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ABSTRACT: To sustainably exist within planetary boundaries, we must
greatly curtail our extraction of fuels and materials from the Earth. This
requires new technologies based on reuse and repurposing of material already
available. Electrochemical conversion of CO2 into valuable chemicals and
fuels is a promising alternative to deriving them from fossil fuels. But most
metals used for electrocatalysis are either endangered or at serious risk of
limitation to their future supply. Here, we demonstrate a combined strategy
for repurposing of a waste industrial Cu−Sn bronze as a catalyst material
precursor and its application toward CO2 reuse. By a simple electrochemical
transfer method, waste bronzes with composition Cu14Sn were anodically
dissolved and cathodically redeposited under dynamic hydrogen bubble
template conditions to yield mesoporous foams with Cu10Sn surface composition. The bimetal foam electrodes exhibited high CO2
electroreduction selectivity toward CO, achieving greater than 85% faradaic efficiency accompanied by a considerable suppression of
the competing H2 evolution reaction. The Cu−Sn foam electrodes showed good durability over several hours of continuous
electrolysis without any significant change in the composition, morphology, and selectivity for CO as a target product.

KEYWORDS: electrochemical CO2 conversion, Cu−Sn bronze, Cu−Sn foam, waste repurposing, carbon monoxide synthesis,
electrodeposition, electrocatalysis

■ INTRODUCTION

To develop a sustainable global society, it is crucial that we
adapt our material consumption habits to fall within planetary
boundaries. This will require limiting the extraction of
materials from the Earth and developing alternative strategies
based on repurposing and recycling the materials already
available. Central to this effort is to slow the use of fossil-based
sources of carbon to avoid unbalanced CO2 emissions, which
are contributing to climate change.1 A sustainable alternative is
to utilize CO2 itself as a carbon feedstock, thereby trans-
forming a waste product into a resource. Electrochemical
reduction is an attractive method for CO2 valorization under
mild conditions driven simply by electricity.2 While there are
numerous possible products of CO2 electrochemical reduction
(CO2ER),

3 carbon monoxide (CO) is currently one of the
most techno-economically viable.4 It is an important industrial
feedstock that can be further converted into other valuable
compounds using well-established technologies (e.g., the
Fischer−Tropsch process).5 Implementing CO2ER (using
renewable electricity and captured CO2) to displace conven-
tional routes of CO production could have a significant impact
on decreasing CO2 emissions.
We must keep in mind that a massive global transition to

clean energy technologies will require massive quantities of raw
materials, namely, metals, for building the new energy

systems.6 Because scalability is a prerequisite for these
technologies, we will need to largely avoid materials of low
abundance or availability. For CO2ER this presents particular
challenges for catalyst design. Although the best-known
catalysts for electrochemical CO production are the precious
metals Ag and Au,7−9 recent studies have discovered a number
of new catalysts for this reaction that are based on more
abundant elements.10 For instance, bimetallic combinations of
Cu and Sn have demonstrated high activity and selectivity for
CO2 reduction to CO.11−23 Although Cu and Sn are certainly
more abundant than Ag and Au, both Cu and Sn are
considered potentially endangered elements with increasingly
limited availability and risk to their future supply.6,24,25 With
the goal of sustainable development, it is important that we
look to existing raw or recycled materials, rather than new
extractions, to supply new green technologies that must be
implemented on a massive scale. Considering sources of Cu
and Sn, a major application of both is their use in Cu−Sn
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bronzes, attractive for their physical properties and use across a
wide range of applications. Although the term “bronze” can
refer to a wide range of alloys based on combining copper with
other metals or metalloids in a variety of combinations and
amounts, herein we refer to bronze only based on Sn as the
major secondary element, a modern composition that is widely
used in monuments, streetlamps, chandeliers, cutlery, and

mechanical components including screws, nuts, washers,
bearings, and gears.26 These machine elements have a limited
lifetime and need to be replaced, thus generating waste. Noting
that one of the most common Cu−Sn bronzes has a Sn
content (9−13 wt %) comparable to some recently reported
Cu−Sn CO2ER electrocatalysts,17,19,20 we hypothesized that
waste Cu−Sn bronzes could be repurposed for this application,

Figure 1. (a) Measured GI-XRD patterns of Cu foil (corresponds to JCPDS No. 04-0836), Sn foil (corresponds to JCPDS No. 01-086-2264), Cu−
Sn bronze (corresponds to JCPDS No. 44-1477), Cu foam, and as-prepared Cu−Sn foam. SEM images of porous foams composed of dendrite-like
microstructures: (b, c) Cu−Sn foam and (d, e) pure Cu foam.

Figure 2. Electrocatalytic activity results; distribution of FEs and partial current densities for detected products at various potentials: (a) FEs and
(b) total and partial current densities for products obtained on pristine Cu−Sn bronze; (c) FEs and (d) total and partial current densities obtained
on Cu−Sn foam. All results are expressed as average values ± average mean absolute errors from replicate samples.
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either directly or with some modifications. An example is the
utilization of leaded bronze, commonly used for production of
bearings, for CO2 to HCOO− conversion.27

This study introduces a simple, controllable, and potentially
inexpensive strategy to repurpose industrial waste Cu−Sn
bronze by employing it as a starting material for fabrication of
electrocatalyst materials with a good selectivity for electro-
reduction of CO2 into CO. By our method, industrial waste
Cu−Sn bronze is converted into CO-selective electrocatalyst
materials via a simple electrochemical transfer strategy, where
Cu−Sn foams with high electrochemically active surface areas
and controlled Cu−Sn composition were created from the
planar waste Cu−Sn bronze.

■ RESULTS AND DISCUSSION
Samples of Cu−Sn bronze were obtained from the smelting
facility RŽ Institut AD, Skopje, where they were prepared from
molten Cu−Sn bronze wastes and cast into ingots (Figure S1,
Supporting Information). These were cut into smaller
rectangular platelike samples and mechanically polished prior
to the characterization to eliminate any effect from surface
inhomogeneities and to attain a near-planar surface (Figure
S2). The detailed description of the applied pretreatments on
the obtained waste Cu−Sn bronze is described in section S1.2.
of the Supporting Information (SI).
The in-depth bulk, spatial, and surface characterization of

the waste Cu−Sn bronze is of great importance for this
research because it is utilized as a precursor for CO2ER
electrocatalyst preparation. Thus, the bulk and surface
compositions of the waste Cu−Sn bronze were first
investigated by ICP-OES, XRF, and EDX, as described in
section S1.3 of the SI. This material showed a nominal bulk
chemical composition of Cu14Sn (Table S1) on the basis of its
ICP-OES analysis. The obtained XRF (Figure S3 and Table
S2) and EDX (Figure S4) results show the distribution of both
Cu and Sn with a nominal chemical composition of CuxSn
with x = 14−16, which is in a good agreement with the ICP-
OES results (Tables S1 and S2 and Figures S3 and S4). The
GI-XRD characterization of the Cu−Sn bronze (Figure 1a)
shows the typical diffraction peaks of Cu-rich α-bronze, in
agreement with the reported results for similar materials with
comparable Cu−Sn compositions.17,20 The reflection peaks of
the Cu−Sn bronze are broader and shift to smaller angles in
comparison with the polycrystalline Cu foil ones. This can be
attributed to the slightly larger lattice parameters in the crystal
structure,17 suggesting different structural identity in compar-
ison to pristine Cu and Sn. That is, the presence of Sn in the
alloy’s crystal structure is affecting the position and width of
the Cu diffraction peaks, but Sn itself does not show any
noticeable signal. The surface composition of the Cu−Sn
bronze was further investigated by XPS, which shows peaks
only for elements Cu, Sn, and O (Figure S5). The surface Cu/
Sn ratio of the Cu−Sn bronze is estimated from XPS to
resemble Cu14Sn stoichiometry (in Table S3), which is in a
good agreement with its bulk composition as estimated from
XRF, ICP-OES, and EDX.
As the waste Cu−Sn bronze composition resembles that of

some CO2 reduction catalysts known for achieving good
selectivity for CO production,17,19,20 we first studied a bare
Cu−Sn bronze directly as a CO2 electrocatalyst to examine its
intrinsic activity. The sample was connected to a wire and
masked in PTFE tape to define a fixed active area and was
tested in a three-electrode configuration in aqueous 0.1 mol·

dm−3 KHCO3 with bubbled CO2 saturating the solution
(Scheme S2). The electrodes were tested under potentiostatic
control at several potentials, and generated gas and liquid
products were analyzed by chromatography. See section S1.5
for a detailed explanation of the electrocatalysis activity testing.
As shown in Figure 2a, the Cu−Sn bronze could reduce CO2
to both HCOO− and CO at comparable faradaic efficiencies,
while simultaneously producing significant amounts of H2 at
most applied potentials. For practical applications, a mixture of
multiple products is usually undesirable, and chemical
separation processes are challenging and expensive,28 and
thus designing CO2ER catalysts that are selective for a single
desired product is a central challenge in the field. This Cu−Sn
bronze is therefore an inadequate CO2ER electrocatalyst in its
current form, so we next sought to use it as a precursor for
synthesis of more complex nanostructured and selective
electrocatalyst materials with a controlled Cu/Sn surface
ratio and higher roughness and active site density.
Our goal was to take advantage of the near-ideal Cu−Sn

composition of the Cu−Sn bronze and use it as starting
material to create electrodes with tunable nanostructure
morphologies because it has previously been shown that the
electrode morphology can play a significant role in influencing
product selectivity.29,30 We explored a variety of different
chemical and electrochemical methods for tuning the
morphology and composition of the waste Cu−Sn bronze by
dissolution and redeposition (see section S3 for a discussion of
the strategies). We devised a simple strategy to electrochemi-
cally transfer the material from one substrate to another, via
anodic dissolution, transport through the solution, and
cathodic redeposition. As summarized in Scheme 1, the
synthesis was conducted by arranging two cleaned Cu−Sn
bronze samples as the anode and cathode in a solution of 1.5
mol·dm−3 H2SO4(aq) and applying a constant potential of
−2.9 V vs Ag/AgCl to the cathode working electrode for a
fixed duration. See section S1.4 and Figure S7 for a detailed

Scheme 1. Potentiostatically Controlled Dynamic H2
Bubbling Templated (DHBT) Co-electrodeposition of Cu−
Sn Porous Foam with a Surface Composition of Cu10Sn via
Utilization of Cu−Sn Bronze as the Anode with a Surface
Composition of Cu14Sn

a

aAnode and cathode processes are shown in red and blue,
respectively. A cathode potential of −2.9 V vs Ag/AgCl is applied
(reference electrode not depicted).
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description of the method. Under these conditions, oxidation
and reduction of the metals of the Cu−Sn bronze occur at the
anode and cathode, respectively. At the cathode, the
simultaneous reductive deposition of metals and H2 evolution
(from H+ reduction) is used as a strategy to influence the
nano- and mesoscale morphology of the deposited material via
the so-called dynamic H2 bubbling template (DHBT)
phenomenon.31

The electrochemical transfer of Cu and Sn under DHBT
conditions resulted in porous foamlike microstructures, as
shown in Figure 1b,c and Figure S8. The in situ generated H2
bubbles resulted in a deposited porous material with an
interconnected structure around pores with an average pore
diameter of 24 μm. At higher magnification (Figure 1c), it is
seen that the pore walls form a nanoscale morphology of
textured particles with a dendrite-like structure. Pure Cu foam
was prepared using the same strategy for the purpose of
comparison and to help in distinguishing the influences of
roughness and composition on the Cu−Sn foams selectivity.
Although both the pure Cu (Figure 1d,e) and Cu−Sn foams
showed highly porous dendrite microstructures, their respec-
tive pore size, thickness, and nanoscale dendrites are quite
different, as seen in Figure 1c,e, Figures S8−S10, and Table S4.
The pure Cu foam is thicker (∼82 μm) with slightly larger
average pore sizes (∼32 μm) and dendrites resembling a fern
plantlike structure with sharp edges, whereas the Cu−Sn foam
is thinner (∼38 μm) with a smaller pore size (∼24 μm)
composed of blunted edge dendrites building from aggregated
Cu−Sn bimetallic particles. To assess the electrochemically
active surface area, we measured and used the double-layer
capacitance (CDL) of the samples to estimate the relative
roughness factor of the foams versus their planar counterparts
(see section S1.5). The Cu−Sn foam showed a significant
increase of about 16-fold compared to the bare bronze, as well
as a 2-fold higher roughness than that of the reference Cu foam
prepared by the same technique, despite the fact that its total
thickness was about half that of the Cu foam counterpart
(Figure S12 and Table S6). The higher roughness of the Cu−
Sn foam can be attributed to the differences in dendrite
morphology and arrangement, together with its smaller average
pore size compared to the reference pure Cu foam (Table S5).
The as-prepared Cu−Sn foam from the waste Cu−Sn

bronze exhibited diffraction peaks of Cu(111), Cu(200), and
Cu(220) planes like that of the pristine waste bronze, as shown
in Figure 1a. These peaks are broader and slightly shifted
toward lower angles compared to those of Cu foil and the pure
Cu foam prepared via the same DHBT synthesis method (see
section S1.4). This could be attributed to its smaller crystallites
and/or the strain effect due to the chemical composition
changes. Moreover, both Cu−Sn and Cu foams showed
additional reflection peaks (Figure 1a) attributed to Cu2O
oxide coming from surface oxidation under air exposure, which
are more noticeable than in the case of the near-planar Cu foil
and Cu−Sn bronze. This is expected because the higher
surface area of the pure Cu and Cu−Sn foams makes them
prone to oxidation.
After establishing this method for synthesizing porous and

rough Cu−Sn foams from the planar waste Cu−Sn bronze, we
examined their bulk and surface compositions to evaluate
whether they retained the composition of the starting material.
The elemental mapping EDX analysis of the Cu−Sn foam
suggests a homogeneous distribution of Cu and Sn over the
entire Cu−Sn foam, as shown in Figure S11. Precise surface

composition of the foams was determined by XPS (Figures S5
and S6 and Table S3). The Cu−Sn foam created from the
waste bronze showed a surface composition of Cu10Sn, which
differed somewhat from the original composition of the
pristine bronze CuxSn, x = 14−16 (as discussed in more detail
below). In contrast, the EDX results show that the Sn bulk
abundance is much lower than that in the pristine Cu−Sn
bronze (Table S3).
The electrocatalytic activity results for the pristine Cu−Sn

bronze are presented in Figure 2a,b and Figure S16. As
discussed above, the CO2 electroreduction performance of the
pristine Cu−Sn bronze is poor in terms of selectivity,
dominated by the thermodynamically favorable HER instead
of CO2ER at potentials more positive than −0.8 V vs RHE (all
potentials hereafter are relative to RHE unless otherwise
stated). Negative of −0.8 V, it generates CO and HCOO− with
a comparable selectivity (∼35−40%) while HER diminishes.
The poor CO2ER selectivity of the pristine bronze could be
mainly attributed to its low electrochemically active surface
area.32,33

The Cu−Sn foam showed quite different CO2 electro-
catalytic behavior in comparison with the pristine Cu−Sn
bronze (Figure 2a,c and Figure S13a,b), most notable in its
strong suppression of the HER at all applied potentials and
emergence of CO as a dominant product. The bare Cu−Sn
bronze and Cu−Sn foam showed comparable Tafel slopes,
suggesting similar kinetics for the rate-determining step, as
shown in Figure S14. The estimated Tafel slope values for the
synthesized materials are in good agreement with the reported
Tafel slopes for similar materials including Cu−Sn foam19 and
3D hierarchical Cu−Sn structures and Cu−Sn rods.23 The
Cu−Sn foam exhibits FE of ∼90% for C1 products (CO +
HCOO−) in the range between −0.7 and −1.0 V (Figure 2c
and Figure S13b). Similarly, as in the case of the pristine Cu−
Sn bronze, the FE for H2 decreases when applying more
negative potentials, although not changing much in the
potential window from −0.8 to −1.0 V. Surprisingly, both
the pristine bronze and Cu−Sn foam exhibited comparable
Tafel slopes for HER with almost the same kinetics, as shown
in Figure S14. Contrary to that of the HER, the FE for CO
increases at more negative potentials, reaching a maximum of
>85% at −0.8 V. This corresponds with a climbing CO partial
current density toward a plateau at around −6 mA·cm−2

(Figure 2d). Whereas the CO generation appears limited to
this rate at higher potentials, the rate of the HCOO− formation
steeply increases at −0.9 V and beyond. Indeed, the enhanced
CO production on Cu−Sn foam is believed to originate from
the significantly slower HCOO− production kinetics, as
demonstrated by the higher Tafel slope of HCOO− production
on Cu−Sn foam compared to that of the pristine bronze.
The simultaneous discussion of both faradaic efficiency and

partial current density is necessary to see the full picture
toward understanding the electrocatalytic behavior of the
prepared Cu−Sn foam because observing only the FE can be
misleading. For instance, whereas the FE for CO decreases
with a further increase of the cathodic potential beyond −0.8
V, its production rate does not decrease, as revealed from its
steady-state partial current density. This suggests that CO2ER
into CO may be mass-transport-limited at higher negative
potentials. The Cu−Sn foam showed ∼2.5-fold higher FE for
CO at −0.8 V with a 10-fold higher CO partial current density
than the pristine Cu−Sn bronze at the same potential (Figure
2b,d). The observed enhanced CO2ER on Cu−Sn foam could
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be attributed to its higher electrochemically active surface area
together with its appropriate Cu−Sn surface composition
(discussed below) compared to the bare Cu−Sn bronze
(Figure S12 and Table S6). The best obtained electrocatalytic
activity results for the Cu−Sn foam in terms of the FE and the
partial current density for CO are quite comparable to the
results reported for Sn-decorated Cu foams at identical applied
potentials.16,19

On the other hand, the enhanced CO2ER selectivity of the
Cu−Sn foam toward CO compared to that of pure Cu foam
cannot solely be attributed to the high electrochemically active
surface area for both foams, even though the pure Cu foam has
about half the surface roughness and gives ∼75% H2 FE and
only ∼5% CO at −0.8 V (Figure 3a). It is interesting to note
that pure Cu foam with pore diameters between 50 and 100
μm was reported to convert CO2 to C2 products with 55% FE
at the same applied potential in 0.5 mol·dm−3 NaHCO3(aq) as
a supporting electrolyte.34 When that result is compared with
those of the pure Cu foam demonstrated here (see Figure 3a
and Table S5), it is obvious that the differences in the surface
microstructure strongly affect the selectivity. However, in the
case of the Cu−Sn foam, the presence of Sn surface sites plays
an essential role in the CO2 to CO selectivity enhancement

accompanied by a significant decrease of the undesired HER.
As mentioned above, the XPS analysis showed a slight
variation between the surface compositions of the bare Cu−
Sn bronze (Cu14Sn) and the Cu−Sn foam (Cu10Sn) (see
Table S3), revealing that the electrodeposited foam has a
higher Sn surface content than the starting material, for
possible reasons discussed in section S1.4. Moreover, the Cu
2p3/2 peak position associated with Cu0/Cu+ oxidation states
of the Cu−Sn foam is ∼1.0 eV negatively shifted (Figure S6a)
compared to that observed on the Cu foil, pure Cu foam, and
Cu−Sn bronze. Concurrently, the position of the Sn 3d5/2 peak
associated with Sn2+ of the Cu−Sn foam is slightly shifted
toward higher (0.2−0.3 eV) binding energy values (Figure
S6c), in comparison with the peak positions in the Cu−Sn
bronze and Sn foil spectra. This might suggest a difference in
the charge redistribution between Cu and Sn in the Cu−Sn
foam versus the Cu−Sn bronze arising from the changing of
the Cu/Sn surface ratio.20 This could be another contributor
to the observed enhanced CO2ER on the Cu−Sn foam.
The deconvolution of the surface roughness from the

composition effect is aided by comparing the electrocatalytic
activity of the Cu−Sn bronze with the activity to foils of Cu
and Sn because all materials exhibit a near-planar surface

Figure 3. Selectivity and activity comparison at −0.8 V vs RHE: (a) distribution of FEs and (b) partial current densities. (c) Cu−Sn foam 15 h
electrocatalytic durability test at −0.8 V vs RHE. SEM images of (d, e) Cu−Sn foam after 2 h and (f, g) after 15 h electrolysis. The FE and J results
are expressed as average values ± average mean absolute error.
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(Figure 3a,b). The Cu−Sn bronze supports ∼7- and 3-fold
higher JCO compared to that of the Cu and Sn foils,
respectively. Besides, it shows ∼4.5-fold lower J for H2 than
the Cu foil, whereas Sn foil gives ∼3- and 1.5-fold higher J for
HCOO− compared to that of the Cu−Sn bronze and Cu foil,
respectively (Figure 3b). Therefore, as expected, the activity
variations on the Cu−Sn bronze when compared to that of its
constituent elements can be attributed to intrinsic electro-
catalytic activity properties of the bimetallic Cu−Sn system
compared to those of pure Cu and Sn, which are further
discussed below.
Nevertheless, as mentioned above, comparing the surface

roughness effect on the activity of the Cu−Sn foam versus the
pure Cu foam is not straightforward because the pure Cu foam
showed about half the electrochemically active surface area
(see Table S6) of the Cu−Sn foam but gave about 2 times the
total current density and 10 times less JCO together with far
lower FE for CO than the Cu−Sn foam, as seen in Figure 3a,b.
Thus, the significantly enhanced CO selectivity on Cu−Sn
foam cannot simply be attributed to its higher electrochemi-
cally active surface arearather the Cu−Sn surface composi-
tion is believed to be the key parameter. This claim is
supported by the electrocatalytic activity results obtained on
two control Cu−Sn foam samples with higher surface Sn
content. The first control sample was prepared from a Sn-
saturated electrodeposition solution, which refers to the
electrodeposition solution that was repeatedly used to achieve
the optimal CO2 to CO performance of the Cu−Sn foam
electrocatalyst (more details can be found in section S1.4).
The Cu−Sn foam that was prepared from this electro-
deposition solution has a Cu/Sn surface ratio of 1.4, a much
higher Sn surface amount than Cu10Sn foam prepared from the
optimal electrodeposition solution (Tables S3 and S4). A
second control sample was prepared as a Sn-rich foam with
Cu0.6Sn surface composition (see Figure S15). These foams
with surface compositions of Cu1.4Sn and Cu0.6Sn showed ∼1.3
and 2 times lower JCO, respectively, with an increase of the FEs
for the HER and HCOO− at −0.8 V within a decrease of the
Cu/Sn surface ratio (see Figure S15), despite their comparable
electrochemically active surface area. Indeed, the selectivity of
Cu−Sn foam shifts from CO to HCOO− with the increase of
the Sn surface sites. This is an intrinsic property of the Cu−Sn
CO2ER electrocatalysts, where their selectivity can be tuned
toward either CO or HCOO− via tuning the Cu/Sn surface
ratio. This switching of the selectivity is generally attributed to
the mutual perturbation of Cu and Sn electronic structures,
which alters the preferential adsorption modes of the key
intermediates.20,35−37 Cu-rich Cu−Sn materials are found to
drive the selectivity toward CO through stabilizing the C-
bound adsorption mode of the *COOH key intermediate,
whereas the O-bound *OCHO* pathway dominates on Sn-
rich surfaces and thus favors the CO2ER to HCOO−,20,36 as
presented in Scheme S1. Besides affecting the absorption
modes of the CO2-derived intermediates, Sn weakens the
adsorption of the *H intermediate, thus suppressing the
HER.11,35−37

The durability of the Cu−Sn foam (Cu10Sn surface
composition, Table S3) was examined at −0.8 V for 15 h. It
maintained high activity for CO production with a FE > 85%
and a partial current density of over −5 mA·cm−2 for (cf.
Figure 3c and Figure 2c,d) retaining the dendrite morphology
(Figure 3d−g and Figures S16 and S18) and the Cu/Sn = 10
surface composition (Table S3) during continuous electrolysis,

indicating its stability. Indeed, the robustness and high CO
selectivity of the Cu−Sn foam with dendrite microstructures
prepared via one-pot, scalable, and fast DHBT is signifying that
the utilization of the waste Cu−Sn bronze using this approach
is a viable approach. Furthermore, according to previous
reports, electrocatalysts with interconnected channels38 and
dendrite microstructures can promote CO2 mass transport and
thus prevent local CO2 depletion near the electrode sur-
face.16,19,29

Similarly, as in the case of the as-prepared Cu−Sn foam, the
EDX mapping results after 2 and 15 h of CO2 continuous
electrolysis, data displayed in Figures S17 and S19, show good
distribution of Cu and Sn over the entire foam, and again the
EDX quantification showed much lower bulk abundance of the
Sn in comparison with that of the pristine Cu−Sn bronze
(Table S3). This suggests that the DHBT coelectrodeposition
mechanism favors faster deposition of Cu over Sn in the bulk
of the material, thus distributing the Sn on the surface of the
dendrite microstructures as observed from the XPS results
(Table S3). This is expected because Cu has a much lower
exchange current and thus requires a lower overpotential for
the formation of hydrogen templated foam morphology in
comparison with Sn, which shows rather poor HER
activity,31,39 and pure Sn foam cannot be electrodeposited
under the DHBT conditions we used in this study (see section
S1.4).
When novel electrocatalyst materials are being studied, the

avoidance of impurities such as trace metals is certainly
important for obtaining a precise understanding of the intrinsic
activity.40−42 But production of high-purity materials is costly
and resource-intensive, presenting challenges to upscaling. As
mentioned above, the transition to sustainable energy systems
will require massive amounts of raw materials with limited
supply, so the utilization of recycled or repurposed materials is
favored over increasing the rates of extraction from the Earth.6

With this study, we showed that industrial-grade waste material
that contains detectable impurities (see Table S1) can be used
as raw material for fabrication of efficient and selective
electrocatalysts. In fact, when comparing to the best published
Cu−Sn-based catalysts optimized for CO selectivity and
produced under careful synthetic conditions,11−13,16,19 we
find that our catalyst exhibited comparable or better CO
selectivity, CO partial current density, and stability (compared
at −0.8 V, for materials tested in CO2-saturated aqueous
solutions Table S7). This result shows promise that efficient
catalysts can be produced from impure common materials such
as industrial wastes. Although a proper techno-economic
analysis would be needed to directly compare the repurposing
of waste Cu−Sn bronze for electrocatalyst preparation against
the conventional recycling methods (based on remelting), it is
already apparent that repurposing a bulk material into a high
surface area heterogeneous catalyst can be accomplished with
efficient and minimized utilization of the starting material and
without requiring high-temperature processes, as compared to
bulk processing methods. Furthermore, the catalyst synthesis
approach yields a product with a more specialized techno-
logical value and can contribute to the urgent goals of
mitigating fossil carbon extraction and greenhouse gas
emissions, as compared to the energy- and resource-intensive
bulk recycling processes.
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■ CONCLUSIONS
In conclusion, we demonstrate a method for preparation of a
CO-selective CO2 conversion electrocatalyst via utilization of
waste industrial Cu−Sn bronze. The approach identifies a
straightforward and attractive route for repurposing waste
material composed of Cu and Sn, metals which are on the list
of elements with future endangered supply. The method is
simple, fast, and controllable and requires no high-purity or
expensive precursors, high temperatures, or sophisticated
equipment. By a simple one-step DHBT coelectrodeposition
method, Cu and Sn are transferred from a Cu−Sn bronze
anode onto a surface of a cathode as a composite with a foam
morphology that consists of dendrite microstructures and
Cu10Sn surface stoichiometry. The as-prepared Cu−Sn foam
has a slightly different Cu/Sn surface ratio and much higher
surface roughness compared to the pristine Cu−Sn bronze,
which results in a significant increase of the selectivity toward
CO (FE > 85%) simultaneously with a great suppression of the
thermodynamically favored H2 evolution reaction (FE ∼ 5%)
at a moderate applied potential of −0.8 V versus RHE in an
aqueous electrolyte. The total C1-CO2ER products’ FE can
reach values that are higher than 95%. The dendrite
microstructures showed remarkable stability during 15 h of
continuous electrolysis, thus preserving the electrocatalytic
activity and Cu−Sn surface composition. Finally, the DHBT
method serves as a proof-of-concept that such waste materials
can be repurposed for electrocatalytic applications, with
potential to be further developed and optimized for
preparation of electrocatalysts on alternative substrates, such
as gas diffusion electrodes, which can be implemented in larger
scale CO2 electrolyzers.
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