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The catalytic properties of non-reducible metal oxides have intrigued continuous interest in the past dec-
ades. Often time, catalytic studies of bulk non-reducible oxides focused on their high-temperature appli-
cations owing to their weak interaction with small molecules. Hereby, combining ambient-pressure
scanning tunneling microscopy (AP-STM), AP X-ray photoelectron spectroscopy (AP-XPS) and density
functional theory (DFT) calculations, we studied the activation of CO and CO2 on ZnO, a typical non-
reducible oxide and major catalytic material in the conversion of C1 molecules. By visualizing the chem-
ical processes on ZnO surfaces at the atomic scale under AP conditions, we showed that new adsorbate
structures induced by the enhanced physisorption and the concerted interaction of physisorbed mole-
cules could facilitate the activation of CO and CO2 on ZnO. The reactivity of ZnO towards CO could be
observed under AP conditions, where an ordered (2 � 1)–CO structure was observed on ZnOð1010Þ.
Meanwhile, chemisorption of CO2 on ZnOð1010Þ under AP conditions was also enhanced by physisorbed
CO2, which minimizes the repulsion between surface dipoles and causes a (3 � 1)–CO2 structure. Our
study has brought molecular insight into the fundamental chemistry and catalytic properties of ZnO sur-
faces under realistic reaction conditions.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1 Introduction

The adsorption and reaction of molecules over oxide surfaces
are essential for understanding the functions of metal oxides,
which are of center interest to many areas of chemistry, physics,
materials science and geology [1]. As the surface chemistry of
reducible oxides is often attributed to the presence of oxygen
defects [2,3], the origin of catalytic properties of non-reducible oxi-
des has remained to be explored despite their wide applications in
catalysis [4,5]. To understand their surface chemistry, fundamental
studies have been dedicated to the adsorption of small molecules
on non-reducible oxide surfaces [6], which were mostly performed
in ultrahigh vacuum (UHV) at cryogenic temperatures owing to
their weak interaction with small molecules.
In the past decades, the development of ambient-pressure (AP)
surface science techniques has demonstrated on metal surfaces [7–
12], that rich dynamic processes could be observed under AP con-
ditions that do not occur in UHV, but are responsible for the cat-
alytic properties of metal catalysts. Much less attention has been
devoted to the atomic-scale adsorption and reaction processes on
oxide surfaces under realistic reaction conditions, which in part
could be attributed to the experimental difficulties of AP character-
ization on oxide surfaces with atomic resolution [13]. For instance,
AP scanning tunneling microscopy (AP-STM) studies on bulk oxide
surfaces have been challenging because of the difficulties to main-
tain a stable tunneling junction [14] on semiconductors in a reac-
tive environment. Here, by improving the stability of AP-STM, we
can now visualize the atomic-scale dynamics of oxide surfaces in
response to ambient reactant gases. We show that the surfaces of
non-reducible oxides could exhibit reactivity at even low temper-
atures [15]. In contrast to the chemisorption-induced processes on
metals, the collective interaction of physisorbed molecules was
reserved.
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found to enhance their activity and result in dynamic chemical
processes on non-reducible oxide surfaces.

ZnO is one of the most used oxide materials for energy conver-
sion and environmental remediation [16]. In catalysis, ZnO-based
catalysts are key to methanol synthesis [17], syngas conversion
[18], steam reforming [19] and water–gas shift reaction [20],
which are major processes of the methanol economy and hydrogen
economy. Extensive efforts have been dedicated to studying the
surface structure [21,22] and surface chemistry [23–28] of ZnO.
However, as a non-reducible oxide, the ZnO surface exhibited little
reactivity in UHV due to its weak interaction with small molecules.
So far, there has been a lack of atomic-scale studies to understand
molecular activation processes on ZnO under realistic ambient
conditions.

Hereby, we combined AP-STM, AP X-ray photoelectron spec-
troscopy (AP-XPS) and density functional theory (DFT) calculations
to study the adsorption and activation of CO and CO2 on
ZnOð1010Þ, which is the most stable surface of ZnO [29]. While
CO does not adsorb on ZnOð1010Þ in UHV at 300 K, we found that
physisorption of CO on ZnOð1010Þ under AP conditions could cause
the reaction between CO and lattice oxygen of ZnO to form CO2.
The collective interaction of weakly adsorbed molecules also mod-
ulates strong chemisorption and resulted in a new adsorbate struc-
ture of CO2 on ZnO. By visualizing the dynamic chemical processes
of CO and CO2 on ZnOð1010Þ, our study has brought molecular
insight for fundamental C1 chemistry over ZnO surfaces.
2 Experimental

2.1 Model catalyst preparation and characterization

A customized STM systemwas employed which contains a sam-
ple preparation chamber and a NAP-STM (SPECS, base
pressure < 3 � 10-10 mbar) with a near-ambient pressure (NAP) cell
[30]. AP-XPS studies were performed using a customized AP-XPS
systems (SPECS, base pressure < 8 � 10-10 mbar), equipped with
a monochromic Al Ka X-ray source and a hemispherical energy
analyzer (PHOIBOS) [31]. ZnOð1010Þ (purchased from MatecK)
were treated by 2–3 cycles of Ar+ sputtering (1 keV 10 lA) and sub-
sequent annealing at � 1100 K to remove possible impurities. For
the final annealing step, the annealing temperature was reduced
to � 900 K to obtain a defect-free surface. CO gas was purified in
liquid N2 cold trap for over half an hour and then introduced to
the NAP cell. For experiments at elevated temperatures, STM scan-
ning was performed during the cooling of ZnOð1010Þ to near room
temperature. STM images were obtained using Pt/Ir tips and pro-
cessed with SPIP (Image Metrology, Denmark).
2.2 Computational methods

Density functional theory (DFT) calculations were performed by
Vienna ab initio simulation package (VASP) using PAW potential
[32–34], and the exchange–correlation interaction was described
via the optB86b-vdW functional [35], the electronic analysis was
calculated by Perdew–Burke–Ernzerhof (PBE) exchange–correla-
tion functional [36]. As shown previously [37,38], 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) [39,40].
ZnOð1010Þ surfaces were modeled by a three double layer slab
model separated by 12 Å vacuum along Z-direction. The
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(2 � 2 � 1) and (3 � 2 � 1) k-point mesh 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 <0001> step was simulated by the ZnOð134
�
0Þ sur-

face which was modeled by a three layer slab model separated by
12 Å vacuum along Z-direction. The (2 � 2 � 1) k-point mesh was
used to sample the Brillouin zone for (1 � 2) periodicity slab
model. The climbing-image nudged elastic band (CI-NEB) method
[41,42] was carried out to identify the transition states, and then
verified to possess only one vibrational mode with a negative cur-
vature in the direction of bond breaking or forming process. The
STM images were simulated on the basis of Tersoff and Hamann’s
formula [43–45] using the bSKAN code [46–48].
3 Results and discussion

3.1 Structure of the ZnOð1010Þ surface

The pristine surface of ZnOð1010Þ was prepared by the proce-
dure described in Experimental section and exhibits flat terraces
with straight step edges running along the [0001] and [1210]
directions (Fig. 1a). Unlike the surfaces of reducible transition
metal oxides, point defects were scarce on ZnOð1010Þ with surface
concentration < 1%. From STM, the bright rows on the surface ter-
race of ZnOð1010Þ run along the [1210] direction were attributed
as Zn rows [21]. Atomically resolved STM image (Fig. 1b) shows
that the ZnOð1010Þ surface exhibits a rectangular unit cell, with
cell lengths of 3.26 Å along the [1210] direction and 5.29 Å along
the [0001] direction, respectively. The simulated STM image based
on the DFT-optimized ZnOð1010Þ showed further that the topmost
Zn atoms along the ½1210� direction were resolved as bright spots,
whereas neighboring O atoms were resolved as depressions
(Fig. 1c). From the projected density of states (PDOS, Fig. S1), both
O and Zn exhibit empty states in the conduction band near the
Fermi level. But, the unoccupied PDOS of Zn is considerably higher
than that of O, resulting in the bright contrast of Zn atoms in the
STM image.

3.2 CO adsorption and reaction on ZnOð1010Þ

Although CO would desorb from the ZnO surface at 300 K in
UHV, physisorption of CO on ZnOð1010Þ under ambient conditions
was found to form a well-ordered two-dimensional adsorbate
phase across the surface terrace. Fig. 2(a) shows that, when 1 mbar
CO was introduced at 300 K, a well-ordered (2 � 1) adsorbate
phase could be observed on ZnOð1010Þ and covered fully the sur-
face terrace. The adsorption geometry of CO has been studied pre-
viously at cryogenic temperatures in UHV [29,49,50], which
suggested that CO binds to the surface Zn2+ site and is orientated
at 30 degrees off to the surface normal.

Our DFT calculations showed that CO molecules bind to surface
Zn2+ sites of ZnOð1010Þ with a saturation surface coverage of 1/2
ML and give an average adsorption energy of CO at �0.58 eV/CO.
DFT-based STM simulation (Fig. 2b) suggested that CO molecules
appear as bright dots on ZnOð1010Þ since from PDOS (Fig. S2a),
2p* antibonding states of CO (LUMO) dominate the conduction
band at near the Fermi level, which exhibits a similar shape as
those of gas phase CO molecules (Fig. S2b). CO molecules were
found to adsorb continuously along the [0001] direction, but at
intervals along the [1210] direction, forming a (2 � 1)–CO struc-
ture on ZnOð1010Þ and consistent with STM observation. When
the coverage of CO increases to 1 ML, the average adsorption



Fig. 1. Surface Structure of ZnOð1010Þ. (a) Large-scale, (b) atomically-resolved and
(c) simulated STM images of clean ZnOð1010Þ. The bright spots in (b) are surface Zn
atoms along the [1210] direction. The corresponding structure of ZnOð1010Þ is
displayed on the right side of the simulated image (c). Scanning parameters: (a)
U = 2.4 V, It = 90 pA; (b) U = 1.1 V, It = 300 pA. Gray and red spheres represent Zn and
O atoms, respectively.
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energy of CO is �0.53 eV/CO, implying that there is weak repulsion
between adjacent CO along the [1210] direction. Gibbs free ener-
gies were further calculated to identify the adsorption structure
Fig. 2. Adsorption and reaction of CO on ZnO ð1010Þ under ambient conditions. (a–d) STM
formation of (2 � 1)–CO structure is calculated by DFT with the optimized structural m
ZnOð1010Þ. The (2 � 1)–CO structure is magnified in (c) showing the presence of bright
process and could be assigned as CO2 species. The area marked in (c) is highlighted in (
ZnOð1010Þ in 0.5 mbar CO or after the evacuation of CO gas. (f) Simulated STM image and
ZnOð1010Þ. Scanning parameters: (a) U = 2.4 V, It = 120 pA; (c, d) U = 2.4 V, It = 130 pA. Gra
respectively. (For interpretation of the references to colour in this figure legend, the rea
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of CO at varying temperatures and pressures (Fig. S3) and confirm
the formation of (2 � 1)–CO structure under AP conditions at
300 K.

Despite the weak interaction between CO and ZnOð1010Þ, our
study found that these physisorbed CO could react with the lattice
oxygen of ZnO. Fig. 2(c) showed that there are extra bright spots
scattering across the surface and located at the center of the
(2 � 1) cell. These bright spots could be assigned to CO2 species
formed via the reaction between CO and ZnO (Fig. 2d), which
was also evident from STM simulation and AP-XPS measurement
at 300 K (Fig. 2e and f). In 0.5 mbar CO, C 1 s spectra showed a
shoulder peak at 290.1 eV besides the large gas phase CO peak,
indicating the formation of CO2 species which increase at 400 K.
Note that, CO oxidation is known to occur at the ZnO-Pt(111) inter-
face, where chemisorbed CO reacted with oxygen at interfacial
sites [5]. Hereby, we found that physisorbed CO on ZnO could also
react with lattice oxygen of ZnO, although at a much slower rate. In
the CO atmosphere, in-situ STM showed that the bright spots, CO2

adsorbates, could diffuse facilely along the <1210> and <0001>
directions (Fig. S4), which also ruled out the possibility of bright
spots being surface defects, because lattice atoms of oxide surfaces
are usually lack of diffusivity at room temperature [51]. Upon the
evacuation of CO gas, the adsorbate structure and bright spots both
disappeared, indicating the bright spots are reaction products,
rather than surface oxygen vacancies on ZnO. Note that, STM stud-
ies have suggested that oxygen defects on ZnOð1010Þ appeared as
dark features [52,53]. Meanwhile, a small amount of CO2 adsor-
bates were observed on bare ZnO as carbonate species upon evac-
uation and appeared as dark lines [54] (Fig. S5).

The reaction between physisorbed CO and lattice oxygen of
ZnOð1010Þ could be further evidenced by AP-STM measurements
at elevated temperatures (Fig. 3). When ZnOð1010Þ was annealed
in 1 mbar CO at 500 K in the STM cell and then cooled
images and STM simulation of ZnOð1010Þ in 1 mbar CO at room temperature. The
odel and simulated STM image depicted in (b), showing 1/2 ML CO adsorbed on

spots within the (2 � 1) unit cell. The bright spots are diffusing during the imaging
d). The white rectangles represent surface Zn lattice. (e) AP-XPS C 1 s and O 1 s of
the corresponding structural model of CO2 adsorption in the (2� 1)–CO structure on
y, red, green and brown spheres represent Zn, lattice O, O in adsorbents and C atoms,
der is referred to the web version of this article.)



Y. Ling, J. Luo, Y. Ran et al. Journal of Energy Chemistry 72 (2022) 258–264
to � 300 K for AP-STM measurements, the surface concentration of
bright spots (CO2 adsorbates) was found to increase significantly
(Fig. 3a), which also ruled out the possibility of bright spots from
impurities in CO gas (Fig. 2e). Background contamination, such as
H2O, in our AP-STM studies typically occurred during elongated
measurements, but not spontaneously, and thus not consistent
with the above observation.

A piece of conclusive evidence for the reaction between physi-
sorbed CO and lattice oxygen of ZnOð1010Þ is demonstrated by
the etching of step edges (Fig. 3b), especially along
the <0001> step with alternating Zn and O terminating atoms.
Zn-O dimer vacancies (Fig. 3c) were observed continuously along
the <0001> step and dispersed along the <1210> direction. The
removal of edge O atoms by CO reaction caused the simultaneous
evaporation or bulk diffusion of Zn atoms at neighboring sites at
elevated temperatures, leading to the formation of corroded edge
shapes. DFT calculations showed that the reaction energy between
CO and O at the <0001> step is �0.62 eV, more exothermic than
that between CO and O on the surface terrace of ZnO (-0.19 eV).
The reaction diagram of CO reacting with the <0001> step is
depicted in Fig. 3(d), showing that the reaction between CO and
lattice oxygen needs to overcome a barrier of 0.46 eV to form
CO2. The low reaction barrier suggests that CO can easily bond with
surface oxygen [55]. By overcoming an energy barrier of 0.40 eV,
CO2 formed could desorb from ZnOð1010Þ with an oxygen vacancy
left behind. The CO2 molecule could also diffuse and adsorb on the
surface terrace to form a tridentate carbonate. Thus, physisorbed
CO could react with the lattice oxygen of ZnO at 300 K, in addition
to the formation of an ordered (2 � 1)–CO phase. The adsorption/
desorption states of CO2 are also modulated by ambient CO, as well
as its diffusion kinetics.
3.3 CO2 adsorption on ZnOð1010Þ

The adsorption of CO2 on oxides is typically a strong chemisorp-
tion process and could be readily studied in UHV. Previous studies
have shown that a (2 � 1)–CO2 structure could be observed in UHV
on ZnOð1010Þ [54]. Consistently, we observed the (2 � 1)–CO2

structure when ZnOð1010Þ was exposed to 1 � 10-5 mbar CO2 at
300 K (Fig. S6a, 4a), which gave a surface coverage of 0.5 ML CO2.
The corresponding structural model and STM simulation (Fig. 4b
and c) depicted the formation of tridentate carbonate along the
[0001] direction of ZnOð1010Þ. In UHV, the (2 � 1)–CO2 phase with
tridentate adsorption configuration is attributed to the most stable
structure of chemisorbed CO2 on ZnO and gives an average adsorp-
tion energy at �1.28 eV/CO2. Note that, the (2 � 1) adsorbate struc-
tures of CO2 and CO could be distinguished from their desorption
behavior (Fig. S5). Upon the evacuation of CO gases, CO adsorbates
would desorb completely from the ZnOð1010Þ surface for its weak
binding energy (-0.58 eV/CO), whereas the evacuation of CO2 gases
would only cause partial desorption of CO2, leaving chemisorbed
CO2 chains on ZnOð1010Þ. In the case of CO reaction with
ZnOð1010Þ, the evacuation of CO gas could leave a surface with
chemisorbed CO2.

In comparison, a new adsorbate phase could be observed under
ambient-pressure CO2 (Fig. S6b). The formation of an ordered
(3 � 1)–CO2 structure is spontaneous on ZnOð1010Þ and covers
the whole surface terrace upon the exposure of 3 mbar CO2. Similar
to CO2 adsorption in UHV, CO2 adsorbate chains run along the
[0001] direction in the (3 � 1)–CO2 phase (Fig. 4d). But, the
(3 � 1) structure in ambient CO2 is expected to have a higher
CO2 density than the (2 � 1) phase (0.5 ML) in UHV. DFT calcula-
tions compared the adsorption structures of CO2 at different cover-
ages. The (3 � 1) phase observed above corresponds to the surface
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fully covered by CO2 (1 ML). Within the (3 � 1) structure, 1/3 of
CO2 molecules are physisorbed through weak van der Waals inter-
action between adsorbates and ZnO while the remaining 2/3 ML of
CO2 molecules exhibit stronger chemical adsorption on ZnO. The
(3 � 1)–CO2 phase is a dynamically stabilized structure in equilib-
rium with ambient pressure CO2. Consistently, the simulated STM
image and the corresponding structural model (Fig. 4e and f) show
a (3 � 1) structure in agreement with STM measurement (Fig. 4d).
From PDOS (Fig. S7), although both chemisorbed and physisorbed
CO2 have unoccupied states responsible for the STM contrast, the
highest electronic density is contributed by physisorbed CO2 which
corresponds to the bright dots in the STM image. The chemisorbed
CO2 molecules are located in a lower geometric position, resulting
in the dots with darker contrast in the (3 � 1)–CO2 phase.

Fig. 5 showed that the adsorption energy diagram of CO2 on
ZnOð1010Þ varies with a surface coverage of CO2 and its adsorption
state. From above, CO2 molecules are packed along the [0001]
direction, forming chains in the (3 � 1) cell at full coverage. Up
to 2/3 ML CO2 on ZnOð1010Þ, the total adsorption energies always
favor the chemisorption of CO2, since the transition from physi-
sorbed CO2 to the chemisorbed CO2 chain is exothermic by
0.75 eV for 1/3 ML CO2 from �0.53 eV (Fig. 5a) to �1.28 eV
(Fig. 5b) and 0.39 eV for 2/3 ML CO2 from �1.93 eV (Fig. 5c) and
�2.32 eV (Fig. 5d). Yet, further adsorption of CO2 favors physi-
sorbed CO2 with a total adsorption energy of �3.11 eV (Fig. 5e),
as compared to that for chemisorbed CO2 at �3.18 eV (Fig. 5f).
The structure with 1/3 ML physisorbed CO2 and 2/3 ML chemi-
sorbed CO2, as depicted in Fig. 5(e), matches with the (3 � 1) peri-
odicity observed by STM, whereas the 1 ML chemisorption
structure (Fig. 5f) displays the (1 � 1) periodicity. Further, the
decrease of adsorption energy for chemisorbed CO2 with increasing
coverage is evidenced by the reducing differential adsorption
energy of �1.04 eV for the second CO2 chain, indicating a repulsive
interaction between neighboring chemisorbed CO2 along the
½1210� direction. On the other hand, the co-adsorption energy for
the physisorbed and chemisorbed CO2 molecules is �1.93 eV
(Fig. 5c), and more negative than the sum of respective adsorption
energies for physisorbed or chemisorbed CO2 (Fig. 5a, b), indicating
an attractive interaction between physisorbed and chemisorbed
CO2 molecules along the ½1210� direction. Gibbs free energies were
further calculated to identify the adsorption structure of CO2 at
varying temperatures and pressures (Fig. S8) and confirmed the
formation of (3 � 1)–CO2 structure under AP conditions at 300 K
and the formation of (2 � 1)–CO2 structure in UHV.

The dynamic structural transition from (2 � 1)–CO2, 1/2 ML
chemisorbed CO2, to (3 � 1)–CO2, 2/3 ML chemisorbed CO2 + 1/3
ML physisorbed CO2, might originate from the electrostatic attrac-
tive interaction between physisorbed and chemisorbed CO2 mole-
cules. The surface dipole moments of physisorbed (Fig. 5a) and
chemisorbed CO2 (Fig. 5b) were calculated by
l ¼ 1=12pð ÞADU=H, [56] where A is the area in Å2 per (1 � 1) sur-
face unit cell, DU is the work-function change in eV and H is the
surface coverage of CO2. While the surface dipole moment
increased significantly from physisorbed CO2 (�0.7 Debye) to che-
misorbed CO2 (2.1 Debye), the direction of surface dipoles formed
by chemisorbed CO2 is opposite to that of physisorbed CO2, sug-
gesting an attractive interaction between chemisorbed and physi-
sorbed CO2 (Fig. 5c). In addition, the chain of physisorbed CO2

inserted between chains of chemisorbed CO2 (Fig. 5e) will not only
cause the attractive interaction between physisorbed and chemi-
sorbed CO2, but also shield the dipole repulsion between neighbor-
ing chains of chemisorbed CO2, as such both the physisorption and
chemisorption of CO2 are further enhanced. This change can be
seen further from decreasing height of 2.46 Å for the first physi-
sorbed CO2 chain (Fig. 5a) to 2.32 Å (Fig. 5c) and 2.24 Å for the sec-



Fig. 3. Reaction of CO on ZnOð1010Þ under ambient conditions. (a) Large-scale STM images of ZnOð1010Þ in 1 mbar CO after being annealed at 500 K. The STM scanning was
performed after cooling down to room temperature. (b, c) STM images of step sites of ZnOð1010Þwhich was exposed to 1 mbar CO at 500 K and then annealed at 500 K in UHV
to remove adsorbates. The hollow circles in (c) represent missing Zn-O pairs at step sites. The grids represent Zn lattice. (d) The calculated potential energy surface and (e) the
optimized configurations of reaction intermediates and transition state structures of <0001> step reduced by CO. Scanning parameters: (a) U = 2.5 V, It = 130 pA; (b and c)
U = 2.5 V, It = 100 pA. Gray, red, green and brown spheres represent Zn, lattice O, O in adsorbents and C atoms, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Adsorption of CO2 on ZnOð1010Þ from UHV to ambient conditions. (a–f) Atomically-resolved STM images and STM simulation of the adsorbate structures of CO2 on
ZnOð1010Þ. (a) A (2 � 1) STM image observed in 8 � 10-8 mbar CO2 at room temperature. The white rectangles represent surface Zn lattice. (b) Simulated STM image, and (c)
the optimized (2 � 1)-1/2 ML CO2 structure by DFT, where CO2 chemisorbs on ZnOð1010Þ forming tridentate carbonate species. (d) A (3 � 1) STM image observed on
ZnOð1010Þ in 3 mbar CO2 at room temperature. (e) Simulated STM image and (f) the optimized (3� 1)-1 ML CO2 structure by DFT, including 2/3 ML chemisorbed CO2 plus 1/3
ML physisorbed CO2. Scanning parameters: (a) U = 0.7 V, It = 240 pA; (d) U = 2.7 V, It = 140 pA. Gray, red, green and brown spheres represent Zn, lattice O, O in adsorbents and C
atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Optimized adsorption configurations and the total adsorption energies of CO2 on the ZnOð1010Þ surface. (a) 1/3 ML physisorbed CO2, (b) 1/3 ML chemisorbed CO2, (c)
1/3 ML physisorbed CO2 plus 1/3 ML chemisorbed CO2 plus, (d) 2/3 ML chemisorbed CO2, (e) 1/3 ML physisorbed CO2 plus 2/3 ML chemisorbed CO2, (f) 1 ML chemisorbed CO2.
Gray, red, green and brown spheres represent Zn, lattice O, O in adsorbents and C atoms, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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ond (Fig. 5c) and third chains (Fig. 5e) of physisorbed CO2. The
adsorption of CO2 becomes more exothermic with increasing CO2

coverage until the surface is fully covered by CO2. Thus, at 1 ML,
the most stable configuration of CO2 adsorption is the surface with
1/3 ML of physisorbed CO2 and 2/3 ML of chemisorbed CO2.

AP-XPS measurements (Fig. S9) also showed that the exposure
of 1 mbar CO2 at 300 K leads to strong chemisorption of CO2, i.e.
the formation of tridentate carbonate species with a surface cover-
age much higher than that caused by CO exposure under similar
conditions. Interestingly, AP-STM study (Fig. S10) also showed that
CO2 did not adsorb on surface defects of ZnOð1010Þ, where the
adsorption of small molecules was often strengthened at defect
sites of reducible oxides. This could be attributed to the different
nature of surface defect sites of ZnO, as a non-reducible oxide.
On ZnOð1010Þ, both Zn and O atoms are missing at the defect sites,
whereas the point defects are typically oxygen vacancies on redu-
cible oxides. Thus, the presence of low coordinating metal cations
is essential for the adsorption and activation of reactant molecules.
4 Conclusions

We combined AP-STM, AP-XPS and DFT calculations to study
the adsorption and reaction of CO and CO2 on ZnOð1010Þ. Despite
the weak interaction between CO and ZnO, physisorption of CO on
ZnOð1010Þ could be observed in ambient CO gas and form an
ordered (2 � 1)–CO structure at 300 K, which would desorb com-
pletely upon the evacuation of CO gas. Interestingly, the adsorption
of CO also led to simultaneous reaction with ZnO at 300 K to form
CO2. The etching of step edges of ZnOð1010Þ was evident for the
reaction between lattice oxygen and CO. In comparison,
chemisorption of CO2 on ZnOð1010Þ occurs readily in UHV and
forms tridentate carbonate species. Yet, the co-presence of physi-
sorbed CO2 under ambient conditions could alter the locations of
chemisorbed CO2, enhance its adsorption and lead to the formation
of a new adsorbate structure, (3 � 1)–CO2, on ZnOð1010Þ. Overall,
our study showed that the collective interaction of physisorbed
molecules results in dynamic chemical processes on the oxide sur-
face, which are not observed in UHV. Our study has also brought
molecular insight into the activation of C1 molecules on ZnO sur-
faces under realistic reaction conditions.
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