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Traditional sulfide metallurgy produces harmful sulfur dioxide and is energy intensive.
To this end, we develop an anode electrolysis approach in molten salt by which sulfide
is electrochemically split into sulfur gas at a graphite inert anode while releasing metal
ions that diffuse toward and are deposited at the cathode. The anodic splitting dictates
the “sulfide-to-metal ion and sulfur gas” conversion that makes the reaction recur con-
tinuously. Using this approach, Cu,S is converted to sulfur gas and Cu in molten
LiCI-KCl at 500 °C with a current efficiency of 99% and energy consumption of
0.420 kWh/kg™“" (only considering the electricity for electrolysis). Besides Cu,S, the
anode electrolysis can extract Cu from Cu matte that is an intermediate product from
the traditional sulfide smelting process. More broadly, Fe, Ni, Pb, and Sb are extracted
from FeS, CuFeS,, NiS, PbS, and Sb,S3, providing a general electrochemical method
for sulfide metallurgy.
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Sulfide metallurgy is the second largest emitter of SO, after coal-fired power plants,
which produced 1.23 million tons of SO, from the nonferrous metal smelting and
pressing industry in China in 2014 (1-3). Many elements exist in the Earth’s crust in
the form of sulfide minerals such as chalcocite (Cu,S), chalcopyrite (CuFeS,), galena
(PbS), stibnite (Sb,S3), bismuthinite (Bi;S3), molybdenite (MoS,), and tungstenite
(WS,) (4, 5). Unlike most transitional metal oxide minerals that can be extracted by
carbothermic reduction, the sulfide minerals cannot be reduced by carbon because
most sulfides are thermodynamically more stable than CS, (6, 7). Instead, the sulfides
are treated by matte blowing or converted to oxides that are subsequently reduced by
carbon (8, 9). Thus, the extraction of sulfide minerals inevitably produces SO, and/or
CO, that causes severe environmental burdens (10-12). A clean sulfide metallurgy
approach is urgently needed to reduce the environmental footprint and to achieve
carbon neutralization.

From a chemistry viewpoint, the ideal extraction way is to break down the chemical
bonds of metal-sulfur with clean reducing agents (13, 14). In this regard, metal and
sulfur are desired products. However, the traditional agent-assisted reduction or oxida-
tion cannot realize this sulfide-to-metal and sulfur conversion. To achieve the goal of
producing metal and sulfur, electrochemistry can in principle meet this requirement
because the dissociation of sulfide to metal and sulfur involves both reduction and
oxidation reactions. The reduction of electrolyte-insoluble sulfides/oxides at the cath-
ode is to remove O>7/S*” from the sulfide/oxide precursors, resulting in the produc-
tion of metals at the cathode and providing O?7/S*™ to the anode that produces O, or
Sz (15-17). In addition, molten sulfide electrolysis directly converts molten sulfides to
metal and sulfur, but the electrolyte should be engineered to suppress the intrinsic elec-
tronic conductivity and decrease the operating temperature to sustain a high current
efficiency and guarantee desired anode reactions (18-20). As such, electrometallurgy
that uses electric power to drive the dissociation reaction comes to realize this desired
conversion, which has been theorized about for a long time (21-24). The success of Al
electrolysis demonstrates the power of electrometallurgy that has made significant con-
tributions to our society (25). After the birth of the Hall-Héroult cell, tremendous efforts
have been made to find an oxygen-evolution inert anode to generate O, rather than CO,,
although there is still no cost-affordable inert anode after more than 100 y of research
(26-30). In addition to the work with Al, many attempts have been made to electrochem-
ically split other oxides/sulfides to metals and oxygen/sulfur in various molten salt systems
(the schematic diagrams and reaction mechanism are shown in SI Appendix, Figs. S1 and
S2 and Table S1) (31-35). However, unlike the Hall-Héroult cell, in which Al,Oj5 is sol-
uble in molten cryolite, most oxides and sulfides are insoluble or have a low solubility in
molten salt (5). Consequently, the electrochemical reduction of solid/liquid oxides or sul-
fides will produce insoluble metal that covers the oxide/sulfide feedstock, which results in
relatively slow reduction kinetics (15). However, a low-cost inert anode is still absent in
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the halogen-based molten salts. Therefore, achieving the goal of
converting sulfide to metal and sulfur requires an inert sulfur-
evolution anode and electrode reactions with facile kinetics.

In this paper, we propose an anode electrolysis process of sul-
fides in molten LiCI-KCI at 500 °C, in which sulfide was oxi-
dized to sulfur gas while releasing metal ions that were soluble in
molten salt and then reduced to metal at the cathode. Unlike the
cathodic electrochemical reduction of sulfide in molten salt
(36-39), the anodic process released soluble metal ions into the
molten salt rather than $*™. Compared with the molten sulfide
electrolysis (9, 10), the anode electrolysis used a secondary molten
salt electrolyte to decrease the operating temperature and ensure a
relatively high efficiency. Thus, the molten salt with a low melt-
ing point was chosen without considering the S*~ solubility, and
the low temperature rendered graphite as a sulfur-evolution inert
anode. More important, the anodic process generates volatile
sulfur gas and soluble metal ions, which makes the reaction con-
tinuous. In other words, the anode electrolysis is leaching metal
cations from the sulfide, which is different from the reduction of
sulfide at the cathode that is leaching $*~ from the sulfide. Here,
we verified the feasibility of this anode electrolysis method for
several types of metal sulfides, such as Cu,S, CuFeS,, FeS, PbS,
NiS, Sb,S3, and Cu matte, and an enlarged-scale electrolysis was
executed to prove the potential for a larger production.

Results and Discussion

1.1 Anode Electrolysis of Cu,Ss. The current sulfide pyrometal-
lurgy involves mineral separation, matte smelting, matte blow-
ing, and metal refining, such as the Cu extraction process (Fig.
1A). After matte smelting, the matte blowing process converts
Cu,S to blister Cu at ~1,200 °C through Eq. 1.

Cu,S + O;(g) = 2Cu+ SO, (g) [1]

For the anode electrolysis process (Fig. 1B), the anodic and
cathodic reactions are shown in Egs. 2—4:

Anode reaction : Cu;S—2e~ = 2Cu™ + S,(g) [2]
Cathode reaction : Cu™ +¢~ = Cu [3]
Overall reaction : Cu,S = 2Cu + S,(g) [4]

In principle, the electron breaks down the metal-sulfur bonds
by which the metal ions are leached out from sulfide, and $*~
gives electrons to the electrode and is converted to sulfur gas.
As shown in Fig. 1C, condensed sulfur was found from the
quartz tube on the top of the anode, and the Cu sponge was
collected from the cathode. This process is different from the
electrochemical reduction of sulfide in molten salt, which is a
cathodic leaching of §- together with the reduction of metal
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Fig. 1. Schematic illustration of the traditional pyrometallurgy and the sulfide-anode-electrolysis. (A) A flowchart of traditional pyrometallurgy and anode-
electrolysis process from mining to products (e.g., Cu smelting), (B) a schematic diagram of the anode electrolysis system in molten salts, and (C) the mecha-
nism diagram of sulfide-anode-electrolysis on the cathode and the anode in this paper.
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cations (34). Compared with the oxidative leaching process in
aqueous solutions (40), the sulfur gas can leave the electrode
instantaneously without forming a sulfur layer that results in
the slow kinetics and there is no need to worry about further
oxidation of sulfur to sulfate ions. Hence, the combination of
the anodic leaching and merit of molten salt enables a straight-
forward and clean electrochemical sulfide smelting process.
Thermodynamically, the anodic dissolution can happen if
the applied potential is lower than the oxidative potential of
the anions of molten salt. Otherwise, the anode reaction will
exert the discharge of halogen anions (41). As shown in Fig. 24

(the pale-blue part), the redox potentials of the Cu-related com-
pounds are within the electrochemical window of the chloride
melt, indicating that chloride electrolyte is suitable for the
anodic leaching of Cu sulfide without chlorine gas evolution
under controlled potential. The thermodynamic oxidation
potential of Cu,S to Cu* and S is ~0.6 V more negative than
that of the Cl, evolution reaction at 500 °C. In addition, the
oxide-free molten chloride guarantees the use of graphite as an
inert anode that allows the sulfur-evolution reaction. Note that
the Cu,S-to-Cu*-and-sulfur conversion is thermodynamically
more favorable than that of Cu,S-to-Cu**-and-sulfur and
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Fig. 2. Thermodynamics and characteristics of CuS anode electrolysis. (A) Thermodynamic analysis of CuS electrolysis in pure chloride melts from 0 to
800 °C (the activity of all species are considered the unit (a = 1), and all of the thermodynamic data are obtained from HSC Chemistry 6), (B) the first three
cycles of positive-scan CV profiles of the graphite cavity working electrode with Cu,S powders in blank molten LiCI-KCl, (C) the first two cycles of negative-
scan CV profiles of the blank graphite electrode in molten LiCI-KCl with Cu* ions, (D) the optical photographs of molten LiCI-KCl with different concentrations
of Cu* ions, (E) optical photographs of deposition products on cathode under different current densities from 5 to 180 min and the corresponding SEM
image and XRD pattern, and (F) optical photographs of the product floating in the molten LiCI-KCl after constant-voltage electrolysis and the corresponding

SEM image and XRD pattern.
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CuCl-to-CuCl, conversions. On the cathode side, the deposi-
tion potential of Cu is much more positive than that of Li, Na,
and K, which has been widely verified (42-45). Hence, the
competition reactions at both anode and cathode are negligible
in molten salt, which is markedly different from the deposition
in the aqueous solution that must compete with the H; evolu-
tion reaction (46). In addition to Cu,S, the thermodynamic
data of the anodic leaching reactions of other metal sulfides
(ST Appendix, Fig. S3 and Table S2) show that CuS/Cu,S,
CuFeS,, PbS, Sb,Ss, FeS, NiS, and Bi,S; can be extracted by
the anodic leaching. However, we need to consider the elec-
tronic conductivity of the sulfides and the melting points of the
derived metal chloride. For example, the chlorides of Mo, W,
Sb, and Bi are easy to vaporize at the operating temperature,
thereby making the deposition difficult.

As shown in Fig. 2B, the oxidation peak al started at ~0.4 V
(versus AgCl/Ag, all potentials refer to this reference electrode
unless otherwise noted in the paper), which was ascribed to the
anodic dissolution reaction (Eq. 2). The second oxidation peak
a2 starting at ~1.0 V corresponded to the Cl, (g) evolution reac-
tion. Thus, the cyclic voltammetry (CV) results agreed well with
the thermodynamic calculation. Meanwhile, the oxidation cur-
rent of Cu,S dissolution almost disappeared from the second
cycle, indicating that the oxidation of Cu,S on the anode was
fast and the Cu,S powder had been fully dissolved at the first
scan. After the Cu,S was anodically dissolved, the Cu™ deposi-
tion was observed at ~ —0.1 V (Fig. 2C), and the oxidation
peak at ~0 V was the oxidation of Cu to Cu*. Moreover, two
CV profiles in a more positive potential range in the molten salts
containing Cu* are shown in SI Appendix, Fig. S4. A pair of
peaks at ~1.2 V (a2/c2 versus AgCl/Ag), next to the Cl, (g) evo-
lution (a3 peak), should come from the redox reactions of
Cu*t/Cut. The wide potential gap between @cui/c, and
Qcuz+/Cus ensures that Cu™ prefers to be reduced on the cath-
ode rather than be oxidized on the anode, which avoids a com-
peting reaction and thereby increases the current efficiency of
the anode reaction. In addition to CV measurement, the results
of two-electrode electrolysis confirmed the success of the anodic
leaching and cathodic deposition (Fig. 2E and F). Before elec-
trolysis, the molten LiCI-KCl was clear and transparent (Fig.
2D, Lef). After electrolysis, the color gradually changed from
orange (after ~8 g Cu,S was anodized into the melt as Cu(),
Fig. 2D, Center) to dark brown (after ~30 g of Cu,S was anod-
ized, Fig. 2D, Righ?). The color change of molten salt should be
attributed to the generation and accumulation of CuCl (47, 48),
which is verified by the X-ray diffraction (XRD) pattern of the
molten LiCl-KCI after electrolysis (S/ Appendix, Fig. S5). Note
that only CuCl was observed, indicating the high selectivity of
the anodic leaching reaction. Besides the color change of molten
salt, the current efficiency reached 89% after 40 g Cu,S had
been leached into the molten salt (S7 Appendix, Table S3). The
recovery yield is in accord with the change in the current effi-
ciency, which reaches ~90% with the times of electrolysis. The
relatively low current efficiency and recovery yield at the begin-
ning should be due to the low CuCl concentration, which can-
not balance the anodic current and thus a side reaction took
place. Thus, adding a certain amount of CuCl into molten salt
can avoid the side reaction at the beginning of the electrolysis
and maintain a high current efficiency from the start.

As shown in Fig. 2, Cu grew on the surface of Ni sheets
after constant current electrolysis. As electrolysis proceeded,
dendritic Cu with a metallic luster appeared (Fig. 2E). The
deposition process was also recorded by a camera (Video S1).
Moreover, the current efficiency increased with increasing the
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current density from 10 to 100 mA cm™ > The low current
efficiency at low current density could be due to the weak adher-
ence of the electrolytic product to the metal substrate. In addi-
tion, the deposition rate increased from 12 mg - cm ™2 - h7!
(10 mA - cm™?) to 246 mg - cm 2 - h7! (100 mA - ecm™?) (87
Appendix, Fig. S6). To our surprise, the deposited Cu tended to
float on the surface of molten salts instead of adhering to the
substrate under constant cell voltage electrolysis (Fig. 2F). The
electrolytic Cu showed a brushwood-like structure (Fig. 27), and
this “brushwood” Cu can even float above the water (as shown
in Fig. 2F and Video S2). The micromorphology of this Cu pre-
sented a classical fluffy structure with numerous interspaces, and
these void spaces rendered the structure able to contain gas and
provide enough buoyancy for the Cu to float up. The weak con-
nection with the substrate could be due to the uneven growth
rate under constant cell voltages, and the deposition was fast at
the beginning. For example, the electrolysis current reached
500 mA - cm™* under 2.0V . The fluctuation of the current-
time (I-t) and voltage-time (V-t) curves should be caused by sul-
fur gas evolution that may cause the anode effect (S/ Appendix,
Fig. S7). Therefore, constant current electrolysis is better for
materials collection.

1.2 Anode Electrolysis of Other Metal Sulfides. In addition to
Cu,S, anode electrolysis is an effective approach to extracting other
metals from their corresponding sulfides. As shown in Fig. 34, the
elements of purple color were extracted from the sulfides, and those
highlighted in yellow are thermodynamically feasible to be smelted
by this method but have not yet been extracted by the anode elec-
trolysis method. The sulfides before electrolysis (top left corner)
and the corresponding metal products (bottom right corner) are
shown in Fig. 3B. The electrolysis efficiency of each sample is cal-
culated to be >70%, and the efficiency of Cu,S and high-grade
Cu matte can even maintain above 95%. The XRD patterns of
these electrolytic products are shown in Fig. 3C. For the chalcopy-
rite, the electrolytic products are Fe, Cu, and FeCuy. In this case,
the Fe, Cu, and FeCuy can be separated by refining procedures
afterward or can be used for the preparation of alloys. Meanwhile,
some CuyO appeared in the electrolyzed chalcopyrite, which
should come from the oxidation of the reduced Cu during the
washing process. Hence, the SO, associated with the FeS-to-FeO
conversion can be avoided by this anode electrolysis process.

As shown in the first line of Fig. 3B, the electrolytic Cu
from CuS/Cu,S and high-grade Cu matte presented a similar
loose structure. As for the low-grade Cu matte and chalcopy-
rite, the Fe powders with fluffy Cu were collected from the
cathode and the bottom of the crucible, which could be sepa-
rated by magnetic separation or pickling subsequently. For
PbS, the anode electrolysis was operated in molten LiCl-KCI
at 600 °C, in which PbCl, has a relatively high solubility at
this temperature (49, 50), and electrolytic Pb was liquid and
collected in an Al,Oj crucible. During electrolysis, small Pb
droplets generated first and then small liquid Pb balls aggregated
into bigger droplets (as shown in the second line of Fig. 3B).
Note that the production Pb is helpful for materials collection
and continuous operation. For the FeS and NiS, Fe and Ni
powders were obtained. Different from the above-mentioned
metal sulfides, Sb,S3 was anode electrolyzed in molten NaCl-
KCI-AICl; at 150 °C due to the low boiling point (b.p.) of
SbCl; (b.p. 223.5 °C). Sb powder was obtained (Fig. 3C), and
the I-t curves of the corresponding electrolysis were shown in
SI Appendix, Fig. S8. Note that AlCl; can react with graphite

slightly under anodic polarization. Thus, a corrosion-resistant
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Fig. 3. Typical metals that can be anode electrolyzed practically and theoretically. (A) Overview of the metals that have been successfully anode electrolyzed
(highlighted in purple) and that are thermodynamically feasible to be smelted by this method (highlighted in yellow), (B) digital photographs of several
sulfides smelted by the anode electrolysis method, and (C) XRD patterns of the sulfides and their corresponding smelted metals.

electrical lead material is a challenge to deploy the anode electroly-
sis in the AlCl;-based molten salt electrolyte.

1.3 Energy Consumption of Anode Electrolysis. Traditional
pyrometallurgy has the advantage of the mature technology and
a compact plant but the disadvantage of generating incalculable
acid gases or producing a large amount of sulfuric acid as a
coproduct (21). Except for the environmental pollution, there is
also a huge energy loss from traditional pyrometallurgy. For
example, the efficiency of traditional pyrometallurgy of copper is
11.3 to 15.9% and the energy consumption is 15.2 to 23.7 M]
to produce 1 kg Cu (51). Here, we estimated the energy con-
sumption of the anode electrolysis method, as shown in Fig. 44.
According to the Chinese national standards for Cu smelting
enterprises (GB 21248-2014), the energy consumption of per-
kilogram Cu should be <2.77 kWh (the energy consumption
only accounts for converting Cu matte to anode Cu). The
energy consumed by anode electrolysis was calculated to be
0.420 kWh (from Cu matte to Cu, only the electricity used for
electrolysis was considered). We admit that the furnace will con-
sume energy, but the scaled-up process could be self-sustained
by the Joule heat that is akin to the Al electrolyzer. The specific
calculation process is shown in Fig. 44. In addition to the
energy consumption, the molten salts and the “tea infuser”
graphite crucible anode can be recycled after a long period of
use. The molten LiCI-KCI can be re-electrolyzed to remove the
nonactive metal ions (87 Appendix, Fig. S9A). There was almost
no mass loss or oxidation of the tea infuser graphite crucible
anode after ~72 h of electrolysis (ST Appendix, Fig. S9B). The
inertness of the graphite anode is due to the relatively low oper-
ating temperature and oxide-free environment.

Then, an enlarged-scale anode electrolysis test of high-grade
Cu matte was executed at 500 °C in molten LiCl-KCI-CuCl
(Fig. 4B-E). Considering a circumstance more suitable to mass
production, the cell was designed as an up-down structure,
which consisted of a graphite crucible anode at the bottom and
a sheet cathode above. As shown in Fig. 4C and D, the mass

PNAS 2022 Vol. 119 No.31 2202884119

and the yield of the Cu deposits increased with increasing the
current density, but there is a drop in the current efficiency
caused by the shedding of the rapidly deposited Cu. Even at the
lowest efficiency (45.90%, 150 mA - cm 2 sample), the energy
consumption could meet the standards of traditional pyrometal-
lurgy. The inserted photographs in Fig. 4E present the rapid
deposition process in this cell, which was cut from Video S3.
Thus, the anode electrolysis has the potential to be scaled up.

Conclusions

A sulfide-anode-electrolysis approach has been demonstrated as a
clean way to electrochemically split sulfide to sulfur gas and metal
in molten salt. At the anode, the sulfide was oxidized to sulfur
while releasing metal cations that were reduced to metal at the
cathode. A low energy consumption of 0.420 kWh/kg™ was
achieved with a current efficiency of >90%. In addition, Cu, Pb
Fe, Ni, and Sb have been prepared by the anode electrolysis pro-
cess. The success of sulfide-anode-electrolysis is thanks to the
wide electrochemical window that allows the deposition of metals
at the cathode and sulfur evolutions at the anode with minimal
competition reactions. In addition, the intrinsic properties of the
sulfide enable facile kinetics and graphite as an ideal sulfur-
evolution inert anode. The enlarged-scale electrolyzer gives us the
hope that sulfide-anode-electrolysis is a promising agent-free met-
allurgical process, not only reducing the toxic gas emissions but
also closing the metal and sulfur loop of our planet.

Materials and Methods

Materials. Anhydrous NaCl (analytical reagent [AR] grade 99.5%), KCl (AR
99.5%), AICl3 (AR, 99%), and LiCl (AR 99.5%) used in this work were purchased
from Shanghai Aladdin Bio-Chem Technology. NaCl, KCl, and LiCl were vacuum-
dried at 300 °C for 12 h before use. CuS, Cu,S, PbS, NiS, Sh,S3, and FeS pow-
ders were purchased from Shanghai Macklin Biochemical. The chalcopyrite and
Cu matte were purchased from Jinchuan Group. Graphite rods (spectrum purity,
99.99%) were purchased from Sinosteel Shanghai New Graphite Materials.
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Energy consumption estimation and the scale-up experiment. (A) Simplified subsystems and energy consumption estimation of the anode electroly-

sis process, (B) schematic diagram of the enlarged-scale anode electrolysis cell, (C) electrodeposited Cu on the Ni sheet under different current densities
after 1 h, (D) the table of current efficiency, yield, and energy consumption of different samples, and (E) the voltage-time curves of the electrolysis under
different current densities (the inserted photographs are the deposited Cu at different durations).

Electrochemical Measurements. First, predried NaCl, KCl, LiCl, and AICl;
were blended into LiCI-KCI (400 g, LiCI:KCl = 45.6:54.4, wt.%) and NaCl-KCl-
AICI; (400 g, NaCI:KCL-AICI; = 17:17:66, wt.%) mixtures separately in a glove
box filled with high-purity Ar gas (>99.999%). Second, the LiCI-KCl mixture was
transferred into an alumina crucible and settled in a stainless reactor, which was
then heated to 500-600 °C to melt the salt. All of the high-temperature experi-
ments were performed in a stainless-steel (SS) test vessel protected with Ar gas
flow (purity: >99.99%, flow rate: 100 mL - min~"). Third, pre-electrolysis was
performed between a graphite anode and a Ni sheet cathode at 2.0 V for 4 h to
remove the moisture and impurities. Fourth, a three-electrode system connected
to an electrochemical workstation (CHI 760E, Shanghai Chenhua Instrument)
was used to study the electrochemical behaviors of the metal sulfides in the mol-
ten salts by CV. A graphite rod (d = 8 mm) was used as the counter electrode, an
Ag wire (d = 1 mm) was used as the quasi-reference, and the homemade graphite
cavity electrodes were used as the working electrode to study the reduction and
oxidation processes of metal sulfides, respectively, while for the NaCl-KCI-AIC, the
operating temperature was set at 150 °C and the electrolysis was conducted in a
glass chamber protected with Ar gas flow.

Anode Electrolysis of Sulfides in Molten Salts.

Anode preparation. First, a graphite crucible was punched with several holes
that were sealed with carbon fiber felts to make a tea infuser graphite crucible.
Second, sulfide powders were filled in the tea infuser graphite crucible. During
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electrolysis, a quartz tube was put on the tea infuser graphite crucible to collect
the generated sulfur gas. The optical photographs of the anode are shown in S/
Appendix, Fig. $10.

Cathode preparation. Two types of cathodes were designed. A Ni sheet (10 x
50 x 1 mm?®) was fixed on an SS rod (d = 2 mm), and an Al,05 sleeve was fixed
around the Ni sheet to avoid the potential short circuit. The second type of cath-
ode was the crucible cathode. A hook-shaped SS rod was contained in an Al,03
crucible, which was used to collect the liquid metal products generated at the SS
rod. The optical photographs of the two types of cathodes are shown in
Sl Appendix, Fig. S11.

Electrolysis. The setup and molten salt electrolyte were the same as those used
for the electrochemical measurement. A two-electrode electrolysis cell comprised
the as-prepared cathode and the anode contained sulfide powders. The applied
voltage between the two electrodes was supplied by a battery testing system
(5V-6A, Shenzhen Neware). Both constant-current and constant-voltage electroly-
sis were performed. After electrolysis, molten salt and cathode products were
collected to study the electrochemical reactions at both anode and cathode.

An enlarged-scale anode electrolysis was also operated, a graphite crucible
was directly settled as a container anode, sufficient high-grade Cu matte (150 g)
was filled at the bottom of the crucible, and a piece of Ni sheet (40 x 40 x
1 mm?®) was hung in the upper space of the molten salt upon the Cu matte as
the cathode. Different current densities were applied on the cell. The same mol-
ten LiCI-KCI with preadded CuCl and battery testing system as mentioned above
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were used. After electrolysis, the samples were washed and dried for
characterizations.

Calculation of the current efficiency. The current efficiency was calculated
according to the following formula:

Otheoretic
Oactual

MElectrolysis efficiency —

where the Queoretic Was calculated from the charge (C) required for the reduction
of the obtained Cu, and the Q,y, Was recorded from the battery testing system,
representing the actual consumption of electricity.
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