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a  b  s  t  r  a  c  t

New  catalysts  are  needed  to achieve  lower  overpotentials  and  higher  faradaic  efficiency  for  desirable
products  during  the  electroreduction  of  CO2. In this  study,  we  explore  the size-dependence  of  monodis-
perse  gold-copper  alloy  nanoparticles  (NPs)  synthesized  by  inverse  micelle  encapsulation  as  catalysts
for  CO2 electroreduction.  X-ray  spectroscopy  revealed  that  gold-copper  alloys  were  formed  and  were
heavily  oxidized  in  their  initial  as  prepared  state.  Current  density  was  found  to increase  significantly  for
smaller  NPs  due  to the  increasing  population  of  strongly  binding  low  coordinated  sites  on NPs  below
eywords:
O2 electroreduction
anoparticle
ize effect
old
opper

5  nm.  Product  analysis  showed  formation  of  H2, CO,  and  CH4, with  faradaic  selectivity  showing  a  minor
dependence  on  size.  The  selectivity  trends  observed  are  assigned  to reaction-induced  segregation  of  gold
atoms  to  the  particle  surface  and altered  electronic  or geometric  properties  due  to  alloying.

© 2016  Published  by  Elsevier  B.V.
imetallic

. Introduction

Alloying is a powerful technique to improve the reactivity of
etal nanocatalysts by influencing their morphological, chemical,

nd electronic properties [1–3]. For example, adding a second metal
an induce strain or changes in the electronic structure of a catalyst,
ltering the interaction of reactive species with its surface [4]. Alter-
ately, a secondary metal may  provide an alternative active site
hich facilitates a different reaction step or works as an isolated

ctive site [5]. One reaction where alloyed catalysts may  provide
emarkable improvement in catalyst activity and selectivity is the
lectroreduction of CO2. Currently, Cu shows the most promise
s a catalyst for this reaction since it can produce hydrocarbons,
ut only at high overpotentials [6–9]. Au is also a promising mate-
ial since it can selectively generate CO at moderate overpotentials
10,11]. Despite these results, low-cost catalysts with high selec-
ivity and efficiency for CO2 reduction to valuable products are yet
o be discovered.
Using density functional theory (DFT), Hansen et al. have shown
hat the unique hydrocarbon selectivity of Cu can be linked to its
ptimal binding to the CO* and COOH* intermediates in compari-

∗ Corresponding author.
E-mail address: Beatriz.Roldan@rub.de (B. Roldan Cuenya).

ttp://dx.doi.org/10.1016/j.cattod.2016.09.017
920-5861/© 2016 Published by Elsevier B.V.
son to other metals [12]. These results indicate that the reactivity
of Cu could be further improved by tuning its binding properties
to different intermediates, although the scaling relations between
these binding energies must first be broken [13]. Several strategies
for achieving this have been proposed, including nanostructuring
the Cu surface [14] or adding ligands to an active metal center [15],
but the most promising may  be introducing a secondary metal to
create an alloy catalyst [13,16].

Recently, several experimental and theoretical studies have
explored the reactivity of bimetallic catalysts during CO2 electrore-
duction [5,17–26]. In particular, several studies have focused on
copper-gold bimetallics, due to the reactivity of both of these metals
[18,27–36]. Composition dependent studies on bulk Au-Cu alloys
and 10 nm Au-Cu nanoparticles (NPs) indicate that hydrocarbon
production is favored with increasing Cu content, although not
surpassing that of pure Cu, while increasing Au content favors an
increase in CO selectivity [29]. In order to understand the reac-
tivity of AuCu bimetallic catalysts, it is crucial to understand the
structure and stability of the catalysts during the reaction. Monzó
et al. investigated Au core Cu shell NPs for CO2 electroreduction,
arguing that trends in reactivity may  be explained by strain effects
in the Cu shells of different thickness [31]. However, it is impor-

tant to consider that Cu monolayers on an Au surface can be highly
unstable under electrochemical conditions, and Au may  segregate
to the surface and alloy with Cu [30,37]. In addition, previous stud-

dx.doi.org/10.1016/j.cattod.2016.09.017
http://www.sciencedirect.com/science/journal/09205861
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es on AuCu CO2 electroreduction catalysts have been restricted to
ulk-like surfaces [27,35] or NPs 10 nm or larger in size [29,31–33],
lthough NPs smaller than 10 nm are known to have widely dif-
erent reactivity than their bulk counterparts [38,39]. It is also
mportant to consider the oxidation state of the metals in the NP
urface and its evolution during the reaction, since oxide derived Cu
anostructures have shown widely improved reactivity during CO2
lectroreduction [40], and a secondary metal may  alter the stability
f such oxides.

In this study, we address the structure-dependent reactivity of
uCu bimetallic NPs for CO2 electroreduction using well-defined
odel NP catalysts less than 10 nm in size. NPs in the size range

rom 1.4 to 24 nm were synthesized using inverse micelle encapsu-
ation and characterized using microscopy and X-ray spectroscopy.
lthough a significant increase in activity was found for smaller
Ps, the selectivity was found to have only slight size dependence,

n stark contrast to monometallic Au and Cu NPs.

. Experimental

.1. Nanoparticle synthesis

Monodisperse AuCu bimetallic NPs were synthesized using the
nverse micelle encapsulation technique. Poly(styrene-b-2-vinyl
yridine) diblock copolymers (Polymer Source, Inc.) with differ-
nt molecular weights (Table 1) were dissolved in toluene to form
everse micelles. HAuCl4 and CuCl2 were added to the solutions and
tirred for two days. The resulting metal loaded micelle solutions
ere dip-coated onto the support (silicon wafers or glassy carbon),

nd then the encapsulating polymers were removed using 20 min
f oxygen plasma at 20 W.  The absence of the C 1 s signal in X-ray
hotoelectron spectra (XPS) measured on silicon wafer-supported
amples was used to ensure the plasma etching conditions were
ufficient to completely remove the polymers. For the synthesis
f the electrodes, the dip-coating and plasma etching steps were
epeated three times to increase the loading of NPs on the glassy
arbon.

.2. Structural and chemical characterization

Atomic force microscopy (AFM) was used to determine NP size,
nterparticle distance, and geometrical surface area of our NP cata-
ysts. AFM was acquired using a Digital Instruments Nanoscope-III

icroscope on ligand-free AuCu NPs dip-coated onto SiO2/Si(111)
afers. The interparticle distance d was estimated as d = 1√

�
by mea-

uring the NP density � and assuming hexagonal arrangement. The
etal NP surface area was estimated by using the NP height and NP

ensity from AFM and calculating the NP surface area per area of
upport, assuming spherical NPs. The latter was used as geometri-
al metal surface area for the normalization of the electrochemical
urrents.

XPS was measured with a monochromatic Al K� source
1486.6 eV) in an ultra-high vacuum (UHV) system with

 × 10−10 mbar base pressure (Phobios 150, SPECS GmbH).
ata were aligned to the Si0 2p peak at 99.3 eV. X-ray absorption
ne-structure spectroscopy (XAFS) was measured at beamline
0-ID-B of the Advanced Photon Source at Argonne National
aboratory. For XAFS, 7.9 nm AuCu NPs supported on a carbon foil

ere measured in air in fluorescence geometry at the Cu K and
u L3 edges. Data were analyzed using the Athena and Artemis
oftware from the IFEFFIT package [41], and fitting was  performed
sing FEFF 8 calculations [42].
ay 288 (2017) 30–36 31

2.3. Electrochemical methods

CO2 electroreduction was  performed in a three electrode elec-
trochemical cell. A platinum mesh 100 was used as counter
electrode, and a leak-free Ag/AgCl electrode was used as reference
electrode. The working electrode was the AuCu NPs supported on
glassy carbon plates. The electrolyte was 0.1 M KHCO3, and CO2
was bubbled at a constant flow rate of 30 mL/min from the bot-
tom of the cell (pH = 6.8). Every measurement was started with a
linear voltammetric sweep performed with a scan rate of −5 mV/s
between E = +0.05 VRHE and the working potential (−1.2 VRHE), fol-
lowed by a chronoamperometric step for 10 min. Gas products (H2,
CO, and CH4) were monitored using a gas chromatograph (Shi-
madzu GC 2016) equipped with a thermal conductivity detector
(TCD) and a flame ionization detector (FID). The products were
measured at −1.2 VRHE to ensure high enough production rates
for reliable GC detection over our low loading samples. The sig-
nal from a blank glassy carbon electrode was subtracted from all
electrochemical data shown here.

3. Results and discussion

For this study, AuCu NPs ranging from 1.4 to 24 nm in size
were synthesized using an inverse micelle encapsulation method.
Since the surface of the glassy carbon electrodes is rough, the NPs
were deposited onto silicon wafers to accurately characterize their
morphology using AFM. Fig. 1 and Fig. S1 in the Supplementary
material show AFM images of three coats of AuCu NPs supported
on SiO2/Si(111), with size histograms shown in Fig. S2 in the Sup-
plementary material. Table 1 lists the synthesis parameters used
for the five samples, along with the morphological parameters
acquired from AFM including the NP size, interparticle distance,
and the surface area used for normalization of the electrochemi-
cal data. The AFM results show that the NPs could be synthesized
with a high degree of size control, and narrow size distribution was
achieved for the four smaller NP sizes. The largest 24 nm NPs had
a wider size distribution and resulted in a bimodal size distribu-
tion, as shown in Fig. S2e in the Supplementary material. Further
discussion of this sample is given in the Supporting information.

XPS was  used to characterize the composition and chemical
state of the NPs in their initial as prepared state. The composition
of the NPs was determined by quantifying the Au 4f and Cu 2p3/2
peaks measured on the as prepared NPs supported on SiO2/Si(111).
Close to 50-50 Au-Cu composition was calculated for each sample,
as shown in Table 1. It should be noted that XPS is a surface sensitive
technique and may  not probe the bulk of the larger NPs.

XPS was  also used to investigate the oxidation state and alloy-
ing of the Au and Cu in the NPs. Fig. 2 shows the Au 4f and Cu 2p
core level regions measured on the 7.9 nm AuCu NPs supported on
SiO2/Si(111). Fig. 2a and b shows data acquired immediately after
ex situ O2 plasma treatment and transfer in air to the UHV  sys-
tem for XPS measurement. After O2 plasma, the Au 4f region shows
mainly Au3+ peaks, indicating that the NPs contained mostly Au2O3
species. Small Au0 peaks were also measured, and the Au0 4f7/2
peak agrees with bulk metallic gold at 83.9 eV. The Cu 2p region
shows only Cu2+ species with the characteristic satellite peaks at
higher binding energies. Only the Cu 2p3/2 peaks were fit, since a
sloped background exists at high binding energies due to overlap
with the O LMM  Auger lines. The Cu 2p3/2 peak can be deconvo-
luted into two peaks which agree with CuO and Cu(OH)2 species.
These results show that the NPs are heavily oxidized in their as pre-

pared state due to the O2 plasma treatment employed during the
synthesis.

In order to confirm that true alloyed NPs were formed, the oxi-
dized NPs were thermally reduced under mild reducing conditions



32 H. Mistry et al. / Catalysis Today 288 (2017) 30–36

Table 1
Synthesis parameters and size characterization of bimetallic AuCu NPs prepared via inverse micelle encapsulation: polymer size, loading (metal salt to P2VP ratio), NP size
measured from AFM, metal surface area assuming spherical NPs (cm2 of metal per cm2 of support), interparticle distance, and NP composition derived from XPS.

Polymer Weight Loading NP Size (nm) Surface Area Interparticle Distance (nm) Composition

PS(9800)–P2VP(17,000) 0.1 1.4 ± 0.7 0.0458 12.9 Au48Cu52

PS(43,800)–P2VP(53,000) 0.2 4.8 ± 1.2 0.100 27.7 Au60Cu40

PS(46,000)–P2VP(33,000) 0.2 5.6 ± 1.3 0.107 31.4 Au34Cu66

PS(70,000)–P2VP(48,500) 0.2 7.9 ± 1.7 0.148 37.4 Au63Cu37

PS(135,000)–P2VP(130,000) 0.4 24 ± 6 0.145 75.7 Au44Cu56

F m (enlarged region shown in inset), (b) 4.8 ± 1.2 nm, (c) 5.6 ± 1.3 nm, and (d) 7.9 ± 1.7 nm.

i
w
a
s
t
t
r
b
w
C
4
T
c
e
b
t

m
i
X
e
t

Table 2
EXAFS fit parameters: coordination number (CN), bond length (r), and disorder
parameter (�2) for the Cu K edge and Au L3 edge of as prepared 7.9 nm AuCu NPs
supported on carbon foil.

Path CN r(Å) �2 (10−3 Å2)

Cu O 3.2 ± 0.5 1.95 ± 0.01 2 ± 2
Au  Au 10 ± 1 2.854 ± 0.007 9 ± 1
ig. 1. AFM images of bimetallic AuCu NPs supported on SiO2/Si(111). (a) 1.4 ± 0.7 n

n situ so that binding energy shifts due to alloying could be detected
ith XPS. XPS was measured on the 7.9 nm AuCu NPs/SiO2/Si(111)

fter annealing in situ for 20 min  at 275 ◦C in UHV. Fig. 2c and d
hows the Au 4f and Cu 2p regions of the sample after in situ reduc-
ion. The Au 4f region in Fig. 2c shows that the Au has been reduced
o metallic Au, with an Au 4f7/2 binding energy of 84.0 eV. The Cu 2p
egion also shows reduction of the Cu2+ species with a Cu 2p3/2 peak
inding energy of 932.3 eV. A negative binding energy shift exists
ith respect to bulk metallic Cu at 932.7 eV. Bulk alloys of Au and
u have shown a positive binding energy shift of 0.1 to 0.5 eV in Au
f, and a negative shift of approximately 0.1 to 0.4 eV in Cu 2p [43].
he positive binding energy shifts in Au 4f are due to transfer of d
harge from Au to Cu, although overall Au gains charge due to its
lectronegativity. Similarly, Cu gains d charge causing the negative
inding energy shifts in Cu 2p [43]. Therefore, our results indicate
hat Au-Cu alloyed NPs were synthesized.

The 7.9 nm AuCu NPs were also supported on carbon foil and
easured in their oxidized as prepared state using XAFS to gain

nformation on the structure and chemical state. Fig. 3 shows

ANES and EXAFS of this sample measured at the Cu K and Au L3
dges. The XANES spectrum at the Cu K edge (Fig. 3a) shows the fea-
ures of CuO species, in agreement with XPS measurements. Table 2
Au  O 0.6 ± 0.2 2.00 ± 0.03 1 ± 4

and Fig. 3b show fit results for the Cu K edge EXAFS. EXAFS fitting
gave a Cu O bond distance of 1.95 ± 0.01 Å, also in good agree-
ment with CuO structure. No Cu Cu bonds could be fit, indicating
the copper in the NPs was  heavily oxidized. The Au L3 edge XANES
spectrum of the sample, shown in Fig. 3c, shows a white line fea-
ture indicating the presence of Au3+ species in Au2O3. Fit results
for the Au L3 EXAFS are also given in Table 2 and plotted in Fig. 3d,
indicating an Au-Au path with coordination number (CN) 10, and
an Au-O path with CN = 0.6. In agreement with XPS, XAFS measure-

ments revealed that the initial samples are heavily oxidized and
likely initially composed of segregated oxidized Au and Cu grains,
since no AuCu path could be fit.
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ig. 2. XPS data of the (a,c) Au 4f and (b,d) Cu 2p core level regions of 7.9 nm AuCu
repared state (a,b), and after in situ reduction (c,d).

The AuCu NPs supported on glassy carbon were used as the
orking electrode for the electroreduction of CO2 in 0.1 M KHCO3.

ig. 4 shows the current density after the first 10 min  of reaction
or each sample as a function of NP size. A significant increase in
ctivity with decreasing NP size was observed, with the smallest
.4 nm NPs showing approximately twice the current density of
he largest NPs. This trend is in agreement with previous studies on

onometallic Au and Cu NPs, where CO2 reduction current density
ncreased significantly with decreasing NP size, particularly below

 nm NP size [38,39]. In those studies, the size dependent trend
as due to the increased population of low coordinated sites on

he smaller NPs, which were more active. It is likely that a simi-
ar mechanism can explain the size-dependent activity here. The
.6 nm NPs are slightly out of the trend, showing a larger current
ensity than the 4.8 nm NPs which are closest in size. This anomaly
ay  be related to the differing composition of these two samples,
hich will be discussed below.

The selectivity towards gas products was measured at −1.2 V
s. RHE using gas chromatography and is plotted in Fig. 5. The
Ps show ∼20% selectivity for CO2 reduction products (CO and
ethane), and the remaining selectivity is to H2. Fig. 5a shows that

he production of H2, CO, and CH4 increases for smaller NPs, how-
ver Fig. 5b shows that there is only very small size dependent
hange in the Faradaic selectivity for different products. CO selec-
ivity increases from approximately 11% on the smallest NPs to 18%
n the largest NPs, while CH4 selectivity remains roughly constant

ith size. These trends are in stark contrast to monometallic Au

nd Cu NPs, which show drastic size-dependent changes in product
electivity [38,39,44,45].
upported on SiO2/Si(111). The spectra were measured of the same sample in its as

Our results demonstrate that while activity is strongly
dependent on NP size, selectivity does not show a strong size-
dependence. This result can be compared to size-dependent studies
from our group on similarly prepared mono-metallic Au and Cu
NPs during CO2 electroreduction, which clearly show size depen-
dent selectivity [38,39]. Cu NPs were shown to have increasing
selectivity towards hydrocarbons for larger NP sizes, while smaller
NPs favorably produced H2 and CO. In comparison, for Au NPs, CO
selectivity increased with increasing NP size, while H2 selectivity
decreased. The trends in H2 and CO selectivity in our AuCu cata-
lysts follow the trends we observed for pure Au NPs, although CO
selectivity is not as high for the bimetallic NPs in comparison to
the pure Au. This trend may  indicate that the surface of the AuCu
NPs is Au rich. In our previous work on micellar Au NPs, DFT cal-
culations showed under the high H* coverage that is likely present
on the NP surface under CO2 electroreduction conditions, H2 evo-
lution becomes more facile than CO2 reduction on low coordinated
surfaces, i.e. Au(211) versus Au(111) [38]. A similar mechanism
may  explain the higher H2 selectivity of our smallest AuCu NPs,
since low-coordinated Au atoms on an Au-rich surface of AuCu NPs
may  also favor H2 evolution. DFT has also predicted that adsorbed
CO will enhance the hydrogen evolution reaction on close-packed
metal surfaces due to repulsion between CO* and H* [46].

In order to understand the size-dependent selectivity, it is crit-
ical to also consider the drastic chemical and structural changes
that may  occur in these bimetallic NPs under reaction conditions

[17,36,47–50]. In particular, several studies have shown that such
drastic restructuring can occur in bimetallic catalysts under CO2
electroreduction conditions [24,25,30,51]. In their initial state, the
AuCu NPs are oxidized due to the O2 plasma treatment, and it is
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Fig. 3. XAFS measurements of as prepared 7.9 nm AuCu NPs supported on carbon foil. (a) XANES spectrum of the AuCu NPs and bulk Cu foil, CuO and Cu2O references at the
C 2 e Cu 
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u  K-edge. b) k -weighted EXAFS spectrum of Cu references, AuCu NPs, and fit at th
nd  Au foil at the Au L3 edge. d) k2-weighted EXAFS spectrum of Au foil, AuCu NPs, 

avorable for Cu to segregate to the surface under oxidizing con-
itions, due to its higher affinity for oxygen. Consequently, it is
ossible that the initial NPs have a Cu oxide-rich surface. Other
tudies of AuCu catalysts have also shown that Cu can segregate to
he surface after air exposure, after calcination, or during oxidation
eactions [52–55]. During the reaction at the high overpotential
sed for CO2 electroreduction, the NPs are expected to become at

east partially reduced, and under these reducing conditions it is
ore favorable for Au to segregate to the surface, due to its lower

urface energy and larger atomic radius. Indeed, Friebel et al. have
hown that Cu monolayers on Au(111) undergo restructuring and
lloying with the underlying Au due to segregation of Au atoms to
he surface under electrochemically reducing conditions [30]. Fur-
hermore, EXAFS measurements of AuCu clusters in a reducing H2
nvironment have also indicated segregation of Au to the surface
56]. Similarly, it is possible that the surface of our AuCu NPs is
u-rich under reaction conditions, which could explain the higher
electivity towards CO as opposed to CH4 and the absence of C2H4.

Studies of composition dependence in bulk and 10 nm NP AuCu
atalysts have shown that increasing Au content increases the
electivity towards CO compared to hydrocarbons [27,29]. Sim-
larly, for our AuCu NPs, which may  be Au-rich at the surface,

he majority of the CO2 reduction selectivity is towards CO, while
nly ∼3% CH4 selectivity is observed. The 5.6 nm NPs were observed
o have slightly higher methane selectivity and lower CO selectiv-
K edge (Fourier transform k range 2.5–10.5 Å). c) XANES spectrum of the AuCu NPs
t at the Au L3 edge (Fourier transform k range 2.5–12 Å).

ity compared to 4.8 nm NPs, which are very similar in size, which
may  be due to their bulk composition being Cu rich. This Cu-rich
sample also shows the highest methane production, in line with
the results from Kim et al., who  show that no methane is produced
on their Au50Cu50 catalysts, whereas 4% methane is produced on
Au25Cu75 at ∼−1.1 V vs. RHE. Furthermore, their Cu rich catalyst
showed lower CO selectivity in comparison to a sample with the
same size but 50-50 Au-Cu composition [29].

Another factor to consider is the reduction of the oxidized NP
surfaces, which may  create unique highly active sites for CO2 elec-
troreduction. Previous work has shown that bulk Cu surfaces which
are oxidized and reduced show higher activity, lower overpoten-
tials, and higher selectivity towards CO or C2H4 with suppression
of CH4 in comparison to metallic Cu [40,57–61]. Similarly, oxidized
and reduced Au surfaces have shown vastly improved CO2 reduc-
tion behavior compared to metallic Au [62]. Our group has recently
shown that the improved catalytic reactivity of oxide-derived Cu is
not only due to the highly rough surfaces which are created during
the oxidation and reduction treatment or the high local pH gener-
ated by the high currents on these rough surfaces, but also by the
survival of cationic Cu species and subsurface oxygen within the
catalyst which control the selectivity and low overpotential for CO
2
reduction [61]. The AuCu NPs used in this study are heavily oxidized
in their initial state, and would become partially or fully reduced
under reaction conditions.However, it is unlikely that oxide species
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Fig. 4. a) Current density after 10 min  of reaction during CO2 electroreduction at
E  = −1.2 V vs. RHE. Error bars indicate the standard deviation of multiple measure-
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Fig. 5. (a) Molar production rate and (b) Faradaic selectivity towards gas products
formed during CO2 electroreduction as a function of NP size. Error bars indicate the
standard deviation of multiple measurements carried out on analogously prepared
ents on analogously prepared fresh independent samples. The dashed line is a

uide for the eye. b) Chronoamperometry during the first 10 min  of reaction at −1.2
 vs. RHE.

an survive in these small NPs at CO2 electroreduction overpoten-
ials, in contrast to the thick bulk oxidized surfaces. In addition, we
o not see C2H4 production or high CO selectivity, which are the
ignatures of oxide-derived catalysts. In this case, a plausible expla-
ation for the trends observed is that, even if Cu+ species might be
ore stable on the Cu-Au NPs than in other related systems such

s Cu-Pd or Cu-Ni due to the low affinity of Au for O [63], the con-
omitant favorable Au surface segregation results in the absence of
u+ at the NP surface. Therefore, even if Cu+ species might remain
tabilized on these NPs under reaction conditions, they should be
ubsurface and therefore not directly exposed to the reactants.

. Conclusion

Bimetallic Au0.5Cu0.5 NPs 1.4–24 nm in size were synthesized
sing inverse micelle encapsulation to achieve narrow size distri-
ution. X-ray spectroscopy revealed that the NPs were oxidized in
heir initial state. Smaller NPs showed high current density dur-
ng CO2 electroreduction due to their higher population of low
oordinated sites at the surface. Faradaic selectivity depended less
trongly on NP size. For all NPs, H2 was the dominant product
ith approximately 80% selectivity, although CO and CH4 were also

ormed. CO production increased and H2 production decreased by

7% with increasing NP size. The selectivity trends observed are
ssigned to possible preferential segregation of Au to the NP sur-
ace under reducing reaction conditions, which may  be responsible
or the low selectivity for hydrocarbon products. In order to further
independent fresh samples. Dashed lines are guides for the eye.

tune the catalytic properties of AuCu NPs, additional studies of the
morphological and compositional changes which occur in the NPs
under reaction conditions must be performed.
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