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Reduction

Shuang Yang,” Hongyu An,” Dimitra Anastasiadou,” Wenjie Xu," Longfei Wu,”

Hui Wang,” Jim de Ruiter,” Sven Arnouts,* ¢

' Marta C. Figueiredo,™ Sara Bals,

Thomas Altantzis,” Ward van der Stam,*® and Bert M. Weckhuysen*™

It remains a real challenge to control the selectivity of the
electrocatalytic CO, reduction (eCO,R) reaction to valuable
chemicals and fuels. Most of the electrocatalysts are made of
non-renewable metal resources, which hampers their large-
scale implementation. Here, we report the preparation of
bimetallic copper-lead (CuPb) electrocatalysts from industrial
metallurgical waste. The metal ions were extracted from the
metallurgical waste through simple chemical treatment with
ammonium chloride, and Cu,Pb, electrocatalysts with tunable
compositions were fabricated through electrodeposition at
varying cathodic potentials. X-ray spectroscopy techniques
showed that the pristine electrocatalysts consist of Cu’ Cu'"
and Pb?" domains, and no evidence for alloy formation was

Introduction

Capture and electrochemical conversion of carbon dioxide
(CO,) to value-added products with renewably generated
electricity is a promising strategy towards mitigation of the
large scale emission of greenhouse gases into the
atmosphere.™ Copper (Cu) is a unique metal because of its
moderate binding energy of crucial reaction intermediates,
which enables Cu to produce both simple (i.e., CO and HCOOH)
and more complex reduction products (i.e., C,, hydrocarbons
and oxygenates) through electrocatalytic CO, reduction
(eCO,R).2 However, it is still a real challenge to direct and

found. We found a volcano-shape relationship between eCO,R
selectivity toward two electron products, such as CO, and the
elemental ratio of Cu and Pb. A maximum Faradaic efficiency
towards CO was found for CugqPb; 4, Which was four times
higher than that of pure Cu, under the same electrocatalytic
conditions. In situ Raman spectroscopy revealed that the
optimal amount of Pb effectively improved the reducibility of
the pristine Cu'* and Pb?>" domains to metallic Cu and Pb,
which boosted the selectivity towards CO by synergistic effects.
This work provides a framework of thinking to design and tune
the selectivity of bimetallic electrocatalysts for CO, reduction
through valorization of metallurgical waste.

control the selectivity of Cu for eCO,R, and an increase in the
demand for Cu calls for alternative sources of this metal.®” In
this regard, using metal residues produced in the metallurgical
industry as raw material to prepare electrocatalysts for CO,
conversion, has gained researchers’ attention recently.® "
Fayalite (Fe,(SiO,) mineral) slags, the residue from the Cu
metallurgical industry, are rich in many potentially useful
electrocatalytic elements, such as iron (Fe), zinc (Zn), copper
(Cu), and lead (Pb) (Table S1). Compared to the traditional
landfilling of these slags, which may change the original
geological structures and worsen the quality of groundwater,
unlocking the potential of this industrial waste to produce
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catalytic materials that selectively convert CO, into valuable
chemicals has the potential to create a self-sustainable cycle of
critical elements.!'*"

A promising approach to improve the electrocatalytic
selectivity of Cu for eCO,R is the utilization of bimetallic
systems."?” Many reports have demonstrated that the binding
strength of specific intermediates on the bimetallic catalyst
surface could be rationally modified based on the relative
oxygen (O) and hydrogen (H) affinities of the two metals.”’
Post-transition metals, such as tin (Sn), bismuth (Bi), lead (Pb)
and indium (In), are known to have weak H binding and strong
O binding, which resulted in excellent abilities to suppress the
competitive hydrogen evolution reaction (HER) in eCO,R.>"2%
Bimetallic Cu-based catalysts including post-transition metals,
such as copper/indium, copper/tin and copper/bismuth, have
been recently reported to boost the selectivity for C; products
at moderate current density.”~” Furthermore, it is known that
product selectivity in a Cu-based bimetallic system is highly
sensitive to the composition of the catalysts, and variations in
metal ratios can lead to an enhanced selectivity for specific
products.”®>% Tuning the structure and composition of electro-
catalysts therefore constitutes an attractive strategy to improve
the selectivity of eCO,R catalysts.

In this work, we have fabricated a series of Cu,Pb, (x+y=
10) electrocatalysts with tunable compositions directly from
industrial metallurgical waste through chemical extraction and
electrodeposition at varying potentials, and deployed them in
eCO,R. The morphology and structure of the Cu,Pb, electro-
catalysts were identified by Scanning Electron Microscopy
(SEM), high-resolution High Angle Annular Dark Field Scanning
Transmission Electron Microscopy (HAADF-STEM), X-ray Photo-
electron Spectroscopy (XPS), X-ray Diffraction (XRD) and X-ray
Absorption Spectroscopy (XAS), which indicate that the pristine
Cu,Pb, electrocatalysts are phase-separated structures with Cu’,
Cu'™ and Pb*" domains. The electrocatalytic performance
showed that the selectivity towards CO could be tuned by
varying the amount of Pb and the maximum Faradaic efficiency
(41.1% CO at —1.05V vs. RHE) was found for Cugy,Pb;q, in
0.1 M KHCO; aqueous solution, which was four times higher
than that of pure Cu (9.7% CO at —1.05V vs. RHE) under the
same electrochemical conditions. We found that the Cu'* and
Pb*" domains were reduced insitu to their active metallic
counterparts, as evidenced by in situ Raman spectroscopy and
ex situ XRD measurements, and that the reducibility of the
metal species was influenced by the electrocatalyst composi-
tion. These results suggest that there is a synergy between
electrochemically reduced Cu and Pb, which tunes the reaction
pathway to CO formation. Our study provides a new under-
standing of synergistic effects in Cu-based bimetallic system for
eCO,R and constructs a framework for rational design of
bimetallic electrocatalysts from industrial waste.

Results and Discussion

As the main solid residue from the metallurgical industry,
fayalite slags (supplier: Aurubis Beerse NV) are composed of
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irregular particles with diameters from 0.50cm to 1.00 cm
(Figure S1). Their main crystal structure is found to be fayalite
(Fe,(SiO,) mineral), as evidenced by X-Ray Diffraction (XRD)
measurements (Figure S2), in which over twenty different
elements co-exist as analyzed with Inductively Coupled Plasma-
Optical Emission Spectrometry (ICP-OES, Table S1). Due to their
complicated composition and high chemical resistance, degra-
dation in a natural environment and direct reuse of the fayalite
slags are difficult to achieve. To find the most effective
extraction strategy, we have performed different treatments to
the fayalite slags and compared their feasibility for metal ion
extraction, as shown in Scheme 1.

Most commonly employed extraction techniques were first
conducted to fayalite slags, including acid treatment, alkali
treatment and thermal treatment. It was found that neither the
use of acid or alkali was capable of further processing the
fayalite slags due to the passivation and the residual impurities,
which makes the separation and extraction impossible (see
more details in Supporting Information, SI). Thermal treatment
successfully changed the fayalite slags into iron oxide and SiO,
(Figure S6), but still kept most impurities inside. In contrast to
the above-mentioned treatments, complexing with ammonium
chloride (NH,CI) presents a more facile, sustainable and safer
way to reuse this industrial residue. By complexing with NH;
and CI7, certain elements could be selectively extracted from
the fayalite slags (such as copper (Cu), lead (Pb) and zinc (Zn),
as shown in Table S2). With the subsequent electrodeposition,
we managed to fabricate the electrocatalysts with controllable
composition and structure.

As illustrated in Scheme 1, the metal elements were
extracted from the fayalite slags by mixing with concentrated
NH,Cl aqueous solution. The Cu** and Pb?" cations from the
fayalite slags could form stable complexes with NH; and CI~
([Cu/Pb (NH,),J*" and [CuCl,]>" ) after one day of stirring at
room temperature (see Figure S7 for the corresponding UV-vis
spectra).?*** The resulting solution was filtrated to remove
undissolved species and the obtained filtrate was subsequently
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Scheme 1. Comparison of different residue treatments and the preparation
of waste-derived copper-lead bimetallic electrocatalysts through chemical
extraction and electrodeposition, as described in this work.
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transferred into a one-cell electroplating bath to fabricate the
working electrode for eCO,R catalysis. Different potentials
(—0.6 V to —1.4V with steps of —0.2 V, potentials are given vs.
Ag/AgCl) were used during electrodeposition in order to tune
the electrocatalyst composition. For comparison, Cu-1 and Pb-1
were also prepared from commercial highly purified Cu- and
Pb-salts by electrodeposition under similar conditions (SI).

The elemental ratio of the pristine electrocatalysts was
studied by ICP-OES (Table S3). From this analysis, it is evident
that Cu dominates in all samples, but Pb is incorporated from
—0.6 V vs. Ag/AgCl onward. The Pb content regularly increases
with increasing applied cathodic bias until —1.2V vs. Ag/AgCl,
at which zinc and nickel start to appear. The XRD measurements
(Figure S8) confirm the formation of a metallic Cu fcc phase, in
which dominant Cu(111) and Cu(200) reflections can be
discerned. We also observe the XRD reflections of Cu,O in
CUg goPb; g0 CugesPb, s and Cu-1, which can be attributed to the
inevitable oxidation of the copper surface due to air exposure,
contact with the aqueous electrolyte, or the strong oxygen
evolution at the anode under high applied bias during electro-
deposition. However, no reflections from Pb or Pb-containing

compounds (e.g., PbO) were found, which might be due to their
relatively low content, poor crystallinity or small crystalline
domain size. Furthermore, no shifts of Cu reflections are
observed, which indicates that pure Cu phases are formed, and
no alloy formation with Pb occurred.

The local morphological structure and chemical composi-
tion of the pristine bimetallic electrocatalysts were investigated
using SEM, high-resolution High Angle Annular Dark Field
Scanning Transmission Electron Microscopy (HAADF-STEM) and
STEM Energy Dispersive X-ray spectroscopy (STEM-EDS) meas-
urements, as shown in Figure 1 and Figures $9-12. Cug,,Pbg g,
shows the particle-like structure in which small particles
aggregate together to form larger particles. CugyPb,,, has
dendrite-like structure, which is also composed of small
particles. It was found that Cugy,,Pb,yg, has a larger particle size
(100-200 nm, Figure S9) compared to Cugq,Pb, 4, in which a
uniform distribution of particles with sizes ranging between 30
and 50 nm was observed (Figure 1a and Figure S10). From the
high resolution HAADF-STEM data and the corresponding
Fourier Transforms (FTs) (Figure 1b) together with the STEM-
EDS mapping (Figures S11), it can be clearly observed that Cu,

Figure 1. (a) Scanning Electron Microscopy (SEM) image of the Cu,,Pb, o electrode, indicating a particle size of 30 to 50 nm. (b) High-resolution High Angle
Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-STEM) image of Cu,o,Pb, oo together with the corresponding FTs (insets) from the
regions indicated by squares of different color, clearly revealing crystalline Cu, Cu,0 and PbO domains. (c) Overview HAADF-STEM image, (d) magnified
HAADF-STEM image of the region indicated by the white rectangle in (c), together with (e) the corresponding Energy Dispersive X-ray spectroscopy (EDS) map

of the Cug,Pb; oo SamMple.
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Cu,O and PbO are present in the CugyPb, o sample. We also
found a very small fraction of regions in which the lattice
fringes correspond to metallic Pb (Figure S12). The HAADF-
STEM measurements (Figure 1¢) and the related STEM-EDS
mapping (Figure 1d, e) confirm the homogeneous distribution
of Cu and Pb, suggesting that Pb species do not form individual
nanoparticles. CuggePb;;s also shows a dendrite-like shape,
while two distinct types of structures are observed, namely
nanoparticles and nanorods. SEM-EDS experiments (Figures S13
and S14) suggest that the increased amount of Pb resulted in
aggregation of Pb into nanorods.”® The thickness of the studied
catalysts was determined by Atomic Force Microscopy (AFM,
Figure S15-S17). The thickness of the catalyst layer on carbon
paper substrate was determined to be 2.5 um, 1.5 um and
1.1 um in Cug,Pb; o, CuggoPb; o @and CugesPb, 35, respectively.

To gain insight into the chemical state of the surface of the
pristine electrocatalysts, X-ray Photoelectron Spectroscopy
(XPS) measurements were performed. Table S4 shows the
atomic ratio of Cu and Pb at the surface, as determined by XPS
measurements. Compared with the ratios obtained by ICP-OES,
the Pb/Cu ratio is found to be quite similar, showing that Pb is
homogeneously distributed throughout the electrodeposited
catalyst. Small variations could be caused by the different
surface morphologies of the prepared catalysts. As shown in
Figure 2a, the Cu 2p;, XPS spectra were deconvoluted into
peaks at 932.6 eV and 934.6 eV, corresponding to Cu”'* and
Cu?", respectively.®’7 For all samples, a higher contribution of
Cu'" was observed from Cu LMM spectra than Cu® (Figure $18),
which indicates that the surface of Cu-based electrocatalysts is

prone to surface oxidation. This is consistent with the XRD
results, in which reflections of Cu,0 were observed in all cases.
The XPS Pb 4f spectra (Figure 2b) show the domination of Pb**
species on the surface of all measured samples, as evidenced by
the binding energy of the Pb 4f electrons, along with a
negligibly small peak of metallic Pb (136.5 eV) observed in the
XPS measurements, consistent with the high resolution HAADF-
STEM data.”**"! The representative O 1s spectrum (Figure 519)
showed three types of O species, which are identified as metal-
oxygen (530 eV) bond, carbon-oxygen (531.4¢eV) bond and
oxygen-hydrogen bond (534.0 eV) respectively.“**¥ Taken to-
gether, it is evident that both Cu and Pb have been oxidized on
the surface. This might be caused by inevitable air exposure of
these two metals during the preparation by electrodeposition,
or due to the aqueous electrolyte solution that was used for the
electrocatalyst preparation.*”

The local structure and the electronic nature of the pristine
electrocatalysts were determined by X-Ray Absorption Spectro-
scopy (XAS), including X-Ray Absorption Near Edge Spectro-
scopy (XANES) and Extended X-Ray Absorption Fine Structure
(EXAFS) measurements. In Figure 2¢, the Cu K-edge XANES
spectrum of CugyPb, 4, displays a similar shape as that of Cu
foil and Cu-1, indicating that these samples have similar
structures.® Their identical Cu—K edge positions in XANES
reveal that the bulk oxidation state of Cu in CugyPb;, is close
to the metallic Cu® phase. From the Fourier-transformed k-
weighted EXAFS spectra (Figure 2d and Figure S21a), the main
characteristic peaks are found to be Cu—Cu scattering for these
three samples, indicating the predominant existence of metallic
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Figure 2. (a) Cu 2p and (b) Pb 4f X-Ray Photoelectron Spectroscopy (XPS) data of different Cu,Pb, samples and Cu reference (Cu-1) and Pb reference (Pb-1). (c)
Cu K edge X-Ray Absorption Near Edge Spectroscopy (XANES) spectra of Cug,Pb; 4, Cu-1 and Cu foil and (d) the corresponding Extended X-Ray Absorption
Fine Structure (EXAFS) spectra. (e) Pb L; edge XANES spectra of Cugy,Pb, 4, Pb-1 and Pb foil, and (f) the corresponding EXAFS spectra. No Cu—Pb bonds were
observed, indicating that the waste-derived bimetallic Cu,Pb, electrocatalysts are not alloys.

ChemCatChem 2022, 14, €202200754 (4 of 10)

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

551017 SUOLUWIOD AERID 3 (edtjdde 8 Ag peuRAOB 812 SSPILE O 88N J0'S3INI 0} ARIGIT SUIIUO /B]IM UO (SUOTIPUOD-PUE-SWLBHW0D™AB 1M ARR.q1BU U0/ STIY) SUOTIPUOD PUE SWS L 8} 385 *[2202/0T/TT] Uo ARIqIT aUIUO AB]1M ‘SPUBLBUIBN SURIUO0D AQ 762002202 210/200T 0T/10p/wioo A 1M AReqpu|uo-adoine-Ans uauo//sdiy woi papeojumoq ‘T ‘Z40z ‘6686L98T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202200754

Cu and the absence of significant Cu—Pb bonds. This observa-
tion suggests that Cu and Pb do not form alloys under the
present preparation conditions.*® The coordination number
(CN) of Cu—Cu bonds in CugyPb; o is fitted to be 5.2 (Table S5),
which is smaller than that of Cu foil (12.0) and Cu-1 (8.4), which
is probably caused by the presence of abundant atomic defects
within the CuggPb, 4 structure®” In the Pb-L; XANES spectra
(Figure 2e), it is suggested that Cuyq,Pb,,, contain a higher
oxidation state than Pb*>* in Pb-1 and Pb°® in Pb foil, evidenced
by a shift of the edge position to higher energy. Pb—O and
Pb—Cl bonds are confirmed by the quantitative fitting results of
the Pb-L; edge (Figure 2f and Figure S21b). The formation of
Pb—Cl bonds could be from the NH,Cl involved in the electro-
catalyst synthesis. Similarly, there is no Pb—Cu bond observed in
CugoPb; oo (expected at larger bond lengths compared to the
Cu—Cu bond), confirming that the pristine Cugg,Pb; o electro-
catalyst is not an alloy, but instead consists of phase-separated
Cu- and Pb-rich domains. Based on the observation above, we
can draw the intermediate conclusion that Cu predominantly
formed in the metallic state in the waste-derived electrocatalyst,
while Pb is mainly present in its oxidized form and partially
bonded with CI~ from the aqueous NH,Cl solution used for the
chemical extraction procedure.

The eCO,R performance of the different Cu,Pb, electro-
catalysts was explored using a three electrode H-type cell
containing CO,-saturated 0.1 M KHCO; aqueous electrolyte
solution. To analyze the product distribution and selectivity,
electrolysis experiments were operated at constant potentials
ranging from —0.85 to —1.25 V vs. RHE, and the products were
analyzed with online GC and offline NMR measurements
(representative results shown in Figure S22 and S23). Figure S24
and S25 show the iR-corrected potential dependent Faradaic
efficiency (FE) profiles of CO, HCOOH, C,H, and H, for the
different waste-derived Cu,Pb, electrodes. It was found that the
CuggoPb, oo electrode shows relatively lower H, and higher CO
FE than all the other samples in the given potential window.
The maximum FE of CO is 41.1% at —1.05V vs. RHE, which is
around four times higher than that of Cu-1 at this applied
potential, suggesting synergistic effects between the Cu-rich
and Pb-rich domains. Both Cugg,Pb, 4, and Cu-1 behave similarly
in their stability test (Figure S26 and S27), and the observed
degradation in catalytic performance over time could be
attributed to partial detachment of active material during
catalysis (Figure S28 and S29). The enhanced HCOOH formation
is also observed in these Cu,Pb, catalysts, which can be
attributed to the Pb species which are originally active for
electrochemical CO, to HCOOH conversion. A very small
amount of C,H, was also found in all Cu,Pb, samples due to the
exposed active sites for ethylene production on the Cu surface.

To investigate the composition effect of the Cu,Pb, electro-
catalysts in more detail, we compared the FE and production
rate for the electrodes with different Cu/Pb metal ratios at a
fixed potential of —1.05V vs. RHE (Figure 3a, b). Compared to
the pure Cu electrode (Cu-1), incorporation of a small amount
of Pb (CugyPbyg) enhances the eCO,R selectivity toward
HCOOH and CO by twofold (31.8% and 22.8% for Cug,,Pbg g,
respectively, compared to 17.1% and 9.7 % for Cu-1) along with
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Figure 3. (a) Faradaic Efficiencies (FE) and (b) production rates of the main
products (CO, HCOOH, H, and C,H,) for the different Cu,Pb, samples at
—1.05 V vs. RHE. ECSA-normalized partial current density of (c) CO and (d) H,
for the different Cu,Pb, catalysts at varying cathodic potentials.

a lower H, production (around 30.1% for Cugy,,Pbyg, compared
to 70.9% for Cu-1). The CO production is further enhanced
when a slightly higher amount of Pb is introduced (Cug,Pb; o),
reaching over 41.1% FE for CO. In CugePb,55 both CO and
HCOOH productions are hindered, and a dramatic increase of
H, FE is observed (60.6 %, comparable to 70.8% for Cu-1). This
leads to a volcano-shaped dependence of the CO selectivity
based on the amount of Pb present in the Cu,Pb, electrodes
(Figure 3a). A similar trend is also found in the production rate
distribution (Figure 3b), confirming the compositional effect on
CO selectivity. In general, the partial current density normalized
by the geometric surface area of the electrodes does not reflect
the intrinsic activity.”® To understand the intrinsic activity of
these waste-derived Cu,Pb, electrocatalysts, we analyzed the
Electrochemical Surface Area (ECSA) (Figure S30 and S31,
Table S6) and evaluated their ECSA-normalized partial current
densities for CO (Figure 3c) and H, (Figure 3d). We note that the
ECSA measurements were not conducted under catalytic
conditions, and that surface transformation under more
negative potentials may lead to changes in ECSA, but are
difficult to assess under catalytic conditions. In agreement with
the trend that we found in the FE and production rate
(Figure 3a, b), CuggPb, o shows a significantly higher ECSA-
normalized activity for CO (Figure 3c) compared to Cu-1,
CugesPb, 35 and Cug,0Pbg g, along with the lowest activity for H,
at —1.05V vs. RHE (Figure 3d). This trend indicates that an
optimal amount of Pb co-existing with Cu provides a means to
suppress the competitive HER in favor of CO production.

To analyze the observed effect of the Cu/Pb ratio on the
catalytic performance in more detail, we monitored the
structural changes in these Cu,Pb, catalysts at the eCO,R onset
by in situ Raman spectroscopy measurements. These in situ
Raman measurements were performed in CO,-saturated 0.1 M
KHCO; electrolyte solution. The CV curves were achieved by
scanning between —1.0V to 1.6 V vs. RHE using a scan rate of

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

551017 SUOLUWIOD AERID 3 (edtjdde 8 Ag peuRAOB 812 SSPILE O 88N J0'S3INI 0} ARIGIT SUIIUO /B]IM UO (SUOTIPUOD-PUE-SWLBHW0D™AB 1M ARR.q1BU U0/ STIY) SUOTIPUOD PUE SWS L 8} 385 *[2202/0T/TT] Uo ARIqIT aUIUO AB]1M ‘SPUBLBUIBN SURIUO0D AQ 762002202 210/200T 0T/10p/wioo A 1M AReqpu|uo-adoine-Ans uauo//sdiy woi papeojumoq ‘T ‘Z40z ‘6686L98T



Research Article
ChemCatChem

doi.org/10.1002/cctc.202200754

Chemistry
Europe

European Chemical
Societies Publishing

50 mV/s, and Raman spectra were collected at a rate of one
spectrum per second in order to construct the Raman
spectroscopy heatmaps as a function of applied potential
(Figure 4). As shown in Figure 4a, the first reduction peak occurs
at 0.2 V vs. RHE for the Cug,oPb, g, electrode, which is attributed
to the reduction of Cu* to Cu®**=" The corresponding Raman
spectroscopy heatmap (Figure 4b) reveals that the signals
associated with CuO, (at 504 and 619 cm™') disappear at 0.13 V
vs. RHE, corresponding to the end of the Cu® to Cu® reduction
peak in the CV (indicated with a dashed line in Figure 4a). When
an increased cathodic bias is applied, a second reduction peak
appears at —0.03 V vs. RHE. Since Cu® is already fully reduced
to Cu’ as evidenced by the insitu Raman spectroscopy
measurement, this reduction peak is tentatively ascribed to the
in situ reduction of Pb** species. A similar phenomenon of Cu*
reduction to Cu’ can be found in the in situ Raman spectro-
scopy heatmaps for CuggPb;q and CugesPb, ;s although the
absolute reduction potential varies slightly. However, there are
two Pb reduction peaks observed in the CV of the Cugq,Pb; oo
electrode after the disappearance of the CuO, Raman signal
(Figure 4c, d). These two reduction features in the CV potentially
correspond to two different types of Pb, which is well in line
with the Pb-L; edge EXAFS results (Figure 2f) that indicated the
presence of Pb—O and Pb—Cl bonds. In Cug¢sPb, 35 (Figure 4c, f),
the Cu reduction peak shifts to more negative cathodic bias
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Figure 4. Cyclic Voltammetry (CV) curves and in situ Raman spectra of (a, b)
CUg20Pbyggor (€, d) CugoPb; oo and (e, f) CugesPb, 55 waste-derived electro-
catalysts, showing a shift of the Cu reduction onset to more negative
cathodic bias when more Pb is present in the electrocatalyst. Dashed lines
(black and yellow) represent the potentials at which the Cu reduction is
finished, as evidenced by the in situ Raman spectra.

ChemCatChem 2022, 14, €202200754 (6 of 10)

compared to Cug,oPbygy and CugPb; . Only one reduction
peak of Pb is found in this CV curve, implying that the reduction
of Pb species is inhibited under the electrochemical reduction
conditions. The observed shift of the Cu reduction peak to
more negative cathodic bias suggests that more driving force is
needed for the reduction of Cu™ to the metallic state when too
much Pb coexists with Cu. The difficulty of Pb reduction in
CugesPb, 35 can be ascribed to the aggregation of Pb species
(Figure S14), while the aggregation is absent in the other two
samples (Figure S13 and Figure 1e).°? To confirm the in situ
electrochemical reduction of Pb and Cu species, we analyzed
Cu LMM spectroscopy and observed that the contribution of
Cu® increases after catalysis compared to before catalysis
(Figure S32). This is further corroborated by the XRD pattern of
the CugyPb, 4, electrocatalyst before and after catalysis (Fig-
ure S33), where we observe that the reflections of Cu,0O have
disappeared after eCO,R and only metallic Cu reflections are
present after one hour of electrolysis.

The relationship between metal ratio and performance of
the waste-derived Cu,Pb, electrocatalysts is summarized in
Scheme 2. First, when a small amount of Pb is present in the
bimetallic catalyst (Cug,oPbgg,), hydrogen evolution is sup-
pressed and the formation of HCOOH and CO is enhanced. As
shown in Figure S21, H, evolution is dominant in pure Cu (Cu-1)
electrodes, while pure Pb (Pb-1) mainly produces HCOOH.
Therefore, the enhancement of the CO formation for the
bimetallic electrodes cannot be solely ascribed to Cu or Pb
domains in the bimetallic electrocatalyst. Instead, the combina-
tion of in situ reduced metallic Cu and Pb, evidenced by CV and
in situ Raman spectroscopy results, is necessary for enhanced
CO formation. The enhancement of the CO formation reaches a
maximum of 41.1% at —1.05 V vs. RHE when more Pb is present
in the form of a Cu/Pb ratio of 9.0, resulting from the formation

. b w
L8 “a " ﬂ’ to -;
L _ w £
s%k*M O .Y s
cus.zﬂpbﬂ.w

Cu,osPb, 5

cucuo,  Cu @ Pb> species ) Pb »-- HCOOH .-# cO

Scheme 2. Schematic representation of the pristine waste-derived Cu,Pb,
electrocatalysts and their compositional transformation under eCO,R con-
ditions. Cug,0Pb, g, and CugoPb; oo have the ability to form metallic Pb under
reaction conditions, thereby enhancing the selectivity for C, products
through a nanoscale synergistic effect between Cu and Pb. This synergistic
effect is relatively weaker in CugesPb, 35, since the formation of metallic Pb is
prohibited, which results in a similar catalytic performance as pure Cu.
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of more metallic Pb and the subsequent stronger Cu—Pb
synergy under reaction conditions. The increase in HCOOH FE
for CuggoPb,o compared to Cug,Pbyg, suggests that the
HCOOH formation is intrinsically promoted by Pb species.”*®
However, when even more Pb is introduced, the enhancement
effect for CO production is weakened, which is explained by the
lower tendency of CuggsPb, 35 to form metallic Cu and Pb under
these reaction conditions. Therefore, CO production dramati-
cally decreases in CuggsPb, 35 due to the absence of a synergistic
effect between metallic Cu and Pb, and the catalytic perform-
ance is similar to pure Cu (Figure 3a)."”*” The small decrease in
HCOOH formation for CuggsPb, ;5 is caused by the aggregation
of Pb?* species which is also responsible for their inferior
reducibility (Figure S14). Overall, we have found that coexis-
tence of Cu and Pb in Cu-based waste-derived bimetallic
electrocatalysts promotes the formation of CO through a
synergistic effect between in situ reduced Pb and Cu, while the
presence of a larger amount of PbO in the pristine electro-
catalyst hampers the in situ formation of metallic Cu and Pb,
which limits the synergistic effect and lowers the electro-
catalytic performance.

Conclusions

We have prepared a series of copper-lead (Cu,Pb,, x+y=10)
materials from industrial metallurgical waste, which were
evaluated for the electrochemical CO, reduction reaction. The
Cu and Pb species were obtained from the industrial waste
through chemical extraction with ammonium chloride, and the
composition of the waste-derived electrocatalysts was tailored
through the electrodeposition conditions. The composition of
the pristine waste-derived electrocatalysts was analyzed with
XRD, XPS and XAS, which revealed that the bimetallic electro-
catalysts consist of Cu’, Cu™ and Pb?>" domains, and no alloy
formation was observed. Improved selectivity towards CO was
observed in these bimetallic systems compared to pure Cu. The
optimized CugyPb,,, electrocatalyst showed a fourfold im-
provement of CO formation compared to pure Cu under the
same electrochemical conditions. Through in situ Raman spec-
troscopy, it was revealed that the reducibility of pristine Cu'*
and Pb?" species into metallic Cu® and Pb° played a crucial role
in the enhanced formation of CO. With a proper amount of Pb
coexisting with Cu, a synergy between in situ reduced Cu and
Pb facilitated enhanced CO selectivity, whereas these reduction
processes were hampered when the amount of Pb species was
increased because of Pb species aggregation, resulting in a
decrease of CO selectivity and an increase in hydrogen
evolution reaction. Our results show the potential of industrial
waste-derived bimetallic electrocatalysts for the rational and
sustainable design of C; product selective eCO,R electro-
catalysts.
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Experimental Section

Industrial waste extraction

The studied fayalite slags were provided by Aurubis Beerse NV.
Four different extraction strategies were applied to the fayalite
slags under study. Before taking these treatments, the fayalite slags
(0.5-1.0 cm diameter) were ground into fine powders with a particle
size of 75 um. Acid treatment was conducted by mixing sulfuric
acid and the ground fayalite slags. When a concentrated sulfuric
acid was used, the fayalite slags almost stayed unchanged because
of the passivation. We also tried 5 M sulfuric acid with and without
heating. A black gel was formed and difficult to be further
separated when heating at 40°C for 1h, whereas no obvious
change was observed under 25°C. To remove silicon from the
residue system, alkali (NaOH solution) was applied to the fayalite
slags. A certain amount of the ground powders was added to the
NaOH aqueous solution (from 1 M to 10 M), stirring for a certain
time (from 2 h to 24 h). The treatment temperatures ranged from
50°C to 150°C. Filtration was applied to separate liquid and solid
phases. After the treatment, iron oxides were formed on the surface
of fayalite slag with an increased roughness (Figures S3 and S4).
However, the main phase of the treated samples remains fayalite
structure (Figure S5) and inactive for most possible applications.
Thermal treatment was employed by annealing the ground fayalite
slags at temperatures ranging from 500°C to 1100°C for 2 h in air.
Although the structure of the fayalite slags has transferred into iron
oxides and SiO, (Figure S6) under the temperature as high as
1100°C, the whole chemical environment inside the treated
samples was complicated because all impurities still remain. We
tried to dissolve the thermal-treated slags with acid treatment
further. Unfortunately, the degree of passivation is higher than the
untreated one. The only working treatment is the complexing
treatment. Different amounts (1, 2, 3, 4, 5g) of ground powders
were mixed with 12 mL NH,Cl aqueous solution with different
concentration (1, 3, 5M), followed by stirring for 24 h at room
temperature. After filtration, a blue solution was collected. 0.5 mL
of the filtrate was used for UV-Vis spectroscopy measurements, to
analyze the complex concentration of [Cu(NH;),]>*/[CuCl,]*". As
suggested in Figure S7, the strongest intensity can be obtained in
the filtrate collected from the combination of 4g fayalite slags and
3 M NH,Cl aqueous solution, suggesting the highest extraction
efficiency.

Catalyst preparation

The Cu-based electrocatalysts were obtained by one-step electro-
deposition. 12 mL filtrate, collected from the complexing extraction
using 4g fayalite slags and 3 M NH,CI solution, was diluted by
mixing with 12 mL deionized water. The diluted filtrate (24 mL) was
used as electrolyte for all samples, except for control samples Cu-1
and Pb-1. The NH,Cl can be reused for subsequent extraction of
metals from industrial waste residues. Carbon paper (effective
geometric surface area 1cm? was used as substrate during
electrodeposition, Pt wire was used as counter electrode and Ag/
AgCl was used as reference electrode (ET069-3, —0.205 V vs. SHE,
eDAQ). The electrocatalysts were prepared by applying various
potentials (0.6 V, —0.8V and —1.0 V vs. Ag/AgCl) for 600 s with a
stirring rate of 350 rpm to achieve Cug,,Pbggy CuggoPb; g and
CugesPb, 55, respectively. The obtained samples were washed with
MilliQ water before the electrochemical measurements. The refer-
ence sample Cu-1 was obtained by electrodeposition at —0.8 V vs.
Ag/AgCl from an aqueous solution containing 0.1 M CuCl, and 3 M
NH,CI. The reference sample Pb-1 was prepared through galvano-
static electrodeposition at —10 mA in 0.1 M PbCl, solution.
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Characterization

UV-Vis spectroscopy was performed by using an Avantes DH-2000-
BAL Deuterium lamp and an Avantes StarLine AvaSpec-2048 L
spectrometer using a liquid-immersed probe head. The spectra
were obtained in the range 200-1100 nm. The elemental composi-
tion of the pristine samples was characterized by Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES, Perki-
nElmer Optima 8300 Optical Emission Spectrometer). An average of
three samples was used. The fayalite slags were dissolved in aqua
regia for 48 hours, followed by a filtration to remove the
undissolved species. Electrodeposited samples were dissolved in
65% HNO; (2 mL) before oxidation. The obtained solutions were
diluted with 5% HNO; to achieve optimal measurement ranges.
Atomic Force Microscopy (AFM) measurements were performed
with a Bruker Multimode microscope instrument, using silicon NSC-
16 SCANASYST-AIR (F=04Nm —1, fres=70 kHz) in ScanAsyst
mode. X-Ray Diffraction (XRD) measurements were performed on a
Bruker D8 Phaser diffractometer, equipped with a Cu Ko source
(h=1 1.54056 A). The morphology and elemental distribution were
determined with Scanning Electron Microscopy (SEM, FEI Helios
NanoLab 600) and high-resolution High Angle Annular Dark Field
Scanning Transmission Electron Microscopy (HAADF-STEM) and
coupled STEM Energy Dispersive X-ray (STEM-EDX) measurement
(FEI Titan®, 200 keV). To do this, the catalyst materials were stripped
off the carbon paper electrodes by sonication in absolute ethanol
for the HAADF-STEM measurements. In X-ray Photoelectron Spec-
troscopy (XPS) measurement, a K-Alpha X-ray photoelectron
spectrometer by ThermoFisher scientific with an aluminum (K=
1486.68 eV) X-ray source was used to collect the X-ray photo-
electron spectra. All spectra were calibrated with reference to the C
1s at 284.8 eV. The curve fitting was carried out using Shirley/Linear
background and a combination of Gaussian and Lorentzian
functions. X-ray Absorption Spectroscopy (XAS) measurements
were performed by the Beijing Synchrotron Radiation Facility
(TW1B, BSRF) at the Cu K-edge and Pb L;-edge.

In situ Raman spectroscopy

The in situ Raman spectra were collected using a Renishaw InVia
Raman microscope and 785 nm excitation laser, coupled with a
Nikon N40X-NIR water-dipping objective. To avoid laser damage,
the laser power was set to below 1.5 mW. The time interval for
each spectrum is 1s for all measured samples. An Autolab PGSTAT
101 potentiostat was used for cyclic voltammetry (CV) measure-
ment which was carried out under a scanning rate of 50 mVs™' in
CO, saturated 0.1 M KHCO; electrolyte solution (pH 6.8), from
—1.0Vto 1.6 V vs. RHE.

Electrochemical measurements

The lvium compactstat.h10800 potentiostat was used for all electro-
chemical measurements. The samples were loaded in a standard
three-electrode system in a two-compartment H-cell separated by a
proton exchange membrane (Nafion 117, Dupont). Fresh samples
were used for the activity measurements at different applied
potentials, and averaged over four measurements. Ag/AgCl (ET072-
3, —0.205V vs. SHE) and a Pt-mesh were employed as reference
electrode and counter electrode, respectively. 0.1 M KHCO; aqueous
solution saturated with CO, (pH =6.8) was applied as electrolyte for
all CO, reduction experiments. During the experiments, CO, was
continuously delivered into the cathodic compartment at a
constant rate of 8.7 mLmin™". The as-prepared samples were
employed as working electrode directly, and held for 40 min at
least under different constant biases (—0.85V, —0.95V, —1.05V,
—1.15V, —1.25V vs. RHE). To calculate the Electrochemical Surface
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Area (ECSA), the double-layer capacitance (Cy) was determined
through the Cyclic Voltammetry (CV) measurements in the non-
Faradaic region at 30, 50, 70, 100, 150 mVs™' scan rate by a linear
fit of the charging current. The ECSA of as-prepared sample was
obtained by subtracting C, of carbon paper and normalizing the C
difference to that of Cu foil. Regarding the iR correction, the
solution resistance was calculated by Electrochemical Impedance
Spectroscopy (EIS) with a frequency range of 0.01 to 100 kHz.

The measured potential values were converted to the Reversible
Hydrogen Electrode (RHE) using Equation (1).

E (vs. RHE) = E (vs. Ag/AgCl) + 0.205 V + 0.059 x pH m

Products analysis

The gas products at each fixed potential were quantified by an
online Gas Chromatograph (GC) equipped with a Thermal Con-
ductivity Detector (TCD) and a Flame lonization Detector (FID). 'H
Nuclear Magnetic Resonance (NMR) spectroscopy was employed to
determine the liquid products using water suppression mode.
0.5 mL of electrolyte was mixed with 0.1 mL of deuterated water
(D,0) as lock solvent. Then, 0.05 uL of dimethyl sulfoxide (DMSO)
was used as the internal reference.

The Faradaic Efficiency (FE) of gas products was calculated using
the following equation.

n- F-c-f
Vm -1 . 1000000ppm

min

FE = x 100 %

Where n represents the number of electrons involved to produce
the related products from CO, or H,O (e.g., 2 for CO and H,, 12 for
C,H,); F is the Faraday constant (96485 Cmol™); ¢ is the concen-
tration of the product measured by GC; f is the gas flow rate
(mLmin™"); | is the average measured current in 1 min (A); Vm is the
volume of 1mol gas at reaction temperature and pressure
(24451 mLmol™")

The FE of liquid products was calculated by using Equation (2).

FE — % Q)

Where n is the number of electrons transferred to form the desired
product (e.g, 2 for HCOOH); F is the Faraday constant
(96485 Cmol™"); M is the Molar concentration of the liquid product
(molL™); V is the liquid volume (L); / is the average measured
current in 1 minute (A); t is the duration time (s).

Production rate of all products were calculated by using Equa-
tion (3):

FE -1 3
n-F-S 3)

production rate =

Where n represents the number of electrons needed to produce
the related products; F is the Faraday constant (96485 Cmol™); I is
the average measured current in 1 min (A); S represents the
geometric area of the electrode (cm?).
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