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ABSTRACT: Studying catalytic hydrogenation reactions on oxide surfaces at the
atomic scale has been challenging because of the typical occurrence of these
processes at ambient or elevated pressures, rendering them less accessible to atomic-
scale techniques. Here, we report an atomic-scale study on H2 dissociation and the
hydrogenation of CO and CO2 on ZnO using ambient pressure scanning tunneling
microscopy, ambient pressure X-ray photoelectron spectroscopy, and density
functional theory (DFT) calculations. We directly visualized the heterolytic
dissociation of H2 on ZnO(101̅0) under ambient pressure and found that
dissociation reaction does not require the assistance of surface defects. The presence
of CO or CO2 on ZnO at 300 K does not impede the availability of surface sites for
H2 dissociation; instead, CO can even enhance the stability of coadsorbed hydride
species, thereby facilitating their dissociative adsorption. Our results show that hydride is the active species for hydrogenation, while
hydroxyl cannot hydrogenate CO/CO2 on ZnO. Both AP studies and DFT calculations showed that the hydrogenation of CO2 on
ZnO is thermodynamically and kinetically more favorable compared to that of CO hydrogenation. Our results point toward a two-
step mechanism for CO hydrogenation, involving initial oxidation to CO2 at step sites on ZnO followed by reaction with hydride to
form formate. These findings provide molecular insights into the hydrogenation of CO/CO2 on ZnO and deepen our understanding
of syngas conversion and oxide catalysis in general.

1. INTRODUCTION
The catalytic hydrogenation of CO and CO2 into valuable
chemicals,1 utilizing eco-friendly hydrogen from renewable
resources, holds high importance in carbon capture and
utilization (CCU) and facilitating the clean utilization of coal,
natural gas, and biomass. Oxide catalysts for hydrogenation
reactions2−4 have increasingly caught attention due to their high
selectivity. In this regard, ZnO is particularly crucial for the
catalytic hydrogenation of CO4,5 and CO2.

6,7 ZnO-based oxides,
when integrated into bifunctional oxide-zeolite (OXZEO)
composite catalysts, demonstrated a most promising catalytic
performance for syngas conversion.3,4,8 ZnO-supported metal
nanoparticles are also widely employed as major catalysts for
methanol synthesis9 and the reverse water gas shift reaction
(RWGS).10,11 As such, research interest in the role of ZnO in
catalytic hydrogenation reactions has surged, making it a central
focus within the catalysis field in recent years. Although
industrial catalysts typically used the combination with
supported metal catalysts or zeolites, the importance of ZnO
in H2 dissociation and H spillover has been highlighted by
Mehar et al.12 on hydrogenation reactions at the ZnO-Cu
interface. ZnO powders alone have also been employed in
reaction mechanism studies of COx hydrogenation, which could
also lead to the formation of methanol13 or methane,14

depending on reaction conditions.
Hydrogen adsorption and dissociation on metal oxides are

central to diverse applications, including hydrogen sensing15 and

hydrogenation catalysis.8,16−18 Two primary mechanisms
underpin H2 dissociation on oxide surfaces: homolytic and
heterolytic cleavage. Homolytic cleavage leads to the formation
of two hydrogen atoms at oxygen sites, resulting in the
generation of OH groups and the simultaneous reduction of
surface metal ions. This process is particularly favorable on
oxides, such as TiO2

19 and CeO2,
20 that exhibit high reducibility.

On the other hand, heterolytic cleavage involves the formation
of hydride (H−) and proton (H+) species at metal and oxygen
sites, respectively, yielding M−H and OH entities. Heterolytic
cleavage is favored on oxides, such as MgO21 and Al2O3,

22 that
are difficult to reduce, although certain reducible oxides,
including Ga2O3,

23 Cr2O3,
24 and ZnO,25 have been reported

to exhibit this mechanism in the presence of defects. Heterolytic
dissociation of H2 has been proposed for H2 adsorption on ZnO,
leading to the formation of hydride and hydroxyl species.26

However, the exact active site structure responsible for the
heterolytic dissociation on ZnO, whether it involves defects or
not, remains unclear.
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In hydrogenation reactions, hydroxyl groups are relatively
stable during the reaction and have been extensively studied.
Recently, the formation of surface and bulk hydride species upon
the heterolytic dissociation of H2 has been demonstrated using
inelastic neutron spectroscopy studies27 and proposed as
important intermediates for hydrogenation catalysis. However,
the role of hydride species has been less discussed due to their
low concentrations and challenges in isolating their effects from
the abundance of hydroxyl groups on oxide powders. So far,
mechanistic studies of hydrogenation catalysis on oxides are
almost exclusively performed on powder catalysts,28 which
limited the accurate identification of key intermediates/reaction
path due to their complex surface composition and morphology.
In contrast to metal surfaces, there is a lack of mechanistic
studies of well-defined metal oxide surfaces regarding hydro-
genation reactions of small molecules. The specific adsorption
sites and detailed reaction properties of these systems are mostly
unknown. One significant challenge is that active hydrogen
species tend to desorb under vacuum conditions, while
hydrogenation reactions typically necessitate higher pressures,
as evidenced by powder catalysis. This dichotomy has made
vacuum-based surface science approaches, including molecular
beam studies,29 difficult for detecting hydrogenated intermedi-
ates/products. Ambient pressure scanning tunneling micros-
copy (AP-STM) provides an apt tool for atomic-scale studies of
hydrogenation catalysis and trace hydroxyl or hydride species on

well-defined model catalysts. Its usage has been limited, partly
due to the challenge of maintaining a stable tunneling junction
on bulk oxide surfaces in a reactive environment.
In this study, we used a combination of ambient pressure

scanning tunneling microscopy (AP-STM), ambient pressure X-
ray photoelectron spectroscopy (AP-XPS), and density func-
tional theory (DFT) calculations to understand the hydro-
genation of CO and CO2 on ZnO(101̅0) at the atomic and
molecular level. ZnO(101̅0), as the most stable facet of ZnO,30

has beenmost studied amongmodel ZnO surfaces. Li et al.31 has
also observed an enhanced hydrogenation activity on the
ZnO(101̅0) facet in syngas conversion. The preeminence of
ZnO(101̅0) during catalytic reactions underscores the necessity
to comprehend its surface structure and chemical and reaction
properties. Previous studies32,33 have suggested that weakly
adsorbed species could play a significant role in hydrogenation
catalysis, but in situ experimental studies have been limited
owing to the difficulties to probe physisorbed species under
ambient conditions. Here, our use of AP-STM has allowed the
direct visualization of H2 dissociation and hydrogenation
reactions on ZnO under ambient pressures at the atomic level.
The heterolytic dissociation of H2 was found to occur on the
planar terrace of ZnO, while hydride species are free to diffuse
across the surface. By controlling the formation of hydride or
hydroxyl species on the ZnO surface, we were able to study the
reaction between CO/CO2 and the surface hydride or hydroxyl

Figure 1. (a) Atomically resolved and (b) simulated STM images of hydride species on ZnO(101̅0) in 0.4 mbar H2 at 300 K. The corresponding
structural model of hydride chains is displayed in panel (b). Gray, red, and white spheres represent Zn, lattice O, and H atoms, respectively. (c, d) In
situ STM images of hydride species on ZnO(101̅0) in 0.4 mbar of H2 at 300 K. Red and white rectangles mark the formation and disappearance of
surface hydride species via the dissociative adsorption and recombinative desorption of H2, respectively. Yellow arrows indicate the diffusion of surface
hydride species. (e−g) STM images of hydride species on ZnO(101̅0) in 2mbar H2/CO (3:1) mixture gas at 300 K. Scanning parameters: (a) Vs = 2.4
V, It = 130 pA, (c) Vs = 2.4 V, It = 160 pA, (d) Vs = 2.4 V, It = 130 pA, and (e−g) Vs = 2.4 V, It = 110 pA.
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species separately. Our results showed that although hydride and
hydroxyl species are formed together during the dissociative
adsorption of H2, they have opposite effects on the subsequent
reaction with CO/CO2. This allowed us to identify the catalytic
roles of these surface species and to understand the mechanisms
of CO and CO2 hydrogenation on ZnO.

2. EXPERIMENTAL SECTION
AP-STM studies were performed in a customized STM system, which
contains an AP-STM (SPECS, base pressure <3 × 10−10 mbar) with a
near-ambient pressure (NAP) cell,34 which enables the sample to be
heated up to 500 K under AP conditions. AP-XPS studies were
performed in a customized lab-based AP-XPS instrument (SPECS, base
pressure <8 × 10−10 mbar),35 which contains a NAP hemispherical
electron energy analyzer (PHOIBOS) and a microfocus monochrom-
atized Al Kα X-ray source.
ZnO(101̅0) (MatecK) was treated by two to three cycles of Ar+

sputtering (1 keV, 10 μA) and annealing (1100 K) for impurity
removement. The final annealing step should be operated at 900 K with
subsequent annealing at 650 K in the presence of 3 × 10−8 mbar of H2
for avoiding surface defects and maintaining the conductivity of
ZnO(101̅0). The H2/CO and H2/CO2 mixtures were obtained by
mixing pure H2, CO, and CO2 (Arkonic) in a gas mixing chamber and
then were introduced to the NAP cell. For in situ AP-STM experiments
at elevated temperatures, high-resolution STM images were typically
acquired during cooling to near 300 K to avoid severe drifts. STM
images were obtained by using Pt/Ir tips and processed with SPIP
(Image Metrology).
Fourier-transformed infrared spectroscopy (FTIR) measurements

were performed in a homemade ultrahigh vacuum (UHV) in situ IR
cell, and its details have been mentioned in a previous study.36 ZnO
rods used in FTIR measurements were prepared by the method
described in a previous study.5 IR spectra were recorded with 128 scans
at a 4 cm−1 resolution.
Density functional theory (DFT) calculations were performed by the

Vienna ab initio simulation package (VASP) using PAW potential,37−39

the exchange−correlation interaction was described via the optB86b-
vdW functional,40 and the electronic analysis was calculated by the
Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional.41

As shown previously,42,43 the method used (DFT, DFT + U) has little
influence on the description of binding energy and reaction barriers.
The plane wave basis set with a kinetic energy cutoff of 400 eV was used
to solve the Kohn−Sham equations. The optimized lattice constants of
bulk wurtzite ZnO are a = b = 3.29 Å with c = 5.30 Å, which are
consistent with the experimental results (a = b = 3.25 Å with c = 5.21
Å).44,45 ZnO(101̅0) surfaces were modeled by a three double-layer slab
model separated by 12 Å vacuum along the Z direction. The (2× 2× 1)
and (3 × 2 × 1) k-point meshes were used to sample the Brillouin zone
for (3 × 2) and (2 × 2) periodicity slab models. The bottom-one layer
of the slab was fixed, and the remaining atoms were relaxed until the
residual forces were less than 0.02 eV/Å. The climbing image nudged
elastic band (CI-NEB) method46,47 was carried out to identify the
transition states and then verified to possess only one vibrational mode
with a negative curvature in the direction of bond breaking or forming
process. The STM images were simulated on the basis of Tersoff and
Hamann’s formula48−50 using the bSKAN code.51−53

3. RESULTS AND DISCUSSION
3.1. H2 Dissociation and Hydride Formation on

ZnO(101̅0). The formation of hydride species on ZnO requires
the exposure of the material to ambient pressure H2. In UHV,
the interaction between H2 and ZnO is weak, and no adsorption
or reaction of H2 was observed on ZnO at above 80 K. However,
when ZnO was exposed to 13 mbar H2 at 154 K, our FTIR
measurements (Figure S1) show the emergence of two peaks at
3495 and 1707 cm−1, corresponding to the stretch vibration
peaks of O−H and Zn−H,26 respectively. We thus used AP-

STM to study the formation of hydride species on ZnO(101̅0)
(Figure S2) at the atomic level. When ZnO(101̅0) was exposed
to 0.4 mbar of H2 at 300 K, Figure 1a shows the formation of
hydrogen chains along the [0001] direction of the surface. These
chains consist of bright dots located on the Zn sites (Figure S3a).
STM simulations (Figure 1b) suggest that these dots correspond
to the hydride species formed from the heterolytic dissociation
of H2 as both the projected density of states (PDOS) and the
geometric locations of H atoms on Zn sites are higher than those
of H atoms on the O sites (Figure S4). The neighboring O−H
species appear as depressions in the STM simulation and are not
visible in STM images. Similar features could be observed on
ZnO(101̅0) when the surface is exposed to H2 at 20 K.

54 Thus,
H2 dissociation on ZnO(101̅0) is likely a barrierless process and
prefers to occur on the planar terrace of ZnO, without the
assistance of surface defects. The formation of hydride chains
also suggests that heterolytically dissociated hydrogen pairs tend
to undergo dissociative adsorption at neighboring sites, similar
to the dissociative adsorption of O2 on Pt at cryogenic
temperatures.55

During the gradual increase in H2 pressure to 0.4 mbar on
ZnO(101̅0), the surface coverage of hydride chains gradually
reached ∼0.01 ML (Figure S3a). However, when the H2
pressure was further raised to 1 bar, the increase in surface
hydride chains was less noticeable (Figure S3b). This suggests
that surface hydride species on ZnO(101̅0) is in dynamic
equilibrium with gas-phase H2 at 300 K, and surface Zn sites are
far from being saturated. In situ STM measurements (Figure
1c,d) also observed the fluctuation and diffusion of hydride
chains, which indicates the recombinative desorption and
dissociative adsorption of H2 on ZnO(101̅0). When surface
hydrides desorbed, no defects were observed on the surface,
suggesting that surface hydrides prefer to recombine with
neighboring hydrogen on lattice oxygen to form H2, which then
leaves the surface. These observations are consistent with DFT
calculation results56 and the temperature-programmed desorp-
tion study.57 In dynamic equilibrium, the diffusion of surface
hydrides on ZnO(101̅0) preferentially occurred along the
[12̅10] direction of the Zn row, as indicated in Figure 1c. The
coadsorption of CO has an effect in enhancing the atomic
resolution of AP-STM, where hydride atoms turned into bright
balls (Figure 1e−g). The enhanced image contrast induced by
CO adsorption at the tip apex has been recognized and practiced
in low-temperature STM and qplus AFM studies, and in our
case, we found that such a principle is also applicable to AP-STM
studies.
DFT calculations show that the dissociative adsorption

energy of the first H2 molecule on ZnO(101̅0) is −0.48 eV
(Figure S5a). The second H2 molecule has an adsorption energy
of −0.76 eV when adsorbed in the [0001] direction (Figure
S5b) but −0.26 eV when adsorbed in the [12̅10] direction
(Figure S5c). The differences in adsorption energies indicate
that there is an attractive interaction between neighboring H
atoms along the [0001] direction and a repulsion between
neighboring H atoms along the [12̅10] direction. Bader charge
analysis also shows that the hydride species on Zn sites have a
negative Bader charge of −0.40 |e|, while H atoms bonded to O
sites have a positive Bader charge of +0.27 |e|. In the H chain, H+

and H− are alternating along the [0001] direction, leading to an
electrostatic attractive interaction that stabilizes the H chain
structure, but the opposite is found along the [12̅10] direction.
Therefore, H chains are formed along the [0001] direction. We
also calculated the adsorption coverage of hydrogen in 1 mbar of
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H2 at varying temperatures (Figure S6), which showed that
hydrogen cannot saturate the ZnO surface due to the repulsion
between neighboring H atoms along the [12̅10] direction. A
trend of diminishing hydrogen surface coverage is observed with
escalating temperatures. The differential charge density map
(Figure S5d) shows that the electron density accumulates in the
vicinity of H for the Zn−Hbond, indicating the characteristics of
an ionic bond, while the electron concentration between H and
O suggests the covalent nature of the O−H bond. The distinct
charge state and bond nature suggest that their reactivity could
be drastically different for hydrogenation reactions.
3.2. Reaction between CO2 and H2 on ZnO(101 ̅0).

Exposure of ZnO(101̅0) to CO2 leads to the formation of
surface carbonate species, which has been confirmed by near-
edge X-ray absorption fine structure (NEXAFS)58 and high-
resolution electron energy loss spectroscopy (HREELS)59

studies. DFT calculations59 suggested that the optimal adsorbate
structure for CO2 manifests as a tridentate configuration, where
the carbon atom forms a bond with a surface threefold

coordinated O (O3c) site, and both oxygen atoms in CO2
interact with adjacent threefold coordinated Zn (Zn3c) sites
along the [0001] direction. Under UHV, CO2 exposure on ZnO
led to the formation of a densely packed (1 × 1) phase at below
90 K.59 This structure undergoes a phase transformation to a (2
× 1) configuration at escalated temperatures, a process driven by
the repulsive forces between carbonate species.59We have found
the adsorbate structures of CO2 would further transform to a
uniform (3 × 1) configuration from UHV to ambient
pressures.60 We then studied CO2 hydrogenation on
ZnO(101̅0) in a 1 mbar mixture gas of H2 and CO2 (3:1)
(Figure 2). At 300 K, exposure to this mixture resulted in the
formation of adsorbate domains on the ZnO surface with (2 ×
1) or (3 × 1) periodicity (Figure 2a). The structure of (3 × 1)
domains (Figure 2b) is identical to the CO2 adsorbate structure
under pure CO2 of ambient pressure, which has been
determined to be a combination of 1/3 ML physisorbed CO2
and 2/3 ML chemisorbed CO2 in our study.

60 The adsorbate
structure in the presence of H2/CO2 being different from the

Figure 2. (a) STM image of ZnO(101̅0) during the exposure to a 1 mbar H2/CO2 (3:1) mixture gas at 300 K. The structure of the (3 × 1) domains is
displayed in panel (b). (c) Large-scale STM image of surface adsorbates on ZnO(101̅0) after being annealed in 1 mbar H2/CO2 (3:1) mixture gas at
400 K. The formate species and adsorbed CO2 are indicated by white and black arrows, respectively. (d) AP-XPS C 1s and O 1s of ZnO(101̅0) in 0.6
mbar H2/CO2 (3:1) mixture gas at different temperatures. Surface adsorbates on ZnO(101̅0) in panel (c) are resolved in panel (e). Upon evacuation
to UHV, the formate species could be resolved more clearly in panel (f), along with the corresponding (g) simulated STM image and (h) structural
model. Gray, red, green, brown, and white spheres represent Zn, lattice O, O in adsorbates, C atoms, and H atoms, respectively. Scanning parameters:
(a) Vs = 2.5 V, It = 120 pA, (b) Vs = 2.7 V, It = 140 pA, (c) Vs = 2.5 V, It = 130 pA, (e) Vs = 2.1 V, It = 210 pA, and (f) Vs = 2.0 V, It = 190 pA.
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uniform (3× 1)-CO2 structure in ambient CO2 suggests that the
structural changes in the CO2 domains are due to the adsorption
of hydride species, leading to the rearrangement of the CO2
adsorbates and causing missing rows of CO2. The adsorption
energy of physisorbed CO2 on ZnO(101̅0) is −0.53 eV,60

similar to the dissociative adsorption energy of H2 of −0.48 eV.
This means that physisorbed CO2 cannot block surface sites for
H2 dissociation on ZnO, which also confirms that the
dissociated hydrogen was able to coexist with CO2 adsorbates
on ZnO.
At elevated temperatures, AP-STM measurements showed

the formation of new species, represented by dark spots on
ZnO(101̅0) in large-scale images (Figure 2c and Figure S7). The
surface coverages of dark spots were 0.013, 0.035, and 0.070 ML
when exposed to 1 mbar H2/CO2 (3:1) mixture gas at 400, 450,
and 500 K, respectively (Figure S8a−c). Accordingly, AP-XPS
measurements of CO2 hydrogenation were carried out under 0.6
mbar of a H2/CO2 (3:1) mixture gas at elevated temperatures
(Figure 2d). The emergence of the C 1s peak at 290.4 eV
suggested the formation of carbonate species,61,62 which would
desorb completely from ZnO(101̅0) at 500 K even in CO2
(Figure S9). Figure 2d also shows a C 1s peak at 289.9 eV, which
was stable at 500 K in H2/CO2 mixture gas and could be
assigned as formate species.61,63 Consistent with the increase in
formate peak intensity in Figure 2d, STM results (Figure S8)
also showed that the surface coverage of formate species
increased from 300 to 500 K. Thus, the dark spots can be
identified as formate species formed through the hydrogenation
of CO2 on ZnO.
During the exposure to the H2/CO2 mixture gas, adsorbate

chains were adsorbed along the [0001] direction (Figure 2c,e
and Figure S7). The dark linear adsorbates could be assigned as
CO2, which adsorbs more strongly than H2 on ZnO. A similar
chain structure has been observed for CO2 adsorption on
ZnO(101̅0) under cryogenic conditions64 or in the presence of
CO2 gas, although CO2 chains are not stable in UHV (Figure
S8). Note that CO2 hydrogenation at elevated temperatures also
led to the formation of water, which adsorbs strongly on
ZnO(101̅0) and forms a (2 × 1) adsorbate structure stable in
UHV, which facilitated the desorption of CO2 in the meantime
(Figure 2f). The high-resolution STM image of formate species
on the ZnO(101̅0) surface in UHV (Figure 2f) shows the
feature of bright dots with dark halos, similar to a previous UHV
study of formic acid adsorption.65 These formate species were
located at the bridge site between neighboring Zn atoms, as
corroborated from the DFT-simulated STM image and
structural model (Figure 2g−h) of formate on ZnO(101̅0)
covered by water. The formation of water could be attributed to
the reduction of ZnO steps by H2, which could be evidenced by
the curvy steps after the H2 reaction (Figure S10). DFT
calculations (Figure S11) confirmed the reduction of ZnO in 1×
10−3 bar H2 and showed that the step edges of ZnO(101̅0) are
easier to reduce than the terrace. However, the reduction
reaction could stop in the presence of 10−10 bar H2O. Although
the etching of ZnO by H2 is kinetically slow, it is sufficient to
allow for surface hydroxylation. Figure 2h shows that H2O
adsorbates form a (2× 1) structure on ZnO(101̅0) at below 350
K, consistent with a previous study.66 Note that the structural
model of the (2 × 1) adsorbates that consists of alternative
adsorption of hydroxyl and water (Figure 2h) was constructed
based on a previous study.66 Meanwhile, these HCOO− species
formed via CO2 hydrogenation exhibited room-temperature

mobility, hopping randomly from one bridge site to another
(Figure S12 and Movie S1).
DFT calculations indicate that formate species can easily be

formed through the reaction of CO2 with a hydride bonded to
the surface Zn3c site. Figure 3 shows that the energy barrier for

binding CO2 to the hydride species is as low as 0.30 eV, with a
reaction energy of 0.09 eV. The formed formate species binds to
the Zn3c site in a monodendate configuration (HCOOm*) via a
Zn−O bond. It then undergoes structural relaxation by flipping
over to form a bidentate coordination with two Zn3c sites via two
Zn−O bonds (HCOOb*), which is exothermic by −1.35 eV
with a low barrier of 0.21 eV. These calculations demonstrate
that the formation of formate species is both thermodynamically
and kinetically favorable from CO2 and H2, and the active sites
for hydrogenation reactions are indeed surface Zn3c sites bonded
with hydride species. Combining AP-STM, AP-XPS, and DFT
calculations, we confirmed formate species as key intermediates
for CO2 hydrogenation over ZnO and further hydrogenation of
formate species as a rate-limiting step, as proposed from
theoretical studies.6,67

3.3. Reaction between CO and H2 on ZnO(101̅0).When
the mixture gas of H2 and CO (3:1) was introduced to
ZnO(101̅0) at 300 K under ambient pressure, a coadsorption
process was observed by AP-STM (Figure 4) since the
adsorption energy of CO on ZnO(101̅0) is only −0.58 eV,60
similar to the dissociative adsorption energy of H2 at −0.48 eV.
In the presence of CO, the dissociative adsorption of H2 was not
inhibited, but the hydride chain growth turned more drastic and
denser (Figures 1e and 4a). Instead of competitive adsorption,
the surface coverage of hydride chains was found to increase to
∼0.06 ML, accompanying their increased diffusivity. Upon
exposure, the hydride chain was first observed in STM (Figure
4a), while the appearance of the (2 × 1)-CO domain, same as
the structure in pure CO,60 became prominent with increasing

Figure 3. (a) Potential energy surface and (b−f) intermediate
configurations and transition state configurations of CO2 hydro-
genation to HCOO* on the stoichiometric ZnO(101̅0) surface. Gray,
red, green, brown, and white spheres represent Zn, lattice O, O in
adsorbates, C atoms, and H atoms, respectively.
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CO pressure (Figure 4b,c). The dynamic adsorption process
could be better viewed by in situ STM measurements (Figure
4d−f), where surface hydride chains were in dynamic
equilibrium with the mixture gas phase (Figure 4g−i), similar
to the pure H2 environment. As the CO pressure increases
(Figure 4f), the (2× 1)-CO domains covered the entire exposed
surface of ZnO(101̅0), where surface hydride chains became
difficult to detect by STM.
According to the DFT calculations, in a (2 × 1) supercell, the

adsorption energy of CO on a clean ZnO(101̅0) surface is−0.58
eV, which changes to be −0.63 eV when it coadsorbs with a
hydride−proton pair after H2 dissociation. These results suggest
a minor van der Waals attractive interaction between CO and its
neighboring hydride species. In turn, CO also contributed to the
enhanced stability of dissociated hydrogen molecules adsorbed
on ZnO(101̅0), as evidenced by the notable rise in surface
hydride coverage from ∼0.01 ML in pure hydrogen to ∼0.06
ML in the H2/CO (3:1) gas mixture (Figures 1e and 4a). The

DFT-based STM simulation shows almost no difference in
simulated images between the (2 × 1)-CO structure on a clean
surface (Figure 4j) and with coadsorbed H atoms from the
heterolytic H2 dissociation (Figure 4k). This implies that the
surface hydride species can be stabilized in the CO environment
but cannot be detected by STM (Figure 4c). The bright spots in
the STM image are the 2π* antibonding states of COmolecules.
The interaction between CO and the dissociated H2 can be
illustrated more specifically by vibration analysis. Theoretical
calculation results indicate that the vibrational frequency of Zn−
H bond stretching red-shifts from 1779 cm−1 without CO
coadsorption to 1718 cm−1 coadsorbed with CO, while the
frequency of H−O stretching blue-shifts from 3542 to 3578
cm−1 after CO coadsorption. These results are consistent with
FTIR studies,68 which also provide evidence that hydride can
exist on the ZnO(101̅0) surface as a coadsorbed species at
higher CO coverage.

Figure 4. (a−c) STM images of ZnO(101̅0) during the exposure toH2/COmixture gas. (d−f) In situ STM images of ZnO(101̅0) during the exposure
of 0.6 mbar H2 + (d) 0.2 mbar CO, (e) 0.4 mbar CO, and (f) 0.6 mbar CO. The formation of hydride species is indicated by white arrows. (g−i) In situ
STM images of hydride species on ZnO(101̅0) in 2 mbar H2/CO (3:1) mixture gas at 300 K. White rectangles mark the disappearance of surface
hydride species via the recombinative desorption of H2. Yellow arrows indicate the diffusion of surface hydride species. (j, k) DFT-simulated STM
images and corresponding structural models of (j) (2× 1)-CO on ZnO(101̅0) and (k) coadsorption of CO andH2. Gray, red, green, brown, and white
spheres represent Zn, lattice O, O in adsorbates, C atoms, and H atoms, respectively. Scanning parameters: (a)Vs = 2.6 V, It = 100 pA, (b) Vs = 2.5 V, It
= 140 pA, (c) Vs = 3.4 V, It = 140 pA, (d−f) Vs = 2.5 V, It = 140 pA, and (g−i) Vs = 2.4 V, It = 110 pA.
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We then studied the CO hydrogenation reaction on
ZnO(101̅0) by exposing the surface to the H2/CO mixture
gas at elevated temperatures (Figure 5). Similar to CO2
hydrogenation, the reaction resulted in the formation of formate
species (Figure 5a and Figure S13), which were observed as dark
spots and mobile on the surface at even room temperature
(Figure S14). The surface coverage of dark spots increased from
0.019 to 0.026 ML when the reaction temperature was raised
from 400 to 450 K (Figure S13a,b) but decreased to 0.012 ML
when the reaction was carried out at 500 K (Figure S13c). The
surface coverage of formate species is much lower than that
formed during CO2 hydrogenation above 450 K. Formate
species in the high-resolution STM image (Figure 5b) appeared
as bright spots with dark halos, which further corroborated the
above observation and assignment. The formation of HCOO−

was also confirmed in AP-XPS by the appearance of a C 1s peak
at 289.9 eV at 400 K (Figure 5c). Consistent with AP-STM
results, the AP-XPS study also showed that formate species were
almost undetectable during CO hydrogenation when the
temperature was increased to 500 K (Figure 5c), compared to
the significant formate peak observed during CO2 hydro-
genation at 500 K on ZnO(101̅0) (Figure 2d). In addition to
formate species, a (2 × 1) adsorbate structure could also be
observed after CO hydrogenation (Figure 5b), similar to the
case of CO2 hydrogenation, and was assigned to dissociated
water species. Since hydroxyl groups were commonly observed
surface adsorbates during hydrogenation reactions, their effect
on hydrogenation, acting as an additional hydrogen species,
warrants further scrutiny. A comprehensive study regarding this
aspect is presented in the following section.
The formation of the HCOO− species involves both the

oxidation of CO and the hydrogenation process, and it was
believed that the lattice oxygen of ZnO would participate in the
formation of HCOO−. Interestingly, when the ZnO surface was
annealed to 600 K to desorb all surface adsorbates, leaving only
immobile defects on the surface (Figure S15), the surface
coverage of these defects on the ZnO(101̅0) terrace is always
less than 0.01 ML before and after CO hydrogenation at
elevated temperatures, despite the formation of high-coverage
formate species. This indicates that the additional oxygen in the

HCOO− species formed through CO hydrogenation does not
come from the terrace of ZnO(101̅0). Indeed, our study found
that CO can easily react with O atoms at the ⟨0001⟩ step to form
CO2, which diffuses facilely to the ZnO(101̅0) terrace.

60

DFT calculations were employed to identify the formation of
formate species from CO and H2. As shown in Figure 6, CO first
binds with the hydride species to form HCO*, endothermic by
0.06 eV with an energy barrier of 0.61 eV. Afterward, the formed
HCO* further reacts with the surface lattice O to form the
formate of tridentate configuration (HCOOL*), with an energy
barrier of 1.06 eV and a reaction energy of −0.39 eV. In
accordance with STM observation, the relatively high energy

Figure 5. (a) STM image of surface adsorbates on ZnO(101̅0) after being annealed in a 1 mbar H2/CO (3:1) mixture gas at 450 K. The formate
species is indicated by white arrows and magnified in panel (b). (c) AP-XPS C 1s and O 1s of ZnO(101̅0) in the 0.6 mbar H2/CO (3:1) mixture gas at
different temperatures. Scanning parameters: (a) Vs = 4.0 V, It = 150 pA and (b) Vs = 2.8 V, It = 150 pA.

Figure 6. (a) Potential energy surface and (b−f) intermediate
configurations and transition state configurations of CO hydrogenation
to HCOO* on the stoichiometric ZnO(101̅0) surface. Gray, red, green,
brown, and white spheres represent Zn, lattice O, O in adsorbates, C
atoms, and H atoms, respectively.
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barrier of the formation of formate also suggests that the
coupling reaction of the lattice O on terrace sites and the HCO*
species is difficult to occur. In contrast, the HCO* species is
favored to reversely dissociate into CO and hydride species due
to its lower barrier (0.55 eV) than that of formate formation.
Thus, CO can hardly be hydrogenated directly to form formate
species. However, our study showed that CO oxidation at the
⟨0001⟩ step to form CO2 is facile

60 and only needs to overcome
a barrier of 0.46 eV (Figure S16). From the above section, the
energy barriers for the hydrogenation of CO2 by hydride species
(0.30 eV) and the formation of bidentate HCOOb* (0.21 eV)
are both much lower than those for the transformation of HCO*
to HCOOL* (1.06 eV), as depicted in Figure 6. In this case, the
mechanism of CO hydrogenation on ZnO(101̅0) is proposed as
the following two-step mechanism: CO is first oxidized to CO2
at the ⟨0001⟩ step of ZnO(101̅0). Then, the generated CO2 will
diffuse on the ZnO(101̅0) terrace and react with hydride species
to form formate species.
3.4. Reaction of CO or CO2 with Hydroxyl Groups on

ZnO(101̅0). The heterolytic dissociation of H2 on ZnO
produced simultaneously hydroxyl and hydride species. To
examine the effect of hydroxyl groups and rule out their role in
the above hydrogenation experiments, we have prepared ZnO
surfaces covered by hydroxyl groups exclusively and monitored
their reactions with CO and CO2 on ZnO(101̅0). The
hydroxylated surface was prepared by annealing ZnO(101̅0)
in 1 mbar of H2 at 400 K, as monitored by AP-STM. The
hydroxyls formed a (2 × 1) superstructure (Figure 7a) on
ZnO(101̅0), which was also observed when water was directly
introduced to the surface.66 Upon surface hydroxylation, the
hydroxyl groups displayed an apparent height of ∼0.2 Å (Figure
7a,b) and remained stable even after H2 evacuation, which could
be used to differentiate the (2 × 1) structure of hydroxyls from
those of CO or CO2 on ZnO (Figure S17). AP-XPS
measurements (Figure 7c) also confirmed the formation of
hydroxyl groups in H2 and their thermal stability in UHV with
the O 1s peak at 532.5 eV. On hydroxylated ZnO surfaces, the
formation of hydride chains in H2 was not observed (Figure
S10) due to the occupation of surface Zn sites by hydroxyl

groups or water, preventing the dissociative adsorption of H2 on
the hydroxyl-covered surface.
When the hydroxylated ZnO(101̅0) surface was exposed to

2.1 mbar of CO at 300 K, there was no change in the (2 × 1)
structure of the hydroxylated ZnO surface, as observed by AP-
STM (Figure 7d and Figure S18a). CO adsorption on the
hydroxylated ZnO(101̅0) surface is inhibited by the presence of
hydroxyl groups. When the hydroxylated ZnO(101̅0) surface
was heated to 450 K in the presence of CO, no formate species
but adsorbate chains were observed along the [0001] direction
on the surface (Figure 7e and Figure S18b). These adsorbate
chains are assigned to CO2 since the same linear structure and
thermal stability were observed in CO2 exposure on
hydroxylated ZnO(101̅0) (Figure 2c and Figures S6 and S19).
From AP-XPS, carbonate species formed on hydroxylated
ZnO(101̅0) during the annealing in CO was not obvious from
the O 1s spectra since the peak overlaps with the hydroxyl peak
(Figure S20). Meanwhile, a trace amount of carbonate species
was not sensitive for C 1s spectra from lab-based AP-XPS, which
detected mainly the gas-phase CO peak at 291.8 eV (Figure
S20). Note that carbonate species are less stable on hydroxylated
ZnO(101̅0) and would decompose and desorb below 450 K.69

These results suggest that hydroxyl groups on the surface do not
facilitate the hydrogenation of CO but rather promote the
oxidation of CO to CO2 through the oxidation at step sites.

4. CONCLUSIONS
In summary, we have used AP-STM to directly visualize the
heterolytic dissociation of H2 on the ZnO(101̅0) surface and
provided direct evidence that the formation of hydride species
occurs on the surface terrace of ZnO and hydride is the active
species for COx hydrogenation on ZnO. Combining AP-STM,
AP-XPS, and DFT calculations, we show that H2 dissociation
does not need the assistance of surface defects on ZnO and
hydrides are highly effective at hydrogenating CO or CO2, while
hydroxyl groups are not. The presence of CO or CO2 did not
block surface sites for the dissociation of H2 on ZnO at 300 K.
CO could even increase the stability of coadsorbed hydride
species, facilitating their dissociative adsorption. Meanwhile, the
transformation from hydrides to hydroxyls is facile on ZnO at

Figure 7. (a) STM image of the (2× 1)-hydroxyl superstructure on ZnO(101̅0) after being annealed in 1 mbar of H2 at 400 K. (b) Corresponding line
profile of the solid line in panel (a). (c) AP-XPS O 1s spectra of ZnO(101̅0) in 1 mbar H2 at different temperatures. STM images of the hydroxylated
ZnO(101̅0) surface during the exposure to (d) 2.1 mbar CO at 300 K and (e) 1.1 mbar CO at 450 K. The black arrows indicate linear adsorbed CO2.
Scanning parameters: (a) Vs = 2.5 V, It = 100 pA, (d) Vs = 1.3 V, It = 200 pA, and (e) Vs = 2.4 V, It = 170 pA.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c08085
J. Am. Chem. Soc. 2023, 145, 22697−22707

22704

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08085/suppl_file/ja3c08085_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08085/suppl_file/ja3c08085_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08085/suppl_file/ja3c08085_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08085/suppl_file/ja3c08085_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08085/suppl_file/ja3c08085_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08085/suppl_file/ja3c08085_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08085/suppl_file/ja3c08085_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08085/suppl_file/ja3c08085_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08085/suppl_file/ja3c08085_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08085/suppl_file/ja3c08085_si_002.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08085?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08085?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08085?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08085?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c08085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


elevated temperatures, leading to a dominance of hydroxyl
groups on the surface of ZnO. This in turn led to weakened
adsorption of CO and CO2 and hindered H2 adsorption. As a
result, hydrogenation of COx is unlikely to occur on a fully
hydroxylated ZnO surface and must be carried out at above 450
K to facilitate the desorption of hydroxyls and enable
hydrogenation to take place. Furthermore, CO2 hydrogenation
was found to be more favorable than CO hydrogenation on
ZnO.We propose a two-stepmechanism for CO hydrogenation,
which involves the initial oxidation of CO to CO2 at step sites on
ZnO followed by a reaction with hydride to form formate. This
proposition is supported by the substantial energy barriers for
binding of COwith hydride and the absence of oxygen vacancies
detected on the ZnO terrace following hydrogenation reaction.
By shedding light on the COx hydrogenation reaction on ZnO,
our study offers valuable molecular insights that deepen our
understanding of syngas conversion and oxide catalysis in a
broader context.
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