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Abstract

This work investigates Cu and Cu-Sn nanocatalysts with controlled composition and
morphology for electrochemical CO, reduction reaction to added value chemicals,
showing that bimetallic materials possess active sites with increased specific activity
toward activation and reduction of CO, compared to monometallic, where Cu showed
high selectivity for the competitive hydrogen evolution reaction, while bimetallic Cu-
Sn electrocatalysts were selective towards CO and formates. Nanoparticles were
prepared via a straightforward chemical process, leading to small, well-define and
crystalline nanoparticles, either mono or bimetallic, where Cu and Sn precursors are
blended in one step to achieve either alloyed or core-shell structures.

Keywords: bimetallic electrocatalysts, copper-tin nanoparticles, urea-glass-route,
CO,RR

Introduction

The electrochemical CO, reduction reaction (CO,RR) has emerged as a potentially
strategy for converting CO, into value-added chemicals including methanol, methane,
formic acid, formaldehyde, ethylene and ethanol [1]. The main challenges in CO,RR lie
in the activation of CO, while minimizing competitive pathways such as the hydrogen
evolution reaction (HER).

Copper (Cu) materials are the most promising for producing CO and other multi-
carbon products [1] but lacks selectivity [2]. Strategies adopted to improve Cu
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performances include surface modification [3], metal doping [4] and alloying [5—8] to
promote the adsorption/activation of CO, and improve stability, and nano-structuring
[9] to expose a higher fraction of corner/edge surface atoms. These findings increased
the interest in the tailored synthesis of Cu nanoparticles with fine control over
crystallinity, size, and porosity to maximize catalytic activity and tailor selectivity. The
present contribution introduces an alternative green methodology, based on a sol-gel
procedure called urea-glass-route [10], to prepare monometallic Cu and Sn, and
bimetallic Cu-Sn nanoparticles. Compared to standard preparation methods, this
route led to small, yet well-defined and crystalline nanoparticles with controlled
composition and structure (from nano-alloy to core-shell) in a straightforward way,
without the use of any additives, support or co-catalysts. The as-prepared particles
were tested for CO,RR: interesting, while monometallic systems favour H, production,
bimetallic electrocatalysts produce mainly CO and formates.

Result and Discussion

Monometallic Cu(0) and Sn(0) nanoparticles were synthesized modifying the urea-
glass-route [10], using different strategies to achieve CuSn alloy (strategy A) and either
Cu@Sn (strategy B) or Sn@Cu (strategy C) core-shell nanoparticles (see Sl).

Details on phases and structural properties of the synthesized samples were achieved
by XRD study. Patterns were indexed and fitted by the Rietveld method. Table SI.1
reports weight fractions, mean crystallite size and cell parameters of the phases
identified in each sample. Figure 1 shows the XRD patterns of CuSn samples prepared
via the different strategies. For CuSn alloys, the XRD pattern (Figure 1.A) shows the
formation of three phases identified as SnO,, intermetallic CusSn and Cu(0). Here, Cu(0)
peaks are slightly shifted (to lower angles) compared to those of monometallic Cu(0),
somehow suggesting a (partial) incorporation of Sn in the Cu structure. This finding
seems plausible considering the atomic radii of the two metals: 128pm and 140pm for
Cu and Sn, respectively. The formation of an alloyed Cu-Sn phase is also evident by the
comparison with the pattern of the physical mixture (PM), which only shows two
distinct phases: the expected patterns of pristine Cu(0) and Sn(0).

Cu@Sn-B XRD pattern shows the typical Cu(0) reflections, with asymmetric peaks and
a visible shift towards lower angles (compared to monometallic Cu), suggesting again
a structure expansion (confirmed by Rietveld analysis) due to intercalation of Sn atoms
(Figure 1.B). Although the Cu@Sn pattern showed a Cu-rich phase, the presence of Sn
closely connected to Cu was observed via elemental mapping (vide infra).

Finally, Sn@Cu-C XRD pattern (Figure 1.C ) shows again the formation of Cu(0), CusSn,
Sn and SnO, phases, and a slight shift toward lower angles of the Cu(0) phase,
indicating again the close proximity of Sn to Cu.
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Figure 1. XRD patterns of CuSn (1:1) samples prepared with different strategies (A, B, C). The
ICDD patterns of pure Cu (ICDD 00-003-1005), Sn (ICDD 04-004-7747) and corresponding CuSn
physical mixture are also reported for comparison. Right: magnified 42-44° range, around the

Cu (111) peak.



XRD study highlighted that samples prepared with different strategies lead to different
products, but in each case Cu is the leading phase for the formation of a Cu(0) phase
is always observed, albeit affected by the presence of Sn; conversely, Cu strongly
affects the chemical behaviour of Sn. Increasing the initial amount of urea (from R3 to
R5) favors Cu-Sn interactions, as indicated by a higher content of the intermetallic
CusSn phase. Surprisingly, no carbon phase (typical side product when urea is used)
has been ever observed.



Figure 2. Representative SEM and TEM images of CuSn R3 (A, D), Cu@Sn-B R5 (B,E) and Sn@Cu-CR5 (C, F).

For information on large-scale morphology and general homogeneity, electron
microscopy (transmission, TEM, and scanning, SEM) was used alongside elemental
mapping analysis. Figure SI.5 reports representative images of monometallic samples,
showing that both Cu(0) and Sn(0) samples are composed by highly interconnected,
polycrystalline and polydisperse particles, with size larger than the average crystalline
size determined by XRD. Corresponding elemental mapping of monometallic Cu(0)
showed the homogeneous presence of Cu (Figure SI.6), while the monometallic Sn(0)
sample shows two phases (Figure SI.7), the second layered phase was identified as
carbon. For the bimetallic phases (Figure 2), CuSn alloy (via strategy A) shows a layered
structure, very “bulky” and with no evident porosity. For Cu@Sn sample (via strategy
B), clusters of elongated structure, polydisperse in size, are observed. In each case,
elemental mapping has nicely showed that Cu and Sn are in close contact (Figure SI.9-
SI1.13). In some cases, the presence of oxygen is also observed but mainly onto the
carbon phase. TEM investigation (Figure 2), have shown, the formation of relatively
small nanoparticles’ clusters (in line with XRD results) but, more interesting, the
formation of Cu@Sn core-shell nanoparticles. Although, at this magnification, TEM
does not provide phase identification, the presence of the so-called “ghosts” around
the particles (shining reflection) indicated the metallic nature of those phases. Here,
the occasional presence of a layered structure was also observed.

Electrocatalytic CO, reduction reaction



Production rate (umol/h) j (mA/em?)

FE (%)

The role of alloying and morphology for bimetallic Cu-Sn was investigated toward the
electrocatalytic CO,RR. CVs under CO, atmosphere reaching various negative
potentials show similar trends (Figure SI1.19): monometallic materials show higher
current densities, indicating a higher tendency to exploit electrons for catalyzing
electrocatalytic processes. Comparison of preliminary CVs and CAs under inert Ar or
CO, (Figure SI1.20) shows that very limited differences are observed for the
monometallic Cu R3 samples, while for the bimetallic Cu@Sn-B and Shn@Cu-C, the
current densities under CO, atmosphere are much higher than the case of Ar,
suggesting a significant contribution of CO,RR process. A comparison on materials’
performances from this study and similar systems present in literature is reported in

Table Sl.4.
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Figure 3. Performance in electrocatalytic CO,RR at the potential of — 1.5 V vs Ag/AgCl
sat. of monometallic (left) and bimetallic (right) materials: (A, B)
Chronoamperometries; (C, D) Production rate and (E, F) Faradaic Efficiencies (FE) for
the detected products.

The performance of the materials towards CO,RR was investigated in details by
chronoamperometry (CA) applying a constant potential for 1h. As a representative
example, the results obtained at — 1.5 V vs Ag/AgCl sat. are reported in Figure 3 while
the results obtained for other potentials (— 1.3 and —-1.7 V vs Ag/AgCl sat.) are
presented Figures SI1.21-22. Similar trends have been obtained at different potentials,
with the measured current densities and the production rates increasing as the
potential becomes more negative. Notably, only at the most negative potential,
detectable amounts of ethylene have been observed. All the monometallic materials
produce H; as main product, with Cu systems having higher current densities than Sn
ones. All the monometallic materials had showed a Faradic Efficiency to (FEy,) around
60 — 70 % (Figure 3.E), indicating a high selectivity in promoting H, production.
Conversely, bimetallic materials show higher selectivity for production of carbon-
based compounds from CO,. Despite lower current densities (Figure 3.B), Cu@Sn-B



and Sn@Cu-C show increased production and FEs toward formate and CO (Figure 3.D-
F). A similar effect is observed for all the investigated potentials (Figure 3, SI1.21-22),
with the selectivity for the products of CO,RR increasing as the applied potential
becomes more negative. It must be underlined that the overall FEs for some bimetallic
materials (Sn@Cu and CuSn prepared with different urea:metal ratio, R) significantly
differ from 100% because of parasitic or secondary reactions, probably related to
reduction of SnO, species.

The electrochemical tests results clearly indicate a higher selectivity of bimetallic
materials toward CO,RR process: compared to the results obtained from
monometallic catalysts, bimetallic materials bear higher activity toward CO;RR,
strongly limiting the production of molecular H,. To rationalize the preference towards
HER or CO,RR, we have calculated the adsorption process and the elementary steps
for the concerted proton-electron transfer to convert CO, to formic acid and carbon
monoxide and of the competitive HER (see Sl). On pure copper, H, has a weaker
surface binding than COOH and CO, the first two intermediates of the CO;RR, leading
to easier desorption. The energetics of the reaction is modified on Cu-Sn, which
promotes the formation of C1 and C2 products.

Conclusion

Copper, tin and copper-tin electrocatalysts for CO,RR were prepared via a sol-gel
based route. This novel route allowed to obtain small, yet well-defined and crystalline
nanoparticles with controlled composition (namely mono or bimetallic) and different
structure (from nano-alloy to core-shell) in a straightforward way, without the use of
additives and support. Three strategies were explored to change catalyst’s final
structure. It was observed that the Cu(0) leading phase is affected by the presence of
Sn; conversely, Cu strongly affects the behaviour of Sn. Cu-Sn electrocatalysts
exhibited improved activity towards CO and formates formation, showing that
bimetallic materials possess active sites with an increased specific activity toward
CO,RR.
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Figure 1. Left: XRD patterns of CuSn (1:1) samples prepared with different strategies
(A, B, C). The ICDD patterns of pure Cu (ICDD 00-003-1005), Sn (ICDD 04-004-7747)
and corresponding CuSn physical mixture are also reported for comparison. Right:
magnified 42-44° range, around the Cu (111) peak.
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Figure 2. Representative SEM and TEM images of CuSn R3 (A,D), Cu@Sn-B R5 (B,E) and Sn@Cu-C R5 (C, F).
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Figure 3. Performance in electrocatalytic CO,RR at the potential of — 1.5 V vs Ag/AgCl
sat. of monometallic (left) and bimetallic (right) materials: (A, B)
Chronoamperometries; (C, D) Production rate and (E, F) Faradaic Efficiencies (FE) for
the detected products.
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Highlights

* Alloy and core-shell bimetallic electrocatalysts nanoparticles for CO2RR designed.
* The role of the metals on the catalysts’ activity/selectivity was investigated.

*  The bimetallic electrocatalysis outperformed the corresponding monometallic ones.
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*  The best performance to reduce CO, showed by the core-shell system.

*  The catalytic findings were rationalized by density functional calculations.

14



