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a Instituto de Carboquímica (CSIC), Miguel Luesma Castán 4, Zaragoza 50018, Spain
b CREST Group, Department of Applied Science and Technology (DISAT), Politecnico di Torino, Corso Duca degli Abruzzi 24, Turin 10129, Italy

A R T I C L E  I N F O

Keywords:
CO2 reduction reaction
Bimetallic catalysts
Copper
Platinum
Formate production

A B S T R A C T

Copper-based bimetallic catalysts have garnered significant attention for CO2 electrochemical CO2 conversion 
due to their ability to catalytically reduce CO2 to hydrocarbons and alcohols. Herein, a set of CuPt/C catalysts 
with different Cu:Pt atomic ratios are successfully synthesised through galvanostatic displacement. The pro
gressive incorporation of platinum on Cu/C nanoparticles significantly impacts the CO2 electro-reduction per
formance in a 0.1 M KHCO3 solution. The results revealed that Cu:Pt atomic ratios of 99:1 and 95:5 enhance 
formate production at mild potentials (-0.6 V vs. RHE) due to an improved water activation compared to 
monometallic Cu/C and, thus a higher availability of protons (or adsorbed hydrogen, *H) near the active sites. In 
contrast, lower Cu:Pt ratios or higher overpotentials result in diminished formate production. This behaviour is 
likely due to the affinity of Pt for the carbon-bound *COOH intermediate, which favors CO formation over 
formate. These findings demonstrate that Pt incorporation in Cu/C nanoparticles can alter the CO2 reduction 
mechanism, providing insights into the design of selective formate-producing catalysts.

1. Introduction

The accumulation of CO2 in the atmosphere from energy-consuming 
human activities has precipitated an unprecedented climate crisis in the 
last century [1]. In this context, the accelerated reduction of CO2 
emissions is critical, along with the development of CO2 capture, stor
age, and conversion technologies into other valuable products [2–4].

The electrochemical CO2 reduction reaction (CO2RR) to produce 
fuels and chemicals has recently garnered significant interest as a 
promising strategy for utilising carbon resources and facilitating the 
storage of surplus renewable electricity. CO2RR can yield a wide range 
of products in aqueous media, including carbon monoxide (CO), hy
drocarbons, or alcohols such as methanol or ethanol [5,6]. Formate is 
also an attractive product due to its various industrial applications. It 
serves as an intermediate in several chemical and pharmaceutical pro
cesses for silage preservation, as an additive in animal feeds, and in 
textile finishing, among others [7].

The product selectivity of CO2RR is sensitive to the catalyst structure 
and composition and the electrolysis conditions (applied potential, 
electrolyte, temperature, pH, etc.) [8–12]. Copper stands out as the only 

metal capable of reducing CO2 to hydrocarbons, aldehydes, and alcohols 
with substantial faradaic efficiencies [13–18].

Two main CO2 reduction pathways are generally proposed for 
copper-based catalysts [19]. In one pathway, CO2RR proceeds via 
adsorption of CO (*CO) on the catalyst surface as the first key inter
mediate, which can then be either desorbed or further reduced to 
products such as hydrocarbons or alcohols [20–23]. Alternatively, some 
catalysts favour the formation of a formate intermediate (*OCHO), 
bonded to the surface by the oxygen atom, which desorbs directly as 
formate rather than transforming into other products [24,25]. The most 
common catalysts for enhancing the CO2-to-formate route are based on 
In, Sn, or Bi metals, although Cu-based catalysts can also generate such a 
product [17,26–29]. For instance, Fu et al. developed a CuBi3 catalyst 
with high faradaic efficiency for formate (98.4 % at − 1.1 V vs. RHE) due 
to spatial and lattice confinement effects [30]. Similarly, Zheng et al. 
boosted the selective CO2RR to pure formate with a current density of 
1 A cm− 2 via single-atom Pb alloying of a copper surface [31].

Bimetallic catalysts can significantly alter the catalytic performance 
of CO2RR through various mechanisms. Introducing even a slight 
amount of a second metal may reduce the initial activation energy and 

* Corresponding author.
E-mail address: sperez@icb.csic.es (S. Pérez-Rodríguez). 
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fine-tune the selectivity due to significant changes in the interaction 
between the catalyst interface and reaction intermediates [32,33]. 
Several copper-based bimetallic catalysts have been tested for the active 
and selective conversion of CO2 to a specific product [34–38]. Among 
these metal alloys, platinum has garnered significant attention in the 
electrocatalysis field due to its capacity for upgrading the generation of 
H+, which can promote the activation of CO2 [39]. Furthermore, Pt can 
reduce the overpotential for CO2RR, although it can also promote the 
competitive hydrogen evolution reaction (HER) [40].

Bimetallic CuPt catalysts have been tested for electrochemical CO2 
conversion with promising results [41–43]. Guo et al. found that CuPt 
nanocrystals facilitate the CO2 reduction to CH4 due to the platinum’s 
affinity for proton production [44]. Furthermore, Zhao et al. optimised 
the Cu:Pt ratio in CuPt nanocubes (9–10 nm in size) to modulate CO2RR 
selectivity, achieving a tuneable range of CO/H2 ratios depending on the 
applied potential [45]. To our knowledge, CuPt catalysts primarily 
promote CH4 and C2H4 production through hydrogenation. Only a 
previous work reports the selective formate production over Pt/N-doped 
carbon nanofibers deposited onto a Cu foil as a cathode [42]. However, 
the authors attributed the unique affinity for formate production to the 
synergy between the pyridinic-N and Pt sites rather than to a Pt-Cu 
synergy [42].

In this work, CuPt nanoparticles supported on carbon black (Vulcan 
XC-72R) with several Cu:Pt ratios are proposed for CO2RR. Catalysts 
were prepared by galvanic displacement, resulting in CuPt alloy nano
particles supported on carbon. Cu:Pt atomic ratios of 99:1 and 95:5 
inhibited CO2RR selectivity to CO compared to the monometallic Cu/C. 
The tendency for formate production at these catalyst surfaces is 
explained by the presence of protons (or adsorbed hydrogen) by water 
activation at mild potentials (less negative than − 0.6 V vs. RHE), which 
promotes CO2 reduction likely via *OCHO intermediate. However, at 
more negative potentials or with a higher platinum concentration, the 
affinity of Pt for the carbon-bound intermediate *COOH results in a 
decreased selectivity towards formate.

2. Experimental

2.1. Synthesis of the Cu/C and the CuPt/C catalysts

CuPt/C catalysts were synthesised by galvanic displacement 
following the methodology described in [46]. A pH 3 buffer solution was 
prepared by dissolving 7.29 g of citric acid (C6H8O7, Aldrich, ≥99.5 %) 
and 3.54 g of sodium citrate (Na3C6H5O7, Aldrich, ≥99 %) in 250 mL of 
deionised (DI) water. Then, 235.7 mg of CuSO4⋅5H2O (Aldrich, 
99.995 %) and 240 mg of Vulcan XC-72R (Cabot®) were added to the 
buffer solution and stirred for 30 min under N2 atmosphere. After that, 
Cu2+ ions were reduced to Cu0 by dropwise addition of 50 mL of a 
0.26 M aqueous solution of NaBH4 (Aldrich, 99 %). The reduction was 
kept for 30 minutes under continuous stirring and N2 purging. On the 
other hand, a known amount of H2PtCl6⋅6H2O (Aldrich, 8 wt% in H2O) 
was dissolved in 50 mL of DI water. This Pt precursor solution was added 
dropwise to the Cu-containing dispersion under constant stirring and N2 
purging. Pt addition was held for 30 min, affording the galvanic 
displacement of Cu0 atoms by Pt4+ ions. Finally, the catalysts were 
filtered, washed with DI water, and dried overnight at 80 ºC.

Following this synthesis route, four CuPt/C catalysts were syn
thesised varying the Cu:Pt ratio: CuPt-99:1/C, CuPt-95:5/C, CuPt- 
90:10/C and CuPt-75:25/C. A monometallic Cu/C catalyst was also 
obtained using the same synthesis approach but with no addition of 
platinum.

2.2. Physicochemical characterisation

The metal content of the catalysts and the Cu:Pt ratio were deter
mined through inductively coupled plasma-optical emission spectrom
etry (ICP-OES) using a Xpectroblue-EOP-TI FMT26 optical emission 

spectrometer.
X-ray diffraction (XRD) patterns were obtained using a Bruker AXS 

D8 Advance diffractometer equipped with CuKα radiation (λ =

0.15406 nm) in a θ-θ configuration. Scans were performed over 2θ 
values from 10º to 80º with increments of 0.05º. The Pawley method was 
employed to refine the diffraction data using the TOPAS software. 
Crystallite sizes were obtained by the Double Voigt approach using peak 
integral breadth.

Transmission electron microscopy (TEM) images of the catalysts 
were captured using a Tecnai F30 microscope operating at 300 kV, 
equipped with a scanning transmission electron microscopy (STEM) 
module and a high-angle annular dark-field (HAADF) detector. 
Aberration-corrected HAADF-STEM (AC-HAADF-STEM) images for the 
CuPt-99:1 catalyst were acquired using an analytical Titan microscope 
(300 kV). The samples were dispersed in ethanol and deposited onto 
nickel grids. An energy-dispersive X-ray (EDX) spectroscope combined 
with the microscopes was employed for qualitative elemental analysis.

An ESCA+ OMICRON optical spectrometer was employed to record 
X-ray photoelectron spectroscopy (XPS) spectra. The survey scans were 
acquired at 0.5 eV step, 0.2 s dwell, and 50 eV of pass energy using a Mg 
anode (hυ = 1253.6 eV) and adjusting anode current and voltage at 
15 mA and 15 kV (P = 225 W). High-resolution scans for C 1 s, O 1 s, Cu 
2p and Pt 4 f were obtained using a step of 0.1 eV, a dwell of 0.5 s, and a 
pass energy of 20 eV. XPS data were fitted with the Casa XPS software, 
applying the sensitivity factors provided by the manufacturer, the 
Shirley background, and using the C 1 s graphitic peak (284.5 eV) for 
calibrating the XPS spectra. A 20 %/80 % Gaussian/Lorentzian line 
shape was used for Cu 2p deconvolution [47], whereas a 70 %/30 % 
Gaussian/Lorentzian line shape was used to deconvolute Pt 4 f [48]. 
Pt/(Cu+Pt) ratios were obtained considering peak overlapping of Pt 4 f 
XPS spectra and Cu 3p region [48].

2.3. Electrochemical characterisation

The electrochemical characterisation of the CuPt/C catalysts was 
carried out at room temperature in a conventional three-electrode sin
gle-compartment cell connected to an Autolab PGSTAT 302 N (Met
rohm) potentiostat-galvanostat. Data were acquired and processed using 
Nova 2.1 software. A high-surface-area carbon rod served as the counter 
electrode (Gamry), and an Ag/AgCl/KCl (3 M) electrode acted as a 
reference (0.21 V vs. NHE). The working electrode consisted of a thin 
layer of the corresponding electrocatalyst ink deposited onto a glassy 
carbon disk (diameter: 7 mm).

The catalyst inks were prepared by dispersing 2 mg of the powder 
catalyst in 23 μL of Nafion dispersion (Sigma-Aldrich, 5 wt%) and 644 µL 
of 1:1 isopropyl alcohol:ultrapure water. The mixture was sonicated for 
40 min. The glassy carbon electrode was first polished using alumina 
particles (Buehler, 0.3 µm) to achieve a mirror-like surface. Then, a 
known amount of the ink solution was deposited onto the electrode and 
dried under an inert atmosphere. An active phase (Cu+Pt) loading of 
50 µg cm− 2, considering the total metal amount determined by ICP, was 
used for all the electrodes. All the currents in the text are consistently 
normalised by this Cu+Pt loading.

The working electrode was submerged in a 60 mL aqueous solution 
of 0.1 M KHCO3 (Aldrich, ≥99.95 %). The electrolyte was saturated with 
either N2 (Carburos Métalicos 99.5 %) or CO2 (Air Liquid, 99.99 %) for 
40 minutes, depending on the specific experiment. The pH was deter
mined to be 8.9 when the electrolyte was saturated with N2 and 6.6 in 
the presence of CO2. Unless otherwise specified, potentials in the text are 
provided versus the reversible hydrogen electrode (RHE) using the 
following equation in volts (Eq. 1): 

ERHE = EAg/AgCl + 0.21 + 0.059 pH                                                 (1)
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2.4. Product characterisation in an H-type electrochemical cell

The catalysts were characterised in a double-chamber (H-type) 
electrochemical cell, where the two compartments were separated by a 
pre-activated anion exchange membrane (AEM) supplied by Fumasep. A 
0.1 M KHCO3 solution, continuously bubbled with CO2 and stirred 
during the electrochemical tests, was used as the catholyte, while a 
0.5 M KOH solution was used as the anolyte. The electrochemical tests 
were performed with a Biologic VSP-300 multichannel potentiostat.

CO2 electrolysis experiments were conducted using a three-electrode 
configuration where a platinum mesh was used as the counter electrode, 
and an Ag/AgCl/KCl (3 M) electrode was employed as a reference. The 
working electrodes were prepared by coating a thin layer of the catalysts 
onto one side of a carbon paper (Sigracet® GDL 39BC). A catalytic ink 
was first created by ultrasonically dispersing the synthesised catalysts in 
a mixture containing a Nafion solution (Sigma-Aldrich, 5 wt%) as the 
binder and ethanol (Sigma-Aldrich, 99 %) as a carrier. This approach 
ensures that the ink remains fluid, allowing for a uniform spread on the 
area of interest. The catalyst to Nafion ratio was set at 70:30, while the 
ethanol/solids mass ratio was 97:3. The dispersion was sonicated for 
15 minutes. The ink was applied by airbrushing technique to obtain each 
electrode with a geometric area of 1 cm2. The electrodes were then 
placed on a heating plate at 50◦C to ensure complete evaporation of the 
solvent. The tests were conducted with a catalyst loading of 1 mg cm− 2.

For electrochemical measurements, multiple potential cycles were 
performed in the CO2-saturated aqueous electrolyte within a potential 
range of − 0.8–0.7 V vs. Ag/AgCl/KCl (3 M) at a scan rate of 20 mV s− 1 to 
activate the electrodes. After that, linear sweep voltammetry (LSV) was 
recorded from 0.0 to − 2.0 V vs. Ag/AgCl/KCl (3 M) at a scan rate of 
10 mV s− 1.

CO2 electrolysis was conducted by chronoamperometry (CA) at a 
constant potential for 1.5 hours to assess the electrochemical perfor
mance of each catalyst. Afterward, the applied cell potential was ohmic 
corrected based on the impedance measurement and the current at the 
selected potential (retrieved from the chronoamperometry). The CO2 
flow rate was regulated at 32 NmL min− 1 using a mass flow controller 
(EL-Flow Select, Bronkhorst). The concentrations of gaseous products 
were measured with an online gas chromatograph (Inficon Micro GC 
Fusion Gas Analyser) equipped with two channels: a 10 m Rt-Molsieve 
5 A column and an 8 m Rt-Q-Bond column, both using thermal con
ductivity detectors (TCDs). Liquid samples were analysed with a high- 
performance liquid chromatograph (Shimadzu HPLC) featuring two 
detectors (RID-10A and PDA 212 nm) and a Rezex ROA Organic Acid 
column (300 ×7.8 mm). A 5 mM H2SO4 aqueous solution was used as 
the mobile phase. Volatile compounds were further characterised using 
a gas chromatograph (Perkin Elmer GC, Clarus 580) equipped with a 
headspace, a Stabilwax-DA column, and a mass spectrometer detector 
(MSD, SQ8 S). A 3 mL sample of the electrolyte was taken before and 
after the electrochemical protocol to detect liquid products using HPLC 
and GC-MSD.

The Faradaic efficiency (FE) for each product was calculated using 
the Eq. 2: 

FE(%) =
z • n • F

C
• 100 (2) 

where z represents the number of electrons exchanged at the cathode 
surface, n is the outlet molar flow rate of each product, F is the Faraday 
constant (96,400 C mol− 1), and C is the total charge obtained from 
integrating the current during the CA. The selectivity to a specific 
CO2RR product was defined as the ratio of the moles of the product to 
the moles of CO2 converted, accounting for the stoichiometry of the 
reaction for each product. All instruments used to detect and quantify 
CO2 reduction products were calibrated beforehand.

2.5. Stability tests

The stability of the best-performing electrodes was evaluated by 
chronoamperometric responses at − 0.60 V vs. RHE for 22 h in a CO2 
saturated aqueous solution of 0.1 M KHCO3 with constant carbon di
oxide bubbling. A conventional 3-electrode single-compartment elec
trochemical cell was used for these measurements with a high-surface- 
area carbon rod as a counter electrode, and an Ag/AgCl/KCl (3 M) 
electrode as a reference. The working electrodes were prepared by 
coating a thin layer of the catalysts onto one side of a carbon paper, as 
described in Section 2.3.

3. Results and discussion

3.1. Physicochemical characterisation of CuPt/C and Cu/C 
electrocatalysts

The metal loading of the catalysts and the Cu:Pt atomic ratio were 
determined by ICP-OES (Table 1). The monometallic Cu/C electro
catalyst presents a copper concentration of 15.4 wt%. The introduction 
of Pt led to a decrease in the Cu loading (9.1–12.1 wt%) due to the 
controlled galvanostatic displacement of Cu0 atoms by Pt4+ ions during 
the synthesis of CuPt/C catalyst. The total metal loading (Cu+Pt) rises 
from 11 to 19 wt% as the Cu atomic ratio decreases due to an increase in 
platinum. Moreover, ICP results reveal that the Cu:Pt atomic ratio is 
close to the nominal values for all the materials.

The size and distribution of metal nanoparticles was characterised by 
TEM. Fig. 1 shows the bright-field (TEM) and dark-field (HAADF-STEM) 
images of two selected CuPt/C catalysts (CuPt-99:1/C and CuPt-95:5/C) 
and the monometallic Cu/C. In general, a good distribution of metal 
nanoparticles onto the carbon support was observed for the samples. The 
mean particle size was below 2–3 nm, but the presence of a few larger 
particles is also noteworthy (dark-field images in Fig. 1). This large 
particle fraction is more important for the monometallic Cu/C catalyst, 
suggesting that Pt introduction leads to better particle size control. 
Particle size distributions (PSD) based on the examination of at least 100 
particles from different STEM images highlight the most frequent par
ticle sizes for each catalyst, with average sizes of 2.5, 1.8 and 1.3 nm for 
Cu/C, CuPt-99:1/C and CuPt-95:5/C, respectively (Fig. 1 and Figure S1). 
EDX analysis of CuPt/C catalysts confirmed the presence of both Cu and 
Pt for this fraction of small nanoparticles (Figure S2). These results 
indicate the coexistence of two phases in the CuPt/C catalysts: i) a high 
fraction of small and well-defined CuPt nanoparticles and ii) a lower 
contribution of larger copper (or CuOX) nanoparticles.

Deeper insights into the morphology and structure were obtained by 
AC-HAADF-STEM for the catalyst with the highest Cu:Pt atomic ratio, 
which exhibited the highest selectivity for formate production at mild 
potentials (as will be seen later in Section 3.3.3). AC-HAADF-STEM 
image in Fig. 2 (a) shows a homogeneous distribution of CuPt nano
particles with an average size ~ 2 nm. EDX analysis (Fig. 2 (a), inset) 
indicates a Cu:Pt atomic ratio of 67:33, consistent with the values 

Table 1 
Cu:Pt atomic ratios, Cu and Pt concentrations and total metal loading deter
mined from ICP and average crystal sizes of Cu phases identified by XRD for the 
CuPt/C electrocatalysts.

Catalyst Cu:Pt ratio 
(at%:at%)

Cu 
(wt 
%)

Pt 
(wt 
%)

CuþPt 
(wt%)

Cu2O 
(nm)

CuO 
(nm)

Cu/C 100:0 15.4 - 15.4 20.7 3.0
CuPt− 99:1/C 98.5:1.5 10.2 0.5 10.7 - 3.4
CuPt− 95:5/C 94.3:5.7 10.4 2.0 12.4 25.1 8.2
CuPt− 90:10/ 

C
90.1:9.9 12.1 4.1 16.2 7.9 6.8

CuPt− 75:25/ 
C

75.1:24.9 9.1 9.3 18.4 22.6 -
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obtained by XPS for CuPt-99:1/C (see later Fig. 3 (b)). As an example, 
Fig. 2 (b) illustrates different atomic contrasts in a CuPt nanoparticle 
due to the presence of Cu and Pt. Structural information of the nano
particles was obtained from the corresponding fast Fourier transform 
(FFT) (inset in Fig. 2 (b)). The crystal structure was confirmed as fcc 
with interplanar distances of 0.214 nm and 0.188 nm, corresponding to 
(1 1 1) and (2 0 0) planes of CuPt alloys [49–51]. Likewise, EDX 
elemental mapping images showed a homogenous distribution of Cu and 
Pt atoms in the bimetallic nanoparticles (Figure S3).

The XRD patterns of synthesised catalysts are shown in Fig. 3 (a). The 
monometallic Cu/C pattern exhibits five characteristic peaks at 2θ of 
29.65º, 36.5º, 42.4º, 61.3º, 73.74º corresponding to the (1 1 0), (1 1 1), (2 
0 0), (2 2 0), and (3 1 1) planes of cuprite Cu2O, respectively. These 
peaks are also partially recognisable for CuPt-95:5/C, CuPt-90:10/C, 
and CuPt-75:25/C. The introduction of Pt led to the formation of Cu(II) 
phase, as evidenced by the peaks observed at 2θ = 35.5º, 38.7º, and 
61.5º for the CuPt catalysts, assigned to the (0 0 2), (1 1 1), and (-1 1 3) 
Miller indices of tenorite CuO. Platinum reflections are discernible only 
in the CuPt-75:25/C sample, which exhibits a nearly amorphous 

structure with a much broader pattern, possibly due to the presence of 
tiny nanoparticles. In addition, CuO peaks are not evident in this last 
catalyst. In all diffractograms, a broad diffraction appears at 2θ of 26º, 
associated with (0 0 2) graphite, indicating a certain degree of graphi
tisation of the carbon support.

The average crystallite sizes of Cu2O and CuO for the synthesised 
catalysts are presented in Table 1. The crystallite sizes of Cu2O correlate 
well with large particle sizes (> 10 nm) observed by STEM for Cu/C and 
CuPt/C catalysts (Fig. 1, PSD). Moreover, a contribution centred at ~ 
2.5, 3.5, and 7.5 nm is observed in the PSD of Cu/C, CuPt-99:1, and 
CuPt-95:5 (Fig. 1 and Figure S1), respectively, which is in line with CuO 
crystallite sizes (3.0, 3.4 and 8.2 nm). It is worth noting that CuPt 
nanoparticles identified by a combination of STEM and EDX (Fig. 3 and 
Figure S2) cannot be characterised by XRD since they are not large 
enough to present a crystal pattern.

The near-surface chemical composition of Cu/C and CuPt/C catalysts 
was investigated by XPS. The surface composition is given in Table S1. 
The surface copper concentration of the monometallic Cu/C catalyst is 
4.4 wt%, whereas CuPt/C catalysts exhibit Cu contents ranging from 3.8 

Fig. 1. TEM (left) and HAADF-STEM images (right) of: (a, b) Cu/C, (c,d), CuPt-99:1/C and (e,f) CuPt-95:5/C. (g, h, i) The corresponding particle size distributions.
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Fig. 2. (a) AC-HAADF-STEM image for CuPt-99:1/C catalyst. The inset shows the EDX analysis of the selected region (b) AC-HAADF-STEM image showing a single 
CuPt nanoparticle and the corresponding FFT (inset).

Fig. 3. (a) XRD patterns for the Cu/C and CuPt/C catalysts. References: graphite (JCPDS 41–1487), Cu2O (JCPDS 77–0199), CuO (JCPDS 45–0937), and Pt (JCPDS 
04–0802). (b) Platinum atomic contributions respect to the total metal amount (Pt/Cu+Pt), obtained by ICP-OES (blue bars) and XPS (green bars). Relation between 
the atomic contribution of platinum respect to the total metal amount determined by XPS and ICP (single points). (c) High-resolution XPS spectra of Cu 2p3/2 region 
for the CuPt-95:5/C catalyst. (d) Atomic contributions of Cu, Cu(0) + Cu(I) and Cu(II), from Cu 2p3/2 normalised to the copper content obtained by XPS (Cu/ 
(Cu+Pt))XPS. Pt contribution (at%) is also included (Pt/(Cu+Pt))XPS.
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to 8.6 wt%. The Pt concentration increases from 5.6 wt% for the CuPt- 
99:1/C catalyst to 25.0 for the catalyst with the lowest Cu:Pt atomic 
ratio. Fig. 3 (b) compares the Pt atomic contribution with respect to the 
total metal content obtained from ICP, (Pt/(Cu+Pt))ICP, and XPS, (Pt/ 
(Cu+Pt))XPS, for the CuPt/C catalysts. While the ICP results are consis
tent with the nominal Pt atomic contributions, the XPS values are larger, 
indicating a significant enrichment of platinum on the surface of CuPt/C 
catalysts. Fig. 3 (b) also illustrates the ratio between surface and bulk 
platinum with respect to the metal content, (Pt/(Cu+Pt))XPS/(Pt/ 
(Cu+Pt))ICP. This ratio decreases with the reduction of the Cu:Pt atomic 
ratio from 15.5 for the CuPt-99:1/C to 1.9 for the CuPt-75:25/C. This 
trend indicates the preferential enrichment of Pt in the surface of the 
catalysts for the highest Cu:Pt atomic ratios, CuPt-99:1/C and CuPt- 
95:5/C.

High-resolution XPS spectra of the Cu 2p3/2 region were deconvo
luted into two contributions: i) the combination of Cu(0) and Cu(I) 
species centred at 932.5 ± 0.4 eV and ii) Cu(II) species centred at 933.6 
± 0.2 eV with two shake-up satellites at higher binding energies (941.1 
± 0.5 eV and 943.5 ± 0.5 eV, respectively) [52]. A rigorous resolution 

between Cu(0) and Cu(I) was not possible because of the overlap of 
peaks for these two components due to the relevant amount of Cu(II) 
[47]. As an example, the deconvoluted Cu 2p3/2 spectrum of the 
CuPt-95:5/C catalyst is shown in Fig. 3 (c). The complete set of results is 
provided in the Supplementary Information (Figure S4).

Fig. 3 (d) illustrates the contribution of Cu(0)+Cu(I) and Cu(II) 
species of the synthesised catalysts, normalised to the atomic Cu 
contribution obtained by XPS, (Cu/(Cu+Pt))XPS. Additionally, the 
contribution of platinum, (Pt/(Cu+Pt))XPS, is also included in Fig. 3 (d). 
A significant presence of Cu(II) is observed in all cases. Interestingly, the 
contribution of Cu(II) species decreases as the Cu:Pt atomic ratio de
creases, while the presence of Cu(0)+Cu(I) is constant for the CuPt/C 
catalysts. In particular, the Cu(II) proportion gradually decreases from 
57.9 % in CuPt-99:1/C catalysts to 33.8 % in CuPt-75:25/C. This trend is 
attributed to the synthesis method used to prepare CuPt nanoparticles 
through galvanic displacement of Cu(0) by Pt(IV)-ions. As a lower 
amount of platinum precursor is added during the synthesis of the cat
alysts, a lower fraction of Cu(0) atoms interact with Pt(IV)-ions. This 
leads to a higher amount of non-alloyed copper on the carbon support, 

Fig. 4. CVs at 10 mV s− 1 of CuPt/C, Cu/C, and commercial Pt/C catalysts in N2-saturated 0.1 M KHCO3.
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which may subsequently oxidise under atmospheric conditions.

3.2. Electrochemical characterisation of the Cu/C and CuPt/C catalysts

First, the electrocatalytic activity towards the CO2RR of CuPt/C and 
Cu/C catalysts was investigated using a glassy carbon electrode modi
fied with a thin layer of the corresponding sample. The same experi
ments were also conducted using a commercial Pt/C catalyst (40 wt%, 
JM) as a monometallic Pt reference. Then, experiments in H-cell 
configuration were carried out to characterise the products derived from 
CO2RR.

3.2.1. Cyclic voltammetry studies
The electrochemical behaviour of the catalysts was initially assessed 

by cyclic voltammetry in 0.1 M KHCO3. Fig. 4 shows the cyclic vol
tammograms (CVs) recorded at a scan rate of 10 mV s− 1 in the N2- 
saturated electrolyte for the CuPt/C, Cu/C and Pt/C.

The CV of the monometallic Cu/C catalyst shows two distinct 
oxidation peaks: peak a (at 0.6 V vs. RHE) corresponds to the oxidation 
of Cu(0) to Cu(I), while peak b (at 0.85 V vs. RHE), represents the 
transition from Cu(I) to Cu(II). During the reverse potential scan, Cu(II) 
and Cu(I) are reduced to Cu(I) and Cu(0) at approximately 0.5 V vs. RHE 
(peak b’) and 0.26 V vs. RHE (peak a’), respectively [53,54]. On the 
other hand, the commercial Pt/C voltammogram shows that platinum is 
oxidised at around 1.0 V vs. RHE (peak c) and reduced back at 0.7 V vs. 
RHE (peak c’). CuPt/C catalysts show intermediate current-potential 
curves, demonstrating a gradual transition from copper- to 
platinum-like behaviour. Indeed, Cu-characteristic peaks (a, a’, b, and 
b’) are discernible in CuPt-99:1/C, CuPt-95:5/C, and CuPt-90:10/C 
catalysts, while are not evident for the Pt-richest catalyst 
(CuPt-75:25/C). In contrast, a sharp c’ contribution (related to the 
reduction of Pt oxide) appears in the CV of CuPt-75:25/C catalyst, 
whereas it is not evident for CuPt-99:1/C. At potentials more negative 
than 0 V vs. RHE, the hydrogen evolution reaction initiates, being 
particularly pronounced in the Pt-richest catalyst (CuPt-75:25/C) and 
the monometallic Pt/C [55].

The activity for the CO2RR of the CuPt/C catalysts was evaluated by 
LSV in the N2- and CO2-saturated electrolytes. Fig. 5 (a) shows the re
sults for the CuPt-95:5/C catalyst. The reduction current density in the 
N2-saturated 0.1 M KHCO3 solution is only associated with the HER. 
After CO2 bubbling, the faradaic current density is related to the 
simultaneous evolution of HER and CO2RR. A reduction peak appears in 
the CO2-saturated electrolyte centred at ~ − 0.6 V vs. RHE. Moreover, 
the faradaic currents are more significant (negative) in the absence of 
dissolved CO2. This behaviour is attributed to the reduction of CO2 to 
(CO2)red species, which adsorb onto the active phase of the catalyst, 
inhibiting the HER [56–58]. This current inhibition in the CO2-saturated 
electrolyte is evident for all catalysts studied in this work (see later Fig. 5
(c)).

Fig. 5 (b) compares the LSV of all the catalysts under CO2 saturation. 
The cathodic current density increases as the catalysts are richer in 
platinum, with CuPt-75:25/C displaying an electrochemical behaviour 
similar to the Pt/C catalyst. Platinum is well known to be a highly 
effective catalyst for the HER. Thus, higher hydrogen evolution is ob
tained as the catalyst is enriched in platinum (see LSV of the as- 
synthesised catalysts in the N2-saturated electrolyte, Figure S5). There
fore, the increase of the current density as the Cu:Pt atomic ratio de
creases is mainly related to an enhancement of the HER rate and not to 
the reduction of CO2. Interestingly, CuPt/C catalysts with an atomic 
ratio Cu:Pt of 99:1 and 90:10 present an analogous behaviour to CuPt- 
95:5/C with a maximum of the current density at ~-0.6 V vs. RHE.

Fig. 5 (c) compares the ratio of the current densities (in absolute 
value) registered at − 0.6 V under CO2 and N2 saturation for all the 
catalysts. A ratio below 1 was obtained for all the catalysts, reinforcing 
the statement that HER is inhibited during CO2RR. Moreover, the cur
rent densities are further inhibited in catalysts with low or no platinum 

Fig. 5. (a) LSVs at 10 mV s− 1 in N2-saturated and CO₂-saturated 0.1 M KHCO3 
for CuPt-95:5/C. (b) Comparison of the LSVs at 10 mV s− 1 in CO2-saturated 
0.1 M KHCO3 for CuPt/C catalysts and the monometallic Cu/C and Pt/C. (c) 
Relationship between the currents recorded at − 0.6 V during LSVs at 10 mV s− 1 

in N2-saturated and CO2-saturated in 0.1 M KHCO3.
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content, such as Cu/C, CuPt-99:1/C, and CuPt-95:5/C, progressively 
increasing with platinum content. This relationship implies hydrogen 
evolution is more strongly promoted with a higher platinum content.

3.2.2. Further insights on the nature of adsorbed species during CO2RR
Further research into the nature of species adsorbed on CuPt/C cat

alysts, Cu/C, and Pt/C materials was conducted by CO2 reduction/ 
adsorption experiments and subsequent electrochemical oxidation of 
the adsorbed species.

For this purpose, the 0.1 M KHCO3 electrolyte was saturated with 
CO2 and then a potential of − 0.6 V vs. RHE was applied for 15 minutes. 
After that, dissolved CO2 was removed from the electrolyte by bubbling 
N2 for 30 minutes. CVs were then recorded between − 0.7 V and 1.4 V 
vs. RHE at a scan rate of 10 mV s⁻1. The same experiments were also 
conducted under CO (98 %, Air Liquide) since it is an important inter
mediate during the CO2RR. Fig. 6 (a) shows the CVs obtained for the 
catalyst CuPt-95:5/C after CO2 (blue line) and CO (green line) reduction. 
The CV in the N2-saturated 0.1 M KHCO3 electrolyte in a potential 
window where CO2RR does not occur is also included (black line, 
denoted as blank CV). At − 0.6 V vs. RHE, CO2 or CO molecules are 
reduced, forming intermediate species adsorbed on the catalyst surface. 
During the first anodic sweep, these adsorbates derived from CO2 or CO 
reduction are oxidised in a potential window from 0.3 to 1.2 V vs. RHE, 
as can be seen in Fig. 6 (a) (inset). The results for all catalysts are dis
played in Figure S6. Fig. 6 (b) shows the oxidation charges normalised 
per mass of metal [Q gCuPt

− 1 ] of the adsorbates derived from CO2 (QCO2, 
green bars) and CO reduction (QCO, blue bars) for all the catalysts. These 
oxidation charges were determined by integrating the oxidation current 
densities after subtracting the area of the blank CV. The ratio between 
the oxidation charges associated with reduced/adsorbed CO2 and 
reduced/adsorbed CO are also plotted as single points in Fig. 6 (b).

The generally accepted mechanism for CO2RR in aqueous solutions 
involves two main pathways: one leading to oxygen-bound intermediate 
(through one or two oxygen atoms, *OCHO), resulting in the production 
of formate, and the other involving *CO (via *COOH intermediate), 
which can either desorb as CO or continue evolving into other products 
[19,59]. Formate production can also occur via *COOH intermediate. A 
representative scheme of the generally accepted mechanism is shown in 
Fig. 7.

Considering both CO2RR routes, the relationship between the 
charges assessed under CO and CO2 saturation (χ = QCO/QCO2 x 100) 
corresponds to the oxidation of the reduced and adsorbed intermediates 

through the CO pathway. Notably, these reduction/adsorption experi
ments exclude the desorbed species (not irreversibly adsorbed at the 
catalyst surface) derived from CO2 or CO reduction at − 0.6 V vs. RHE.

Generally, oxidation charges relative to CO2 or CO reduction/ 
adsorption increase as the Cu:Pt atomic ratio decreases, which can be 
attributed to the platinum affinity for adsorbing carbon-bound in
termediates (such as *COOH or *CO) [25]. As widely reported in the 
literature [24,60], Cu/C catalyst promotes the CO2RR primarily via the 
CO route, resulting in similar oxidation charges for CO and CO2 (χ =
94 %). The introduction of Pt leads to a decrease in the ratio between CO 
and CO2 oxidation charges for CuPt-99:1/C and CuPt-95:5/C with χ 
values of 70–72 %, evidencing a promotion of adsorbates from the 

Fig. 6. CVs after reduction of CO2 (green line) or CO (blue line) at − 0.6 V vs. RHE for 15 minutes and posterior N2 purge of the 0.1 M KHCO3 electrolyte. (Inset) 
Zoomed-in view of the electrochemical oxidation of adsorbed species generated from CO2 (green line) and CO (blue line) reduction at − 0.6 V vs. RHE. (b) The 
corresponding oxidation charges (bars) for the CuPt/C catalysts and Cu/C and Pt/C. Relationship between the CO and CO2 charges (single points).

Fig. 7. Generally accepted mechanism for CO2RR into CO and formate in 
aqueous solutions. Further reduction products are obtained from adsorbed 
CO (*CO).
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formate pathway compared to Cu/C. This can be explained by a higher 
formation of adsorbed hydrogen (Hads) on the surface of CuPt/C cata
lysts at mild potentials compared to Cu/C. The great Hads coverage at the 
catalyst promotes the formate pathway presumably via an 
oxygen-bound intermediate (*OCHO) [25,61]. As the Cu:Pt atomic ratio 
decreases, the reduction and adsorption of species from the formate 
pathway is mitigated, especially for the Pt-enriched catalyst 
(CuPt-75:25/C). This is explained by the high coverage of Pt at this 
catalyst surface. This noble metal exhibits an excellent affinity for 
adsorbing *CO (from *COOH intermediate), which may poison the 
electrocatalytic surface and inhibit further reduction [62].

3.3. Product characterisation in an H-cell

The H-type electrochemical cell was coupled with an online gas 
chromatograph to characterise the electrocatalytic selectivity and 
product distribution of the synthesised catalysts. The electrocatalytic 
performance for CO2RR was evaluated by chronoamperometry (CA) at 
some selected potentials, ranging from − 0.6 V to − 0.9 V vs. RHE.

The selectivity for CO2RR products was assessed for all catalysts at 
the different potentials. Fig. 8 (a, b, and c) shows the results for Cu/C, 
CuPt-99:1/C, and CuPt-95:5/C, while Figure S7 presents the results for 
CuPt-90:10/C and CuPt-75:25/C. CO2 reduction in Cu/C catalyst leads 
to a high selectivity for CO together with the production of formate, and 
in a lower contribution methane, C2 compounds (ethylene, ethanol), and 

Fig. 8. Selectivity to CO2RR products in the Cu/C, (a) CuPt-99:1/C, (b) and CuPt-95:5/C, (c) catalysts at the potentials analysed. (d) CO and (e) formate production 
by Cu/C, CuPt-99:1/C, and CuPt-95:5/C catalysts at − 0.6 and − 0.85 VIR-free vs. RHE potentials. (f) Relationship between formate and the products derived from CO 
pathway a for Cu/C, CuPt-99:1/C, and CuPt-95:5/C catalysts at the analysed potentials.
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C3 compounds (acetone, 1-propanol, and 2-propanol). When a low 
amount of platinum is introduced in the CuPt/C catalysts, the selectivity 
shifts primarily to formate, CO, and ethanol, with a negligible contri
bution from other products. At Cu:Pt atomic ratios lower than 95:5 
(CuPt-90:10/C and CuPt-75:25/C catalysts), no notable changes in CO2 
selectivity are observed, indicating that higher platinum content does 
not substantially affect product selectivity (Figure S7).

Interestingly, the introduction of Pt alters product distribution, 
boosting formate selectivity at potentials less negative than − 0.6 V vs. 
RHE, especially for the Cu:Pt atomic ratios of 99:1 and 95:5. In the 
monometallic Cu/C catalyst, the selectivity to CO gradually decreases as 
the overpotential increases, while formate selectivity increases corre
spondingly. This trend is not observed in CuPt/C catalysts. At mild po
tentials (less negative than − 0.6 V vs. RHE), CO selectivity is low 
(negligible in some cases) and formate selectivity exceeds 50 %. CO 
selectivity rises sharply as the potential decreases, and formate selec
tivity drops significantly. These results evidence that the presence of 
platinum inhibits CO selectivity at mild potentials, enhancing formate 
selectivity.

Fig. 8 (d and e) illustrates the CO and formate production rates by 
the Cu/C, CuPt-99:1/C, and CuPt-95:5/C catalysts at two selected po
tentials (-0.6 and − 0.85 V vs. RHE). At − 0.6 V vs. RHE, CO production 
rate is significantly inhibited as platinum is introduced in the catalysts, 
while the formate production rate is similar for the Cu/C and CuPt/C 
catalysts, or even higher in the case of CuPt-99:1/C. Specifically, CO 
production is 18.8 mmol h− 1 gCu

− 1 for the Cu/C catalyst, whereas it is 
drastically reduced to 4.6 mmol h− 1 gCuPt

− 1 and 7.7 mmol h− 1 gCuPt
− 1 for 

CuPt-99:1/C and CuPt-95:5/C, respectively (Fig. 8 (d)). In contrast, 
formate production at − 0.6 V vs. RHE ranges from 4.7 mmol h− 1 gCu

− 1 for 
Cu/C to 9.3 mmol h− 1 gCuPt

− 1 for CuPt-99:1/C and 4.1 mmol h− 1 gCuPt
− 1 for 

CuPt-95:5/C (Fig. 8 (e)). On the other hand, the monometallic Cu/C 
catalyst presents a higher formate production than CuPt/C catalysts at 
− 0.85 V vs. RHE. It is worth mentioning that the production rate at all 
catalysts is limited by low current density and faradaic efficiencies 
below 50 % for CO2 reduction, which is mainly associated with 
hydrogen production. That may be due to the employed H-cell config
uration. The low solubility of CO2 in aqueous electrolytes at room 
conditions hinders CO2RR rates due to mass transport limitations of CO2 
[63,64]. At the cathode of a gas-phase co-electrolyser system, the CO2RR 
faradaic efficiency is expected to be favoured over hydrogen formation 
due to the significantly higher concentration of CO2 (available on the 
catalyst surface) [65–68]. In addition, the catalyst loading coupled with 
an increase of the electrode dimension can be optimised to enhance the 
catalyst’s activity and the residence time toward higher CO2RR rates. 
However, these aspects are beyond the scope of the present work.

Fig. 8 (f) shows the relationship between the production of formate 
and the products derived from the *CO pathway (including CO, CH4, 
CH3OH, CH3CH2OH, etc.) to illustrate the preferential formation of 
formate better. The preferential formation of formate is envisaged in the 
CuPt-99:1/C catalyst, with formate/*CO ratio of 1.9 at − 0.6 V vs. RHE. 
While the CO route is favoured in Cu/C catalyst (especially at mild po
tential with a formate/*CO ratio of 0.2), the introduction of platinum 
suppresses the CO pathway and promotes the formate route. However, 
at more negative potentials, such as − 0.85 V vs. RHE, the production of 
CO and CO-derived products increases in all catalysts, reducing the 
formate/*CO ratio with values in the range 0.2–0.7. These results show 
that the introduction of Pt promotes formate production at mild po
tentials, while CO is the main product at higher overpotentials. More
over, formate production is boosted for the CuPt/C catalyst with the 
highest Cu:Pt atomic ratio studied in this work (CuPt-99:1/C).

To assess the stability issue commonly associated with copper cata
lysts, the current response of the optimum electrode during CO2 elec
trolysis was evaluated through chronoamperometric testing over 
22 hours in 0.1 M KHCO3, at a potential where the formate pathway is 
promoted (-0.6 V vs RHE). The monometallic Cu/C catalyst was also 
included for comparison. No obvious degradation was observed for both 

electrodes over 22 hours under continuous CO2RR, as evidences 
Figure S8. Cu/C electrode maintained a current density of ~ − 5 A 
gCu+Pt
− 1 , while a higher value was obtained for the bimetallic CuPt-99:1/C 

(-8.5 A gCu+Pt
− 1 ).

4. Discussion

The observation of HCOO⁻ production at mild potentials is consistent 
with previous studies on CO2-to-formate catalysts, such as those based 
on Sn and Bi [69–71]. Theoretical studies based on density functional 
theory (DFT) have shown that CO2 conversion to formate can be pro
moted by the presence of adsorbed hydrogen. For instance, Sirijaraensre 
et al. affirmed that the presence of adsorbed hydrogen improves 
significantly the selectivity towards formate on a catalyst based on 
copper atoms embedded in graphene [72]. The preferential CO2-to-
formate pathway at moderate potentials has been also showed at Cu 
nanoparticles dispersed in a N-doped carbon, which was attributed to an 
enhancement in water activation due to the synergistic effect of N 
functionalities and highly dispersed ultrasmall Cu nanocrystals [67]. 
Similarly, Esrafili et al. demonstrated that Pt-doped-graphene is a 
promising catalyst for formate production due to the ability of Pt to 
activate H2 [73]. Previous works have also reported enhanced formate 
production on bimetallic catalysts, such as CuPd/C [74] and PtPd sur
faces [75,76]. The selective formate production was found to result from 
a low *CO coverage at the catalyst surface in benefit of a high hydrogen 
adsorption, which can react with formate intermediate (*OCHO). Based 
on this, the increase of the formate selectivity at mild potentials of 
CuPt/C catalysts in our work may be explained by the affinity of Pt to 
adsorb hydrogen. This effect is most pronounced in the CuPt-99:1/C 
catalyst at mild potentials (-0.6 V vs. RHE) with a CO2RR selectivity to 
formate up to 74 % at − 0.55 V vs. RHE (Fig. 8 (b)). At larger over
potentials (applied potential more negative than − 0.7 V vs. RHE), this 
trend changes and CO is the main CO2RR product, with a selectivity 
close to 56 % at − 0.85 V for CuPt-99:1/C. In line with these results, Ye 
et al. showed a reduction in formate production at larger overpotentials 
on PdPt catalysts, due to high *CO coverage on the catalytic surface, 
which limits the stabilisation of CO2 via the formate intermediate [76]. 
Fig. 9 illustrates that the preferential CO production occurs at lower 
overpotentials as the Cu:Pt ratio decreases, while formate production 
gradually decreases. In this context, CO2RR selectivity to CO is close to 
70 % at − 0.6 V vs. RHE for the catalysts with the highest Pt contents 
(CuPt-75:25/C and CuPt-90:10/C) with formate accounting for the 
remaining 30 %. In contrast, CuPt-99:1/C and CuPt-95:5/C exhibit a 
formate selectivity of 65 % and 40 %, respectively, at the same 
potential.

Therefore, the formation of formate on CuPt/C catalysts is favoured 
at Cu:Pt atomic ratio above 95:5 and in particular at mild overpotentials 
(applied potentials less negative than − 0.6 V vs. RHE). CO2RR prefer
entially occurs via the CO* pathway at the monometallic Cu/C catalyst 
(see Fig. 8 (a)). The introduction of platinum reduces the reaction 
overpotential for CO2 activation [39] and enhances water activation and 
thus, the availability of adsorbed hydrogen compared to monometallic 
Cu/C (see Fig. 5b and Figure S5). The latter facilitates the reduction of 
CO2RR adsorbates to formate at the surface of CuPt alloy nanoparticles. 
*OCHO is well-known to be a key intermediate for formate production at 
transition metals, such as Cu or Pt [24,25]. However, formate produc
tion via *COOH intermediate [20,77,78] (see Fig. 7) or physisorbed CO2 
[79] cannot be discarded. Moreover, ethanol formation was also 
observed on CuPt/C at mild potentials. Based on these results, CuPt/C 
catalysts bind *OCHO strongly enough for formate production to 
dominate CO2RR selectivity at mild potentials, but weakly enough to 
allow the further reduction of products through *CO (via *COOH in
termediate). Other authors have reported similar results for Cu surfaces 
[25]. The reduction in CO2RR to formate selectivity as the Cu:Pt ratio 
decreases or as the overpotential increases is likely due to the interme
diate binding affinity of Pt for carbon-bound *COOH intermediate, 
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which leads to the preferential formation of CO [80]. Therefore, 
CuPt-99:1/C (followed by CuPt-95:5/C), with a preferential enrichment 
of Pt at the surface of the catalyst (see Fig. 3 (d)), but with the lowest Pt 
loading, presented the best performance for formate production at mild 
potentials.

Moreover, differences in Cu oxidation state may also influence the 
selectivity for CO2RR. Copper oxides have been proposed to play a 
critical role in electrochemical CO2 conversion due to their high surface 
area, rough morphology, and significant defect density [80–86]. The 
XRD pattern (Fig. 3 (a)) of the best-performing catalyst for formate 
production, CuPt-99:1/C, discards the presence of Cu2O crystals. This 
contrasts with findings from previous works on the efficient CO2 
reduction to formate over Cu2O surfaces [87–89]. However, 
CuPt-99:1/C and CuPt-95:5/C catalysts exhibit the highest surface 
concentration of Cu(II) (determined by XPS, see Fig. 3 (d)) among the set 
of CuPt/C catalysts, coinciding with the highest formate production. 
That is consistent with previous studies demonstrating selective formate 
generation on CuO-based catalysts [77,90,91]. However, the enhance
ment of overall CO2RR selectivity to formate cannot be entirely attrib
uted to the presence of the CuO phase, as the monometallic Cu/C 
catalyst exhibited the largest surface atomic contribution of Cu(II) 
(69.1 % by XPS). Nevertheless, the selectivity for formate production at 
− 0.65 V vs. RHE was lower than those obtained for CuPt-99:1/C and 
CuPt-95:5/C (see Fig. 8 (f)). On the other hand, when negative poten
tials are applied in the presence of CO2, the oxides often undergo 
reduction to its metallic phase, forming nanostructured Cu through an 
in-situ transformation [84,92,93]. It is plausible that the reduced Cu 
phase can enhance the affinity for the oxygen-bound intermediate of 
CuPt nanoparticles in the presence of an appropriate Pt amount, in line 
with recent findings on Cu-Ag surfaces [93]. This behaviour would also 
contribute to the higher formate selectivity over the CuPt/C catalyst 
than over the Cu/C one. Thus, the contribution of Cu(II) and Cu(I) 
phases on the overall activity and selectivity for CO2RR is expected to be 
limited. Moreover, TEM images (see Fig. 1) evidenced a main contri
bution of small CuPt nanoparticles, which coexist with larger copper 
oxide particles. As a potential avenue for future development, operando 
characterisation by X-ray absorption spectroscopy could unravel 
distinctive effects between CuPt alloys and CuOX for CO2RR at 
as-synthesised CuPt/C catalysts.

The results shown in Fig. 8 and Fig. 9 are consistent with the elec
trochemical behaviour observed in Fig. 5 (b), where a cathodic peak 

appears at − 0.5/-0.6 V vs. RHE for the catalysts with Cu:Pt atomic ratios 
from 99:1–90:10. This peak is likely related to CO2RR via formate 
pathway. This contribution progressively diminishes in catalysts with 
the lowest Cu:Pt atomic ratio, suggesting significant CO poisoning. 
Similarly, the high *CO coverage dominates CO2RR at higher over
potentials, preventing formate production and intensifying hydrogen 
formation by water reduction on available active sites. The results also 
align with the CO2 reduction/adsorption experiments (Fig. 6), where the 
adsorption of species from the CO2 reduction via the formate pathway is 
facilitated on catalysts with a lower platinum content. At Cu:Pt atomic 
ratios below 90:10, the high *COOH (and *CO) coverage blocks the 
active sites, inhibiting formate production.

These results demonstrate that the surface enrichment of platinum 
on Cu/C catalysts via galvanic displacement is an effective approach to 
reduce the required overpotential for CO2 activation of copper and to 
promote formate production at mild potentials. To the best of our 
knowledge, this work is the first to report formate production on small 
CuPt nanoparticles supported on carbon at mild potentials. Previous 
works showed the preferential formation of CO and hydrocarbons using 
CuPt nanocubes [44,45]. Strasser et al. also found the formation of 
methane and ethylene over Cu overlayers of different 
nanometer-thickness deposited on Pt [94]. Similarly, the main produc
tion of CH4 or C2H4 has been recently reported on PtCu single-atom 
alloys catalysts [43,95]. In our work, the change in the CO2RR 
pathway at CuPt/C catalysts seem to be related to the size and shape of 
CuPt nanocrystals and the Cu:Pt atomic ratio. Thus, much further 
improvement in the CO2-to-formate activity and selectivity could be 
achieved by controlling the particle size (for example varying the buffer 
pH during the synthesis of the particles) or tuning the Cu:Pt atomic ratio 
to values above 99:1. Moreover, the interaction of the carbon support 
and bimetallic nanoparticles may also influence the CO2RR perfor
mance. Recent works found selective formate production at mono
metallic Cu or Pt nanoparticles supported on a N-doped carbon material 
due to an enhancement of water activation by the synergistic effect of N 
functionalities and the active nanocrystals [42,67]. The design of new 
CuPt using different carbon supports doped with nitrogen (or other 
heteroatoms) can be also explored for selective formate production. 
Although formate production on as-synthesised CuPt/C catalysts is 
modest compared to those obtained on p-block metal-based catalysts 
(Sn, Bi) [59], and these results are therefore illustrative, the present 
work clearly demonstrates the promotion of formate production on 

Fig. 9. CO2RR selectivity for (a) CO (b) and formate products in CuPt-99:1/C, CuPt-95:5/C, CuPt-90:10/C, and CuPt-75:25/C catalysts at the analysed potentials.
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CuPt-based catalysts at mild potentials. Further improvements in terms 
of current density and CO2RR rates are expected in a continuous-flow 
CO2 electrolyser operating with gas diffusion electrodes.

5. Conclusions

Herein, we investigated the influence of the Cu:Pt atomic ratio on the 
activity and selectivity for the CO2 reduction reaction of CuPt/C cata
lysts. Physicochemical characterisation revealed a homogeneous distri
bution of CuPt nanoparticles of 1–2 nm, coexisting with CuOx particles. 
The results revealed that introducing a well-controlled amount of plat
inum on Cu/C significantly impacted the CO2RR performance. Cu:Pt 
catalysts with 99:1 and 95:5 at. ratios enhanced formate production 
over the products derived from the *CO reduction pathway, particularly 
at mild potentials (-0.6 V vs. RHE).

Platinum reduces the reaction overpotential for CO2 activation 
compared to monometallic Cu/C and facilitates the presence of *H at 
bimetallic CuPt/C catalysts, favouring formate evolution. However, the 
increased *COOH coverage at more negative potentials or higher plat
inum contents, results in a decrease of formate production. Incorpo
rating Pt via galvanic displacement of Cu/C catalysts can be explored to 
tune the CO2RR selectivity of copper nanoparticles to formate 
production.
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IJC2019–041874-I funded by the MICIU/AEI/10.13039/ 
501100011033. Manuel Gutiérrez-Roa acknowledges Universidad de 
Zaragoza, Fundación Ibercaja and Fundación CAI for the financial sup
port IT 11/23 and Programa Iberus+ : Movilidad para doctorandos for his 
mobility grant. Simelys Hernández acknowledges the project CO2Syn
thesis (ID ROL: 67910) funded by Fondazione Compagnia di San Paolo 
in the Call Trapezio - Linea 1. Federica Zammillo and Mario Gallone 
thanks Fondazione CRT for the financial support. Authors thank LMA at 
Universidad de Zaragoza for offering access to TEM/STEM facilities.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 

online version at doi:10.1016/j.jcou.2025.103084.

Data Availability

Data will be made available on request.

References

[1] P. Friedlingstein, M. O’Sullivan, M.W. Jones, R.M. Andrew, D.C.E. Bakker, 
J. Hauck, et al., Global Carbon Budget 2023, Earth Syst. Sci. Data 15 (12) (2023) 
5301–5369, https://doi.org/10.5194/essd-15-5301-2.

[2] M. Yusuf, H. Ibrahim, A comprehensive review on recent trends in carbon capture, 
utilization, and storage techniques, J. Environ. Chem. Eng. 11 (5) (2023) 111–393, 
https://doi.org/10.1016/j.jece.2023.11139.
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