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ABSTRACT: The compositional and structural diversity of
bimetallic nanocrystals (NCs) provides a superior tunability of
their physico-chemical properties, making them attractive for a
variety of applications, including sensing and catalysis. Nevertheless,
the manipulation of the properties-determining features of bimetallic
NCs still remains a challenge, especially when moving away from
noble metals. In this work, we explore the galvanic replacement
reaction (GRR) of In NCs and a copper molecular precursor to
obtain Cu-In bimetallic NCs with an unprecedented variety of
morphologies and distribution of the two metals. We obtain
spherical Cu11In9 intermetallic and patchy phase-segregated Cu-In
NCs, as well as dimer-like Cu-Cu11In9 and Cu-In NCs. In particular,
we find that segregation of the two metals occurs as the GRR
progresses with time or with a higher copper precursor concentration. We discover size-dependent reaction kinetics, with the smaller
In NCs undergoing a slower transition across the different Cu-In configurations. We compare the obtained results with the bulk Cu-
In phase diagram and, interestingly, find that the bigger In NCs stabilize the bulk-like Cu-Cu11In9 configuration before their
complete segregation into Cu-In NCs. Finally, we also prove the utility of the new family of Cu-In NCs as model catalysts to
elucidate the impact of the metal elemental distribution on the selectivity of these bimetallics toward the electrochemical CO2
reduction reaction. Generally, we demonstrate that the GRR is a powerful synthetic approach beyond noble metal-containing
bimetallic structures, yet that the current knowledge on this reaction is challenged when oxophilic and poorly miscible metal pairs are
used.

■ INTRODUCTION
Bimetallic nanocrystals (NCs) possess a wide tunability of
their physico-chemical properties which arise from synergistic
effects between the two metals altering their electronic
structures.1−15 Such tunability makes them more appealing
than monometallic NCs for several applications, including
sensing and catalysis.1−15 The properties of bimetallic NCs are
governed by their composition as well as by the spatial
distribution of the metals within each NC (i.e., configuration);
thus, learning how to control both features is of utmost
importance to eventually optimize these NCs for the desired
function.16−19 First of all, the two metals can be either alloyed
or phase-segregated. Alloys can have both disordered and
atomically ordered structures, called intermetallics.19 When
phase-segregated, many configurations are possible, including
core@shell NCs and dimer-like NCs.20

The miscibility between the two metals is one of the main
forces regulating the extent of mixing.21 Generally, this
principle applies to both bulk and nanomaterials. Yet, how
immiscible metals distribute within nanoscale objects and how
to eventually control their distribution remain poorly under-
stood.22,23 Furthermore, alloys of immiscible metals can be
obtained at the nanoscale, especially when kinetically

controlled synthetic approaches are employed.20 Miscibility
can also change at the nanoscale and exhibit size depend-
ence.23−25 Overall, to advance the current state of the art in the
synthesis of this important class of nanomaterials, increasing
efforts should be directed toward understanding how to
controllably target bimetallic NCs with tunable composition
and configuration.

Colloidal synthesis is a powerful and versatile approach to
form bimetallic NCs with tunable sizes, shapes, compositions,
and crystal structures.1,7,19,26−28 The control over several
reaction parameters has proven useful to advance the
mechanistic knowledge on the factors determining the
composition and configuration of multicomponent
NCs.22,29−31 As for metals, most studies have been performed
on noble metal-containing NCs, for which a vast library of
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bimetallic structures exists.7 The oxophilicity of other metals
complicates their synthesis and makes working with them
more unpredictable.32 For example, the presence of a native
oxide surface around Ga or Mn results in phase-segregated
dimeric structures following galvanic replacement, instead of
the alloys and hollow structures which were expected based on
the existing knowledge on noble metal NCs.27,33 Yet, non-
noble metals are certainly not less intriguing or appealing for
applications, which include plasmonics and catalysis, compared
to noble metals.33,34

In this work, we describe the synthesis of Cu-In NCs with
different configurations via a sole synthetic approach. Cu-In
bimetallic NCs have recently been attracting attention
particularly in the field of catalysis.35−45 While these examples
in the literature suggest the importance of composition and
element distribution as properties-determining features,31−41 a
suitable synthesis allowing for monodispersed and tunable
NCs that could serve as a study platform to exploit the
potential of these bimetallic particles remains to be found. We
use In NCs as sacrificial seeds for a galvanic replacement
reaction (GRR) with a copper molecular precursor and obtain
intermetallic and phase-segregated Cu-In NCs by simply
tuning the reaction time and/or the precursors’ ratio.
Structural and compositional characterization of different
samples reveals size-dependent kinetics in a reaction process
involving first alloying, to form Cu11In9 intermetallic NCs,
followed by dealloying into Cu-In dimers, for which arguments
are provided. We also isolate bulk-like Cu-Cu11In9 NCs when
using bigger In NC templates; these Cu-Cu11In9 NCs are not
accessible in smaller NCs, which we attribute to size-
dependent strain effects. We demonstrate that nontypical
GRR outcomes, “typical” indicating the formation of alloyed
and hollow particles obtained from noble metals, can be
expected for more oxophilic metal pairs.

■ EXPERIMENTAL SECTION
Materials and Chemicals. Copper(II) acetate (Cu(OAc)2,

99.999%), oleic acid (C17H33CO2H or OLAC, 90%), 1-octadecene
(C18H36 or ODE, 90%), and oleylamine (C18H35NH2 or OLAM, 70%
and 80−90%) were all purchased from Sigma-Aldrich. ODE, OLAC,
and OLAM were degassed and dried under vacuum at 110 °C for 4 h,
cooled down to room temperature, and then transferred airless to the
glovebox in sealed vials. All syntheses were carried out under an inert
atmosphere using anhydrous solvents and standard glovebox and
Schlenk-line techniques. Postsynthetic purification (“washing”),
handling and storage of the as-synthesized materials were also carried
out under an inert atmosphere.
Synthesis. Cu-In NCs. In NCs were synthesized by adapting a

literature procedure26 (details in the Supporting Information). In a
typical synthesis of Cu-In NCs, 1 mL of 4 mM solution of In NCs in
ODE, 1.5 mL of a 4 mM solution of Cu(OAc)2 in ODE (0.006
mmol), 0.5 mL of OLAC, and 0.5 mL of OLAM were added to a 5
mL vial. The vial was then stirred on a hot plate which was set at 160
°C (a thermocouple positioned inside the reaction medium indicates
a temperature of around 128 °C), inside a glovebox for variable time
from 15 to 120 min, depending on the desired structures. The
reaction product was separated from byproducts and from unreacted
precursors by adding anhydrous ethanol (3 mL), followed by
centrifugation at 6000 rpm for 10 min. Cu-In NCs were redispersed
in anhydrous toluene, and the purification/precipitation step was
repeated 2−3 times before finally being stored in anhydrous toluene.
As described in the Results and Discussion section of this text, as well
as in the Supporting Information, the size, morphology, and elemental
composition and distribution of Cu-In NCs were tuned by adjusting
the size of the In NCs, the reaction time, and the volume of the added
Cu(OAc)2 solution.

Characterization. Electron Microscopy. Transmission electron
microscopy (TEM) images were recorded on a Thermo Fisher
Scientific Tecnai-Spirit at 120 kV, equipped with a Gatan camera.
High-angle annular dark-field scanning TEM (HAADF-STEM)
imaging and energy-dispersive X-ray spectroscopy (EDXS) were
performed on a Thermo Fisher Scientific Tecnai-Osiris TEM in a
scanning mode at an accelerating voltage of 200 kV. Atomic HAADF-
STEM images were acquired on a double Cs-corrected Thermo
Fisher Scientific Titan Themis 60−300 operated at 200 kV. Both
Tecnai-Osiris and Titan Themis microscopes are equipped with a
high brightness Schottky X-FEG gun, four silicon drift Super-X EDXS
detectors, and Bruker and Velox acquisition software. EDXS data were
collected in the form of spectrum images, in which a focused electron
probe was scanned in a raster across a region of interest in the
scanning TEM (STEM) mode. Samples were drop-cast on either a
copper or gold TEM grid (Ted Pella, Inc.) prior to imaging.
Inductively Coupled Plasma-Optical Emission Spectroscopy.

Previously dried samples were digested with concentrated HNO3
and then diluted for analysis. The concentrations of the NP solutions
were determined on an Agilent 5110 inductively coupled plasma-
optical emission spectrometry (ICP-OES) system with a VistaChip II
CCD detector.
Grazing-Incidence X-ray Diffraction. Grazing-incidence X-ray

diffraction (GI-XRD) was performed at a 0.5° incidence angle on a
Bruker D8 Discover Plus equipped with a Cu-rotating anode and a
Dectris Eiger2 detector. GID data were refined with Topas using the
Rietveld method, heavily constraining displacement parameters and
peak shapes due to the limited data quality. Preferred orientation
corrections had to be included for certain phases. Samples were
prepared by drop-casting the NC solution on silicon substrates that
had previously been washed with isopropanol and acetone.
Electrocatalytic Measurements. Electrode Preparation. Glassy

carbon plates (2.5 × 2.5 cm2, Sigradur G, HTW) coated with the NCs
were used as the working electrode. 15 μg of each sample dispersed in
14 μL of toluene was drop-cast onto a circular area of 1.33 cm2 on the
glassy carbon plates. After drop-casting, the electrodes were rinsed
with ethanol and water, blown dry with N2, and tested.
Electrochemical Measurements. All the electrochemical measure-

ments were performed with a Biologic SP-300 potentiostat and
carried out in a gas-tight electrochemical H-cell built in our
laboratory. The catholyte and anolyte compartments are separated
by a Selemion AMV anion exchange membrane and were filled with 2
mL of electrolyte each to concentrate and allow liquid product
detection. Pt foil was used as the counter electrode, and Ag/AgCl
electrode (leak free series) (Innovative Instruments, Inc.) was used as
the reference electrode.

A CO2-saturated 0.1 M KHCO3 solution was used as an electrolyte.
To prepare such a solution, 0.276 g of K2CO3 was diluted in 40 mL of
Milli-Q water to obtain a 0.05 M K2CO3 solution, which was bubbled
for 30 min with CO2 (99.999%, Carbagas) prior to the start of
measurements. During electrolysis, CO2 was prehumidified by passing
its flow through a water bubbler and constantly supplied to both cell
compartments via ceramic frits at a flow rate of 5 sccm each. With
this, the gas was bubbled through the electrolyte to prevent CO2
depletion, as well as to allow continuous analysis of gaseous products
via a gas chromatograph. A mass flow controller (Bronkhorst) was
used to control the flow rate of CO2. The experiments were
performed in a chronoamperometry mode.

Electrochemical impedance spectroscopy (EIS) was performed
prior to the main measurement to determine the electrochemical cell
resistance (Rcell) and compensate for the ohmic losses. Four spectra
were measured at the open-circuit potential, using 41 points between
1 MHz and 100 Hz, using a sinus amplitude of 20 mV and a pause
time of 0.6 s between each frequency. Software utility in-built into the
potentiostat software (EC-lab) was used to apply the ohmic loss
correction to further measurement.
Product Analysis. A gas chromatograph (GC, SRI instruments)

equipped with a HayeSep D porous polymer column, a thermal
conductivity detector, and a flame ionization detector was used for the
analysis of gaseous products. GC was calibrated for H2, CO, CH4,

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c05792
J. Am. Chem. Soc. 2022, 144, 18286−18295

18287

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05792/suppl_file/ja2c05792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05792/suppl_file/ja2c05792_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


C2H4, and C2H6. Five standard gas mixtures (Carbagas) were used to
obtain the calibration plots for the determination of gaseous product
concentrations. Ultra-high-purity N2 (99.999%) was used as a carrier
gas.

The Faradaic efficiency (FE) for the gaseous products is calculated
with the following equation:

= × × × ×
× ×

n F C f P
R T I

FE e

where ne is the number of electrons transferred to product formation;
F is the Faraday constant (96,485 C mol−1); C is the measured
concentration of the product by GC (in ppm); f is the gas flow rate
(mL s−1); P is the pressure (1.01 × 105 Pa); I is the imposed current
(in A); R is the universal gas constant (8.314 J mol−1 K−1), and T is
the temperature (K). Values obtained after 10 min of electrolysis are
not included in the calculation of FE as GC gas flow is not yet
stabilized at that point.

The FE of liquid products was determined in a similar manner. 0.4
mL of both the catholyte and the anolyte was collected and analyzed
with high-performance liquid chromatography (HPLC) on the
UltiMate 3000 instrument from Thermo Scientific, which is equipped
with a refractive index detector for product quantification and an
Aminex HPX-87H (BioRad) column for product separation (1 mM
H2SO4 was used as an eluent). The necessity to collect the electrolyte
from both compartments is reasoned by the possible product
crossover from the catholyte to the anolyte compartment.

The resulting formula used for calculations of liquid products FE is

= × ×
× ×

n F C
V I t

FE e

where ne is the number of electrons transferred to product formation;
F is the Faraday constant; C is the measured concentration of the
product by HPLC (mol mL−1); V is the cell volume (4 mL); I is the
measured current (A); and t is the duration of electrolysis (2700 s).

The electrode potential is recalculated with respect to the RHE
reference using iR compensation according to the equation:

= + + × ×E E R I0.206 0.0591 pH ( )RHE Ref cell

where ERef is the recorded potential against the Ag/AgCl reference
electrode (V); +0.206 V is the Ag/AgCl reference electrode
correction; Rcell is the ohmic resistance between the working and
the reference electrode, which was defined using EIS analysis prior to
the measurement (Ohm); and I is the imposed current (A).

All the experiments in this work were run for 45 min, and the FE
and current density averaged over this time.

■ RESULTS AND DISCUSSION
Monodisperse colloidal In NCs of 15 nm were synthesized by
adapting a previously reported procedure (Figure S1).26 By
modifying an earlier synthesis protocol developed for Cu-Ga
nanodimers,27 In NCs were reacted with a copper molecular
precursor at 160 °C for 30, 60, and 120 min. The copper
molecular precursor is a copper(II)-oleylamine complex
forming in the reaction mixture.27 GRRs are electrochemical
processes in which a sacrificial metal (herein metallic In,

° +EIn /In3 0 = −0.34 V) is oxidized by a metal cation in solution
possessing a more positive redox potential (herein Cu2+,

° +ECu /Cu2 0 = 0.34 V) that, in turn, gets reduced and deposits
onto the preexisting template.27,46−52

First, the GRR outcome was characterized as a function of
time while keeping the Cu:In ratio constant; Cu-In bimetallic
NCs with different morphologies and elemental distribution
were isolated (Figure 1a). TEM characterization provides an
overview of the bimetallic NC morphology (Figure 1b−d). At
30 and 60 min, spherical NCs are observed, with no visible
changes in morphology and similar size distribution compared

to the parental In NCs (Figures 1b,c and S1 and Table S2).
Instead, at 120 min, the NCs turn into elongated dimer-like
structures (Figure 1d). STEM-EDXS elemental maps show
that the element distribution changes over time within the
NCs while remaining uniform within each sample (Figure 1e−
g). The spherical NCs obtained at 30 min possess a
homogeneous distribution of Cu and In (Figure 1e). At
longer reaction times, the two elements segregate. Segregation
is already noticeable in the sample obtained at 60 min (Figure
1f); after 120 min, Cu and In exist as completely separated
domains sharing an interface within the dimer-like NCs
(Figure 1g). Quantitative elemental analysis of these samples
by EDXS and ICP-OES evidenced that more Cu is
incorporated in the NCs as the reaction time increases,
which is consistent with the GRR mechanism. Specifically, the
average atomic Cu content measured with both EDXS over a
larger region of particles and elemental ICP analysis was 60,
70, and 90% (at.%) for the NC samples obtained at 30, 60, and
120 min of reaction time, respectively. Notably, a sharp
transition from 1 to 60 at.% Cu content, with no intermediate
compositions, was observed with either shorter reaction times
or lower amounts of the Cu precursor (Figure S2 and Table
S3).

Atomic resolution HAADF-STEM and corresponding
STEM-EDXS elemental maps of individual particles (Figures
2a−f and S4) combined with GI-XRD (Figures 2g and S3)
provide additional compositional and structural details. After
30 min of reaction, Cu-In NCs possess a homogeneous
crystalline core, with interatomic distances corresponding to
the Cu11In9 intermetallic phase, which are identified by

Figure 1. (a) Schematic representation of the reaction scheme and of
the resulting products depending on the reaction time; (b−d) bright-
field TEM images and (e−g) STEM-EDXS elemental maps of Cu and
In of the as-synthesized Cu-In NCs obtained at 30 min (b,e), 60 min
(c,f), and 120 min (d,g). The Cu and In contents measured by EDXS
quantification are reported on the top right of EDXS maps (e−g);
they indicate an increase in Cu content with reaction time. For all
samples, 15 nm In NCs were used as sacrificial GRR seeds, and the
precursor ratio was set at 0.004 mmol of In and 0.006 mmol of Cu
(see Supporting Information and Tables S1 and S2 for additional
details).
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analyzing the resulting FFT of the atomic resolution HAADF-
STEM image, surrounded by an amorphous indium oxide shell
(Figure 2a,b). The corresponding GI-XRD pattern is
consistent with Cu11In9 being the major crystalline component
in the sample (Figures 2g and S3). The elemental
quantification of 60 at.% Cu and 40 at.% In is also close to
the Cu11In9 elemental ratio (55 at.% Cu, 45 at.% In). After 60
min, the patchy spatial segregation of In and Cu elements is
accompanied by the progressive transformation of Cu11In9 into
other nanocrystalline phases, which generates more hetero-
geneities within the particle (Figure 2c). The corresponding
GI-XRD pattern of these NCs could be refined for In, Cu
(both as Cu and Cu2O), and Cu11In9 intermetallic (Figures 2g
and S3). Finally, in the dimer-like Cu-In NCs obtained after
120 min of reaction, only the Cu domains could be aligned
along a major zone axis and confirmed to be metallic Cu from
the FFT analysis of the corresponding HAADF-STEM image
(Figure 2e). Concomitantly, the GI-XRD pattern indicates Cu
and Cu2O as the major crystalline components, which is in
agreement with the elemental analysis indicating 90 at.% of Cu.
Metallic In and the Cu11In9 intermetallic are also identified as
two minor phases in the GI-XRD pattern. As the FFT indicates
purely metallic Cu and TEM measurements are performed in
vacuum, the Cu2O detected in the XRD patterns most likely
derives from oxidation during sample manipulation and data
acquisition. The coupling of the XRD result with the EDXS
mapping suggests that the dimer-like NCs obtained after 120
min of reaction consist of one domain of Cu/Cu2O and one
domain of In and Cu11In9, probably as a shared interface.

Altogether, a first mechanistic picture of the GRR between
In NCs and the Cu precursor starts to shape up. In the initial
stages of the reaction, Cu incorporates into the In NCs and
forms the intermetallic Cu11In9 structure without any

intermediate alloy structures. This behavior is consistent with
the bulk phase diagram (Figure S5).53 As the GRR proceeds,
more In is replaced by Cu. When the Cu content increases
over 60 at. %, dealloying and phase segregation into Cu, In,
and Cu11In9 takes place toward the final dimer-like Cu-In NCs.
Interestingly, the Cu-In bulk phase diagram indicates that, at
temperatures below 160 °C, which is the reaction temperature,
Cu and Cu11In9 intermetallic should coexist, without
segregation of In, for compositions containing more than
60% Cu (Figure S5).53 Differences between the bulk phase
diagram and the behavior observed at the nanoscale are not
uncommon. For example, alloying and dealloying phenomena
leading to the coexistence of Cu, Cu-In, and In have been
observed in thin films.54−56 Stabilization of phases different
from those reported for bulk materials can occur in thin films
and in NCs as a result of thermodynamics (i.e., increased
significance of the surface free energy term as the thickness or
size decreases) or kinetics (i.e., reaction proceeding under out-
of-equilibrium conditions).57,58 Dealloying of bimetallic NCs,
those including metals of different oxophilicities, has indeed
been reported under nonequilibrium conditions and during
GRRs.46,59−65 To understand the role of size in the phase
segregation and deviation from the bulk phase diagram in the
Cu-In NCs, we performed GRRs between larger In NCs of 19
and 22 nm and the Cu precursor under the same reaction
conditions.

19 and 22 nm In NCs were synthesized by modifying the
reaction time of the same procedure followed for the 15 nm In
NCs (Figure S6). Hereafter, Cu-In NCs will be labeled as Cu-
In15, Cu-In19, and Cu-In22 depending on the size of the In
NC seeds, being 15, 19, and 22 nm, respectively. Cu-In19/22
NCs with different composition, elemental distribution, and
morphology were synthesized by tuning the amount of the

Figure 2. Atomic resolution HAADF-STEM images, including FFT of the selected areas in green, with their corresponding STEM-EDXS elemental
mapping of individual as-synthesized Cu-In NCs after (a,b) 30 min, (c,d) 60 min, and (e,f) 120 min of reaction time. Oxygen STEM-EDXS
elemental mapping of these images can be found in Figure S4; (g) GI-XRD patterns of the Cu-In NCs obtained at different reaction times as
indicated by the labels. At the bottom, standard patterns of In (PDF 00-005-0642), Cu11In9 (PDF 00-041-0883), Cu (PDF 00-004-0836), and
Cu2O (PDF 01-078-2076).
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copper precursor added and/or the reaction time, as done for
the Cu-In15 NCs discussed so far. The complete set of
experiments is reported in Figure S7 with details in Table S4.
Figure 3 reports data on the most relevant and representative
samples.

In the case of the Cu-In19 NCs, the three previously
discussed GRR stages, which are homogeneously mixed
(Figure 3a,d), patchy phase-segregated (Figure 3b,e), and
dimer-like (Figure 3c,f) NCs were obtained by tuning the
added amount of the Cu precursor for a reaction time of 30
min. Notably, the formation of dimer-like Cu-In15 NCs
required longer times (i.e., 120 min) with the highest amount
of the Cu precursor (i.e., 0.006 mmol), which indicates faster
reaction kinetics with these bigger In NCs.

A different picture arises for the Cu-In22 NCs (Figure 3g−
l). First, the Cu-In22 NCs become slightly elongated already

after 30 min with the lowest amount of the Cu precursor (i.e.,
0.0015 mmol) (Figure 3g). STEM-EDXS elemental maps
indicate the presence of a pure Cu domain around an area with
uniformly mixed Cu and In (Figure 3j). The addition of more
Cu generates well-defined dimer-like NCs (Figure 3h). These
dimers consist of one domain of Cu interfaced with a larger
domain where Cu and In are homogeneously mixed (Figure
3k). Only increasing the reaction time eventually forms the
dimer-like NCs where Cu and In are separated into two
distinct domains, equivalent to those observed for Cu-In15/19
NCs (Figure 3i,l).

The newly obtained dimer-like Cu-In22 intermediates were
characterized in more detail (Figures 4 and S8). The GI-XRD
pattern perfectly matched the Cu11In9 intermetallic phase
(Figure 4a), with the Cu domain being probably too small and
overlapped with the intermetallic signal to be deconvoluted.
The corresponding atomic resolution HAADF-STEM image,
including the FFT of the selected area in green (Figure 4b),
and STEM-EDXS elemental mapping (Figure 4c) performed
at a single particle level are consistent with the bigger domain
being the intermetallic phase and the smaller domain being
copper.

Altogether, the expansion of the GRR to bigger In NC seeds
enables the construction of a full mechanistic picture of the
Cu-In NC formation, which is summarized in Figure 5.
Starting with metallic In NCs, Cu incorporates into the particle
to form Cu11In9 intermetallic NCs. In agreement with the bulk
thermodynamics of the system, no other alloys are isolated
before the formation of the intermetallic phase. Additional
incorporation of Cu results into their transition to phase-
segregated dimer-like Cu-In NCs. The intermediate structures
are patchy phase-segregated spherical NCs including Cu, In,
and Cu11In9 domains for smaller-sized In NCs, while dimer-
like Cu-Cu11In9 NCs are identified for bigger In NCs. This Cu-
Cu11In9 biphasic configuration is more consistent with the Cu-
In bulk thermodynamics as discussed in previous paragraphs.

The results indicate that size effects impact the GRR
outcome and, more generally, the behavior of the Cu-In system
at the nanoscale. First, the GRR proceeds faster for bigger NCs
than for smaller NCs. Second, the larger NCs do enable us to
capture structures which more closely resemble the composi-
tion expected by the bulk phase diagram.

To the best of our knowledge, no previous studies have
investigated the sole size dependence of the GRR as size effects
have often been convoluted with surface facet effects.66

The driving force for GRR is the difference in the redox
potentials of In and Cu. Considering the size range of the In
NCs, it is reasonable to assume that their initial redox
properties are equivalent.67 The shorter diffusion length of
smaller particles should promote faster alloying/dealloying,
which is not the case for the system discussed in this work.

Only a handful of studies have specifically tackled the size
dependence of alloying and dealloying in NCs.63,68 Gezelter
and co-workers found that Au−Ag alloying is faster in smaller
particles,68 which one could attribute to shorter diffusion
lengths. However, as Au and Ag are miscible metals over a
wide compositional range, the same principles are not
applicable to Cu-In.

Keeping in mind the immiscibility over a wide compositional
range and the different crystalline structures of the two metals
and the intermetallic phase (In is tetragonal with a = b = 3.252
Å, c = 4.946 Å, β = 90°; Cu is fcc with a = b = c = 3.615 Å, β =
90° and Cu11In9 is monoclinic with a = 12.821 Å, b = 4.355 Å,

Figure 3. (a−c) Bright-field TEM images and (d−f) STEM-EDXS
elemental maps of Cu-In19 NCs with increasing Cu content; these
samples were synthesized by fixing the reaction time at 30 min and
increasing the added Cu molecular precursor (0.0015, 0.003, and
0.006 mmol, respectively) for the same amount of In (0.004 mmol)
(Table S4). 19 nm In NCs were used as sacrificial GRR seeds. (g−i)
Bright-field TEM images and (j−l) STEM-EDXS elemental maps of
Cu-In22 NCs with increasing Cu content; these samples were
synthesized by fixing the reaction time at 30 min and increasing the
added Cu molecular precursor (0.0015 mmol for g,j and 0.006 mmol
for h,k) or increasing the reaction time (0.006 mmol of Cu and 60
min for i,l) for the same amount of In (0.004 mmol) (Table S4). 22
nm In NCs were used as sacrificial GRR seeds. For all samples, the Cu
and In contents measured by EDXS quantification are reported on the
top right of the EDXS maps.
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c = 7.357 Å, β = 125.523°), the initial replacement of In by Cu
atoms will most likely induce strain into the In NCs. The
smaller the NCs are, the more strained their structure will be
due to the increased number of surface and interface atoms,69

which will also hinder the transition toward the intermetallic
stable phase. This phenomenon can reasonably explain the
slower reaction kinetics of the smaller In NCs in the GRR with
Cu to form the Cu11In9 intermetallic.

As the GRR proceeds, the larger particles also undergo a
faster dealloying process. This observation is consistent with
the results from Strasser and co-workers on Pt−Co and Pt−
Cu, although the authors do not provide a fundamental reason
for their result.63 As mentioned earlier, the bigger NCs do
enable us to capture a different intermediate, which is the Cu-
Cu11In9 biphasic configuration. One possible explanation to
the observation of this structure only for the bigger In NCs can
be found in the strain exerted on the chemical bonds in the
vicinity of the Cu/Cu11In9 interface. The atomic structures of
the very simple fcc-Cu and the rather complex Cu11In9
intermetallic do not allow for an obvious epitaxial relationship
in the conventional picture of lattice mismatch.70 Indeed, only
fragments of the fcc-Cu structure match the monoclinic
Cu11In9 intermetallic, with average Cu−Cu distances approx.
6% larger in the latter (Figure S9). Smaller particle sizes might
increase further this bond distance mismatch, thus making it
prohibitive for a Cu/Cu11In9 interface to exist. This effect
might explain why the Cu-Cu11In9 dimeric structures are
observed only for the bigger In NCs. It is worth noting that the
situation may be much more complex, with an interface
including locally intertwined domains or amorphous volume
fractions. These questions cannot be answered based on the
current imaging as the interface is not stable and reconstruct
under the electron beam while tilting the sample. Nevertheless,
the existence of the Cu-Cu11In9 dimeric structure represents an
additional local minimum in the free energy diagram of the
bigger NCs and might be responsible for reducing the kinetic
barrier needed for dealloying, thus facilitating the formation of
the final dimer-like Cu-In NCs sharing a Cu11In9 interphase.
The phase segregation of indium is not contemplated by the
bulk phase diagram. However, these NCs form under out-of-
equilibrium conditions, where an electrochemical potential
drives the substitution of In in Cu11In9 with Cu, which might
explain such deviation from the ideal behavior expected under
purely thermodynamic conditions.

Following the idea of representing colloidal synthesis as
trajectories on the potential energy surface leading to various

Figure 4. (a) GI-XRD pattern of the dimer-like Cu-In22 NCs at the
bottom standard pattern of Cu11In9 (PDF 00-041-0883); (b) atomic
resolution HAADF-STEM of an individual dimer, including the FFT
of the selected area in green corresponding to the Cu11In9
intermetallic; and (c) STEM-EDXS elemental mapping of the same
particle.

Figure 5. Schematic illustration of the reaction between In NCs and
the copper precursor to form different Cu-In NCs as the reaction time
is extended or the amount of the copper precursor is increased.
Independently of the In size, intermetallic spheres and Cu-(Cu11In9)-
In nanodimers are obtained. Different pathways are shown for the Cu-
In15/19 NCs (red arrow) and the Cu-In22 NCs with their
intermediate step (blue arrow).
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reaction products,71 the energy landscape of the Cu-In NC
synthesis can be drawn as a function of the Cu concentration
(Figure 6). While the full energy landscape can be complicated,

for example, by additional minima and activation barriers
associated with ligand desorption and reorganization, and
keeping in mind that the relative potential energy of the
different configuration is qualitative, the simplified schematics
still serves its purpose. It is noted that higher reaction
temperatures do increase the reaction kinetics (Figure S10);
however, the In NCs convert from solid to liquid at
temperature above 160 °C,72 thus the results are not
comparable with those described above. The reaction does
not proceed at lower temperatures (Figure S11), with one
possible reason being that the energy provided to the system is
insufficient for the formation of the intermetallic phase which
requires a significant structural rearrangement from tetragonal
In to monoclinic Cu11In9, while Cu is incorporated.

Finally, we tested some of the obtained structures as
catalysts for the electrochemical CO2 reduction reaction
(CO2RR) to demonstrate their utility as the model system
to elucidate structure/property relations in catalysis (Figures 7
and S12−S14). Figure 7 compares the FE of In, Cu11In9, Cu-In
dimers, and Cu NCs tested at three different potentials (−0.6,
−0.85, and −1.1 V vs RHE, reversible hydrogen electrode),
which were chosen based on an initial screening performed by
linear scanning voltammetry. As expected, In NCs are mostly
selective for formate with a maximum FEformate of 45% at −0.8
VRHE with a corresponding formate/CO ratio of around 4.7
(Figure S12) and a maximum formate/CO ratio of around 6.0
(Figure S12) but with a FEformate of around 35% at −0.6 and
−1.1 VRHE. Instead, Cu NCs generate beyond C1 products at
cathodic enough voltages (−1.1 VRHE). Interestingly, the Cu-In
samples produce only formate and CO among the CO2RR
products. In particular, the Cu11In9 NCs maintain a
preferential selectivity for formate, which is very similar to
that of the pure In NCs at −0.6 VRHE, with an FEformate of
around 25% and a formate/CO ratio of 6.0 (Figure S12), with
the advantage of a higher current density. Contrastingly, the

Cu-In dimers promote CO selectivity, with CO becoming the
main CO2RR product at the lower voltages, reaching a
maximum FECO of around 35% and a formate/CO ratio of 0.4
at −0.85 VRHE (Figure S12).

The measured products are consistent with those reported
in the literature for Cu-In, which are CO, found as the main
product in most studies, and formate, found with a similarly
high selectivity in fewer studies.35−43 However, the key features
of the catalyst (i.e., morphology, elemental distribution, and
interfaces) which determine which product evolves remain
unclear.35−43 This lack of clarity is related to the difficult
comparison across the published studies where different
preparation techniques result in Cu-In materials which are
highly heterogeneous and differ in sizes and morpholo-
gies.35−43 To understand the design rules which drive the
selective formation of CO or formate is important as both
chemicals are relevant for industry if produced in high yields
and with more earth-abundant metals (Cu vs Ag or Au for CO
and In for formate).73 Our data collected on well-defined NCs,
which all possess similar size and were all synthesized by the
same approach, suggest that catalysts where In and Cu are
homogeneously mixed have a tendency to produce formate,
instead those where the two metals share an interface possess a
higher selectivity for CO. We note that the Cu-In dimers
possess a lower In content compared to the Cu11In9 (21% vs
40%); however, control experiments with physical mixtures of
the two metals suggest that composition does not play a crucial
role compared to interfaces (Figure S13). This novel insight
will direct future studies toward the optimization of the
electrode preparation (e.g., compositional tuning, loading, and
deposition method) and device engineering (e.g., use of a

Figure 6. Potential energy landscape for the formation of Cu-In NCs
starting from In NCs via GRR for different Cu concentrations. The
slower alloying and dealloying kinetics of the 15 and 19 nm In NCs
compared to that of the 22 In NCs are attributed to the higher energy
barriers imposed by the structural strain induced by the Cu
incorporation into the In structure. Because of their capacity to
easy strain release, the bigger In NC seeds stabilize the more bulk-like
Cu-Cu11In9 structure, which facilitates their conversion into the most
thermodynamically stable dimer-like Cu-In NCs.

Figure 7. FEs of CO2RR products (left axis) and geometric current
densities, j, (right axis) of In, Cu11In9, dimer-like Cu-In, and Cu NCs.
The remaining FE is provided by hydrogen and reported in Figure
S14.
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CO2-fed electrochemical cell) to improve the overall perform-
ance of the Cu-In NC catalysts (i.e., current density and
suppression of the hydrogen reduction reaction). Furthermore,
operando studies to monitor the changes during CO2RR are
mandatory before we make any speculation on the mechanisms
driving the selectivity.

■ CONCLUSIONS
In conclusion, we have explored the reactivity of colloidal In
NCs in a GRR with a copper molecular precursor to synthesize
Cu-In NCs with unprecedented monodispersity and tunability.
Intermetallic, phase-segregated, and dimer-like NCs were
obtained. All three bimetallic configurations were synthesized
by tuning the reaction time and/or the amount of the added
copper precursor, which both affect the extent of the galvanic
exchange between copper ions and indium metal. We note that
Cu11In9 NCs were synthesized before but with poor
homogeneity.74,75 The other In-Cu configurations are instead
obtained for the first time. We demonstrated the utility of
these newly synthesized structures as well-defined model
catalysts to provide more insights into the Cu-In behavior in
CO2RR.

While proving that the GRR is a powerful approach to access
diverse bimetallic structures, this work evidences that the
common knowledge on GRR obtained via studies on noble
metals, according to which alloyed nanoshells are expected to
form, does not directly apply to oxophilic and poorly miscible
metals. Importantly, we show how size-dependent kinetics and
thermodynamics are crucial in understanding the outcome of
GRR. We expect to inspire the bimetallic community into
extending the GRRs to less explored and more oxophilic metal
pairs.
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