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Electrochemical Reduction of CO, to Formate on

Nanoparticulated Bi—Sn—Sb Electrodes

Beatriz Avila-Bolivar, Vicente Montiel, and José Solla-Gullén*®

Human activities during the last century have increased the
concentration of greenhouse gases in Earth’s atmosphere,
mainly carbon dioxide (CO,), and the impacts of climate change
around the world are becoming more damaging. Therefore,
scientific research is needed to mitigate the consequences of
atmospheric CO,, and, among others, the electrochemical CO,
conversion to useful chemicals is one of the most interesting
alternatives. Herein, different Bi, Sn and Sb systems were
synthesised as nanoparticles, supported on carbon (Vulcan XC-
72R) and finally used to manufacture electrodes. The Bi-Sn—Sb

Introduction

Atmospheric CO, accumulation is one of the most challenging
problems for the climate change nowadays. In consequence,
important advances in carbon capture, utilization and storage
(CCUS) have been made over the last several decades. Carbon
dioxide utilization is an attractive alternative to reduce atmos-
pheric CO, concentration, capable of converting CO, into
valuable products using renewable energy sources. Different
CO, conversion technologies have been proposed related to
photochemical, electrochemical, biochemical or chemical
methods.”™ Electrochemical routes present interesting advan-
tages compared to other strategies because the process can
occur at room temperature, scaling up is easy and generation
of products selectively is possible” Even though electro-
chemistry requires electrical energy, products obtained can be
used as energy source, reducing costs.”

Methane, methanol, formic acid, carbon monoxide, ethanol
and ethylene are the main chemicals that the electrochemical
CO, reduction reaction (ECO,RR) can produce. Among them,
formic acid (HCOOH) is an important raw material for process-
ing pharmaceutical and chemical products. Moreover, HCOOH
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nanoparticulated systems and their corresponding electrodes
were characterised by TEM, XPS, ICP-OES and SEM. Electro-
chemical reduction of CO, to formate was performed in an
electrochemical H-type cell in a CO,-saturated KHCO; and KClI
solution. The Bi—Sn—Sb electrodes exhibited good activity and
selectivity for the CO, reduction towards formate. Particularly,
BigsSbys/C and  BigySn;,Sb,o/C electrodes showed improved
stability compared to previous works, keeping values of formate
efficiency over 50 % after 24 h.

is a liquid fuel for proton-exchange membrane fuel cells.” Due
to the ability to store hydrogen in liquid form, HCOOH is one of
the most economically viable products during CO, electro-
reduction process.”! Specific catalysts are required for the
selective CO, conversion towards HCOOH. Main group metals
including Sn'[9,10] Bi'[11,12] Sb'[13,14] Cd,ﬂs] Pb,“ﬁ] or |n[17,18] are able to
catalyse the reduction of CO, to formic acid/formate selectively.
However, slow kinetics for the ECO,RR reduce efficiency due to
the conversion of H,0O to H,. For this reason, new strategies
have been taken to find more active, selective and stable
electrocatalysts.

Bimetallic electrocatalysts can play an interesting role for
the CO,RR. For instance, He and co-workers published a
detailed review about bimetallic mixtures and the studies
showed an improvement in the performance for the CO,
reduction due to the use of these systems."™ More recently,
works have continued this topic using Sn—Pb—Sb alloy foil,'?**"
nanoporous Cu—Ag alloys,?? Cu—Sn alloys,* Sn—Sb alloys,””
Cu-Sb alloys,”® Cu—Bi amorphous bimetallic electrocatalysts,*”
or In—Sn alloy core-shell nanoparticles.®”

Tin and bismuth are the most studied metals for the CO,RR
towards formic acid/formate and, with respect to them, recent
bimetallic studies have revealed that the Bi presence improves
the performance of Sn catalysts,*'*? although pure Bi catalysts
outperform those combining Sn and Bi®*® However, this
behaviour also depends on the structure. A recent study with
Bi/Sn bimetallic electrocatalyst showed that an intermediate
proportion of Bi and Sn exhibited the best activity.® In addition
to Bi and Sn bimetallic studies, antimony have demonstrated to
improve the activity of other metals. SnSb alloy films,?”
specifically, SnySb, film, showed a better behaviour than pure
Sn.

In Table S1, we summarize the main characteristics of some
of our previous contributions on this topic. However, it is worth
noting that in all cases, long-term stability represents a major
limitation that have strongly hampered the advance of these
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nanomaterials as electrocatalysts for CO, electroreduction. In
this sense, as recently discussed by Breugelmans et al. for Sn-
based electrocatalysts, several degradation pathways may take
place during the reaction including agglomeration, dissolution/
leaching, Ostwald ripening, particle detachment, passivation/
oxidation, poisoning, pulverization and reshaping.® Therefore,
understanding the degradation pathways represents a major
challenge that needs to be addressed for the implementation
of this electrochemical technology in practical applications. In
this regard, more recently, we used Sb/C NPs for the formate
production. Despite this electrocatalyst showed, as expected,
low activity, its stability under working conditions was
noticeable."” Because of these characteristics, an understanding
study of tin, bismuth and antimony combinations could be
beneficial for the ECO,RR. Consequently, in this work, carbon
supported BiSn, BiSb, SnSb and BiSnSb nanoparticles were
synthesised, and physicochemical and electrochemically charac-
terised. These nanoparticles were evaluated for the electro-
chemical reduction of CO, to formate in order to find a good
system with improved trade-off properties in terms of activity,
selectivity and stability.

Results and Discussion
Characterization of Nanoparticles

A detailed description of the synthesis of these nanoparticles is
included in the Experimental Section and Table S2. Dispersion,
morphology and size of the nanoparticles were studied with
transmission electron microscopy. Figures 1 and 2 show some
representative transmission electron microscopy (TEM) images
of the different samples. For BiSn/C samples (Figure 1), the
images show a homogeneous dispersion of quasi-spherical
nanoparticles, with a small tendency to agglomerate for higher
proportions of Sn. As discussed in previous works," antimony
nanoparticles displayed a higher particle size and a larger
agglomeration. Similar behaviour appears for BigSb,y/C,
BigsSbys/C, SngoSb,e/C and BigySn,Sb,/C samples (Figure 2).

The particle size of each sample was estimated with similar
images to Figures1 and 2, and relative frequency were
calculated based on measurements of approximately 200 nano-
particles per sample. The corresponding particle size histograms
are shown in Figures 3 and 4. The particle size was found to be
around 10 nm for BiSn nanoparticles although a wider range of
sizes is observed for increasing Sn contents (Figure 3). Thus, for
instance, in Bi,Sng/C, some particles of about 20 nm can be
also observed. Figure 4 shows the particle size histograms
obtained with the Sb-containing systems. In these cases, similar
particle sizes, between 9 and 12 nm, have been also observed.

Inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis were conducted to determine the actual
metal loading of the samples and Table S3 shows the obtained
results. The actual metal loading was slightly lower than the
nominal one (20 wt%) for every sample. This can be attributed
to a residual presence of N,N-Dimethylformamide (DMF) and
polyvinylpyrrolidone (PVP) trapped in the porosity of the carbon
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Figure 1. Representative TEM images of a) Bi/C, b) Big,Sn,o/C, €) BisoSn4o/C, d)
BisSneo/C, €) BiyoSngy/C, and f) Sn/C.

Figure 2. Representative TEM images of a) Big,Sb,0/C, b) BigsSb,s/C, )
SngeSb,e/C, and d) BigySn;oSb,/C.
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Bi/C BigoSn,o/C and Sn/C samples. For the Bi/C sample, Bi 4f spectra
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Figure 3. Particle size histogram corresponding to the BiSn-based nano-
particles.
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Figure 4. Particle size histogram corresponding to the Sb-containing nano-
particles.

Vulcan as well as to some partial dissolution of the metals
during the extensive washing steps of the samples.

The surface composition and the oxidation states of the
different elements were examined by X-ray Photoelectron
Spectroscopy (XPS) measurements. Figure S1 shows Bi 4f and
Sn 3d spectra of Bi/C, BigySn,/C, BigsSNse/C, BisSnge/C, BiygSngy/C

ChemElectroChem 2022, 9, 202200272 (3 of 9)

deconvoluted into two peak groups, which correspond to Bi**
at 159.6 (4f,,) and 164.9 eV (4f;,) and Bi® at 157.4 (4f,,) and
162.6 eV (4fs.,). The spectrum of Sn 3d for Sn/C sample included
Sn° at 486.0 and 495.1 eV, and Sn** at 487.2 and 495.6 eV. The
peaks at higher binding energy correspond to Sn 3d;,, and, the
peaks at lower, to Sn 3d;,,. Integration of the Bi/C spectral signal
indicated that 88% of the bismuth atoms present on the
surface are oxidized, while the remaining 12% are in the Bi°
oxidation state, and for Sn/C, the proportion is 93:7 (Sn oxides:
Sn%. In the case of BiSn/C samples, similar patterns were
observed except that only metal oxides were noticeable for Bi
4f and Sn 3d. For Sn 3d, the spectrum displayed peaks at 487.0
and 495.5 eV corresponding to SnO and peaks at 488.0 and
497.1 eV associated to Sn0O,, suggesting the presence of mixed
oxides. These values agree with those previously observed in
similar samples.?"***¥ Figure S2 shows Bi 4f, Sn 3d and Sb 3d
spectra of Big,Sb,o/C, BigsSbys/C, SngeSb,o/C and Big,Sn,oSb,/C
samples. Sb 3d patterns displayed two peaks at 531 (3d;,,) and
540 (3d5,) eV associated to Sb,0;. It is noteworthy that BigsSbys/
C sample showed a peak corresponding to metallic bismuth,
the same as in the Bi/C sample. This is probably due to the
higher concentration of bismuth in the sample, higher than
80%. Summarizing, XPS spectra indicated that Bi, Sn and Sb
oxides can be considered as the main components of the
samples. Exposed to air, the formation of oxides is a highly
spontaneous reaction, and this explains the oxide
predominance.”® Nevertheless, it is very important to recall
that, during the electrochemical experiments, the electrode
potential will be placed at more negative potentials that those
corresponding to the potential where oxides are electrochemi-
cally reduced to metallic state, and, consequently, the CO,
reduction experiments will be performed on metallic samples.
The actual atomic proportion of Bi, Sn and Sb on the surface
are reported in Table S4. As general trend, the results showed a
certain Sn enrichment at the surface of the nanoparticles.

Characterization of Toray-Based Electrodes

The manufactured electrodes were characterised by scanning
electron microscopy (SEM) to evaluate how the catalytic inks
cover the Toray paper substrates. Figures S3 and Figure S4
show some representative SEM images at different magnifica-
tion also including energy dispersive X-ray (EDX) mapping of
the plane section of the electrodes. SEM images indicate a
homogeneous covering of the carbon supported nanoparticles
on the carbon fibbers. However, some clusters are also
observed, especially for the Sb samples, which is in line with a
previous work." The catalytic inks are deposited over the
entire surface in uniform and compact layer, as can be seen in
SEM-EDX images. For BigsSbys/C and Big,Sn,,Sb,o/C samples
(Figure S4), the amount of Sn and Sb is too small to be detected
by EDX, and for this reason, only Bi is including in the SEM-EDX
mapping.

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Electrochemical Characterisation

Figure 5 reports the cyclic voltammograms obtained in Ar and
CO, saturated solutions with the BiSn-based electrodes. For
sake of comparison, Bi and Sn rods were also used and
electrochemically characterised under the same conditions than
those employ with the bimetallic systems. The results are
included in Figure S5.

The results obtained BiSn-based electrodes, in comparison
with the Bi and Sn rod, display much larger double layer
contributions due to the presence of the porous carbon Vulcan
and the Toray-paper substrate. Previous studies demonstrated
that these carbon substrates are inactive for the CO,
reduction." In Ar saturated solution, and both for the nano-
particulated electrodes and metal rods, the onset potential of
the hydrogen evolution reaction (HER) takes places at about
—1.5V vs AgCl/Ag. Bi/C electrode presents an oxidation process
with two peaks at —0.3 and —0.1V vs AgCl/Ag, attributed to
the superficial electrochemical oxidation of Bi to Bi,O;. The
reduction of Bi,O, to Bi appears at —0.75 V with a single peak in
the negative going sweep. For Sn/C electrode, between —0.8 V
and —0.6 V occurs the oxidation of metallic Sn to Sn oxides
whereas at about —1.0V, the Sn oxide electrochemical reduc-
tion to metallic Sn is clearly visible. BiSn samples displays similar
features associated to the corresponding oxidation or reduction
of the surfaces. Interestingly, for CO, saturated solutions, Bi/C,
Sn/C and BiSn/C samples show an evident reduction process at
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Figure 5. Cyclic voltammetry response of the BiSn/C electrodes in Ar (black
line) and CO, (red line) saturated 0.45 M KHCO; and 0.5 M KCl solution. Scan
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rate 50 mVs". Catalytic loading of 0.75 mgcm™2.
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about —1.4V vs AgCl/Ag which is not present in case of Ar
saturated solution and, therefore, it can be attributed to the
CO, electrochemical reduction thus evidencing that all the
nanoparticulated electrodes are actives for the electrochemical
reduction of CO,. Figure 6 shows similar experiments but, in
this case, for the Sb-containing systems. As previously
described, surface oxidation and reduction of the correspond-
ing metallic oxides are clearly visible at comparable potentials.
As expected, for the Big,Sb,,/C and BiysSbys/C samples, their
cyclic voltammograms are very similar to that obtained with the
Bi/C electrode due to the low Sb content. Voltametric features
in the SngSb,,/C (in Ar saturated solution) are less clear
compared to Sn/C, possibly due to the high CO, reduction
process in this SngSb,,/C sample. The most interesting finding
is that the incorporation of Sb does not significantly alter the
electrocatalytic properties of Bi and Sn towards CO, electro-
reduction.

Electrochemical capacitance measurements were also per-
formed to evaluate the surface area of the different electrodes
(Figures S6 and S7). BiSn systems were compared to Bi/C, Sn/C,
Bi rod and Sn rod. As expected, the carbon-supported nano-
particles displayed a significantly larger surface area than the
metallic rods. In all cases, a well-defined linear behaviour is
found as a function of the scan rate (Figure S6b). Capacitance
values, normalised by the geometric area of the electrodes,
were very similar among them, about 6 (Sn/C) and 10.4 (Bi/C)
mF cm™2 The Bi/C electrode showed the highest capacitance
and, in general, values were lower for increasing proportions of
Sn (Figure S6c¢). The response of the Sb-containing electrodes is
reported in Figure S7. Big,Sn,,Sb;/C, BigsSbos/C and Bi/C showed
practically equal capacitance values, around 10 mFcm™ (Fig-
ure S7c). However, Sn/C, Sb/C and SngSb,,/C electrodes
exhibited lower capacitance values. Those samples with high
proportion of bismuth exhibited the highest surface area, which
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Figure 6. Cyclic voltammetry response of Sb-containing electrodes in Ar
(black line) and CO, (red line) saturated 0.45 M KHCO; and 0.5 M KClI solution.
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agrees with the capacitance results of BiSn electrodes, Fig-
ure S6. These capacitance values are in good agreement with
the particle size of the nanoparticles, and, as the particle size
decreases, the surface area per unit mass increases, although,
obviously, the metal loading can also play a role (See Table S3).

Chronoamperometric Measurements

CO, electroreduction experiments were conducted in a H-type
electrochemical cell in CO,-saturated solution at —1.5, —1.6,
—1.7 and —1.8V vs AgCl/Ag. At less negative potential values
than —1.5V, the electrochemical conversion of CO, is almost
negligible and electrolysis experiments showed the absence of
products. Electrodes were freshly prepared, and the same
portions of electrode was used for all the potentials. In these
experiments, the electrode is firstly immersed into the solution
at controlled potential of —1.1V vs AgCl/Ag during 5s to
completely reduce the metal oxides. Then, two voltametric
cycles between —1.1V and —1.8 V were recorded at 50 mVs™'
to verify the status of the electrode before electrolyses. Finally,
CO, reduction experiments were performed for 1.5h. The
results are reported in Figure 7. As observed in Figure7,
relatively stable current densities were obtained except for
Bi,cSng/C and Sn/C at —1.8V, which displayed an evident
decrease in current density over time. For Bi/C, BigSn,y/C,
BisoSn4o/C, and Bi,Sne/C electrodes, currents remained essen-
tially stable during these 6 h experiments (4 experiments of
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Figure 7. Chronoamperometric measurements at —1.5, —1.6, —1.7 and
—1.8 V vs AgCl/Ag during 1.5 h for Bi/C, BigySn,o/C, BiggSn4e/C, BisgSnee/C,
Bi,oSnge/C and Sn/C electrodes.
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1.5h at different potentials). Table S5 includes a detailed
analysis of the main parameters including potential, current and
efficiency values for the chronoamperometric measurements
obtained with the BiSn-based electrodes. The results obtained
clearly evidence that for Sn-rich samples (namely Sn/C and
Bi,oSng/C), HER plays an important role on the activity and
stability of the samples independently of the applied potential.
However, for the rest of the samples, HER seems less evident
expect at —1.8 V.

Faradaic efficiency towards formate (FE;,..) also exhibited
a clear dependence on the atomic composition (Bi and Sn) of
the samples. Figure 8 shows the FEq,.... as a function of the
applied potential for each sample. Clearly, and independently
of the nature of the sample, the FE, ... Values decrease when
the applied potential is more negative. In addition, as previously
indicated, this drop is more evident for Sn-rich samples (the FE
of the Sn/C electrodes decreases from 56 to 12% when the
applied potential changes from —1.5 to —1.8 V). This can be
explained because of the exponential increase in current of the
HER as well as to the lower HER overpotential on Sn than on Bi.
Thus, for instance at —1.5V, HER is almost negligible on Bi in
comparison with Sn. The BiSn samples displays a performance
which is in good agreement with their corresponding Bi and Sn
atomic compositions. Among the samples, those with increas-
ing proportions of Bi display improved properties, not only in
terms of higher efficiencies but also less deactivation for more
negative potential values. In fact, the best FE values are
achieved for pure Bi/C, for which FE of about 90%, were
observed at —1.5 and —1.6 V. Big,Sn,,/C and BigSn,,/C also
displayed a good behaviour although worse than that observed
for pure Bi. Thus, for instance, at —1.5 V, BigoSn,,/C and Big,Sn,,/
C showed FEs of about 80% which decrease to about 60-65 %
at —1.8V. FEs for all samples and potential values are also
included, Table S5.

Our findings suggest that the incorporation of Sn to Bi does
not improve the efficiency and stability of the electrocatalyst
and pure Bi/C electrodes exhibited the best behaviour in terms
of activity and selectivity among all the BiSn tested electrodes.
This observation is in agreement with previous contributions.*
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Figure 8. Faradaic efficiency of formate at relevant potentials for 1.5 h of

electrolysis for Bi/C, BigySn,0/C, BigoSn4e/C, BisgSnge/C, BiyeSngy/C and Sn/C
electrodes.
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However, as previously discussed, stability is a critical issue and
according with some of our previous contributions, in the case
of Bi/C electrodes," this is a major limitation that makes
unviable their industrial implementation.

In the search of an enhanced electrocatalyst as efficient
(activity and selectivity) as Bi but much more stable under
working conditions, Sb-containing samples may play a role. As
discussed in the introduction, and despite Sb-electrodes
showed a low activity,"™ their stability was noticeable. In the
following experiments, where improved stability is the main
point to be considered, the electrolysis time was increased from
1.5 to 5h. In addition, experiments were carried out at a
constant potential of —1.6 V. This potential value was chosen
because i) at more positive potentials, Sb was shown to be
inactive for this reaction™ and, ii) at more negative potentials,
the Bi—Sn electrodes show a decay in FE (Figure 8). Figure S8
displays the variation of current density and faradaic efficiency
towards formate over time for Big,Sb,o/C, BigsSbos/C, SngySh,,/C
and Big,Sn;,Sb,o/C electrodes. For SngSb,,/C, current density
decreased abruptly, and FE did not exceed 24%. Also, and
despite the Big,Sb,,/C electrode displayed a good stability
during 5 h with a constant current, FE,.... was low, about 40%
for the first hour and 30% after 5 h. In this way, these two
samples, Big,Sb,,/C and Sng,Sb,,/C, displayed low FE values and
were discarded. Detailed values about potential, current density
and formate efficiency are shown in Table S6. For the BiysSbys/C
electrode, this exhibited the highest efficiency after 5 h within
the Sb-containing electrodes (about 70%). In more details, over
the first 2 hours, FEq.. dropped considerably but them
remained relatively stable at about 70%. A similar behaviour
was observed with the Big,Sn,,Sb,,/C electrode where current
and efficiency remained rather stable at about 55-60%. Based
on the results obtained with the BigSb,s/C and Big,Sn;,Sh,,/C
electrodes, long-term stability experiments were performed.

Figure 9 displays 24-hour electrolysis at —1.6 V vs AgCl/Ag
(detailed values are included in Table S7). In these 24 h experi-
ments, the anolyte was also analysed to evaluate a possible
cross-over of formate. The results indicated the absence of
formate in the anolyte. Also, the pH of catholyte was measured,
showing a slightly variation from 8.4 (at the beginning of the
experiment) to 8.9 (after 24 h). This small difference indicates
that the pH remains essentially constant during the whole
experiments. Current variation over time was very similar in
both electrodes. The faradic efficiency in BigsSb,s/C varied from
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Figure 9. Long-term chronoamperometric measurements and formate far-
adaic efficiency over time (24 h) at —1.6 V vs AgCI/Ag for BiysSb,s/C and
BigoSn;0Sb,o/C electrodes.
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86% to 56%, (this 56% represents the best efficiency value
after 24 h). However, in Big,Sn,,Sb,/C, efficiency changed from
63% to 45%. In this worth noting that despite Big,Sn;,Sb,,/C
electrode displayed lower efficiency values than BigsSb,s/C, the
drop between the first and last hour was less abrupt, that is,
efficiency values were more stable than in Biy;Sbos/C. To better
visualize the stability of these two samples, Figure 10 shows a
stability comparison among previous and representative studies
on Bi/C and Sb/C electrode. For the Bi/C electrode an evident
degradation is observed after 6 hours of experiment and
FEormate decreased to only 20% after 24 h.'? On the other hand,
despite the Sb/C electrode showed a much better stability, its
FEtomate Femained at about only 15% during 24 h."¥ Under
similar experimental conditions, BigsSbys/C and BigySn,oSb,o/C
electrodes showed a much better stability behaviour with
respect to Bi/C, both in terms of current density values and
FEomate- These finding clearly indicate that the Big;Sbys/C and
BigoSn,oSb,o/C electrodes displayed an improved balance be-
tween current stability and efficiency values over time (24 h
experiments). These results show that the incorporation of small
quantities of Sb and Sn to Bi electrodes significantly improved
its stability under electrochemical working conditions. This
finding is in line with recent studies about the manipulation of
the electronic and geometric structures of interfacial sites for
the design of advance electrocatalysts for CO,
electroreduction.””” On the one hand, it is evident that the
improvement in stability also carries a certain decrease in
activity for CO,RR. For Bi nanoparticles, electrochemical degra-
dation becomes evident after 7-8 working hours (at —1.6 V vs
AgCl/Ag). However, in case of BiysSbys and BigySn;oSb,, the
evolution of the current is much smoother which suggests that
the degradation pathway is different to that observed for Bi
nanoparticles. However, it is also worth noting that the reasons
which the incorporation of Sb improves the stability of the
samples are still unknown. In this sense, as previously
mentioned in the introduction section, for Sn-based electro-
catalysts, several degradation pathways may take place during
the reaction including agglomeration, dissolution/leaching,
Ostwald ripening, and particle detachment, among others.
Consequently, it would be first required to understand the main

-20 4

-30 4

-40

——Bilc E=-1.6V vs AgCl/Ag
——sb/ic E=-1.8V vs AgCl/Ag
BigsSbos/C  E=-1.6V vs AgCl/Ag

—— BigySn¢Sby/C E=-1.6V vs AgCl/Ag

j/ mA cm? geometric area

-50 4

-60 T T T T T T
0 4 8 12 16 20 24

time/h

Figure 10. Comparison of long-term experiments (24 h) for Bi/C,"? Sb/C,"¥
BigsSbgs/C and BigySn,oSb,o/C electrodes.
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mechanisms for which Bi samples degrade. This would be very
valuable information to subsequently understand the origin of
the stability improvement due to the incorporation of small
quantities of Sb into the Bi samples. In this sense, in situ studies
including insitu electrochemical transmission electron
microscopy™” and/or quasi-in-situ XPS measurements®” can
significantly contribute to properly study these degradation
processes and shed light into the reasons which Sb improves
the stability under electrochemical working conditions.

In addition, it is worth mention that more work is currently
in progress to evaluate and verify the improved stability of
these samples (BigsSbys/C and Big,Sn;Sb,/C electrodes) under
more practical conditions, that is, in a gas phase electro-
chemical system™ where only humidified CO, (without cath-
olyte) and gas diffusion electrodes (GDEs) are used. This
configuration has allowed not only to significantly improved
efficiency and productivity values (using Bi/C electrodes) but
also obtaining high concentrations of formate (higher than
300 g-L™"), thus avoiding subsequent purification costs of the
product.*”

Conclusion

In this work, carbon-supported Bi—Sn—Sb nanoparticles (about
10 nm) were synthesized using a simple, fast and scalable
approach performed under room conditions. The different
electrocatalysts were physicochemically characterized (TEM, XPS
and ICP-OES) and used to manufacture electrodes. These
electrodes were electrochemically characterized and employed
for the electrocatalytic reduction of CO, to formate. The results
indicate that for BiSn electrodes exhibited high activity for the
ECO,RR and good selective towards formate. Among them,
pure Bi/C displayed the most interesting properties in terms of
activity and selectivity although stability issues compromise its
use. Regarding stability limitations, Sb-containing samples have
shown improved performances and BiysSb,s/C and Big,Sn;oSb;o/
C electrodes displayed enhanced stability. BigySn;oSb;,/C
showed essentially constant current during 24 h and reasonably
stable faradaic efficiencies (from 63% to 45%). Interestingly,
BiysSbys/C exhibited the highest faradaic efficiency to formate
after 24 h (56%). These findings point out that the incorpo-
ration of small quantities of Sb (and Sn) to Bi remarkably
improves its stability without significantly affecting its activity
and selectivity. However, the degradation pathways for which
Bi samples degrade as well as the reasons which the
incorporation of Sb improves the stability of the samples are
still unknown. Finally, it is worth noting that this improvement
of the stability under operando conditions must be subse-
quently evaluated in more practical systems in which humidi-
fied CO, streams and GDEs are used.
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Experimental Section

Chemicals and Reagents

For the nanoparticle synthesis, BiCl; (99.99%, Aldrich), SnCl,-2H,0
(98%, Aldrich), and SbCl; (99.9%, Alfa Aesar) were used as Bi, Sn
and Sb precursors, respectively. N,N-Dimethylformamide (DMF,
99.8%, Sigma Aldrich) was the solvent, polyvinylpyrrolidone (PVP,
K30, Mw 55.000, Aldrich) was the capping agent, and sodium
borohydride (NaBH, 99%, Aldrich) was used as reducing agent.
Carbon powder (Vulcan XC-72, Cabot Corporation) was the support
material. KHCO; (99.7 %, Sigma Aldrich), KCI (99.5%, Emsure) were
used for the catholyte solution and the anolyte was a KOH (85 %,
Panreac) solution. lon exchange cross-linked resin Nafion solution
(perfluorosulfonic acid - PTFE copolymer 5% w/w in isopropyl/
water solution, Alfa Aesar) and ethanol absolute (VWR Chemicals)
were used for the catalytic ink. Cationic ion exchange membrane
Nafion 112 (DuPont) was used as separator in the electrochemical
cell. A Millipore Milli-Q lab water system was employed to produce
ultrapure water (18.2 MQ cm).

Synthesis of Nanoparticles

In this work, different carbon-supported nanoparticles Bi—Sn, Bi—Sb,
Sn—Sb and Bi—Sn—Sb were prepared. In particular, Bi/C, Big,Sn,,/C,
BigoSN4o/C, BisSneo/C, BiySngy/C and Sn/C samples were initially
prepared properly to compare the activity, selectivity and stability
of this Bi—Sn system. Subsequently, Big,Sb,o/C, BigsSbgs/C, SngeSb/C
and Big,Sn,Sb,,/C were also prepared. In all these cases, the
amount of Sb was intentionally kept low. All these pure, bimetallic
and trimetallic nanoparticles were synthesised using a method-
ology described in some of our previous contributions."'**" The
synthesis of the different nanoparticles is performed at ambient
temperature-pressure conditions. Firstly, the corresponding precur-
sors are dissolved in DMF using magnetic stirring. When the solids
are totally dissolved, PVP is incorporated and stirred. Then, NaBH, is
added, observing a drastic colour change, from transparent to dark,
indicating the reduction of M** to M°. The mixture was stirred for
30 min with magnetic stirring and every 10 min, with ultrasound
stirring. Vulcan XC-72R carbon powder was aggregated to obtain
carbon supported nanoparticles, and magnetic and ultrasound
stirring was used again for the complete dissolution. The metal
loading of the nanoparticles, respect to the carbon support, was
about 20 wt%. Acetone (nearly 5 times the volume of the sample)
was added for the precipitation of the nanoparticles and this was
repeated several times. For complete cleaning of samples, they
were filtered through a filter funnel (POBEL) of porosity grade 4
(20~25 pum), and washed with an acetone:water (90:10) mixture.
Finally, the nanoparticles were dried in an oven at 55°C for 12 h
under vacuum conditions. The specific amounts of reagents for the
synthesis of the different nanoparticles are showed in Table S2.

Preparation of Cathodes

Electrodes were manufactured by spraying a catalytic ink by using
an air brushing technique. The catalytic ink was prepared with
metal nanoparticles, Nafion solution as binder at a catalyst:Nafion
mass ratio of 80:20, and then diluted to 2 wt% in absolute ethanol.
The solution was stirred by sonication for 30 min at least. The ink
was directly sprayed onto a carbon paper (TGPH-90, QuinTech). To
obtain uniform layers, a fast evaporation of the solvent (ethanol) is
required. Therefore, the carbon paper is placed on a hot metallic
plate at 90°C. A catalytic loading of 0.75 mg NPs/C cm™ were
deposited for a better comparison with similar works.">"**% The
catalytic area of the electrodes was 9 cm?, although approximately
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4 cm? portions were used during the chronoamperometric meas-
urements. The current density was normalized to this geometric
area.

Physicochemical Characterisation

TEM was used to analyse the dispersion, morphology and particle
size of the nanoparticles. The samples were deposited on Formvar-
free lacy carbon copper grids and the TEM images were obtained at
120 kV with a JEOL JEM- 1400 Plus microscope at different
magnifications. Samples were examined by using the Thermo
Scientific K-Alpha X-ray Photoelectron Spectrometer (XPS). The
technique is a monochromatic system (by a twin crystal mono-
chromator) that use an Al K-alpha radiation (1486.6 eV), and a
focused X-ray spot with a diameter of 400 pm at 3 mAx12kV. The
metal loading of the carbon-supported nanoparticles was estimated
by ICP-OES analysis using a Perkin EImer Optima 4300 D system. Bi
NPs were dissolved in 65% nitric acid, and Sn and Sb NPs, in 37%
hydrochloric acid. Then, the solutions were diluted to 2 wt% HNO,
or HCl water solution and filtered with 0,45 um Syringe Filters. SEM
(S-3000 N microscope, Hitachi) working at 20 kV was employed to
analyse the catalytic layer onto the carbon support. This microscope
has a Bruker brand XFlash 3001 X-ray detector for microanalysis
(EDX) and mapping.

Electrochemical Characterisation

Cyclic voltammetry (CV) measurements and capacitance studies
were performed in a glass cell with a three-electrode configuration.
The electrolyte was Ar or CO,-saturated 0.45 M KHCO; and 0.5 M
KCl solution and a platinum wire as counter and an AgCl/Ag (3.5 M
KCl) as reference electrode were used, respectively. These experi-
ments were carried out using a PGSTAT302 N system (Metrohm
Autolab B. V.) at ambient temperature. To obtain current densities,
currents from every experiment were normalised by the catalytic
geometric area of the electrodes (4 cm?). A Bi rod (bismuth rod,
11 mm diameter, 99.99% (metals basis), Alfa Aesar) and a Sn rod
(tin rod, diameter 2 mm, 99.75% purity, Goodfellow) were em-
ployed for the capacitance comparison. CO, electroreduction
electrolyses (also using a PGSTAT302N system) were performed at
controlled potentials in an H-type electrochemical cell divided by a
Nafion 112 cationic ion exchange membrane. The membrane was
previously activated in 0.5 M KOH for 24 h and then washed 5 h in
water. A CO, saturated 0.45 M KHCO; and 0.5 M KCl solution was
used as catholyte. A continuous CO, flux (200 mLmin™") was
maintained during the experiments. A 1.0 M KOH solution was used
as anolyte. The counter electrode was a nickel mesh. An AgCl/Ag
(3.5 M KCl) electrode immersed in the catholyte was used as
reference electrode.

Analytical Measurements

Formate concentration was determined by ionic chromatography
(883 Basic IC plus, Metrohm) with a conductivity range of
15,000 uScm™". A 1.8 mM Na,CO; and 1.7 Mm NaHCO, solution was
used as mobile phase. Different calibration curves were performed
depending on the electrode used, in general, from 0 to 50 ppm.
The samples were diluted 100 times in water before being
analysed.
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