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We report the effect of in situ transforming ZnO supported single 
Au atoms to 3-dimensional Au clusters (Au3D) on room temperature 
CO oxidation activity. We discovered that an intermediate, highly 
distorted 2-dimensional Aulayer species are much more active than 
both the Au3D clusters and the Au single atoms. The geometric 
arrangement of Au clusters and their interactions with support 
surfaces play a pivotal role in determining their catalytic 
performance for room temperature CO oxidation on ZnO supported 
Au catalysts. 

The prominent size effect of metal nanoparticles (NPs), due to 
the change of coordination number, chemical state and metal 
support interaction with particle size, have been widely proposed to 
account for the experimentally observed catalytic performance of 
supported metal catalysts for various important chemical 
transformations1-6. The most striking example is that supported 
smaller Au NPs possess substantial catalytic activity for many 
reactions (e.g., CO oxidation) while larger Au NPs are essentially 
inactive7-9. Although the origin of highly active nano Au for CO 
oxidation has been intensively investigated it still remains a 
controversial topic on the nature of the most active forms of Au 
species. To date, size of Au species10, 11, bilayer Au nanostructures10, 

11, Au charge states12, 13, and Au-metal oxide interfacial perimeters14-

16 were all proposed to account for the unique catalytic properties of 
nanostructured Au species. Most experimental studies focused on 
Au NPs with sizes ranging from 2 to 5 nm. The study of the catalytic 
properties of ultra-small (< 2 nm) Au species on various supports 
should be of both scientific interest and practical importance. 
Theoretical studies show that ultra-small Au clusters may have 
significant geometric effects17, 18. Mavrikakis et al19 found that 
expansion strain in Au clusters can increase the reactivity of Au and 
such strain effect increases rapidly with decreasing cluster size. In 
practice, most supported metal catalysts often contain metal single 
atoms, nanoclusters and various sizes of NPs, and such heterogeneity 

of potential active species hampers deeper understanding of how 
each individual species contributes to the observed activity20. 
Supported Au single-atom catalysts (SACs) have been synthesized by 
wet-chemistry method5, 20, 21. However, facile synthesis of supported 
Au clusters with narrow size distributions and better defined 
morphology is still a challenge. 
 Very recently, several research groups13, 22, 23 used supported 
metal atoms as precursor to obtain supported Au cluster catalysts by 
reduction and/or calcination treatment. Such an approach helps 
distinguish the contributions of different Au species (single atoms, 
nanoclusters and NPs) to the total CO oxidation activity. It should be 
mentioned, however, that both the reduction and/or calcination 
treatment of supported metal SACs not only change the nature of the 
metal species but also modifies the nature of the support as well as 
the metal-support interactions24. In this work, we report an in situ 
transformation of Au single atoms to 3D nanoclusters (Au3D) through 
an intermediate Au monolayer configuration (Aulayer) during room 
temperature CO oxidation. Our experimental results unambiguously 
demonstrate that the Aulayer configuration yielded the highest 
reactivity. Both the Au single atoms and the Au3D clusters do not 
possess the highest activity. This work also demonstrates that even 
at ambient temperature Au single atoms sinter rapidly on ZnO 
surfaces under CO environment and that the most active Aulayer 
clusters are not stable either. Strong support-induced distortion of 
the Aulayer nanoclusters is proposed to be responsible for the 
observed high activity for room temperature CO oxidation.  
 Flower-like 2D ZnO nanosheets with average thickness of 9 nm 
was prepared by a hydrothermal method and the subsequent 
calcination to eliminate organic species (Fig. S1-S3). The Au1/ZnO SAC 
with 0.78 wt.% of Au (determined by ICP-AES) was prepared by room 
temperature UV-assisted photochemical deposition of Au single 
atoms onto the as-synthesized 2D ZnO flower-like powders. The 
details on the sample synthesis, characterization and reaction 
evaluation are provided in the ESI†. The specific area of the Au1/ZnO 
SAC was measured to be 46.6 m2·g-1, according to the Brunauer-
Emmett-Teller (BET) method, by N2 adsorption isotherm (Fig. S4). X-
ray diffraction pattern of the Au1/ZnO catalyst showed only the 
characteristic peaks of wurtzite ZnO (Fig. S5). Representative atomic 
resolution HAADF-STEM image (Fig. 1a) shows exclusively Au single 
atoms (marked by red circles) uniformly dispersed on the surfaces of 
the ZnO support. Careful examination of different sample regions 
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revealed that only Au single atoms were present in the Au1/ZnO SAC 
and these Au atoms occupy the exact positions of the Zn cations on 
the ZnO surfaces (Fig. S6). 

 

Fig. 1 (a) Representative HAADF-STEM image of Au1/ZnO SAC. Au single atoms are 
marked by red circles. For clarity, only a few isolated Au atoms are circled although many 
more are present in the image. (b) Time-dependent CO2 (m/z = 44) signals during CO 
oxidation over the 0.78 wt.% Au1/ZnO SAC (red plot) and the ZnO support (black plot). 
The CO2 formation rate with reaction time (blue plot) is displayed in unit of µmol/(gAu·s). 

We tested CO oxidation over the Au1/ZnO SAC by measuring 
the CO2 signal (m/z = 44) with an on-line mass spectrometer (Fig. 
1b). It should be noted that no CO2 molecules were released 
during the first 2 minutes of CO introduction, indicating that the 
Au1/ZnO SAC was either not active or needed a longer 
incubation time. However, the CO2 signal then increased rapidly 
with reaction time: the CO2 formation rate increased quickly to 
a maximum (461.5 µmol·𝐠𝐠𝐀𝐀𝐀𝐀−𝟏𝟏 ·s-1) at ~8 minutes. If we assume 
that all the Au atoms were accessible we obtain a turnover 
frequency of 9.14×10-2 s-1. When the CO oxidation proceeds 
further, the CO2 formation rate decreased gradually to 205.1 
µmol·𝐠𝐠𝐀𝐀𝐀𝐀−𝟏𝟏·s-1 after ~60 minutes. Such a time-dependent reaction 
rate suggests that the catalyst structure continuously evolved. 
There was no observable CO2 formation on the pristine ZnO 
support, suggesting that the observed CO2 molecules 
exclusively originated from the Au species.   

For low temperature CO oxidation, the accumulation of 
surface carbonate species is usually considered to be one of the 
main reasons for deactivation25, 26. To verify if the carbonate 
species played a major role on our catalyst, temperature 
programed desorption of CO2 under He flow environment was 
conducted immediately after 60 minutes of CO oxidation (Fig. 
S7). There were little CO2 desorbed from the used catalyst 
suggesting that the activity decrease was not caused by strong 
adsorption of CO2 or accumulation of carbonate species.  
 Detailed electron microscopy study was conducted on the 
Au/ZnO catalysts after CO oxidation for 4, 8 and 60 minutes. A 
gas-flow reaction setup was used to treat the samples (Scheme 
S2). As discussed above, the fresh catalyst contained only Au 
single atoms. However, after room temperature CO oxidation 
for 4 minutes, Au nanoclusters with an average size of 0.9 nm 
were formed (Fig. 2) and simultaneously the number density of 
the single Au atoms significantly decreased (Fig. S8). Therefore, 
ZnO supported single Au atoms started sintering as soon as the 
room temperature CO oxidation started. When CO oxidation 
proceeds further, statistical analyses of more than 300 Au 
clusters from each sample indicated that the average size of the 
Au clusters did not change appreciably (Fig. 2d) with an average 
size of 0.9 nm after 8 min and a slightly larger average size of 
1.1 nm after 60 min. Some single Au atoms were still present in 
these samples although the number density of the single Au 
atoms decreased by ~97.7% after 60 min of CO oxidation (Fig. 

S8). The number density of Au clusters changed appreciably for 
8 min CO oxidation from that of 60 min, suggesting that the total 
number of Au atoms in each Au cluster changed significantly 
although their sizes did not change much. 

The activity of Au catalysts for CO oxidation is, in general, 
predominantly affected by the size of the Au species and the 
redox property of the support27. In this work, the ZnO support 
does not possess high redox capability, especially at ambient 
temperatures. Our experimental data, however, clearly shows 
that the Au clusters with similar sizes yielded very different 
activity. These results suggest that the geometric configuration 
of Au clusters may have an important role in CO oxidation. 
 

 
Fig. 2 Representative HAADF-STEM images of Au/ZnO after CO oxidation for (a) 4 
minutes, (b) 8 minutes, and (c) 60 minutes. The size distributions of the Au nanoclusters 
after different times of CO oxidation reaction (d) did not show significant changes. 

To understand the relationship between the Au geometric 
configuration and catalytic performance, we analyzed the 
atomic arrangement of Au atoms in the Au nanoclusters. After 
4 min, monolayers of Au species (Aulayer) were observable (Fig. 
3a) with ~0.25 and ~0.28 nm lattice spacings, similar to the 
spacings of ZnO(101) and ZnO(100), in contrast to bulk Au lattice 
spacings of dAu(111) = 0.24 nm and dAu(200) = 0.20 nm. After 8 min, 
in addition to Aulayer, Au3D clusters appeared (indicated by the 
yellow squares in Fig. 3b-c). The measured lattice spacings of 
these Aulayer (~0.25 and ~0.26 nm) still match well with ZnO(101) 
and ZnO(002), but much larger than those of bulk Au. After 60 
min, the Aulayer species were not detectable and only Au3D 
nanoclusters and a tiny amount of single Au atoms were 
detected, suggesting that the transformation of Au single atoms 
to Au3D nanoclusters completed. The few Au atoms that still 
persisted on the ZnO surfaces could have occupied the Zn cation 
vacancy positions. The monolayer Aulayer species seem to be the 
transient intermediate state of transforming single Au atoms to 
Au3D nanoclusters during the CO oxidation reaction. The Au3D 
nanoclusters (Fig. 3f) showed lattice spacings of 0.20 and 0.24 
nm, matching well with that of bulk Au{200} and Au{111} 
spacings. 

The atomic resolution HAADF studies clearly show that 1) 
the majority of the as-prepared Au single atoms are not stable 
under CO environment, 2) the stabilized Au clusters take 3D 
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shape with lattice spacings close to bulk Au, and 3) the transient 
2D monolayer species are significantly distorted in order to 
form an epitaxial relationship with the ZnO support. Austin and 
co-workers17 conducted DFT calculations of the shape effect on 
the adsorption behavior of small Au nanoclusters (~1 nm) and 
found that planar Au nanoclusters would transit to Au3D at high 
CO coverage. Our experimental results seem to support this 
conclusion for ZnO supported Au species. 

 
Fig. 3 Representative atomic-resolution HAADF-STEM images of Au/ZnO catalyst 
after CO oxidation for (a, d) 4 minutes, (b, e) 8 minutes, and (c, f) 60 minutes. Au 
single atoms, Aulayer and Au3D nanoclusters are marked by red circles, cyan squares 
and yellow squares, respectively. The magnified images (d-f) correspond to the 
cyan squares in (a, b) and the yellow square in (c), respectively. 

 
Based on the experimental results, we can deduce the 

following structural change of the Au atoms during room 
temperature CO oxidation: Under CO environment, single Au 
atoms assemble to initially form highly distorted Aulayer that 
aligns with the support lattice spacings and then the Aulayer 
species transform to Au3D when the Aulayer/ZnO interfacial 
energy becomes larger. If we assume that the CO conversion 
rate on the ZnO supported single Au atoms is small or negligible 
and that the highly distorted 2D Aulayer species are most active 
then we can fully understand the time dependent behavior of 
the CO2 formation rate. The reactivity of these ZnO supported 
Au species follows the sequence Aulayer > Au3D >> Au1. 

To gain detailed information about the chemical states of 
the different Au species, fresh Au1/ZnO SAC and after 4, 8 and 
60 minutes of CO oxidation were immediately examined by XPS 
(Fig. S9, Fig. 4a). Although most of the Au 4f peaks were buried 
under the strong Zn 3p3/2 peak (Fig. S10), a small shoulder peak 
is clearly observable at ~85 eV in the fresh Au1/ZnO. This peak 
can be assigned to positively charged Au species (Auδ+)28-31. 
Phala and co-workers32 found, by DFT calculations, that oxidized 
Au can be stabilized at Zn2+ positions in the bulk terminated 
surface sites. Our STEM imaging results also showed that Au 
single atoms are located on the positions of Zn2+ sites (not 
necessarily the Zn2+ vacancies) (Fig. 1a and S6). The interaction 
between the Au atoms and the ZnO surface oxygen induces 
electron transfer from the Au atoms to the ZnO support, 
yielding the high content of Auδ+. When CO oxidation started 
the content of the Auδ+ species drastically decreased while the 
amount of the Au0 species increased (Fig. 4b). The XPS data 
clearly show that the change of Au oxidation state followed the 
structural change of the Au species. In situ DRIFTS study of the 
as-prepared Au1/ZnO under CO oxidation conditions (Fig. S11) 
shows that the relative CO2/CO adsorption peak ratio increased 

dramatically during the first several minutes of reaction, 
reached the maximum at ~8 min, and then slowly decreased, 
corroborating the activity results of Fig. 1b.  

 
  

 
Fig. 4 (a) High resolution XPS spectra of Au 4f core-level of Au/ZnO for CO oxidation 
after different time intervals (0, 4, 8 and 60 minutes). (b) IR spectra of CO adsorbed 
on Au/ZnO at room temperature after reaction for different time intervals (4, 8, 
30 and 60 minutes). The band of CO adsorbed on Aulayer species at different time 
intervals is highlighted in red in each XPS spectrum. 

To further understand the nature of the active Au species 
we conducted CO-DRIFTS experiments on the Au1/ZnO SAC. 
After each specified reaction time, the residual gas was purged 
with pure Ar and then the CO-DRFITS spectra were taken (Fig. 
4b). Three adsorption bands were identified at around 2200, 
2110, and 2165 cm-1, respectively. The band at ~2110 cm-1 can 
be assigned to CO adsorption on Au0 sites33, 34. The band at 
~2200 cm-1 can be assigned to CO adsorption on Au3+ sites35, 36 
or CO adsorption on ZnO37-39. The CO adsorption band on Au3+ 
sites is considered to be extremely weak and is difficult to be 
even detected since Au3+ is normally coordinately saturated and 
can be easily reduced to Auδ+ by CO23, 35, 40. Both the XPS and the 
STEM imaging data suggest that with reaction time the Au0 
species should increase and the high valence Au species should 
decrease. Since Fig. 4b shows that the intensity of the 2200 cm-

1 band increases with reaction time the assignment of this band 
to Au3+ is not plausible. It was reported that CO could adsorb on 
ZnO at 2200cm-1 in the presence of CO2 37-39. We detected CO 
adsorption on treated ZnO at about 2190 cm-1 under similar 
conditions (Fig. S12). Therefore, we assigned the 2200 cm-1 
band to CO adsorption on Zn cations. As discussed above, the 
isolated Au atoms move to form Aulayer and Au3D as reaction 
proceeds. The CO molecules that adsorb on the active Au 
clusters react with surface oxygen species on the ZnO to 
produce CO2 and simultaneously create more exposed Zn2+ sites 
around the Au species. Both the migration of Au atoms and the 
oxidation of the adsorbed CO molecules lead to the increased 
intensity of CO adsorption on exposed Zn cation sites.  

The shoulder band centered at ~2165 cm-1 can be assigned 
to CO adsorption on Auδ+ sites41. After deconvolution of the 
adsorption bands, one can observe that the peak area of the 
2165 cm-1 Auδ+ band first increased, reached a maximum at ~8 
min, and then decreased gradually. This time dependent change 
of the amount of Auδ+ sites coincides with the time dependent 
change of the CO oxidation activity (Fig. 1b) and the formation 
of the Aulayer (Fig. 3). The STEM images showed that the Aulayer 
species possess a longer Au-Au bond which should possess a 
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stronger adsorption strength of CO than that on Au3D due to 
strain induced effects18,19. The strong interaction between the 
Aulayer and the ZnO surface facilitates electron transfer from the 
Au species to the ZnO support, resulting in larger amount of 
positively charged Au species. When the Au3D were formed the 
perimeter Au atoms may behave similarly to the Aulayer species 
and CO adsorption at Auδ+ sites still existed but with a smaller 
amount. The excellent match between the amounts of the Auδ+ 
sites with the CO oxidation activity further confirms that the 
Aulayer species with Auδ+ sites exhibit the highest activity. 
 In summary, our work shows highly distorted monolayer Au 
species as most active sties for room temperature CO oxidation 
on ZnO supported Au catalysts. Both ZnO supported Au atoms 
and Aulayer species, however, are not stable: They evolve into 3D 
Au clusters. ZnO supported single Au atoms are not active for 
room temperature CO oxidation. For small Au clusters, cluster 
geometry and their electronic interaction with support surfaces 
are critical. This work provided deeper insights into the 
structure-performance relationship of supported Au species. 
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