalline bonding,*’
providing an accurate and quantitative description of the bond
strength, as well as the bonding nature (such as covalent or
ionic). The value of the integrated COBI (ICOBI) is conversely
related with ionicity, which means that a large ICOBI has a
greater covalent bonding contribution. Summation of the
ICOBI of the adsorbed CO, molecule is 0.56 and 0.59 for
Z/CuPd(100)-Cu and Z/CuPd(100)-Pd, respectively, and the
bonding nature is a mixed covalent and ionic. CO,* also gained
more stabilization on Z/CuPd(100)-Pd than Z/CuPd(100)-Cu,
particularly from the carbon bonding with the metal atom.
The stabilized transition state helped to reduce the barrier on
Z/CuPd(100)-Pd.

After HCOO* formation, there are two different catalytic
routes to yield methanol, HCOOH — CH,00H — CH,0 —
CH,0 — CH,0H or CH,00 - CH,00H — CH,0 — CH,0H
— CH;O0H, as indicated by the blue and red routes in Fig. 6. For
Z/CuPd(100)-Cu, the red and blue pathways are quite similar

(@ 1

T2
CH,00*

CH,00*+H*

“’3’{
'@

AN
L
14
o
~
w
w

=)
|
o

Energy(eV)
@
|
I
I
sl
¢
I

€0,(9)+3H,(9)

&
|
|

TS5
CH,OH*+OH*
CH,OH*+H*+OH*
Ts6

%
|

«

&
- \1. 1

062 —

w
&

]
‘:Hzo(g)l
e}

b g
|
|
b
A
B

3 3 = 3 ¥ ~ ¥ 3 ™% ¥ % 3 T E 3 (R ¥ ~ %
I o T “v T I ©w F %) F - ©n I F v T T ©n O,
+ = o + = o + F 0 F O o L <) o L ] * L
o g 3 o I o o e ¥ ¥ e P
) I S o % P h P P o I
S <] I 3 T o I o = T o
o S v} 2 F 2 F o
I s 5 2
T v o v o I
N ™ o
I X
o v}
Nz x @ w P = o
n n T e “
4 8 E [ = o o B
N %
I 0 AR 4
0+ e— (] o g T
Gl +
T
1.87 O I T
pLoLA S F3
14 T
s} f—

o
w
w
=)
~
w
o
FY
©
o
wn
N

‘;ﬁl
i

&

&.
312

|

g3

/ II

I

=4
N
W

Energy(eV)

&
&

HCOO*
HCOO*+H*
Ts2
HCOOH*
HCOOH +H*
Ts3
CH,00H*
Ts4|

|
<‘(~ |
£ |
o 0]
J|iH,0(9)!

CH,0*+OH*
OH*+H*
57|

H,0

Fig. 6 Potential energy diagrams and corresponding transition state structures of methanol formation over (a) Z/CuPd(100)-Cu and (b) Z/CuPd(100)-

Pd on the formate pathway.

25334 | Phys. Chem. Chem. Phys., 2024, 26, 25329-25340

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp00927d

Published on 10 September 2024. Downloaded on 12/10/2025 3:24:44 AM.

PCCP

regardless of the reaction barrier until the formation of CH;0*
(TS5), in which the blue pathway has a lower barrier than the
red pathway. Therefore, Z/CuPd(100)-Cu probably followed
the blue pathway. The largest barrier on the blue pathway is
identified to be the hydrogenation of CH;O* to methanol,
which is 1.34 eV. For Z/CuPd(100)-Pd, the barrier of HCOO*
hydrogenation to HCOOH* on the blue pathway and to CH,00*
on the red pathway is 0.73 and 1.87 eV, respectively. This
significant difference largely determined the blue pathway as
being more favorable, which is consistent with Z/CuPd(100)-
Cu. Conversely, the barriers on the blue pathway of
Z/CuPd(100)-Pd are all less than 0.8 eV, which is more favor-
able than CuPd(100)-Cu, as shown in Fig. 6b. In particular, the
critical step of CH;0* hydrogenation to methanol has a barrier
of 0.74 eV on Z/CuPd(100)-Pd, and it is calculated to be 1.34 eV
on Z/CuPd(100)-Cu. Hence, Z/CuPd(100)-Pd is suggested to
have better activity than Z/CuPd(100)-Cu from the formate
pathway analysis. The performance demonstrated by different
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metal terminations of CuPd(100) is attributed to the bonding
strength and properties of the intermediates and transition
with interfacial atomic sites, particularly the Pd and Cu sites at
the interfaces.

Moreover, the CuPd bimetallic support possessed better
catalytic performance in comparison with other inverse cata-
lysts. DFT calculations indicated that the reaction barrier is
1.32 eV and 1.39 eV on the Zr;OgHe/Cu(111)"° and Zr;Oe/
Cu(110)** inverse catalysts for *CH,O0H dissociation, respec-
tively, while it is calculated to be 0.5 eV in the current work.
Furthermore, the calculated barriers on Z/CuPd(100)-Pd are
much smaller than those of the counterparts on either Zr;OsHg/
Cu(111) or Zr;Oe/Cu(110) in most cases for the formate path-
way. The formate pathway on other surfaces, (110) and (111),
are shown in Fig. S2 (ESIf). From comparison, Z/CuPd(100)
generally has smaller barriers along the formate pathway than
the Z/CuPd(110) and (111) surfaces, as shown in Fig. S3 (ESIT).
In particular, for the key steps of the first hydrogenation and
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Fig. 7 COBI analysis of the bonding nature and strength of TS1 on the formate pathway, as shown in Fig. 6. (a)-(c) Z/CuPd(100)-Cu,
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methanol formation, Z/CuPd(100)-Pd possessed the lowest
barriers among the investigated catalysts.

3.2.2. RWGS + CO-hydro pathway. As shown in Fig. 8, the
first step on the RWGS + CO-hydro pathway is CO, hydrogena-
tion to form COOH*. For this hydrogenation step, the oxygen
atom in the CO, molecule attracts hydrogen, rather than
carbon on the formate pathway. The calculated barrier (TS1)
of COOH* formation is 0.73 eV and 0.67 eV on Z/CuPd(100)-Pd
or Cu, respectively. Unlike the continuous hydrogenation on
the formate pathway, COOH* firstly underwent C-O bond
breaking to generate CO* and OH*. It then evolved into CO*
hydrogenation for the rest of the pathway, which explains why it
is called the RWGS + CO-hydro pathway. With two successive
hydrogen additions to carbon, CO* was hydrogenated to form
CH,O*. At the next hydrogenation step, there are two different
options represented by blue and red pathways via either CH;0*
or CH,OH*, respectively, to obtain the targeted methanol
product. From a comparison of the barriers of TS5, the blue
pathway via CH;0* is more favorable than the red pathway via
CH,OH*. The former barrier is less than 0.7 eV, while the latter
case is above 1.0 eV. Therefore, it can be concluded that the
blue pathway is preferred on both Z/CuPd(100)-Pd and -Cu
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surfaces. On the blue pathway, there are two critical steps
associated with significant barriers, which are COOH* disso-
ciation (TS2) and methanol formation (TS6), respectively.
Z/CuPd(100)-Pd exhibited smaller barriers compared with
Z/CuPd(100)-Cu (0.67 eV and 0.74 eV), while they were calcu-
lated to be 0.73 and 1.34 eV on Z/CuPd(100)-Cu, respectively.
Hence, Z/CuPd(100)-Pd more likely possessed better reactivity
than CuPd(100)-Cu on the RWGS + CO-hydro pathway. Based
on the above discussion, it is suggested that Z/CuPd(100)-Pd
has better reactivity on both formate and RWGS + CO-hydro
pathways. Similar to the formate pathway, Z/CuPd(100) also
showed better activity than the (110) and (111) surfaces on the
RWGS + CO-hydro pathway, as shown in Fig. S4 (ESIt).

3.2.3. Comparison of the three pathways. The major dif-
ference between the formate and RWGS + CO-hydro pathways
lies in the first hydrogenation step. Whether the hydrogen is
attached to carbon or oxygen in the activated CO, molecule
determines if the reaction will take the formate or RWGS+ CO-
hydro pathway. Therefore, this is a critical step to control the
reaction mechanism. For Z/CuPd(100)-Pd, which has the best
possible activity, the barrier of the first hydrogenation is 0.33 eV
and 0.67 eV, respectively, for the formate and RWGS + CO-hydro
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pathways. Thus, CO, hydrogenation is more likely to take the
formate pathway than the RWGS + CO-hydro pathway. After the
first step, the continuous hydrogenation steps take place to
reach the key intermediate, CH;O*. Meanwhile, three hydro-
gens are added to the carbon or oxygen atoms accordingly on
the formate and RWGS pathways, respectively. However, the
first hydrogenation intermediate on the RWGS + CO-hydro
pathway, COOH*, should firstly dissociate to yield CO* before
further hydrogenations, which involved a noticeable barrier.
This step served as an important signature of the RWGS + CO-
hydro pathway.

Direct C-O bond breaking in the CO, molecule is an
elementary step to generate CO* besides COOH* dissociation,
as shown in Fig. 5. However, CO, direct activation has been
rarely explored previously due to the assumption of a larger
barrier associated with the strong C-O bond. The calculated
barriers of CO, direct activation is 0.71, 1.34, 1.13, 1.14, 0.74
and 1.30 eV for Z/CuPd(100)-Cu and Pd, Z/CuPd(110)-Cu and
Z/CuPd(111)-Cu and Pd, respectively. The previous DFT studies
demonstrated that the barriers of CO, activation are around
1.00 eV on PdIn®'"? alloy catalysts. Therefore, inverse Zr;Og/
CuPd catalysts indeed demonstrated a remarkable ability to
directly activate the C-O bond in the CO, molecule. This
suggested that the inverse Zr;O4/CuPd catalysts will have great
potential not only in CO, hydrogenation to methanol, but also
in other catalytic reactions for CO, conversions with remarkable
capability for C-O bond activation. Conversely, the calculated
barriers of CO, activation are comparable with the counterparts
of the first hydrogenation steps (HCOO* and COOH*) on the other
pathways, which open a new channel for the reaction to proceed.

3.3. Microkinetic simulation

The reaction pathway analysis gave a preliminary evaluation
of the catalytic performance for inverse catalysts. Based on the
energetics of the elementary steps, as shown in Table 1
(obtained from DFT calculations), a microkinetic simulation
was performed to further discern the catalytic capabilities.
Firstly, the preference for the formate or RWGS + CO-hydro
mechanism is explored for five different catalysts, as shown in
Fig. 9. For both mechanisms, the TOF (turnover frequency) has
a positive correlation with temperature, and it continuously
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increased with increasing temperature. For the formate path-
way, the calculated TOF decreases with the following sequence:
Z/CuPd(100)-Cu > Z/CuPd(100)-Pd > Z/CuPd(110) >
Z/CuPd(111)-Pd > Z/CuPd(111)-Cu. The Z/CuPd(100) surfaces
with either Cu or Pd terminations exhibit much better perfor-
mances than the others throughout the whole investigated
temperature range. For the Z/CuPd(100) surface, the Cu termi-
nation delivered a greater TOF than Pd termination. This
indicated that the reactivity is not only dependent on a specific
surface, but also significantly influenced by the exposed metal
atoms. Conversely, this observation from the TOF calculations
is different from the discussion of the reaction barrier compar-
ison, which seems to suggest that Pd termination has better
activity. For the RWGS + CO-hydro pathway, the reactivity
with decreasing order is Z/CuPd(100)-Pd > Z/CuPd(110) >
Z/CuPd(100)-Cu > Z/CuPd(111)-Pd > Z/CuPd(111)-Cu. The
most significant change compared with the formate pathway is
that the reactivity switched between Z/CuPd(100)-Cu and
Z/CuPd(110). On the RWGS + CO-hydro pathway, Z/CuPd(110)
exhibited improved activity compared to Z/CuPd(100)-Cu.
This again demonstrated that not only reactivity, but also the
reaction mechanism, is surface-dependent. The better reactivity
of Z/CuPd(110) likely originated from the reduced barrier of
the key step (TS2) over Z/CuPd(100)-Cu, as shown in Fig. S2b
(ESIT). The common feature shared by both formate and RWGS-
CO-hydro pathways is that Z/CuPd(100)-Pd has superior per-
formance compared to others. A comparison of the perfor-
mance regarding CO, direct activation (PATH III) is shown in
Fig. S6 (ESIT) for the investigated catalysts. For each inversed
catalyst, it also has a preferred reaction pathway. In particular,
the most favorable pathway is determined to be formate on the
Z/CuPd(100) surface, while it is CO, direct activation on the
Z/CuPd(110) and Z/CuPd(111) surfaces. Furthermore, the reac-
tivity sequence predicted from TOF calculations in Fig. 9 is
inversely correlated with the trend of the largest barrier on the
reaction pathway shown in Fig. 6 and 8 and Fig. S8 and S9
(ESIY), except CuPd(100)-Cu on the formate pathway, which
further corroborated the validity of the calculations.

Besides the evaluation of the individual pathway, a total TOF
is obtained by taking into account the elementary steps of
all three pathways, as shown in Table 1, in the microkinetic
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Fig. 9 The calculated TOF of ZrsOe/CuPd catalysts along the (a) formate pathway and (b) RWGS + CO-hydro pathway.

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 25329-25340 | 25337


https://doi.org/10.1039/d4cp00927d

Published on 10 September 2024. Downloaded on 12/10/2025 3:24:44 AM.

Paper

View Article Online

PCCP

Z/CuPd(100)-Cu —A— Z/CuPd(100)-Pd

(

o
~

-Cu
TS

10g1o(TOFye0n/(sitees™)
3

100 - aA—a—A—A— 4,

A

0.95 -

MeOH Selectivity

1 1 1 1 1
470 490 510 530 550
Temperature (K)

Fig. 10
Z/CuPd(100)-Pd.

simulation, which could eliminate any bias to a specific path-
way and provide a thorough estimation of the performance.
From Fig. 10a, it is clearly indicated that the Z/CuPd(100)
surface outperformed both Z/CuPd(110) and Z/CuPd(111) sur-
faces. Hence, the performance of the Zr;Os/CuPd inverse
catalyst has a strong dependence on the metal alloy support
surface. From the above discussions, it can be concluded that
the catalytic performance and mechanism of inverse Zr;Oe/
CuPd is largely determined by the metal surface and exposed
atoms, respectively.
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(a) The calculated TOF of Zrz;Og/CuPd catalysts, including all elementary steps shown in Table 1. (b) Methanol selectivity of Z/CuPd(100)-Cu and

For the two best catalysts Z/CuPd(100)-Cu and -Pd, the
selectivity to methanol is also obtained, as shown in Fig. 10b.
The selectivity of both catalysts showed a slow decline with
increasing temperature, while Z/CuPd(100)-Cu exhibits a faster
decrease in comparison with Z/CuPd(100)-Pd. Both catalysts
demonstrate good selectivity above 90% in the investigated
temperature range.

The degree of rate control (DRC) analysis, developed by
Campbell, provides a quantitative method for analyzing the
kinetics of multi-step reaction mechanisms.”® Although the

—+—COOH —e—HCOO

~
Q
~

(b)

1.0}
104 o
08| 0sl
- -
S 06l o € o6}
o *— o o
o ——_ o
e S e
9
$ 04l e —— $ 04l
o M o
o —n— — o
/‘
02l A 02}
A
P s
A—A
0.0} > *
0.0
s s N s L L L N s L L L
470 490 510 530 550 570 470 490 510 530 550 570

Temperature (K)

(C) = JcHo —® Ancoo ~A Xon ~¥ T Xnon —* Anco.oH
1.0

o
———
o5l T,

-0.5 -

N

-20
| L L L L L
470 490 510 530 550 570

degree of rate control

Temperature (K)

Temperature (K)

(d) 10 —®—Yncoo —A Xco-on —* XeH,0-0m
*r—
——_ porde— b5
05 —at
A—b ———
- a—A— —o
[ A
€ 00}
o
Q
2
S 05l
b
o
®
o -1.0}
]
°
15+
20f e——0——0—0—e—0—0—o—0e—0—¢
470 490 510 530 550 570

Temperature (K)

Fig. 11 Coverage analysis of (a) Z/CuPd(100)-Cu and (b) Z/CuPd(100)-Pd, and DRC analysis of (c) Z/CuPd(100)-Cu and (d) Z/CuPd(100)-Pd.

25338 | Phys. Chem. Chem. Phys., 2024, 26, 25329-25340

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp00927d

Published on 10 September 2024. Downloaded on 12/10/2025 3:24:44 AM.

PCCP

sum of DRC should be unity, there are cases in which unity is
not reached. This is probably due to the incomplete elementary
step list.>*** More information regarding the reaction key steps
and mechanism are acquired from the coverage and DRC
analysis, as shown in Fig. 11. For Z/CuPd(100)-Cu, the major
species on the surface are determined to be HCOO*, CH;0%,
and OH*, as shown in Fig. 11a. Among them, HCOO* is the
most populated species, which is consistent with previous
experimental reports.'®?"*®> With increasing temperature, the
coverage of HCOO* is slowly decreased from 0.6 ML to around
0.4 ML. However, it still occupied most surface sites. Conver-
sely, the coverage of OH* steadily increased from 0.1 ML to
0.3 ML with increasing temperature, while the coverage of
CH,;0* remains nearly unchanged. To further identify the key
steps during the reaction, the general degree of control analysis
was performed, as shown in Fig. 11c, which predicted both rate-
limited and thermodynamics-limited steps accordingly. For the
rate control step, TS4 (CH,O-OH) on the formate pathway and
CH,OOH dissociation wielded the most significant influence
on the reaction rate. The DRC of this step is calculated to be
0.5 at around 480 K, and it gradually decreased with increasing
temperature. Conversely, water formation is also a kinetically
relevant step, particularly at high temperature, although the
DRC of water formation is below 0.15. The thermodynamics
rate control analysis is conversely related with coverage, which
is derived from its definition. The strong adsorptions of HCOO*
or OH* inhibited the reaction and have adverse effects on rates.
This adverse effect becomes less pronounced with increasing
temperature for HCOO*, while the opposite trend is observed
for OH*.

For Z/CuPd(100)-Pd, HCOO* dominated the surface cover-
age with a negligible contribution from COOH*. Furthermore,
the coverage distribution did not show an obvious dependence
on temperature, as shown in Fig. 11b, which is quite different
from Z/CuPd(100)-Cu. A more profound difference regarding
the mechanism is revealed from DRC analysis, as shown in
Fig. 11d. The kinetic control step is determined to be CH,0-OH
(TS4 on the formate pathway) and CO-OH (TS2 on the RWGS +
CO-hydro pathway). Below 523 K, CH,O-OH is dominant, and it
switched to CO-OH at higher temperature. This seems to
suggest that the formate and RWGS pathways have similar
contributions to TOF, which is consistent with the observation
shown in Fig. S5b (ESIT).

4. Conclusions

The rational optimization is crucial to further extend the
application scope of promising inverse catalysts for CO, hydro-
genation. In this work, it is found that the fine-tuning of the
facets and exposed metal atoms on the substrate of inverse
Zr;06/CuPd catalysts is an effective strategy to enhance the
performance and adjust the mechanism. The chosen CuPd
alloy as support to construct inverse catalysts is proved to be
crucial toward delivering excellent performance. The interface
between the oxide and metal substrate provided active sites for
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CO, adsorption and activation, which initiated the reaction.
COBI analysis gave a quantitative description of the bonding
strength and nature of the transition state of key first hydro-
genation step, which is used to determine the following path-
way. Three mechanisms, including formate, RWGS + CO-hydro,
and CO, direct activation, are explored and the former two are
the dominant reactions. The preferred mechanism is largely
determined by the exposed metal atom on the substrate. More-
over, this effect is manifested from the coverage and DRC
analysis obtained from the microkinetic simulation. The calcu-
lated TOF indicated that the metal alloy substrate surfaces
dominate the performance. Thus, Zr;Os/CuPd(100) has been
predicted to possess the best performance among the investi-
gated catalysts, which also outperformed the conventional CO,
hydrogenation catalysts and other inverse catalysts on mono
metal substrate. Overall, the current work applied a metal alloy-
supported inverse catalyst in CO, hydrogenation to methanol,
and validated its exceptional catalytic performance. More
importantly, an effective strategy with the rational chosen metal
substrate and exposed atoms has been verified, which opens a
new direction for further optimization.
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