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ABSTRACT: Defect engineering critically influences metal oxide
catalysis, yet controlling coordinatively unsaturated metal sites
remains challenging due to their inherent instability under reaction
conditions. Here, we demonstrate that high-flux argon ion (Ar+)
irradiation above recrystallization temperatures generated well-
defined coordinatively unsaturated Zn (CUZ) sites on ZnO(101̅0)
surfaces that exhibited enhanced stability and activity for CO
hydrogenation. Combining low-temperature scanning probe
microscopy, ambient pressure X-ray photoelectron spectroscopy,
and surface−ligand infrared spectroscopy with density functional
theory calculations, we identified <12̅10> step edges exposing
CUZ sites as the dominant active sites. These sites facilitate
hydrogen-assisted CO dissociation through a mechanism distinct
from formate-mediated pathways on stoichiometric ZnO. The ion-irradiation approach effectively addressed instability of Zn species,
a major problem in ZnO catalysis, enabling stable performance in syngas conversion when combined with zeolites. Our atomic scale
investigation provided spectroscopic fingerprints for active sites on the ZnO catalyst and insights into the structure−activity
relationships of ZnO for CO hydrogenation. Our approach for engineering thermally stable defect sites in oxide catalysts provided
opportunities for rational catalyst design beyond traditional preparation methods.

■ INTRODUCTION
Metal oxides undergo defect engineering to optimize their
properties for technological applications, such as electronics,
optoelectronics, sensors, and catalysis. In particular, surface
defects play a crucial role in determining the chemical
properties of metal oxides.1−4 In catalysis, understanding and
controlling surface defects is essential for tailoring the catalytic
properties of metal oxides,5−8 although these defect structures
remain mostly unresolved. Coordinatively unsaturated metal
(CUS) centers3 have been proposed as active sites on metal
oxide catalysts. Their dispersion and stability could be tuned
by varying the size,9 shape,10,11 and oxidation state8,12 of oxide
nanocatalysts. However, resolving the atomic structures of
CUS sites on oxide nanocatalysts remains challenging. Despite
studies of CUS sites on single-crystal oxide surfaces,13−15 the
“materials gap” complicates applying insights from planar
oxides to practical catalysts with varied CUS site coordination
environments.

Here, we combine model and powder catalytic studies to
elucidate the structure−activity relationship of ZnO for CO
hydrogenation. Defects on nanoscale ZnO critically influence
its properties like p-type conductivity16,17 and hydrogenation

catalysis.18,19 With a growing focus on sustainable energy, C1
chemistry, particularly COx (CO and CO2) hydrogenation,
shows promise for valuable chemical production. Among COx
hydrogenation catalysts, ZnO-based materials have demon-
strated exceptional performance.5,20−22 The catalytic activity of
ZnO arises from its ability to dissociate H2 and activate COx
molecules,5,22 although the reaction mechanism of CO
hydrogenation has remained elusive.23 When combined with
zeolites as bifunctional oxide-zeolite (OXZEO) composites,
these catalysts showed synergistic enhancements in syngas
conversion.5,19,21

The performance of ZnO primarily depends on surface
defects, specifically coordinatively unsaturated Zn (CUZ)
sites,9,19 rather than point defects.24 Understanding the
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structural nature and distribution of these defects holds broad
significance. A significant challenge lies in the stability of defect
sites within Zn-based oxides. Under reducing conditions and
elevated temperatures, surface defects, particularly low-
coordination Zn sites, are prone to migration and volatilization
under reducing conditions.25−28 During CO hydrogenation,
Zn species could migrate to neighboring zeolites, affecting
catalytic properties.19,29 For instance, the migration of Zn onto
SAPO-34 was found to form Zn-OH on Bro̷nsted acid sites,
reducing light olefin selectivity through increased hydro-
genation.29 Mobile Zn ions could neutralize protons on H-
ZSM-5 through solid-state ion exchange, leading to catalyst
deactivation.25 Active Zn species suffered from Zn reduction

and volatilization, as further manifested by the ZnZrOx catalyst
in CO2 hydrogenation30 and ZnOx in propane dehydrogen-
ation (PDH) reaction.31 To improve ZnOx stability,
researchers have modified ZnO with Pt to enhance Lewis
acidity32 or combined ZnO with zeolites or other oxides.27

These studies demonstrate that preventing Zn reduction and
volatilization is essential for maintaining the catalyst perform-
ance.

The instability of defect sites in ZnO could stem from
insufficient crystallization. Although high-temperature crystal-
lization could improve stability, it also reduces the number of
active sites.9 Hereby, we introduce an ion irradiation strategy
utilizing high-flux argon ions (Ar+) to produce well-defined

Figure 1. Surface structures of stoichiometric ZnO(101̅0) (S-ZnO) and Ar+-irradiated ZnO(101̅0) (Ar-ZnO). (a−c) Structural models of the
terrace, <0001> and <12̅10> steps of ZnO(101̅0). (d) Large-scale and (e, f) atomic resolution STM images of S-ZnO. A typical defect structure on
S-ZnO is displayed in (f). STM images of ZnO(101̅0) irradiated by high-flux Ar+ beam for (g) 30 min (Ar-ZnO-30), (h) 60 min (Ar-ZnO-60), and
(i) 90 min (Ar-ZnO-90), respectively. (j) Constant height nc-AFM image showing the atomic resolution of the Ar-ZnO surface at a tip height of
−400 pm. The tip height was referenced to the STM set point (Vs = 2.0 V, It = 0.1 nA). (k) Surface density of step sites along <0001> or <12̅10>
steps on S-ZnO and Ar-ZnO surfaces. Scanning parameters: (e) Vs = 0.66 V, It = 0.5 nA; (f) Vs = 1.0 V, It = 0.5 nA.
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CUZ sites that maintain both activity and stability during CO
hydrogenation. Ion irradiation is a versatile material processing
technique that can be readily scaled up for industrial
applications. The technique has been generally employed to
introduce controlled defects into oxides and semiconduc-
tors33−35 and has been established as a controllable method for
defect engineering and surface nanopatterning.36−38 We
irradiated the ZnO(101̅0) surfaces by Ar+ at 750 K (Ar-
ZnO), which were then investigated combining low-temper-
ature scanning tunneling microscopy (LT-STM), ambient
pressure X-ray photoelectron spectroscopy (AP-XPS), surface-
ligand infrared (SLIR) spectroscopy,39 synchrotron vacuum
ultraviolet photoionization mass spectrometry (SVUV-PIMS),
density functional theory (DFT) calculations, and model
catalytic studies. Our results demonstrate that Ar-ZnO surfaces
effectively model the structural and reaction properties of
practical ZnO catalysts for CO hydrogenation, providing
spectral fingerprints for active sites on ZnO and enabling
atomic scale investigation of structures−activity relationships.
The study also provided a scalable method to enhance both the
activity and selectivity of the ZnO catalyst for syngas
conversion, marking a significant advance in the field of
metal oxide catalysis.

■ RESULTS AND DISCUSSION
Structures of Stoichiometric and Defective ZnO

Model Catalysts. ZnO(101̅0), as the most stable surface of

ZnO,40 exhibits 3-fold coordinated Zn (Zn3c) and O (O3c)
atoms at both terrace and step sites (Figure 1a). The surface
features three distinct step configurations: a mixed Zn-O
termination along the <0001> direction (<0001>-Zn-O, Figure
1b), and Zn termination (<12̅10>-Zn), or O termination along
the <12̅10> direction (<12̅10>-O, Figure 1c). STM of the
pristine ZnO(101̅0) surface exhibited flat terraces with a
rectangular unit cell oriented along the <0001> and <12̅10>
directions (Figure 1d), having lattice constants of 0.53 and
0.33 nm, respectively (Figure 1e). The bright rows in STM
images (Figure 1e,f), acquired under positive sample bias,
correspond to the topmost Zn rows along the <12̅10>
direction, since the Zn 4s states contribute to the conduction
band minimum of ZnO.41,42 Surface defects on ZnO(101̅0)
appeared as dark spots within the bright Zn rows (Figure 1f)
and were identified as Zn−O dimer vacancies,43 with a
concentration of less than 1%. Thus, the pristine ZnO(101̅0)
surface could be considered stoichiometric (denoted as S-
ZnO), with CUZ sites predominantly located at step edges.

To engineer defective ZnO surfaces with CUZ sites, Zn
atoms were initially evaporated onto ZnO(101̅0) to form
supported ZnOx clusters, as confirmed by XPS analysis.43

However, these supported ZnOx clusters exhibited poor
thermal stability, decomposing and evaporating at above 450
K under a CO atmosphere, which resulted in the recovery of
the ZnO surface to its stoichiometric state, as evidenced by
AP-XPS (Figure S1). Therefore, engineering the oxide

Figure 2. Interaction of CO and CO2 with S-ZnO, Ar-ZnO and powder ZnO catalysts. (a) IRRAS spectra of S-ZnO and Ar-ZnO-60 exposed to
CO2. (b) DRIFTS spectra of powder ZnO exposed to CO2 flow (10 mL/min, 5% CO2/Ar). (c) AP-XPS O 1s and C 1s spectra of S-ZnO and Ar-
ZnO-60 surfaces exposed to 1 mbar CO2 at elevated temperatures. (d) DRIFTS spectra of powder ZnO upon cycles of CO exposure (373 K, 10
mL/min, 5% CO/Ar) and CO desorption (473 K, 10 mL/min, Ar). (e, f) AP-XPS O 1s and C 1s spectra of Ar-ZnO-60 and S-ZnO surfaces upon
exposure to 0.15 mbar CO at elevated temperatures. (g) AP-XPS O 1s and C 1s spectra of S-ZnO and Ar-ZnO-60 surfaces upon exposure to 0.6
mbar CO/H2 mixture gas (CO:H2 = 1:3) at elevated temperatures.
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substrate to stabilize CUZ sites is essential for enhancing the
catalytic performance of ZnO-based catalysts.

We then implement high-flux Ar+ irradiation to modify
ZnO(101̅0) at temperatures exceeding the recrystallization
threshold of ZnO. The process operates by irradiating
materials with gas ions, which cause cascading collisions,
thereby introducing defects in a controlled manner and
enabling subsequent adjustment of physical and chemical
properties.44,45 At elevated temperatures, ion-induced inter-
stitials and vacancies exhibit sufficient mobility to either
recombine or migrate to the surface before subsequent ion
impacts occur in the same region. Consequently, ion
irradiation performed above the recrystallization temperature
prevents amorphization while stabilizing surface vacancies
since their diffusion and annihilation are inhibited by the
Ehrlich−Schwoebel (ES) barrier.46

Three ZnO(101̅0) surfaces were subjected to Ar+ irradiation
at 750 K for 30, 60, and 90 min, respectively, and were
designated as Ar-ZnO-30, Ar-ZnO-60, and Ar-ZnO-90. STM
analysis revealed significant morphological changes charac-
terized by increased step density correlating with irradiation
duration. The average topmost terrace size decreased to ∼5
nm (Figures 1g−i and S2b−d). The irradiation process
generated surface vacancies and initiated depression nucleation
on ZnO(101̅0), leading to a distinct self-organized three-
dimensional (3D) morphology through coarsening. Notably,
the fundamental terrace structure remained intact postirradia-
tion (Figure S3), with lattice parameters showing no
measurable differences between Ar-ZnO and S-ZnO surfaces
(Figure 1j). The highly corrugated morphology of Ar-ZnO
surfaces caused difficulties for atomic resolution imaging with
close tip−surface proximity (Figure S3). Noncontact atomic
force microscopy (nc-AFM) was thus used to enable a closer
tip−surface distance and resolve the atomic lattice of Ar-ZnO
(Figure 1j). STM analysis also identified point defects on the
Ar-ZnO surface terraces, though at minimal concentrations
below 1%. However, the distribution of step sites changed
significantly.

The S-ZnO surface predominantly featured <0001> step
sites, characterized by alternating Zn3c and O3c atoms.
Following Ar+ irradiation, the density of <12̅10> step sites
on Ar-ZnO increased substantially (Figures 1k and S2e). An
analysis of step site densities (detailed in SI, Figures S4 and
S5) demonstrated a drastic increase by more than an order of
magnitude, in the density of <12̅10> step sites after irradiation.
Meanwhile, <0001> step sites showed only modest density
increases. This process effectively reversed the dominant step
structure distribution compared to preirradiation conditions.
The experimental protocol employed Ar+ specifically for
surface nanopatterning, chosen for its chemical inertness.
This selection proved effective, as validated by measurements
of valence band spectra showing negligible changes in
electronic structure before and after irradiation (Figure S6).

The formation of step CUZ sites on the Ar-ZnO surfaces
was further corroborated by XPS. A notable deviation from the
symmetric O 1s peak characteristic of S-ZnO was observed in
the O 1s spectra of Ar-ZnO, which exhibited a shoulder peak at
531.9 eV that remained stable at elevated temperatures (Figure
S7). Since hydroxyls and carbonates decompose and desorb
below 600 K, we could attribute the 531.9 eV peak to oxygen
anions (Ov) adjacent to CUZ sites, whose intensity correlated
with the duration of Ar+ irradiation (Figure S8). Furthermore,
STM showed minimal terrace defects on both the S-ZnO and

Ar-ZnO surfaces, confirming that the Ov peak is likely
associated with step sites rather than terrace sites.
Correlating Adsorption and Reaction Properties of S-

ZnO and Ar-ZnO with Powder ZnO. The adsorption
properties of S-ZnO and Ar-ZnO were first examined by
infrared reflection absorption spectroscopy (IRRAS) using
CO2 as a probe molecule (Figure 2a). While CO2 chemisorbed
on terrace sites of S-ZnO as tridentate carbonate,47 as
evidenced by peaks at 1622 and 1296 cm−1, IR spectrum of
CO2 adsorption on Ar-ZnO showed additional peaks at 1513
and 1334 cm−1, indicative of bidentate carbonate at step sites.
For comparison, powder ZnO catalysts were synthesized by a
coprecipitation method and exhibited the same hexagonal
wurtzite phase9 (detailed in SI, Figure S9). Diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) of CO2
adsorption on powder ZnO showed the emergence of peaks at
1624/1310, 1524/1326, and 1423/1357/1224 cm−1 (Figure
2b), which could be assigned to carbonates adsorbed at terrace,
step, and surface defect sites.48,49 Monodentate carbonates
adsorbed at surface defect sites exhibited limited thermal
stability, desorbing upon heating to 473 K (Figure 2b). In
contrast, step site carbonates demonstrated enhanced stability
at elevated temperatures, suggesting stronger binding inter-
actions.

AP-XPS studies confirmed carbonate formation on both S-
ZnO and Ar-ZnO surfaces (Figure 2c), with Ar-ZnO showing
superior thermal stability. Carbonates on Ar-ZnO persisted
above 500 K, while those on S-ZnO desorbed completely by
500 K. Previous studies50,51 suggested that CO2 adopts a
tridentate configuration on ZnO(101̅0), forming bonds
between carbon atoms and 3-fold coordinated O (O3c) sites,
while oxygen atoms interact with adjacent 3-fold coordinated
Zn (Zn3c) sites along the <0001> direction. Our DFT
calculations showed significant differences in CO2 adsorption
energies between <12̅10> step and (101̅0) terrace sites,
respectively (−6.34 and −5.99 eV, Figure S10). This energetic
difference explains the enhanced thermal stability of carbonates
at step sites on Ar-ZnO compared to terrace sites on S-ZnO.
Temperature-programmed AP-XPS experiments demonstrated
complete carbonate desorption below 600 K, consistent with
observations from powder ZnO catalysts studies.

DRIFTS studies of powder ZnO under CO exposure further
confirmed the assignment of step carbonates, showing peaks at
1522 and 1324 cm−1 (Figures 2d and S11).48,52 We have
previously demonstrated that CO selectively reacts with lattice
oxygen at step sites, rather than at terrace or terrace defect
sites.24,53 The observed decrease in the intensities of the 1522/
1324 cm−1 peaks during successive CO adsorption−desorption
cycles (Figure 2d) indicated the removal of lattice oxygen from
the step sites via CO2 desorption, generating oxygen-deficient
step sites. The extent of carbonate formation served as an
indicator of ZnO surface reduction. Comparative AP-XPS
studies of CO reactions on Ar-ZnO and S-ZnO showed
distinct behaviors. While no carbonate formation was obvious
on Ar-ZnO (Figure 2e), S-ZnO in 0.15 mbar CO exhibited
carbonate formation between 300 and 400 K (Figure 2f).
These spectroscopic results confirmed the similarity between
CUZ sites on Ar-ZnO and defect sites on powder ZnO,
demonstrating comparable adsorption and reaction properties
toward CO and CO2. Using CO and CO2 as probe molecules,
Ar-ZnO provided reference spectra for SLIR39 of powder ZnO
and could serve as a model system for ZnO catalysts under
reducing conditions.
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Subsequently, CO hydrogenation was studied using AP-XPS,
showing the formation of formate species on S-ZnO at 400 K
(Figure 2g). No formate was observed on Ar-ZnO in the CO/
H2 mixture gas. Rather, atomic carbon or hydrocarbon species
emerged on Ar-ZnO at 500 K (Figure 2g), indicating the
occurrence of CO dissociation. Despite the increased step
density on Ar-ZnO, its interaction with CO remained weak,
with CO adsorption only observed under cryogenic conditions
(Figure S12). The Ar-ZnO surface remained intact even in
0.15 mbar CO (Figure 2e). Thus, CO dissociation on Ar-ZnO
likely proceeds via a hydrogen-assisted CO disproportionation
process to form CHx species (CO* + H* → CHO*; CHO* →
CH* + O*) and CO2 (CO + O* → CO2), with the former
hydrogenated to CH4 at higher temperatures. The observed
correlation between the diminution of surface CHx species and
the substantial formation of CH4 corroborates their trans-
formation. This mechanism aligns with previous mechanistic
studies by Lai et al.,54 showing preferential pathways via
*CHO intermediates, which can dissociate to form CH4 and
CH2CO.

Reaction studies of S-ZnO and Ar-ZnO in CO hydro-
genation provided further evidence for CUZ sites as active
centers and supported the proposed mechanism involving
hydrogen-assisted CO dissociation, followed by hydrogenation
steps. When exposed to a CO/H2 mixture gas, S-ZnO
exhibited negligible reactivity up to 700 K (Figure 3a),
corroborated by AP-XPS C 1s spectra indicating the absence of
CHx formation during CO hydrogenation (Figure 2g). In
contrast, Ar-ZnO exposed to the CO/H2 mixture showed the
production of CO2 and CH4 (Figure 3b), along with minor
products including C2H4, C2H6, and C3 hydrocarbons, as
detected by online gas chromatography (GC). The unity ratio

between produced hydrocarbon and CO2 at 700 K supported
the proposed mechanism.

The reaction properties of reduced powder ZnO were found
similar to that of Ar-ZnO in CO hydrogenation. DRIFTS
conducted at 623 K showed no formate species on the reduced
powder ZnO (Figure S13). Continued H2 treatment at
elevated temperatures after CO/H2 activation over powder
ZnO catalysts yielded small production of CH4, alongside
minimal C2H2 and C2H4 signals and C3H5 fragments, as
detected by SVUV-PIMS, indicating hydrocarbon deposition
prior to hydrogenation (Figure S14). In contrast, no methoxy
(CH3O) or dimethyl ether (CH3OCH3) was detected. Thus,
upon reduction of powder ZnO, hydrogen-assisted CO
disproportionation likely occurred during syngas conversion
above 600 K. Our findings suggest that the formation of
formate species requires available lattice oxygen with the
reaction pathway shifting to CO disproportionation upon
further reduction of ZnO.
Identifying the Structure of Active Sites on ZnO for

CO Hydrogenation. Reaction kinetics of CO hydrogenation
over S-ZnO and Ar-ZnO catalysts provided crucial insights
into active site identification and structure−activity relation-
ships. While S-ZnO exhibited negligible activity, the catalytic
performance measured over a series of Ar-ZnO catalysts
demonstrated remarkable consistency among these model
catalysts. CO2 generation between 550 and 700 K exhibited
similar apparent activation energies of 75.3, 78.2, and 75.0 kJ/
mol for Ar-ZnO-30, Ar-ZnO-60, and Ar-ZnO-90, respectively
(Figure 3c). Likewise, CH4 production displayed comparable
apparent activation energies ranging from 57.1 kJ/mol for Ar-
ZnO-30, 54.1 kJ/mol for Ar-ZnO-60, to 53.0 kJ/mol for Ar-
ZnO-90 (Figure 3d). The higher activation energy for CO2
formation indicated that hydrogen-facilitated CO dissociation,

Figure 3. Reaction kinetics of S-ZnO and Ar-ZnO in CO hydrogenation and their correlation with surface defect sites. (a) Comparison of CO2
formation rates during CO hydrogenation on S-ZnO and Ar-ZnO-60. (b) Formation rates of gas phase products, measured by online GC, in CO
hydrogenation (CO:H2 = 1:3, 10 mL/min) at 700 K on Ar-ZnO-30, Ar-ZnO-60, and Ar-ZnO-90. Arrhenius plots are displayed for (c) CO2 and
(d) CH4 production during CO hydrogenation. (e) Plot of CO2 formation rate at 650 K as a function of surface density of <12̅10> step sites.
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rather than CHx hydrogenation, constituted the rate-
determining step. The consistency across different Ar-ZnO
catalysts suggested identical active sites, which could be further
identified by correlating the CO2 formation rate with the
density of each site type on the series of model catalysts.

Spectroscopic quantification of active sites presents sig-
nificant challenges in distinguishing different types of CUZ
sites. To address previous limitations in oxygen vacancy (Ov)
characterization,55 O 1s spectra were acquired under ultrahigh
vacuum (UHV) conditions at 600 K, ensuring complete
desorption of surface OH species.56 Unlike earlier theoretical
studies55,57 focusing on terrace point defects, our investigation
examined step edge defects generated through Ar+ irradiation,
which exhibited distinct spectroscopic signatures in O 1s
spectra. Recognizing that O 1s spectra alone provide
insufficient evidence, we corroborated O 1s spectra with
changes in metal oxidation states, which are evident in the Zn
3d spectra (Figure S15a).58 Although a linear correlation
between the CO2 formation rate and the Znδ+/Zn2+ ratio could
be observed (Figure S15b), the plot did not intersect with the
zero point. Nonetheless, AP-XPS Zn 3d spectra could be used
to monitor the dynamic stability of CUZ sites on Ar-ZnO
catalysts during CO hydrogenation. The peak intensities
corresponding to Znδ+ at 9.9 eV in the Zn 3d spectra were

found consistent during CO hydrogenation at elevated
temperatures (Figure S16) and the catalytic reactivity
remained stable (Figure S17), indicating that CUZ sites
engineered by Ar+ irradiation are stable for CO hydrogenation.

The structure−activity relationship for Ar-ZnO model
catalysts could be further established from STM analysis,
which showed two types of step site structures on ZnO(101̅0).
Comparison of S-ZnO and Ar-ZnO-30 surfaces showed
significantly higher density of <12̅10> step sites on Ar-ZnO-
30, while the density of <0001> step sites was only marginally
higher (Figure 1k). This suggests that <12̅10> step sites, which
exhibited the greatest density variation with irradiation time,
likely serve as active sites for CO hydrogenation. Indeed, a
direct linear correlation, intersecting the zero point, could be
observed between CO2 formation rates and the densities of
<12̅10> step sites (Figure 3e). In contrast, the correlation
between CO2 formation rates and <0001> step site densities
did not intersect the zero point (Figure S15c).

The active site structure was corroborated by the DFT
calculations. We have shown that terrace sites of ZnO(101̅0)
are inactive for CO dissociation but facilitate CO hydro-
genation to formate species.24 In contrast, <12̅10> step sites
exhibit significantly enhanced reactivity for CO dissociation
(Figure 4a). While the binding of CO at step sites of Ar-ZnO

Figure 4. DFT calculations of hydrogen-assisted CO dissociation at the <12̅10> step on Ar-ZnO and optimization of powder ZnO catalysts. (a)
Calculated potential energies showing hydrogen-assisted CO dissociation at the <12̅10> step (black line) over CO desorption on the (101̅0)
terrace (red line). Reference point for the potential energy surface is defined as the energy of gaseous CO and H2, along with the surface containing
oxygen vacancies. (b−d) Optimized structures of reaction intermediates of CO dissociation at the <12̅10> step. Optimized structures of reaction
intermediates of CO dissociation at the (101̅0) terrace are shown in Figure S18. Gray, red, and brown spheres represent Zn, O, and C atoms,
respectively. (e) Reaction rates of CO hydrogenation as a function of time over powder ZnO and powder Ar-ZnO catalysts. Space time yield (STY)
was calculated from CO conversion at 673 K. Reaction conditions: CO:H2 = 1:2.5, 673 K, 0.1 MPa, and gas hourly space velocity (GHSV) = 4800
mL·h−1·gox−1. (f) Catalytic performance of syngas conversion over OXZEO composites by mixing powder ZnO or powder Ar-ZnO catalysts with
SAPO-34. Hydrocarbon distribution and STY toward light olefins (C2

=−C4
=) are compared. Reaction conditions: CO:H2 = 1:2.5, 673 K, 4.0 MPa,

and GHSV = 4800 mL·h−1·gox−1.
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was slightly stronger at Zn2c sites, DFT calculations suggested
that a minimum of two adjacent oxygen vacancies were
required for effective CO dissociation (Figure 4b−d). DFT
results indicated that reduced O-terminated <12̅10> step sites
exhibit the highest CO dissociation activity, owing to their
abundance of CUZ sites, making them the most active sites for
hydrogen-assisted CO dissociation. Figure 4a showed that the
<12̅10> step edges enhance the adsorption of CO and H2
when compared to the (101̅0) terraces. The two adjacent
oxygen vacancies on (101̅0) terraces show low reactivity
(Figure S18). Although the activation energy barriers for the
elementary reactions of CO hydrogenation and CHO* bond
dissociation at the reduced <12̅10> step are higher compared
to the (101̅0) surface, the apparent activation barrier relative to
the reaction starting point decreases from 0.69 to 0.14 eV.
Additionally, the reduced step edges enhance the adsorption of
the produced CH* and O*, making the reaction thermody-
namically more favorable. Therefore, the partially reduced step
edges with their abundance of CUZ sites were the most active
for hydrogen-assisted CO dissociation. The reduction of O-
terminated <12̅10> step sites has been observed after exposure
to 0.5 mbar CO at 400 K (Figure S19). STM images indicated
missing rows along the <12̅10> direction, suggesting the
formation of oxygen vacancy chains.

Previous studies59−61 on CO2 hydrogenation over ZnO have
emphasized the structure-sensitive nature of ZnO for methanol
synthesis, with highly crystalline surfaces showing superior
performance compared to higher surface area and lower
crystallinity ZnO nanomaterials.60 Kurtz et al.59 studied
methanol synthesis from CO/CO2 hydrogenation over ZnO
and suggested that CO2 acts as a catalyst poison for ZnO
catalysts by oxidizing active sites, which highlights the
importance of maintaining oxygen vacancies for optimal
catalytic performance. The primary reaction pathway was
found to involve CO hydrogenation. These findings suggest
potential applications for Ar-ZnO as model catalysts in studies
of methanol synthesis, particularly on polar ZnO surfaces.
Optimization of Powder ZnO Catalysts for CO

Hydrogenation. The inherent instability of low-coordination
Zn sites in powder ZnO presents a significant challenge for
catalytic applications. While previous study9 has shown that
high-temperature calcination could enhance defect site
stability, this approach substantially reduced the density of
active sites due to increased particle size. Here, our Ar+
irradiation approach could effectively address this limitation
by simultaneously improving the defect site stability and
eliminating Zn sites susceptible to reduction and volatilization.
High-flux Ar+ irradiation was employed to engineer dynam-
ically stable CUZ sites on powder ZnO catalysts (denoted as
powder Ar-ZnO). While XPS Zn 2p and Zn LMM spectra
showed no detectable differences between powder ZnO and
powder Ar-ZnO (Figure S20a,b), XPS Zn 3d spectra of
powder Ar-ZnO exhibited a slight shift toward lower binding
energy compared to powder ZnO (Figure S20c). Peak
deconvolution of Zn 3d spectra showed an increase in the
intensity ratio of Znδ+/Zn2+ from 31.8% to 48.3% for powder
Ar-ZnO (Figure S20c,d), indicating surface enrichment of
stable CUZ sites.

Catalytic activities of powder ZnO and powder Ar-ZnO
were evaluated through CO hydrogenation reactions. Under
atmospheric pressure conditions (Figure 4e), the space time
yields of CO conversion increased from 1.0 mmol·gox

−1·h−1 for
powder ZnO to 1.8 mmol·gox

−1·h−1 for powder Ar-ZnO. These

results demonstrate that high-flux Ar+ irradiation effectively
increased CUZ sites on powder ZnO, thereby enhancing its
catalytic activity for CO hydrogenation. Furthermore, powder
Ar-ZnO exhibited superior catalytic stability compared to
powder ZnO (Figure 4e), suggesting that the active CUZ sites
formed by high-flux and high-temperature Ar+ irradiation are
more stable and resistant to volatilization.

The enhanced stability of powder Ar-ZnO proved to be
particularly valuable when combined with zeolite catalysts.
Previous studies25,26,29 have indicated that migration of Zn
species to zeolites under harsh reaction conditions affects the
production and distribution of hydrocarbons, particularly the
selectivity toward light olefins. However, when physically
mixed with SAPO-34 and tested for syngas conversion at 673
K and 4.0 MPa, powder Ar-ZnO maintained stable catalytic
activity (Figure S21), contrasting with previously reported
deactivation behaviors due to ZnO volatilization/migra-
tion.25,29 This stability demonstrates the effective preservation
of surface defects during both mixing and catalysis processes.
Compared to powder ZnO, powder Ar-ZnO demonstrated
higher space time yields and enhanced selectivity toward light
olefins (Figure 4f). Our findings suggest high-temperature Ar+
irradiation as a promising strategy for enhancing powder ZnO
catalysts, offering simultaneous improvements in activity,
stability, and selectivity for syngas conversion.

■ CONCLUSIONS
Our Ar+ irradiation strategy generated well-defined and stable
CUZ sites on ZnO catalyst surfaces, enhancing their catalytic
performance in CO hydrogenation. A comprehensive analysis
of the active site structure and reaction properties of both
model and powder ZnO catalysts was achieved through
combined studies using LT-STM, SLIR, AP-XPS, SVUV-
PIMS, and DFT calculations and catalytic tests. Our results
identified CUZ sites at the <12̅10> steps of Ar-ZnO as the
primary active sites, which facilitate hydrogen-assisted CO
dissociation through a mechanism distinct from formate-
mediated pathways. The irradiation approach effectively
addressed the instability of Zn species, a major problem in
ZnO catalysis, by inhibiting defect diffusion and annihilation,
and thereby maintaining CUZ site activity. Spectroscopic
fingerprints of these CUZ sites could be distinguished from
both SLIR and XPS Zn 3d spectra. When applied to powder
catalysts, this scalable method simultaneously enhances
activity, stability, and selectivity for syngas conversion. The
correlation between model and powder catalytic studies
provides atomic scale insights into structure−activity relation-
ships, demonstrating that Ar-ZnO effectively simulates
practical catalyst behavior. Beyond ZnO, this study introduced
a promising strategy for engineering stable defect sites in oxide
catalysts, offering potential applications in various processes.

■ METHODS
Sample Preparation and Cleaning of Ar+-Irradiated ZnO

(Ar-ZnO). ZnO(101̅0) surfaces (MTI Co.) were cleaned by cycles of
Ar+ sputtering (1 keV, 10 μA) at 300 K and UHV annealing at above
850 K and termed stoichiometric ZnO (S-ZnO). S-ZnO was
subsequently irradiated by high fluxes of Ar+with an ion energy of 1
keV and a sputtering current of 0.1 mA under normal incidence, while
the surface temperature was maintained at 750 K. S-ZnO irradiated by
Ar+ for 30 , 60, and 90 min was thus termed as Ar-ZnO-30, Ar-ZnO-
60, and Ar-ZnO-90, respectively. The total Ar+ fluence applied in
irradiation process was 1.8 × 1022, 3.6 × 1022, and 5.4 × 1022 ions·
m−2, respectively. The Ar+irradiation treatment was carried out in an
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UHV chamber with a base pressure of 10−8 mbar. During ion
irradiation, the chamber was filled with argon gas at 10−4 mbar.
Details of preparation are given in SI and Figure S22.

The experimental workflow employed separate UHV systems for
high-flux ion irradiation, IRRAS, STM, and XPS measurements.
Sample transfer between systems for sample preparation using Ar+
irradiation and sample characterization inevitably resulted in
atmospheric exposure. To address potential surface contamination,
we implemented cleaning procedures before each series of sample
characterization and reactivity measurements. Ar-ZnO surfaces were
cleaned by cycles of Ar+ sputtering (1 keV, 10 μA, 10 min) and UHV
annealing at 750 K before further experiments. STM measurements
after cycles of cleaning procedures did not show an obvious change of
surface morphology or step edge density.
LT-STM/AFM Measurements and Image Analysis. LT-STM/

AFM experiments were performed in a custom-made Createc low-
temperature STM/AFM system, with a base pressure below 1 × 10−10

mbar in the STM chamber, a preparation chamber with cleaning
facilities, a high-pressure (HP) cell, and a loadlock capable of
accepting samples via UHV suitcase. STM images were obtained at 78
or 5 K using an electrochemically etched W tip. AFM images were
obtained at 5 K using a quartz tuning fork cantilever in the qPlus
design62 with electrochemically etched Pt−Ir tip (parameters: spring
constant, k = 1800 N·m−1; resonance frequency, f R = 29.4 kHz;
quality factor, Q ≈ 150,000). The resulting 512 × 512 pixel grayscale
topographic data underwent a series of processing steps using a
MATLAB script (Figure S4). Initial gradient calculation enhanced
edge visibility followed by the application of the Canny edge detection
method to generate binary edge images. To differentiate crystallo-
graphically significant steps, a Hough transform algorithm was
implemented, identifying edges aligned within 5° of the <0001>
and <12̅10> directions and exceeding 5 pixels in length.

Quantification of step densities involved calculating total edge
lengths along <0001> and <12̅10> directions, accounting for
overlapping edges on corresponding gradient images (Figure S5).
These lengths were then normalized by the image area and the
corresponding Zn atom lattice spacings (0.53 nm for <0001> and
0.33 nm for <12̅10>) to determine site densities. The entire process is
visually represented in Figures S4 and S5, showcasing the progression
from raw topography to classified edge overlay. Details of step density
analyses are given in SI.
In Situ AP-XPS. AP-XPS experiments were performed using a

customized lab-based AP-XPS instrument (Specs GmbH.) equipped
with a monochromic aluminum Kα X-ray source with spot size ∼300
μm, PHOIBOS 150 HV analyzer, and infrared laser heater. The AP-
XPS system contains a load-lock chamber, a preparation chamber, and
an analysis chamber with base pressure <8 × 10−10 mbar. Before
experiments, the analysis chamber was baked at 393 K for 48 h to
achieve a base pressure of 7 × 10−10 mbar. Gas lines for CO and H2
were baked at 393 K for 2 h and flushed several times using ultrahigh
purity CO and H2 before introducing into the chamber. The high
purity CO and H2 (YouJiaLi Co.) were further cleaned by a liquid
nitrogen trap to remove H2O and impurities before being introduced
into the analysis chamber, and the CO was further cleaned by a
carbonyl trap. During measurements, pass energy of the electron
energy analyzer was set to 50 meV with 0.1 eV scanning steps. All AP-
XPS spectra were processed using CasaXPS software, employing
Shirley background subtraction and GL(30) function for peak fitting,
with constrained half-peak widths for the same species. Energy
calibration used the Zn 2p3/2 peak at 1021.8 eV as reference.
SLIR Measurements. IRRAS measurements of S-ZnO and Ar-

ZnO were performed in a UHV apparatus combining a FTIR
spectrometer (Bruker Vertex 80v) with a multichamber UHV
system.63 The measurements were performed using the IRRAS
mode with a fixed incidence angle of 80°. IR spectra were recorded
with a resolution of 4 cm−1 by using a spectrum of the clean sample as
background reference. IR spectra for Ar-ZnO were processed with a
0.05 Hz low-pass filter to remove the periodic noise. The optic bench
was evacuated to eliminate absorption from gas phase species (e.g.,
H2O, CO, and CO2) in the optical path. Infrared reflection absorption

spectra were obtained by subtracting a background spectrum recorded
before molecule exposure.

DRIFTS spectra of powder ZnO were recorded using an FTIR
spectrometer (Thermo Scientific Nicolet 6700, and VERTEX 70v,
Bruker) equipped with a high-temperature DRIFTS cell (Parker).
Prior to reaction gas exposure, powder ZnO was alternately heated in
Ar (10 mL/min), H2/Ar mixture (10 mL/min, 5% CO/Ar), and O2/
Ar mixture flow (10 mL/min) up to 773 K in the IR cell (1 bar) and
cooled down rapidly to 373 K in Ar, in order to remove surface
hydroxyl groups and carbonates as much as possible.
Powder Catalyst Preparation and Characterization. Powder

ZnO catalysts were prepared by coprecipitation method, as described
in a previous study.9 A specialized rotary furnace system for Argon
plasma treatments (Figure S23) was used to generate surface defects
on powder ZnO catalysts, designated as powder Ar-ZnO. X-ray
diffraction (XRD), XPS, DRIFTS, SVUV-PIMS, and temperature-
programmed surface reaction (TPSR) were used to measure the
crystalline phase, valence state, the interaction of CO and CO2 with
powder ZnO, and the reactivity of powder ZnO. Details of
preparation and characterization are given in the SI.
Catalytic Activity Measurements. Reactivities of CO hydro-

genation on model catalysts were measured on S-ZnO, Ar-ZnO-30,
Ar-ZnO-60, and Ar-ZnO-90 surfaces in a high-pressure quartz fixed
bed reactor cell (HPRC), which was directly connected to a UHV
system, consisting of an XPS (Thermo-Fisher ESCALAB 250Xi)
chamber and an MBE chamber. XPS was used to monitor catalyst
surfaces before and after the reaction. The catalytic activities of
powder ZnO catalysts were measured in a fixed bed reactor. Details of
catalytic activity measurements and equipment are given in SI and
Figures S24 and S25.
Theoretical Calculations. DFT calculations64,65 were performed

by Vienna ab initio simulation package (VASP) with the projector
augmented wave (PAW)66,67 method. We used the generalized
gradient approximation (GGA) applying Perdew−Burke−Ernzerhof
(PBE) functionals.68 The plane-wave basis set with a kinetic energy
cutoff of 400 eV was specified to solve the Kohn−Sham equations.
ZnO(101̅0) surface (Figure S26c,d) was modeled by a three double-
layer slab with a (3 × 2) periodicity separated by 12 Å vacuum along
Z-direction. The Monkhorst−Pack scheme for (2 × 2 × 1) k-point
mesh was used to sample the Brillouin zone. The <12̅10>-O step was
modeled by a four layer (303̅2) surface (Figure S26a,b) slab with a (1
× 3) periodicity separated by 12 Å vacuum along Z-direction. The
Monkhorst−Pack scheme for (1 × 2 × 1) k-point mesh was used to
sample the Brillouin zone. The topmost two layers of the slab and the
adsorbates were relaxed with the residual forces less than 0.02 eV/Å
throughout the present work without mention otherwise. GGA
calculations were performed on H2 activation on the ZnO surface
because GGA and GGA+U calculations give almost the same
adsorption energies and reaction barriers over the ZnO surface.69−72

The optimized lattice constants of bulk wurtzite ZnO are a = b = 3.29
Å with c = 5.30 Å, which are consistent with the previous experimental
results (a = b = 3.25 Å with c = 5.21 Å).73,74
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