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Abstract: Developing a desirable ethanol dehydrogen-
ation process necessitates a highly efficient and selective
catalyst with low cost. Herein, we show that the
“complex active site” consisting of atomically dispersed
Au atoms with the neighboring oxygen vacancies (Vo)
and undercoordinated cation on oxide supports can be
prepared and display unique catalytic properties for
ethanol dehydrogenation. The “complex active site”
Au� Vo� Zr3+ on Au1/ZrO2 exhibits the highest H2

production rate, with above 37,964 mol H2 per mol Au
per hour (385 gH2g

� 1
Au h

� 1) at 350 °C, which is 3.32, 2.94
and 15.0 times higher than Au1/CeO2, Au1/TiO2, and
Au1/Al2O3, respectively. Combining experimental and
theoretical studies, we demonstrate the structural sensi-
tivity of these complex sites by assessing their selectivity
and activity in ethanol dehydrogenation. Our study
sheds new light on the design and development of cost-
effective and highly efficient catalysts for ethanol
dehydrogenation. Fundamentally, atomic-level catalyst
design by colocalizing catalytically active metal atoms
forming a structure-sensitive “complex site”, is a crucial
way to advance from heterogeneous catalysis to molec-
ular catalysis. Our study advanced the understanding of
the structure sensitivity of the active site in atomically
dispersed catalysts.

Introduction

Ethanol dehydrogenation is an important industrial process
to produce acetaldehyde and ethyl acetate,[1–3] which are
high-value-added chemicals with wide applications in chem-
ical synthesis and the solvent industry. The growing
production of bio-ethanol from biomass (such as cassava
and cellulose) upgrading in recent decades, makes this
process more attractive.[4] Besides, ethanol dehydrogenation
is a critical step in the ethanol-liquid organic hydrogen
carrier (LOHC) cycle system.[5,6] Therefore, it is desirable to
develop low-cost, highly efficient, and selective catalysts for
ethanol dehydrogenation. Noble metal catalysts usually
display higher ethanol conversion activity than commercial
copper catalysts, but their high cost limits the wide
applications.[7–9] Atomically dispersed catalysts (ADCs)[10,11]

can reduce the catalyst cost by downsizing metal nano-
particles to single atoms, achieving the maximum utilization
efficiency of expensive metals. ADCs with uniform distribu-
tion of active atoms benefit the new catalyst design for
achieving high catalytic activity and selectivity.[12–14]

Designing advanced ADCs for a specific reaction
necessitates a comprehensive understanding of two distinct
types of interactions: 1) the interaction of atomically dis-
persed metal with the supporting material; 2) the interaction
of the active site with reactant and intermediates. Generally,
the interactions between dispersed metal atoms and matrix
oxides involve similar phenomena of charge transfer and
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species spillover with supported metal nanoparticle catalysts,
named metal-support interaction (MSI),[15,16] where the
active sites were thought to be the interface or peripheral
atoms of the nanoparticle in contact with the oxide
support.[17] The distinction lies in ADCs, where the co-
localization of a single metal atom with neighboring support
atoms and surface functional groups can form a “complex
active site” characterized by a specific and identifiable
structure. On reducible oxide supports the single metal
atoms have been reported to locate at anion defects (eg.
oxygen vacancy), and cation vacancies through atom migra-
tion induced by surface reconstruction due to thermodynam-
ic favorability. For example, single metal atoms can be
immobilized onto cation vacancies of reducible CeO2

[18–23] or
ZrO2

[24–26] supports in the form of single metal atom-oxygen
vacancy-undercoordinated cation. The immobilization of
single metal atoms on a reducible support such as CeO2, will
create more oxygen vacancies and undercoordinated
Ce3+.[18–22] On TiO2 support, Au atom will occupy the oxygen
vacancy (Vo) and form an Au� Ti complex[27–30] due to
favorable thermodynamics, which has been confirmed both
theoretically and experimentally. For irreducible oxides such
as Al2O3 as support, single metal atoms will be anchored by
terminal surface hydroxyl group (� OH)/lattice oxygen
(O2� ).[31–33]

Previous studies have reported the structure and ad-
vanced catalytic performance of these complex active sites.
For example, our recent studies demonstrated that the
immobilization of a single Pt atom onto reducible CeO2

support generates super-synergy effects between the
Pt� Vo� Ce3+, which cooperatively facilitate the adsorption,
activation, reaction, and desorption of the reactant, inter-
mediates, and products.[18–22] Recent studies also show that
the combination of a single metal atom with Vo and
surrounding metal ions on supports can enhance the
reaction rate and control the desired product selectivity.[34,35]

However, a systematic study of these complex active sites,
especially, in interacting with reactants and intermediates
remains unaddressed. And manipulating the structure of
active complex sites for achieving desired catalytic perform-
ance has not been studied. Therefore, exploring the multiple
interactions of these complex active sites is highly desirable
for advancing catalyst development in ethanol dehydrogen-
ation and furthering the progress in the field of ADCs.

In this work, we prepared four representative ADC
samples by loading single Au atoms on ZrO2, CeO2, TiO2,
and Al2O3 supports. We investigated the performance of
different Au-complex site created in these ADCs for ethanol
dehydrogenation. In-situ diffuse reflectance infrared trans-
form spectroscopy (DRIFTS), ambient pressure X-ray
photoelectron spectroscopy (APXPS), and density func-
tional theory (DFT) calculations were employed to under-
stand the structure sensitivity of Au-complex site for ethanol
dehydrogenation.

Results and Discussion

The Formation of Au-Complex Sites

Firstly, we used low Au loading (�0.04 wt% determined by
inductively coupled plasma optical emission spectroscopy)
to ensure all Au atoms are isolated as single atoms
(Table S1) and no Au nanoclusters formation was detected
by aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (AC-HAADF-
STEM) images (Figure 1a–1d and Figure S1). No Au nano-
cluster formation was detected by further AC-HAADF-
STEM examinations (Figure S2). The X-ray diffraction
(XRD) detections (Figure S3) further confirmed that there
were no additional diffraction lines attributed to the
aggregated Au nanoparticles. X-ray absorption near-edge
structure (XANES) spectra (Figure S4) detected various
ionic Auδ+ (0<δ�1), indicating the coordination state of
these atomically dispersed Au atoms are different.

Secondly, X-ray photoelectron spectroscopy (XPS) and
electron paramagnetic resonance (EPR) were used to study
the single metal atom-support interaction and the surface
chemical states of these as-synthesized ADCs. 1) For the
reducible supports of ZrO2 and CeO2, Au atoms anchoring
onto cation vacancy results in an increase in the amount of
unsaturated coordinated cations (Zr3+/Ce3+) and oxygen
vacancies in Au1/ZrO2 and Au1/CeO2 (Figure S5–S6 and
Table S2). Furthermore, the increased intensity of EPR
signals corresponding to Zr3+ (g=1.996)[36–39] and Ce3+ (g=

1.97 and 1.94)[40,41] and single electron trapped-oxygen
vacancy (Vo·, g=2.05/2.02)[41–44] further confirmed the
immobilization process above. In addition, the smaller
linewidth of the characteristic EPR signal for Zr3+ (g=

1.996, Au1/ZrO2) and Ce
3+ (1.97, Au1/CeO2) compared to

their blank supports substantiates the transition of electronic
microenvironment/electron coupling state, implying elec-
tronic structure modulation of ADCs by Au atom
immobilization.[45] 2) For the second type of reducible
support of TiO2, it is notable that Au site insertion
decreased the concentration of surface Ti3+ and Vo (Fig-
ure S7 and Table S2), implied by the decreased deconvo-
luted area (Vo and Ti3+) of XPS and EPR characteristic
signals (Ti3+, g=1.94 and Vo·, g=2.008).[46–48] This is resulted
from the immobilization of Au atom onto the location of
oxygen vacancy site.[27–29,49] 3) For the irreducible support of
Al2O3, the Au adsorption has no noticeable effects on the
chemical state of Al2O3 surface, with the evidence of similar
binding energy of Al 2p and relatively isotropy electron
density around oxygen atoms (Figure S8a and S8b),[50,51] as
well as the absence of characteristic signal (g=2.001)
assigned to Vo· (Figure S8c). Therefore, it is concluded that
Au single sites are bonded by surface oxygen of Al2O3.

[31–33]

Scheme S1 summarized the variations of Au complex sites:
embedded Au surrounded by oxygen vacancies (ZrO2 and
CeO2 as supports); anchored Au on oxygen vacancy (TiO2

as support) and stabilized Au bonding to surface oxygen
(Al2O3 as support). The nature of oxide supports and the
thermodynamics of Au-support interaction during the cata-
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lyst fabrication process are the major drivers for the
formation of Au complex sites with diverse geometries.

Thirdly, DFT calculations were employed to demon-
strate the structure of Au complex sites (Figure 1e–1h,
Figure S9). DFT modeling results in Figure 1e, 1f, and
Figure S9a, S9b show that Au atom immobilized at Zr or Ce
vacancy (adjacent to Vo) on ZrO2 (� 4.61 eV) or CeO2

(� 3.99 eV) is more thermodynamically favorable than those
at oxygen vacancy (Vo) site (� 3.81 eV and � 2.99 eV,
respectively). For TiO2 support (Figure 1g and Figure S9c),
Au atom anchoring at Vo (� 3.10 eV) is more favorably
energetic than other location (� 1.48 eV). Moreover, Vo
facilitates the formation of Au� Ti complex, with a much
lower formation energy (� 3.10 eV) than perfect TiO2

(� 0.42 eV, � 0.37, and � 0.13 eV, respectively) (see details in
the Supporting Information). The Au atom at Al2O3 is more
favorably anchored by the terminal hydroxyl group
(� 1.11 eV) rather than lattice oxygen adsorption (� 0.85 eV)
(Figure 1h and Figure S9d).

Au-Complex Sites in Ethanol Dehydrogenation

After identifying the Au-complex sites of these ADC Au
catalysts, we further explored their effects on ethanol
dehydrogenation. At 275 °C, Au1/ZrO2 displayed a TOF of
~11948 h� 1 for H2 release, which is 4.01-fold, 3.37-fold, and
32.0-fold higher than those of Au1/CeO2 (~2983 h

� 1), Au1/
TiO2 (~3544 h

� 1), and Au1/Al2O3 (373 h
� 1), respectively

(Figure 2a). We also studied the liquid product distributions
of these Au ADCs (Figure 2b). The major products of Au1/

ZrO2 and Au1/CeO2 catalysts are acetaldehyde and ethyl
acetate. For Au1/CeO2 catalyst, certain C6 products (3-
hydroxyal-1-hexaldehyde) were also detected. Notably, the
dominant product of Au1/TiO2 catalyst is acetaldehyde and
the major product of Au1/Al2O3 is diethyl ether. The critical
role of Au site in catalysis is also confirmed by catalytic
results on blank oxide supports (Figure S10), in which Au
atom immobilization fundamentally changed the activity
and selectivity of ethanol dehydrogenation except Al2O3.
We also found that a higher reaction temperature favors the
ethanol conversion and H2 generation (Figure S11a). Fur-
ther increasing the reaction temperature to 350 °C, the TOF
of H2 release for Au1/ZrO2 reaches 37,964 h

� 1, 3.32, 2.94 and
15.0 times higher than Au1/CeO2 (11,434 h

� 1), Au1/TiO2

(12,912 h� 1), and Au1/Al2O3 (2,531 h
� 1), respectively (Fig-

ure S11a). We noticed that higher temperature triggers the
generation of complex liquid products such as C4 (crotyl
alcohol) and C6 (hexaldehyde, heptanone) products which
significantly decreases the selectivity of acetaldehyde (Fig-
ure S11b, Table S4 and Scheme S2). For the gas products, a
trace amount of ethylene (originated from intramolecular
dehydration of ethanol) was detected above 350 °C with no
detectable CH4 or CO, indicating no C� C bond cleavage
and decarbonylation.[52] We further studied the stability of
the Au1/ZrO2 catalyst (Figure S11c). As expected, the
catalyst displayed a higher stability under reaction temper-
ature of 275 °C with a relatively lower H2 productivity than
those at higher reaction temperatures (300 and 350 °C).
Moreover, ethanol conversion of >85% and stability over
12 h has been achieved at ethanol’s weight hourly space
velocity (WHSV) of 0.75 h� 1 (275 °C), with acetaldehyde and

Figure 1. The optimized structure of four ADC prototypes. AC-HAADF-STEM images for (a) Au1/ZrO2, (b) Au1/CeO2, (c) Au1/TiO2, and (d) Au1/
Al2O3. Atomically dispersed Au atoms are highlighted by blue circles. The insets in Figure 1a–1c show the percent evolution of oxygen vacancy (Vo)
and coordinatively unsaturated metal ions (Zr3+, Ce3+, Ti3+) for the catalysts before and after Au atom insertion based on XPS deconvolution
(Figure S5–S7); DFTmodels of Au atom on various oxide supports: (e) Zr vacancy immobilized Au1 on ZrO2 (� 111), (f) Ce vacancy immobilized
Au1 on CeO2 (111), (g) Vo immobilized Au1 on TiO2 (101), and (h) Terminal hydroxyl stabilized Au1 on Al2O3 (110).
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ethyl acetate as major products reaching ~100% selectivity
(Figure S12).

Correlating the Au-complex site with catalytic perform-
ance of all Au ADCs, we conclude that: 1) loading single Au
atoms on supports of ZrO2 and CeO2 creates
Au� Vo� undercoordinated ion (Zr3+ or Ce3+) complex site
after the Au atom immobilization. These complexes work as
ensemble reaction pool and display a similar reaction
pathway of dehydrogenation and sequent esterification, as
well as further aldol condensation under higher temper-
atures to produce C4 and C6 products (Table S4 and
Scheme S2); 2) loading single Au atoms on TiO2 creates
Au� Ti complex site due to the Au atom selectively
anchoring on the oxygen vacancy, and selectively produce
acetaldehyde through ethanol dehydrogenation; 3) loading
single Au atoms onto the irreducible support of Al2O3 by
stabilizing Au atoms with terminal hydroxyl group does not
create an obvious synergy between Au and the support,
therefore it displays much lower dehydrogenation activity,
and the product of diethyl ether was produced by Al2O3

support (Figure S10).[53,54]

Synergistic Effect of Au� Vo� Zr3+ Complex Site

To further elucidate the Au-complex site-effect of Au
ADCs in ethanol dehydrogenation, we used Au1/ZrO2 ADC
as the primary prototype catalyst, combining with in-situ
diffuse reflectance infrared Fourier transform spectra
(DRIFTS), ambient pressure (AP)-XPS and EPR to study
the reaction pathway.

Figures 3a and 3b show the in-situ DRIFTS of Au1/ZrO2

and ZrO2 samples with purging ethanol vapor in N2 under
250 °C. After ethanol adsorption, the C� H stretching
vibration bands (~2800–3000 cm� 1) and C� O stretching
vibration bands (~1000–1200 cm� 1) are detected (See de-
tailed bands assignments in Table S6). Especially, C� O
stretching vibration can be used to identify the structure of
adsorbed ethanol and adsorbed ethoxy species: for blank
ZrO2 sample, the bands at 1150, 1071 and 1050 cm

� 1 in
Figure 3a are attributed to molecularly adsorbed ethanol
and linearly adsorbed ethoxy species (type a or b), bridged
adsorbed ethoxy species (type c) and bridged ethoxy
adsorbed on oxygen vacancy (type d), respectively
(Scheme S3).[55–63] For Au1/ZrO2, the enhanced adsorption
band at 1050 cm� 1 (type d species) with a relatively
decreased adsorption of the other types (1150 and
1071 cm� 1) is detected, which indicates Au atoms loading
favored the formation of type d ethoxy species on the Zr3+

in the Au� Vo� Zr3+ complex. The ethanol adsorption on
Au1/ZrO2 is also probed by EPR (Figure S14). The
decreased intensity of EPR characteristic signal associated
with Vo is detected, which further validates the FTIR
analysis that ethoxy is favorable to bind on Zr3+ ions
surrounding Au� Vo sites. Furthermore, a slight red-shift of
C� H stretching vibration at 2962 and 2920 cm� 1 is found,
which indicates ethoxy adsorption at undercoordinated Zr3+

due to Au atom insertion.[64,65] More interestingly, visible
bands at 1758 and 1720 cm� 1 assigned to v(C=O) mode of
acetaldehyde (Figure 3a) in the gas phase and a preferential
η1(O)-configuration adsorption[57,60,66] was observed.[52,67,68]

We further studied the desorption dynamics of the
acetaldehyde and other intermediates species (Figure 3b and
Figure S15). After purging with pure N2 (without ethanol
vapor), the type c and d ethoxy species (1071 and 1050 cm� 1)
and acetaldehyde species (1758 and 1720 cm� 1) are signifi-
cantly decayed in 2 minutes; While the decay of molecularly
adsorbed ethanol and linearly adsorbed ethoxy species
(1150 cm� 1) is much slower than bridged adsorbed ethoxy
species. This indicates that bridged ethoxy species generated
at Au� Vo� Zr3+ complex are more active than others. The
adsorbed crotonaldehyde species (1648 and 1602 cm� 1) and
acetate species (1559 to 1382 cm� 1) are also detected, which
have a much slower desorption rate. Correlated with slug-
gish dynamic features of ethoxy activation/reaction on blank
ZrO2 support (Figure S15), in-situ DRIFTS evidenced Au
atom insertion enabled much higher C� H bond cleavage
efficiency and more favorable acetaldehyde desorption
properties.

After resolving surface species evolution from in-situ
DRIFTS, we conducted in-situ AP-XPS study to further
monitor the chemical state evolution of the catalyst surface

Figure 2. Au-complex site-sensitive ethanol dehydrogenation.
(a) Turnover frequency (TOF) of hydrogen production, and (b) liquid
product distribution during ethanol dehydrogenation at 275 °C over
Au1/ZrO2, Au1/CeO2, Au1/TiO2, and Au1/Al2O3 ADCs with the reaction
time of 2 h.
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during the reaction (Figure 3c and 3d). The ethanol dosing
at low temperatures (25–50 °C) increased the amount of
Zr3+ species due to the ethoxy species with strong electron-
donating capability adsorb on Zr4+ site and reduce it to
Zr3+. A slight decrease in the amount of Zr3+ species from
25 to 50 °C is likely resulting from the ethoxy species
desorption.[69,70] Interestingly, the ethanol vapor dosing has
no obvious influence on the amount of Au species (Auδ+,
0<δ< +1), indicating that the Au site did not participate in
the adsorption and activation (deprotonation) of ethanol to
ethoxy species. The dehydrogenation of ethoxy species
involving the α� C� H bond cleavage through H abstraction
by Au atom (validated by DFT calculations in Figure 4
below) occurs at 150 °C and displays decent activity under
250 °C (Figure S11a). Meanwhile, a more obvious decrease
in the amount of Zr3+ species for Au1/ZrO2 was detected at
150 and 250 °C (Figure 3c), due to the transformation of
ethoxy species to acetaldehyde species with weakened
electron-donating effects. The Au 4f binding energy of Auδ+

species shows a slight decrease from 150 to 250 °C, resulting
from the reduction effect of H species and electron-donating

effect of acetaldehyde species. The above analysis shows
that the synergistic effect of the Au� Vo� Zr3+ complex site
is crucial for ethanol adsorption, activation, reaction, and
desorption.

Proposed Ethanol Dehydrogenation Mechanism

We further proposed a reaction mechanism for ethanol
dehydrogenation over Au1/ZrO2 catalyst (Figure 4, Fig-
ure S16–S18). Figure 4a shows that the catalytic cycle is
initiated with the ethanol dissociation adsorption at adjacent
Zr3+� Vo� Zr3+ sites to form bridged-ethoxy-species and
Zr� OH ([1]![2]), then the scission of α� C� H bond
(0.45 eV) through H abstraction by Au atom to Au� H
hydride ([2]![3]), followed by H2 recombination (1.20 eV)
and desorption ([3]![4]), and finally acetaldehyde desorp-
tion (0.30 eV) ([4]![1]). The catalytic cycle of ethanol
dehydrogenation to acetaldehyde on Au1/ZrO2 is easily
closed by this low-energy route. In the next stage,
acetaldehyde intermediates would be further attacked by

Figure 3. Spectroscopic studies on ethanol dehydrogenation over Au1/ZrO2. (a) In-situ diffuse reflectance infrared Fourier transform spectra
(DRIFTS) of Au1/ZrO2 and ZrO2 when purging with ethanol vapor (with N2 as carrier gas) at 250 °C; (b) Time-resolved in-situ DRIFTS of Au1/ZrO2

purged with pure N2 (without ethanol vapor dosing); In-situ AP-XPS (c) Zr 3d and (d) Au 4f spectra for Au1/ZrO2 before and after ethanol dosing.
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newly adsorbed ethanol species at Zr3+ ([4]![5]) to
generate ethoxy hemiacetal bridged adsorbed at two Zr
atoms ([5]![6]), followed by the decomposition of ethoxy
hemiacetal to ethyl acetate (EA) intermediates at Zr site
(0.12 eV) and adjacent Zr� OH ([6]![7]). Finally, after EA
desorption (0.66 eV) and H2 formation/release ([7]![8]),
the catalytic cycle of ethanol dehydrogenation to EA is
accomplished. The energy of EA desorption (0.66 eV) is
0.36 eV higher than acetaldehyde desorption (0.30 eV),
indicating the thermodynamic unfavourability of the reac-
tion pathway to generate EA. This explains why
acetaldehyde is the major product (with selectivity of
>75%) from ethanol dehydrogenation on Au1/ZrO2 ob-
served in Figure 2b.

We compared the ethanol activation over ZrO2 and Au1/
ZrOr2 using DFT simulation. The simulated catalytic cycle
of ethanol dehydrogenation on ZrO2 is shown in Figure S17,
and the calculated energy profiles are presented in Figure 4b
and Figure S18. The rate-determining step (RDS) for
ethanol activation on ZrO2 is the cleavage of the α� C� H
bond (2.19 eV) [TS1]. With Au� Vo� Zr3+ complex site, the
RDS is H2 formation with an energy barrier of 1.20 eV,
which is 0.99 eV lower than that of RDS on ZrO2

(Table S7). Moreover, Au1/ZrO2 exhibited lower reaction
energy for acetaldehyde formation (0.29 eV vs. 1.85 eV)
([2]![3]), acetaldehyde desorption (0.30 eV vs. 3.39 eV)
([4]![1]) and EA formation (0.12 eV vs. 2.55 eV) ([6]![7])
than ZrO2 (Table S8). Therefore, the excellent catalytic

activity of Au1/ZrO2 catalyst are attributed to the synergistic
effects among complex site Au� Vo� Zr3+, which facilitates
the elementary steps kinetically and thermodynamically, in
the catalytic cycle of ethanol dehydrogenation.

We further studied structure-function relationships of
formed Au complex sites by DFT calculations (Figure S19–
S23, Table S9–S10). Our results show that Au1/ZrO2 and
Au1/CeO2 have similar Au complex sites (Au� Vo� Zr

3+ vs.
Au� Vo� Ce3+) and display a similar reaction pathway for
ethanol dehydrogenation (Figure 4a, S20–S21). Both Au1/
ZrO2 (� 0.85 eV) and Au1/CeO2 (� 0.72 eV) exhibited favor-
able ethanol dissociation adsorption to form active ethoxy.
The RDS for ethanol activation on both Au1/ZrO2 and Au1/
CeO2 is H2 formation, rather than α� C� H bond scission
(Table S9). The energy barrier of H2 formation on Au1/ZrO2

(1.20 eV) is 0.29 eV lower than that on Au1/CeO2 (1.49 eV),
which results in a higher H2 productivity on Au1/ZrO2.
Comparatively, DFT analysis (Figure S20 and S22) show
that the RDS on Au1/TiO2, with Au� Ti complex sites, is the
cleavage of the α� C� H bond (1.35 eV). We noticed that the
energy barrier for the RDS on Au1/TiO2 is lower than that
on Au1/CeO2 (1.35 vs. 1.49 eV). However, ethanol dissocia-
tion adsorption to active ethoxy species on Au1/TiO2

necessitates a reaction energy of 0.25 eV (Figure S23). By
contrast, this adsorption-deprotonation process is thermody-
namically favorable on Au1/CeO2 (� 0.72 eV). Moreover,
Au1/TiO2 exhibited a higher energy for acetaldehyde
desorption than that on Au1/CeO2 (0.63 vs. 0.3 eV) (Ta-
ble S10). The interplay between kinetic and thermodynamic
factors thus accounted for a slightly higher H2 productivity
of Au1/TiO2 than Au1/CeO2.

Conclusion

In summary, we prepared four atomically dispersed Au
catalysts using ZrO2, CeO2, TiO2, and Al2O3 as supports and
evaluated their performances in ethanol dehydrogenation.
Combined with systematic spectroscopic studies (XPS, AP-
XPS, EPR, in-situ DRIFTS) and DFT simulation, we
identified the structure of Au complex sites, discussed the
structure–activity relationship and proposed reaction mech-
anism of ethanol dehydrogenation. Specifically, Au1/ZrO2

catalyst displays 100% selectivity of acetaldehyde and ethyl
acetate production, and exhibits the most superior activity
for ethanol dehydrogenation in terms of H2 release. The
synergy in Auδ+� Vo� Zr3+ complex site facilitates ethanol
dissociation adsorption at Zr3+, ethoxy activation, and
product desorption over Auδ+. The Au1/CeO2 catalyst
containing Auδ+� Vo� Ce3+ complex site displays a similar
reaction pathway to Au1/ZrO2 catalyst. The Au1/TiO2

catalyst creates Au� Ti complex site and favors the
acetaldehyde production with 100% selectivity. The Au1/
Al2O3 catalyst displays the lowest H2 generation rate and the
highest diethyl ether selectivity. This work highlights the
advantages of ADC design by composing single metal atom
with surrounding atoms and functional groups on the
support into a complex site, advancing catalyst development

Figure 4. Zr3+� Vo� Auδ+ complex site-mediated ethanol dehydrogen-
ation on Au1/ZrO2. (a) Catalytic cycle simulations of ethanol dehydro-
genation on Au1/ZrO2. (b) The calculated energy profiles of ethanol
dehydrogenation to acetaldehyde on Au1/ZrO2 and ZrO2.
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for ethanol dehydrogenation and deepening the understand-
ing of the structure sensitivity of the active site in ADCs.
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