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ABSTRACT: Hybrid Au-CuO NPs supported on carbon (Vulcan-XC72) with different Au/Cu molar ratios (i.e. 13/1, 4/1, 1/1 and 
1/17) were synthesized by solvated metal atoms dispersion (SMAD) approach. (HR)-TEM, STEM-EELS maps and EXAFS 
measurements showed the presence of Au-CuO core-shell hetero-structure having narrow size distributions (mean diameter < 4.7 
nm) regardless of their composition. The role of their structure and composition was evaluated for the catalytic liquid-phase selective 
benzyl alcohol oxidation with respect to their monometallic counterparts. As a result, a strong synergistic effect of Au-CuO 
heterostructure was revealed, strictly dependent on the CuO coverage degree of the Au-rich core and thus to the Au/Cu molar ratio. 
Highest catalytic activity was observed when CuO shell only partially cover the Au-NP surface (i.e. at high Au/Cu molar ratios: 13/1, 
4/1). On the other hand, at high Cu loadings (i.e. Au/Cu molar ratios: 1/1 and 1/17), the CuO shell wraps completely the Au-core 
inhibiting the catalytic activity.

1. INTRODUCTION
Bimetallic nanoparticles (NPs) have received great interest over 
the last decade owing to their unique catalytic, optical, and 
magnetic features. The design of bimetallic NPs by advanced 
synthetic approaches offers an effective way to control their 
size, shape, composition and crystal structure which in turn are 
able to fine-tune their physicochemical properties1. NPs 
containing gold in the presence of another metal represents a 
new challenge in gold catalysis2,3. Among the promising metal 
pairs, Au and Cu metals are long-time friends: they are largely 
used together for coinage, jewellery or other technologic 
applications since could dissolve in one another in all 
proportions and they have similar chemistry4. Supported Au-Cu 
NPs as alloy or core-shell structures have been investigated 
pointing out at times a positive beneficial effect in terms of 
catalytic performances and stability respect to their 
monometallic counterparts5. In details, they were effectively 
used for the aerobic oxidation of carbon monoxide6, oxidation 
of alcohols to the corresponding aldehydes or ketones7,8,9,10 and 
propene epoxidation with nitrous oxide11. Recently, in order to 
disclose the essence of the synergistic effect between gold and 
copper in oxidation reactions, the structural evolution of 
supported Au-Cu alloy NPs in CO oxidation reaction has been 
deeply investigated by different research groups12,13,14. X. Liu et 
al. reported in situ studies about SBA-15 supported Au-Cu alloy 
NPs prepared through consecutive reductions of Au and Cu 
precursors. The active catalyst was composed by Au NPs 
enriched on the surface by partially or fully oxidized CuOx tiny 
patches, which boosted the CO/O2 activation6,15. J.C. Bauer et 
al. reported similar results with SiO2-supported Au-Cu catalysts 
synthesized by adding copper acetate precursor to pre-formed 
supported Au NPs. The presence of Au-CuOx hetero-structure 

significantly enhanced the catalyst performances. On the other 
hand, the formation of Au-Cu alloy, obtained after treatment of 
the catalysts under reductive conditions, led to a negligible CO 
conversion16. Finally, J. Yin et al. reported the CO oxidation 
promoted by carbon-supported Au51Cu49 catalysts, synthesized 
by bimetallic NPs impregnation. The reduction treatment by 
hydrogen of the calcined catalyst led to the formation of 
oxygenated Cu species at the NPs-surface, able again to activate 
oxygen affording a marked increase of the catalytic activity17. 
Despite experimental and theoretical efforts, the control of the 
copper surface segregation (i.e. the thickness of CuO on the 
surface) in Au-Cu alloy NPs under oxidative conditions and 
thus their behavior in catalytic oxidations is still a challenge. As 
a matter of facts, the degree of phase segregation is strongly 
influenced by the reaction conditions and oxidative/reductive 
pre-treatments, the substrates-metals interaction, the particles 
metal ratio as well as the synthetic approach. The selective 
oxidation of benzyl alcohol has attracted both academic and 
industrial interest because of the application of benzaldehyde in 
perfumery, dyestuff and agro-chemical industries18,19,20. 
Although the positive effect of the Cu on the Au-based catalysts 
for selective oxidation of benzyl alcohol was already 
reported2,10,21, a correlation between the structural properties of 
the AuCu bimetallic NPs and their catalytic activity in this 
reaction still lacks.
Herein, we synthesized hybrid Au-CuO NPs supported on 
carbon (Vulcan XC-72) by solvated metal atoms dispersion 
(SMAD) for selective liquid-phase oxidation of benzyl alcohol 
to benzaldehyde. Recently, SMAD approach has been proposed 
as an effective way for the preparation of supported bimetallic 
Au-based and Cu-based NPs with high control of their 
size/composition, avoiding the use of any surfactant or capping 
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agent22,23,24,25. The morphological and structural features of 
SMAD-derived AuCu bimetallic catalysts containing different 
Au/Cu molar ratios were deeply investigated by HRTEM, 
STEM-EELS and EXAFS measurements, disclosing the role of 
the local particles- structure /-composition and their catalytic 
properties.

2. MATERIALS AND METHODS
2.1 Chemicals. Gold beads (1 - 6 mm, 99.999 %), copper 
powder (99.999 %) and acetone solvent were from Merck. 
Before the use, acetone was distilled and stored under argon. 
The co-condensation of copper, gold, and acetone vapors was 
carried out in a static metal vapor synthesis (MVS) reactor 
previously reported26. All operations involving the acetone-
solvated Au-Cu atoms solutions were performed under a dry 
argon atmosphere by using standard Schlenk techniques. The 
VulcanXC-72 carbon support (graphitized carbon) was from 
Cabot (surface area: 218 m2 g−1, pore volume: 0.41 mL g−1). 
Benzyl alcohol (puriss., meets analytical specification of Ph. 
Eur., BP, NF, 99-100.5% (GC)), O2 from SIAD (99.99%) and 
cyclohexane (puriss. p.a. ACS reagent, ≥ 99.5%, GC) were from 
Sigma-Aldrich. 
2.2 Synthesis of Carbon-supported Au-Cu catalysts. For the 
preparation of Au4Cu1/C sample, Au and Cu vapors were 
obtained by Joule heating of two alumina-coated tungsten 
crucibles, containing ca. 100 mg and 8 mg of Au beads and Cu 
powder, respectively. The metal vapors were co-condensed at -
196°C (liquid nitrogen) with vapors of acetone (100 mL) into 
the MVS reactor for 1 hour. Thus, the reactor was warmed up 
until the solid matrix melting point (ca. -95°C) leading to a 
purple-brown solution (95 mL). The acetone-solvated Au-Cu 
atoms solution was then was siphoned at a low temperature (-
40°C) into a Schlenk tube and kept in a refrigerator at -20°C. 
The Au and the Cu-contents of the AuCu-solvated metal atoms 
(SMA) solution were 0.52 mg mL−1 and 0.042 mg mL−1 for Au 
and Cu (Au/Cu molar ratio = 4:1), respectively, as determined 
by ICP-OES (Thermo Scientific ICAP6300 Duo) analysis. 
AuCu NPs were then quantitatively deposited onto Vulcan XC-
72 carbon by adding 90 mL of the AuCu-SMA solution to a 
suspension of the support (5.1 g) in acetone (50 mL) under 
stirring at 25°C for 20 h. We separated the solution from the 
solid and collected the carbon-supported Au-Cu NPs after 
washing with n-pentane (50 mL, 3 times). Drying occurred 
under reduced pressure. The synthesis of the carbon-supported 
AuCu catalysts containing different Au/Cu molar ratios (13:1, 
1:1 and 1:17) was carried out by the same procedure by varying 
the amount of copper powder used. 
2.3 Instrumentation and Measurements. The SMAD-derived 
AuCu NPs were analyzed with Cs-aberration-corrected TEM. 
Samples were prepared dropping the acetone SMA solution 
onto supported ultra-thin film grids.  HRTEM micrographs 
were collected by a Cs-image-corrected JEOL ARM200F, 
HRSTEM and STEM-EELS maps were collected by a Cs-
Probe-corrected JEOL ARM200F equipped with a Gatan GIF 
Quantum ERS energy filter. Energy filtered maps were 
collected at energy loss 2239.0-2477.0eV for gold and 953.0-
1202.0eV for copper. The supported AuCu/Carbon catalysts 
were prepared suspending the powder in isopropanol, 
sonicating the solution for 15 minutes and dropping it onto a 
holey-carbon supported film grid. The analysis was performed 
after complete solvent evaporation. TEM micrographs were 
collected by a ZEISS LIBRA200EFTEM instrument. 

Crystallographic data were processed by CrystBox Software27. 
ICP-OES analyzes were performed with a Thermofisher 
ICAP6200 Duo Upgrade with external calibration for Au and 
Cu contents. Samples for elemental analysis were acid digested 
with aqua regia and filtered on PTFE 0.2 µm filters.
The local atomic structure of the monometallic Au/C and 
bimetallic AuxCuy/C catalysts was studied using XAFS 
spectroscopy at the Cu K absorption edge and at the Au L3 edge. 
Measurements were taken at the LISA beamline28 of the 
European Synchrotron Radiation Facility (ESRF-Grenoble, 
France). When possible the XAFS spectra of the catalysts and 
of the reference samples (Au and Cu foils and CuO and Cu2O 
oxides) at both edges were taken in transmission mode, 
otherwise the analysis were carried out in fluorescence mode 
using a 13-element high purity germanium solid state detector. 
The absorption coefficient was calculated as =ln(I0/IT), in 
transmission mode, while as  (E)=IF/I0, in fluorescence mode. 
All X-ray absorption spectra were measured at -196°C (liquid 
nitrogen) in order to reduce the thermal effects. The sample 
powders were prepared as pellets adding some boron-nitride. 
The amounts of powder used for the different samples were 
calculated to achieve appropriate edge jumps29. The use of 
reference samples at both edges was necessary to calibrate the 
energy scales, to align the absorption spectra and to evaluate S0

2 
values30. Both near edge region (XANES) and extended x-ray 
absorption fine structure (EXAFS) were considered for the data 
analysis. EXAFS data, indicated as (k) (where k is the 
photoelectron wave vector22) were extracted using the 
ATHENA program31 and the least-square parameter fitting was 
processed using the ARTEMIS program31 both implemented in 
the IFEFFIT package32. Using the fitting procedure it was 
possible to determine the coordination numbers (N), the 
interatomic distances (R) and Debye-Waller factors (2) of the 
coordination shells around the absorbing Cu and Au atoms. The 
fitting procedures of the reference samples and of many 
catalysts at the Au L3 edge required single and multiple-
scattering contributions, calculated using the FEFF6 software 
package33. At the Cu K edge, multiple scattering contributions 
were not included. In the analysis of all XAFS data, an 
estimation of the accuracy of the evaluated structural 
parameters, compatible with data quality and range34 used, was 
taken into account.
2.4 Catalytic tests. The catalytic reactions were carried out in 
a thermostatic reactor (30 mL, glass) equipped with a magnetic 
stirrer and connected to a reservoir (5000 mL) filled with 
oxygen at 2 bar. The oxygen uptake was followed by a PC-
drived mass flow controller, plotting a flow-time profile. The 
experiments were carried out using cyclohexane as solvent 
(0.15 M benzyl alcohol, substrate/metal= 500 mol/mol, 120 °C, 
pO2=4 bar). The progress of the reaction was monitored by 
periodic removal of samples from the reactor. Mass recoveries 
were 98% ± 3%. The products were analyzed by a GC HP 
7820A gas chromatograph with a capillary column (HP-5 30m 
x 0.32mm, 0.25 µm Film, Agilent Technologies). Reference 
samples were analyzed to determine separation times. 
Quantitative analysis were performed by external standard 
method (n-octanol). 
The products were identified by a Trace ISQ QD Single 
Quadrupole GC-MS (Thermo Scientific) with a capillary 
column (HP-5 30 m x 0.32 mm, 0.25 x m Film, Agilent 
Technologies). The recycling tests were carried out using the 
recovered catalyst after filtration (recovery > 98%) in the 
subsequent run, without any further treatment.
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3. RESULTS AND DISCUSSION

3.1 Synthesis and Characterization of Carbon-supported 
AuCu catalysts. We synthesized AuCu bimetallic catalysts 
deposited on Vulcan XC-72 carbon support by SMAD method. 
This approach allowed the synthesis of bimetallic NPs 
contained Au and Cu metals stabilized only by a weak-
coordinative solvent (acetone) without the presence of 
additional stabilizers/ligands35,36. The AuxCuy NPs deposition 
onto the carbon support takes place as simple impregnation at 
25°C in air. Differently, from classic colloidal impregnation, 
high-temperature post-process calcinations and/or activations 
steps (which can induce structural and morphological NPs 
modifications) are not required. Controlling the co-evaporation 
rate of Au and Cu metals, we prepared AuxCuy/Carbon catalysts 
containing different Au/Cu molar ratios (see Table 1). As 
comparison, we synthesized the corresponding carbon-
supported Au and Cu monometallic systems.

Table 1. AuCu molar ratio (ICP-OES) and mean particle 
size (TEM) of the different AuxCuy/C samples

Molar ratio Wt.% on CSample
Au Cu Au Cu

Mean NPs 
Size (nm)

Au/C 1 0 1.0 0 2.7
Au13Cu1/C 13 1 0.98 0.02 3.5
Au4Cu1/C 4 1 0.93 0.07 4.5
Au1Cu1/C 1 1 0.75 0.25 4.7
Au1Cu17/C 1 17 0.15 0.85 3.5

Cu/C 0 1 0 1.0 2.9

The analysis of the size distribution and dispersion of the 
carbon-supported mono- and bimetallic NPs were carried out 
by conventional TEM (Figure S1 and S2). The mean NPs sizes 
of the different samples are summarized in Table 1. Concerning 
the monometallic catalysts, the analysis revealed a mean 
particle size of 2.7 nm and 2.9 nm for Au/C 1 wt. % and Cu/C 
1 wt. %, respectively, as expected by previously reported 
analysis37,38. In both samples, their sizes lie in a narrow range (1 
to 5 nm). Moving to the AuCu bimetallic catalysts, the mean 
values of the size distributions are slightly shifted to larger 
values than the ones found for monometallic systems (see Table 
1 and Figure S1 and S2). The data pointing out that the co-
presence of the two metals influenced the nucleation and growth 
processes of NPs. NPs sizes appeared meanly distributed in the 
1 to 6 nm range even if in all the samples also a minor 
population of larger particles ranging from 7 to 12 nm was 
detected. In details, for the Au4Cu1/C and Au1Cu1/C samples, 
we observed a higher amount of larger NPs (less than 15 %) 
than that observed for the Au13Cu1/C and Au1Cu17/C samples 
(less than 5%).
In order to have a deep insight into the nature of bimetallic 
systems by their structural features, high resolution (HR)-TEM, 
STEM-EELS analysis and XAFS spectroscopy were carried 
out. The copper enriched sample (Au1Cu17/C) showed two 
different discrete systems: CuOx NPs and Au-CuOx core-shell 
structures (Figure 1a). It is worth noting that by SMAD 

approach both gold and copper metals are synthesized in their 
reduced state. However, the formation of CuOx species after 
exposure in air atmosphere agrees with that previously reported 
data on SMAD-derived copper catalysts supported on carbon 
and it is ascribed to the high reactivity and the small size of the 
Cu NPs37. 
STEM-EELS maps clearly revealed that gold atoms tend to 
aggregate leading to Au-core NPs fully surrounded by a thin Cu 
enriched shell ranging from less than 1 nm to 3 nm depending 
on the whole particle size. As a matter of fact, the outer Cu-
based shell appears strongly marked in the oversized NPs 
fraction but it is clearly present also in the mean size ones 
(Figure S3). The data agree with previously reported evidence 
on the surface segregation of CuO species derived from Au-Cu 
alloy NPs upon treatment under oxidative conditions12,17.

Figure. 1. Representative TEM micrograph (left side) and STEM-
Energy filtered maps for Au and Cu - Au@2239.0-2477.0eV – 
Cu@ 953.0-1202.0eV – for a) Au1Cu17/C and b) Au4Cu1/C.

On the other hand, as observed in monometallic Cu/C sample 
and in the Cu maps, segregated CuOx NPs ranging from 2 to 6 
nm were detected. As estimated by TEM analysis on the 
supported sample (Figure S2), both Au-CuOx and CuOx NPs 
provide a metal size distribution centered around 3.5 nm. 

Figure 2. Representative (HR)-TEM-micrograph for Au4Cu1 
sample: on the right, the arrows highlighted the CuO (023) 
crystalline planes.

Page 3 of 9

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 3. Representative TEM (a) and (HR)-TEM (b) micrographs for sample Au13Cu1/C.(c) The Fast Fourier Transform (FFT) of 
micrograph b shows the Au NP aligned along zone axis [1-11] and a reflex indexed as CuO (204).

Moving to the Au4Cu1 sample, STEM-EELS maps and (HR)-
TEM analyzes highlighted NPs with the main size diameter of 
4.5 nm (Figure 1b and Figure S2). Analogously to the previous 
sample, the copper is present on the NP-surface leading to Au-
CuOx hetero-structure where CuOx partially covered the Au 
enriched cores. (HR)-TEM analysis confirmed the presence of 
the discontinued Cu-enriched outer shell, with visible 
segregated patches onto the Au core. Crystal planes could be 
indexed to the (023) CuO crystalline planes at 1.22 Å (Figure 
2).
Finally, STEM-EELS maps on the Au13Cu1 sample (containing 
only the 0.02 Cu wt.%) were not able to reveal the fine structure 
of the NPs, whereas the presence of isolated CuO crystallites 
onto the Au NP surface (Figure 3) was observed by (HR)-TEM. 
FFT (Fast Fourier Transform) analysis revealed the presence of 
small segregated patches, ascribable to CuO crystalline plane 
(204) at 1.19 Å and clearly visible in figure 3b. We detected a 
main size diameter of 3.5 nm. 
XAFS measurements and data analyzes were performed the Cu 
K edge and at the Au L3 edge to define the present Cu oxide 
phase and to confirm the presence of an Au-core and Cu(II) like 
shell structure. In Figure 4 the XANES spectra of all the 
catalysts (Cu/C and AuxCuy/C) and of the Cu2O and CuO 
reference samples are reported. The relevant similarities 
between the XANES spectra of the CuO reference sample and 
that of all catalysts show that Cu atoms in these samples are all 
in a Cu(II) phase confirming what found with STEM-EELS 
analysis.
The weak peak A, present in CuO and in the bimetallic and 
monometallic samples, is typical of Cu(II) compounds. While 
in Cu(I) compounds there are no holes in the 3d orbitals, in 
Cu(II) ones, the presence of a d9 configuration, gives the weak 
pre-edge absorption peak A, corresponding to a 1s → 3d dipole 
forbidden but quadrupole allowed transition37. This weak peak 
represents the signature of the presence of divalent copper. 
Cu(II) compounds have also another important characteristic 
given by the higher energy values of their X-ray absorption 
edges compared to Cu(I) compounds. Also, this is clearly 
visible in Figure 4 taking into account that the positions of the 
B* peak of CuO reference sample and of the corresponding 
shoulders, present in the XANES spectra of the bimetallic and 
monometallic samples, are at a higher energy value compared 
to the B peak in Cu2O. Of the three AuCu bimetallic catalysts 
the one with the higher amount of Cu, Au1Cu17/C, shows in the 

near edge region (see Figure 4) also the presence of a shoulder 
that, as already observed for other bimetallic AuCu and PdCu 
catalysts,16,25,39 has an energy position comparable to the one of 
the B peak in Cu2O. This shoulder with lower intensity is also 
visible in the pre-edge region of the Cu/C sample. The 
absorption peak, B, is ascribed to the electric dipole-allowed 1s 
→ 4p transition, peculiar of Cu(I) (3d10) compounds as Cu2O 
having no holes in the 3d orbitals. The shoulders present in 
these two catalysts, could indicate the presence of a small 
contribution coming from Cu(II) reduction, but this has no 
correspondent in the EXAFS data analysis that does not reveal 
the presence of O nearest neighbors at a distance comparable to 
the one of Cu(I) oxide compounds (R1 = 1.85 Å)37. Since the 
intensity of this shoulder is higher in the bimetallic sample than 
in the monometallic one, the increase of its intensity could be 
related to a small Cu-Au contribution that giving a charge 
transfer from Au to Cu39.

Figure 4. XANES spectra of the carbon-supported AuCu catalysts 
and of the Cu2O and CuO reference samples. For the bimetallic 
systems with lower Cu amount, the solid lines represent the 
smoothed experimental data.
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Figure 5. a) Fourier transforms (FT) of the experimental (solid lines) and theoretical (dashed lines) EXAFS spectra of the carbon-supported 
AuCu catalysts and of the CuO reference sample (k = (2.5 - 7) Å-1); b) XANES spectra of the monometallic Au/C and two of the bimetallic 
catalysts compared to the one of the Au foil reference sample. 

Since the crystallographic structure of Cu(II) and Cu (I) 
compounds is quite different37 we took into account the CuO 
and the Cu2O reference samples. In Cu(II) compounds like 
CuO, copper is four-fold coordinated to O with a mean first 
shell coordination distance (R1) of about 1.95 Å. Otherwise, in 
Cu (I) compounds like Cu2O, copper atoms have as nearest 
neighbors two oxygen atoms at a distance of about 1.85 Å. As 
clearly visible in Figure S4 the Fourier Transforms spectra of 
the EXAFS data of the monometallic (N1 = 3.8, R1=1.937 Å) 
and of the bimetallic Au1Cu17/C (N1= 3.6, R1= 1.934 Å) samples 
are very similar and the position of their peaks corresponding to 
their first coordination shells are nearly that of the CuO 
reference sample (N1= 4, R1=1.95 Å). The small contraction of 
the Cu–O distance in the Cu/C sample compared to the value 
observed in the CuO reference sample could be ascribed to the 
small size of the NPs40,41. Due to very low amount of Cu in the 
other two bimetallic samples and to signal/noise ratio of the 
EXAFS data, the fitting procedure was limited to the first 
coordination shell with N and R values fixed to what found for 
the Au1Cu17/C sample due to the short usable k range (k = (2.5 
- 7) Å-1). As shown in Figure 5a the first coordination shells of 
the bimetallic samples are practically all at the same position 
that is very similar but a bit shorter than that CuO. Due to the 
short usable EXAFS data range, it was not possible to 
investigate the presence of a possible second Cu-Au 
coordination shell in the samples with lower Cu amount. The 
XAFS data analysis of the catalysts at the Au L3 edge revealed 
the presence of small Au NPs. As clearly visible in Figure 5b, 
the feature of Au white-line, centered at about 11920 eV in 
XANES spectra shows a slightly lower intensity in the 
bimetallic systems when compared to the Au reference sample. 
In gold bulk, the presence of this white line is ascribed to the s-
p-d atomic level hybridization that gives a partial depletion of 
the filled 5d10 orbitals. The small Au NP size reduces this 
hybridization, leading to an increase of the 5d occupancy and 
therefore a reduction of the intensity of white-line22,42. 
Concerning the Au1Cu17/C sample, the one with the higher Cu 

amount, in this case (see Figure S5) an increase of the intensity 
of the white line was observed. Since the increase of this feature 
is related to the presence of d-holes, this effect confirms the 
charge transfer from Au to Cu, as evidenced also in the Cu K-
edge data of this sample. As shown in Figure 6, the EXAFS data 
of the catalysts with the higher Au amount were fitted using an 
FCC structure and including multiple scattering contributions 
to fit also the higher coordination shells. Only for the Au1Cu17/C 
sample, due to the signal to noise ratio of the EXAFS data and 
having kmax = 8.0 Å-1 the fitting procedure was limited to the 
first coordination shell. 

Figure 6. Fourier transforms (FT) of the experimental (solid lines) 
and theoretical (dashed lines) EXAFS spectra of the AuCu 
bimetallic systems compared to the one of Au foil reference sample 
(k = (2.5 – 14.5) Å-1).

Due to the Au NPs dimensions for the two samples with the 
higher Au amount, the EXAFS data analysis can confirm the 
presence of Au cores and, not finding any Au-Cu contribution, 
that Cu, as given by HRTEM analysis, could be confined in the 
outer shell around the Au-rich cores. In the case of the 
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Au1Cu17/C sample, EXAFS data analysis gives a contracted Au-
Au first shell distance and a low coordination number (N1= 8, 
R1= 2.83 Å; N1bulk=12, R1bulk= 2.872Å) showing the presence of 
smaller Au-cores (Figure S6). The only effect of the Cu 
presence is given by the charge transfer from Au to Cu as shown 
in Figure S5. As detected by the STEM-EELS analysis probably 
only a part of the Cu atoms interacts with the surface atoms of 
these small Au-cores while the biggest amount contributes to 
the formation of a pure Cu(II) phase NPs taking into account 
the EXAFS data analysis at the Cu K edge.

3.2 Catalytic activity of Carbon-supported AuCu NPs. The 
efficiency of the catalysts was evaluated in the oxidation of 
benzyl alcohol (benzyl alcohol 0.15M, alcohol/metal = 500/1 
mol/mol, 120 °C, pO2 = 4 bar). Table 2 reports the catalytic 
activity (moles of reactant converted per hour per mol of metal) 
and the selectivity at 70% of reaction conversion. 

Table 2. Catalytic Activity and Selectivity to Benzaldehyde

Catalysta Activityb

(h-1)
Conversion 
(%) after 6h

Selectivity (%)c 

Benzal-
dehyde

Benzoic 
acid

Au/C 136 74 98 1
Au13Cu1/C 273 99 96 3
Au4Cu1/C 333 97 95 3
Au1Cu1/C 59 42 99d -
Au1Cu17/C 0 0 - -

Cu/C 0 0 - -

a: Reaction conditions: benzyl alcohol 0.15 M, alcohol/metal = 
500/1 mol/mol, 120 °C, pO2 = 4 bar. b: Moles of reactant converted 
per hour per moles of metal (calculated at a reaction time of 30 
min). c: Selectivity at 70% of conversion. d: Selectivity at 40% of 
conversion.

It can be observed that only Au/C, Au13Cu1/C, Au4Cu1/C and 
Au1Cu1/C are active under these reaction conditions, whereas 
Cu/C and Au1Cu17/C, did not show any activity. The best 
catalytic results were obtained using Au rich catalysts Au4Cu1/C 
(333 h-1) and Au13Cu1/C (273 h-1). Both samples exhibited a 
marked enhanced activity over the Au monometallic one (136 
h-1). Figure 7 shows a similar reaction profile for Au/C, 
Au13Cu1/C, Au4Cu1/C, Au1Cu1/C and no evident catalyst 
deactivation were observed. In the case of the Au13Cu1/C and 
Au4Cu1/C catalysts, almost full conversion was obtained after 6 
h while monometallic Au/C reached 74 % of conversion. 
Noteworthy, the Au1Cu1/C catalyst showed significant low 
activity (42 % of conversion after 6 h) even though it exhibits a 
particle size distribution comparable with that of the Au13Cu1/C 
and Au4Cu1/C catalysts. Finally, the catalysts showed similar 
selectivity regardless of their different structural features, 
leading to high benzaldhehyde yields (selectivity 95-98 %, 
Table 2). In the case of Au rich catalysts, a small amount of 
benzoic acid (1-3 %) was detected. A particle size-effect on the 
catalytic performances of the Au-Cu bimetallic catalysts can be 
excluded based on the above-reported results. The behavior 
agrees with that previously reported for monometallic Au 
catalysts containing particles ranging 3-5 nm in size43.

On the other hand, the data match with the beneficial and 
synergetic effect due to the co-presence of Au and segregated 
CuO at the NPs surface previously observed for gas-phase CO 
oxidation reaction15,17. It has been demonstrated that CO reacts 
with O2 to produce CO2 only when adsorbed on Au sites, 
whereas Cu species activate O2 

15. In particular, when CuOx 
partially covers the Au-rich core NPs, like for Au4Cu1/C and 
Au13Cu1/C, the reaction can occur at the Au-CuO interface. 
Otherwise, in the presence of a thick layer of CuOx, Au sites 
are not available and the reaction cannot proceed15. The 
enhanced performances of the hybrid Au-CuO bimetallic 
catalysts can be also ascribed to the synergic oxygen “spillover” 
effect previously invoked for other intermetallic precious 
metal/metal oxide composites, albeit for different catalytic 
reactions44,45.

Figure 7. Conversion vs. time for Au and Cu catalysts.

Recycling tests have been performed using the most active 
catalyst, Au4Cu1/C showing good stability for 4 consecutive 
cycles (Figure S7). TEM analysis performed on the used 
catalyst (Figure S8) confirmed the stability of the catalyst 
showing a similar AuCu particle size than the fresh one (4.5 nm, 
Figure S2). 

4. CONCLUSIONS
In summary, we synthesized by SMAD method a batch of Au-
Cu bimetallic NPs supported on carbon (Vulcan-XC72) with 
different Au/Cu ratios and similar NPs sizes distributions. We 
observed by (HR)-TEM, STEM-EELS maps and EXAFS 
measurements the formation of hybrid Au-CuO core-shell NPs. 
The catalytic behavior of the bimetallic catalysts was evaluated 
in the selective benzyl alcohol oxidation carried out in liquid-
phase, in order to explore the effect of the CuO structures on the 
Au-driven catalytic activity. As a result, the highest increase in 
the catalytic activity with respect to monometallic Au sample 
was observed for the catalysts containing low Cu loading, 
Au4Cu1/C and Au13Cu1/C (conversion after 6h of 97-99 %). In 
these samples, the segregated CuO segregates partially cover 
the Au-rich core of NP surface. On the other hand, when the 
CuO shell wraps completely the Au core (i.e. at high Cu 
loading, e.g. Au1Cu17/C) the reaction was completely inhibited. 
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The co-presence of Au and segregated CuO at the surface of the 
NPs plays a pivotal role in order to obtain a beneficial 
synergistic effect in AuCu bimetallic catalysts for liquid-phase 
alcohol oxidation. Finally, the reported results can effectively 
contribute to fine-tune the catalytic properties of AuCu 
bimetallic catalysts in other chemical reactions.
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