
Silver-Doped Porous Copper Catalysts for Efficient Resource
Utilization of CO-Containing Flue Gases
Zhengkai Zhuang, Guangtao Wang, Wen Zhao, Ruixin Yang, Yilin Zhou, and Wenlei Zhu*

Cite This: ACS Environ. Au 2025, 5, 287−297 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: CO is both a key intermediate in the electrocatalytic conversion of CO2 and a valuable C1 resource, with the potential
to reduce carbon emissions and mitigate the energy crisis. However, industrially emitted CO remains underutilized due to
inefficiencies and economic challenges. Electrocatalytic CO reduction offers a promising approach for the efficient and
environmentally friendly utilization of CO-containing flue gases. Nevertheless, current technologies face limitations, such as low
operating currents and difficulties in adaptation to complex reaction gas components. Here, we report a low-cost silver-doped porous
copper oxide (Ag-pCuO) catalyst. The doping of a moderate amount of Ag (0.875% doping) endows porous CuO with highly
selective Cu−Ag active sites, enhanced CO adsorption, and improved surface valence stability, allowing Ag0.875%-pCuO to achieve
remarkable catalytic performance in a carbon-doped titanium-based membrane electrode assembly electrolytic cell. It achieves a
remarkable C2+ faradic efficiency of up to 94% at a high current density of −4 A under a simulated calcium carbide furnace gas
atmosphere and demonstrates exceptional stability, with only a 6.08% decline in C2+ faradic efficiency after over 110 h of continuous
operation. In summary, this research presents a novel approach for applying Ag-doped copper-based catalysts to industrially utilize
CO-containing flue gases, especially from calcium carbide furnaces.
KEYWORDS: electrocatalytic, flue gas, resource utilization, CO reduction, electrolyzer

■ INTRODUCTION
As a major greenhouse gas, CO2 is a key target for mitigating
climate change and the greenhouse effect, as well as a cheap,
abundant, and nontoxic C1 resource.

1,2 Electrocatalytic CO2
reduction reaction (CO2RR) as a green and industrialized
potential technology has contributed significantly to the
process of achieving carbon neutrality goals.3−9 However, the
CO2RR faces efficiency losses due to the formation of HCO3

−/
CO3

2− in strongly alkaline environments, which inhibits
hydrogen precipitation reactions and lowers C2+ product
conversion efficiency. Recent advances have been achieved in a
two-step strategy, where CO2 is first reduced to CO and then
efficiently converted electrocatalytically to C2+ products.

10−12

Employing CO as an intermediate product in CO2RR
enhances the overall efficiency of C2+ conversion and lowers
operating costs.13−15 Advancing research in electrocatalytic
CO reduction (CORR) could enable the green and efficient
utilization of CO2 while also helping to mitigate climate change
and the energy crisis.11 However, CORR remains at the

laboratory stage due to the high cost of industrial CO
production and the low efficiency of catalysts at the industrial
scale.16

As a key renewable C1 feedstock for industrial chemical
production, CO can be sourced from various industrial
methods and is also found in the flue gases of many industries.
For instance, calcium carbide furnace gas (CCFS), coke oven
gas, and yellow phosphorus flue gas contain significant
amounts of CO, with concentrations in CCFS and yellow
phosphorus flue gas exceeding 80%.17,18 However, despite their
high potential for resource recovery, industrial waste gases are
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not efficiently utilized. Instead, they are either purified and
discharged directly or undergo CO2 capture and sequestration
following secondary incineration.19 Direct discharge raises
atmospheric CO to levels that can be harmful to human health,
while CO2 capture and sequestration increase treatment costs
and may lead to higher carbon emissions. Cyclone dedusting
and modified activated carbon adsorption now enable the
removal of dust and catalyst-poisoning gases from exhaust
streams.20 Therefore, using CO-containing industrial flue gases
as a source for the CORR lowers both the feedstock costs and
the environmental impact associated with industrial emissions.
Currently, the CORR typically utilizes only analytically pure

CO (99.99%) for laboratory-scale studies.21−24 A subset of
materials capable of obtaining C2+ faradic efficiencies greater
than 80% (FECd2+

> 80%) are often realized only at low current
density. For instance, Bao et al. reported C2+ faradic
efficiencies (FE) exceeding 90% using copper single atoms at
a current density of −32 mA cm−2;25 similarly, Li et al.
achieved FECd2+

greater than 95% at a lower current density of
−90 mA cm−2 with diatomic copper sites.26 While these
materials demonstrate excellent CORR selectivity, their
performance is limited by low operating currents, which
poses challenges for practical applications beyond the
laboratory. Techno-economic analyses (TEAs) indicate that a
profitable CORR system requires a reaction rate exceeding 100
mA cm−2.14 In contrast, materials capable of stable operation at
high currents can achieve only low FECd2+

. For instance, Guan et
al. reported a FECd2+

of approximately 60% using a Cu−Au alloy
at a high current density of −217 mA cm−2.27 Luc et al.
achieved only 76% C2+ faradic efficiency at a higher current
density of −300 mA cm−2 with two-dimensional (2D) copper
nanosheets.28 In summary, there is an urgent need to develop a
low-cost catalyst that can withstand high currents for extended
periods without performance degradation in a nonanalytically
pure CO atmosphere, thereby enhancing the utilization of
CORR for treating CO-containing flue gases.
Copper-based catalysts are the only class capable of

electrocatalytic reduction of CO to C2+ products.10,29−32

They are primarily doped and structurally modulated with
noble metals to enhance the C2+ selectivity and stability.
Among these methods, structural modulation is relatively
inexpensive but tends to exhibit poor catalytic efficiency and
stability. Zhuang et al. achieved a 70% FECd2+

at −40 mA cm−2

using open nanocavity Cu but could only operate stably for 2.5
h at −0.56 V.33 In contrast, noble metal doping, featured by
more controllable synthesis and superior C2+ production
efficiency, has emerged as the predominant method for
modulating copper-based catalysts.34 Wang et al. achieved an
FECd2+

exceeding 90% using Ag−Ru−Cu at a current density of
−(300−600) mA cm−2, maintaining stable operation for 100 h
at a total current of −1.5 A.1 Long et al. obtained a FECd2+

higher than 80% at −500 mA cm−2 using CuO-Au, but the
material was only capable of stable and efficient operation for 8
h at −0.58 V.35 Dorakhan et al. achieved FECd2+

greater than
75% at −300 mA cm−2 using Ag−Cu2O, maintaining stable
and efficient operation for 17 h at −100 mA cm−2.36 Additional
examples of precious metal doping are presented in Table S2.
Catalysts doped with Ag typically exhibit superior catalytic
performance at high currents, and Ag is less expensive than
other high-value-added precious metals. Therefore, this study

focuses on doping with Ag; however, only a moderate loading
of Ag effectively promotes *CO coverage on the catalyst and
creates stable Cu−Ag active sites with efficient C2+
selectivity.36−38 Thus, optimizing the Ag loading ratio is
crucial for developing a copper-based CORR catalyst suitable
for treating CO-containing flue gases.
In this research, we demonstrated an Agx%-pCuO compound

with a porous structure and uniformly doped with a small
amount of Ag as a CORR catalyst with high C2+ selectivity at
high currents, showing remarkable potential for efficiently
utilizing CCFS. In performance tests, the membrane electrode
assembly (MEA) electrolysis cell was chosen over traditional H
cells and flow cells due to its simpler structure, higher mass
transfer efficiency, and closer alignment with industrial
production. The simulated gas from the CCFS, which has
the highest CO concentration among industrial flue gases,
served as the gas source for the CORR reaction. Subsequently,
a chronopotentiometry test of the materials was carried out in
the test environment described above, with Ag0.875%-pCuO
(the actual Ag in the material is approximately 0.87% based on
ICP testing results) at the optimal ratio of Ag:Cu was able to
obtain a C2+ faradic efficiency of 94% at a high current of −4 A
and was only able to attenuate the C2+ faradic efficiency by
6.08% after more than 110 h of stable operation. In
comparison, the Ag0.875%-pCuO significantly outperformed
the pCuO without Ag doping (FECd2+

= 40%, 4 h) in terms
of treatment efficiency for simulated flue gas. Additionally, it
does not require high-value precious metals such as Au,
thereby lowering catalyst costs. It shows promising application
potential for treating CCFS and other CO-containing flue
gases such as yellow phosphorus flue gas, carbon black flue gas,
and blast furnace gas.

■ EXPERIMENTAL METHODS

Materials
CuSO4·5H2O (AR), Cu(NO3)2 (AR), aqueous NH3·H2O solution
(AR), AgNO3 (AR), NaOH (AR), KOH (AR), Nafion 212 and 5%
Nafion perfluorinated resin solution 5 wt % (D520, EW = 1,000),
deuterated water (D2O), dimethyl sulfoxide (DMSO), isopropanol
(AR), CO (grade 4), and simulated CCFS (85%CO, 10%CO2, 5%
N2) were purchased from Nanjing Tianze. The carbon-based gas
diffusion electrode (GDE; Sinero 39BB), anion exchange membrane
(PiperION, Versogen A40-HCO3), and ultrapure water (18.2 MΩ;
prepared by the Milli-Q pure water meter) were used in all of the
experiments.

Synthesis and Characterization of Ag-Doped Porous CuO
The synthesis of Ag-pCuO catalysts was performed following a two-
step procedure. The first step, which is the synthesis of pCuO
nanoparticles (NPs), is modified and optimized from the previously
reported method. Cu(NO3)2 (1 g) was dissolved in 100 mL ultrapure
water and vigorously stirred at room temperature. Next, 30 mL of an
aqueous solution of NH3·H2O (0.150 M) was added to the mixed
solution. Additionally, NaOH (1 M) was slowly added to the mixed
solution at a titration rate of 2 mL min−1 to adjust the pH in the
mixed solution to 9−10 for the precipitation of Cu(OH)2. The mixed
solution was then vigorously stirred for half an hour. The reaction
mixture was then centrifuged and washed three times with ultrapure
water to obtain porous pCuO Nps precursors. And then pCuO Nps
precursors were dried under vacuum at 60 °C for one night.
Ultimately, the dried copper hydroxide nanorods were annealed at
500 °C for 2 h under a static air atmosphere at a ramp rate of 32 °C
per minute.
Ag doping is achieved by using the chelating effect of sodium

citrate to link Ag+ on the surface of CuO and its reducing property to
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bind Ag+ to Ag0, ultimately achieving a uniform distribution of Ag on
the surface of CuO. First, 1 mL of sodium citrate solution (0.05 mol
L−1) was taken and added to 20 mL of ethylene glycol solution with
continuous stirring; then, 100 mg of pCuO powder was
homogeneously dispersed in the continuously stirred ethylene glycol
solution. After 5 min, 0.875 mL of silver nitrate solution (1 mg mL−1)
was slowly dropped into (0.5 mL h−1) the beaker with continuous
vigorous stirring. Then, the catalyst was stirred vigorously for 30 min.
The catalyst was washed twice by centrifugation with ethanol and
ultrapure water, respectively, and then lyophilized, and finally, the

Ag0.875%-pCuO catalyst was obtained. Other Agx%-pCuO catalysts
were also prepared using the same preparation method as above
except that the amount of silver nitrate solution added must
correspond to the composition of the final material.

Characterization

The approximate morphological characteristics and elemental
composition of Agx%-pCuO and pCuO will be determined by
scanning electron microscopy (SEM, QUANTA200) as well as
energy-dispersive spectrometry (EDS mapping). At the same time, the

Figure 1. Preparation methods and characterization of Agx%-pCuO, pCuO, and Cu(OH)2 needles. (a) Schematic illustration of the preparation of
Agx%-pCuO, (b) TEM images of Cu(OH)2 needles, (c) SEM images of Ag0.875%-pCuO, (d, g) TEM images of Ag0.875%-pCuO, (e) TEM images of
pCuO, (f) high-resolution TEM (HR-TEM) images of Ag0.875%-pCuO, and (h−k) element mapping analyses of Ag0.875%-pCuO.
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size of the material and its microstructure will also be characterized in
more detail by electron transmission microscopy (TEM, JEM-2800).
In addition, the crystal structure of the material and its components
were analyzed by powder X-ray diffraction (XRD, Shimadzu). Then,
the composition and valence changes of the elements on the catalyst
before and after the reaction were probed by X-ray photoelectron
spectroscopy (XPS, PHI5000 Versaprobe). Considering that the
catalyst is difficult to remove from the carbon paper after the
electrocatalytic reduction reaction, our team performed XPS tests
directly on the entire catalyst-loaded carbon paper. In this case, the
sampling method was to dry the tested carbon paper at room
temperature for 9 h and then cut the carbon paper to 0.5 × 0.5 cm2.
Next, the specific surface area of the material was measured in this
study by the Brunauer−Emmett−Teller (BET) test. Finally, in order
to investigate the actual loading of Ag on CuO, this study
quantitatively analyzed the exact amount of each element in the
material by inductively coupled plasma mass spectrometry (ICP, 7400
ICP-OES).

Electrochemical CO Reduction Measurement
The electrochemical properties of all samples in this experiment were
tested by MEA in DH7002A and RU-FT30120 electrochemical
workstations. The MEA was assembled by stacking the gas diffusion
electrodes (GDE), anion exchange membrane (AEM), and IrO2−Ti
felt and pressing them between the cathode plate (25 cm2 flow field,
titanium) and the anode plate (25 cm2 flow field, titanium). In this
case, GDE was prepared by spraying the catalyst ink (30 mg sample,
2970 μL of isopropanol, 30 μL of Nafion) uniformly onto the
hydrophobic gaseous diffusion layer by a spray gun technique to
obtain a catalyst with an average of 0.48 mg cm−2. KOH (1 M)
solution was used as the electrolyte in the anode of MEA and was
delivered with a peristaltic pump (5 mL min−1). In addition, the gas
flow of CO was maintained at 40 sccm during the electrochemical

tests. The FE for the products was calculated using the following
equation:

= ×nFxV jFE (%) 100 Tot
1

FECd2+
is the calculated FE for C2+ in percentage.

Product Analysis
The electrochemical properties of all samples were tested by using the
chronopotentiometry test. In addition, the collection of both liquid
and vapor phase products in the test was carried out after activation
for 20 min at the start of the test. The gas-phase products were
detected by an Agilent 7890B gas chromatograph (GC) (equipped
with a 5 Å molecular sieve column, TDX-01 column, thermal
conductivity detector, and flame ionization detector). While the
liquid-phase products were quantitatively and qualitatively detected
by 400 MHz nuclear magnetic resonance (NMR).
In Situ Characterization
In order to investigate in depth the mechanism of trace-doped Ag in
improving the catalytic performance of pCuO in CORR, our team
used in situ Raman (LabRAM RH Evolution) to monitor the
intermediate species on the surface of the material at different
potentials in real time during the material’s CORR process.
Application Scene
Considering the higher purity of CO (>80%) contained in the CCFS
(Table S1), it is possible to reduce the cost of CO purification prior to
resource utilization and improve the feasibility and economics of flue
gas resource utilization.39 The application scenario simulated in this
experiment is the electrocatalytic utilization of the flue gas from a
calcium carbide furnace after preliminary dedusting and purification.
Currently, CCFS contains a portion of gaseous impurities (HCN,
COS, and H2S) and solid impurities (dust), which tend to poison the

Figure 2. Structural characterizations of the Ag-pCuO series and pCuO. (a) XRD patterns of Ag-pCuO series and pCuO, (b) Cu 2p spectra of
Ag0.875%-pCuO, (c) Ag 3d spectra of Ag-pCuO series and pCuO, and (d) specific surface area measurement of Ag-pCuO series and pCuO.
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catalyst.40 The former can be removed by adsorption41 and catalytic
oxidation,42 while the latter can be removed by means of bag
dedusting or cyclone dedusting. Therefore, in this study, the CCFS
fraction with the above impurities and H2 removed (to avoid
confusion between the H2 in the simulated CCFS and the H2 in the
product) was used as the gas fraction of the simulated CCFS in the
pilot test (85% CO, 10% CO2, 5% N2, Nanjing Tianze Gas Co., Ltd.).
Then, the CORR performance and catalytic stability of the different
catalysts were compared to each other at high currents to select the
best catalyst for the electrocatalytic reduction of the dedusted flue gas
from the calcium carbide furnace.

■ RESULTS AND DISCUSSION

Characterization of Ag-Doped Porous CuO

Initially, Dorakhan et al. found that the Ag:Cu ratio on the
catalyst surface was the key factor affecting the performance of
the catalyst.36 To this end, in this study, a porous CuO
(pCuO) was synthesized with a 62% C2+ product selectivity in
the electrocatalytic reduction of CO2, referring to a previous
report. The following are the results of our team’s character-
ization of the catalyst (named Agx%-pCuO, with x%
representing the mass ratio of Ag:Cu during the preparation
process) using a series of non-in situ characterizations at
different Ag doping levels. In this manuscript, it was found that
the overall structure of pCuO exhibits a reticulated porous
structure, which consists of many cross-linked CuO nanorod-
like particles, and most of these nanoparticles (average size
70.99 nm, Figure S3), which are relatively smooth in
appearance, do not exist as individual nanoparticles but rather
as multiple particles cross-linked into a reticulated structure
(Figures 1b−d and S1a−g). The formation of this structure is
due to the precursor being an acicular Cu(OH)2 precipitate
(Figure 1b), and the stacking structure of this elongated
acicular material is similar to the interwoven structure between
the carbon fibers in a carbon cloth capable of forming a porous
nanonetwork upon calcination, an essential property required
to increase the efficiency of the gas product detachment in
high-efficiency CORR.43 Then, in this study, the chelating and
reducing properties of sodium citrate and ethylene glycol were
utilized to couple Ag+ with pCuO and reduce Ag+(Figure
1a),44 which in turn resulted in uniformly loaded pCuO with
Ag. From the EDS images, it can be concluded that when the
Ag doping amount is less than 1%, the reduced Ag is uniformly
distributed on the surface of the pCuO support, and the Ag
loading on the pCuO surface is directly proportional to the

doping amount in the prepared material. This implies that the
Ag:Cu ratio of the catalyst can be modulated by the synthesis
method of this experiment (Figures 1h−k, S2, and Table S3).
Combined with the results of BET (Figure 2d), the research
found that when the negative doping of Ag is less than 1%,
there is not much difference in the structure, size, and surface
morphology of the material before and after loading, which
indicates that a small amount of Ag doping does not destroy
the basic morphology of CuO (Figures 1d,e,g and S1b,d).
When the doping amount of Ag is greater than 1%, Ag starts
aggregating on the CuO surface to form AgNps and becomes
unevenly distributed (Figures 1f and S1h), which will block the
pore size of pCuO to a certain extent, reducing the specific
surface area of the material (Table S4) and affecting to a
certain extent the dominant active site of the material in
CORR, which in turn changes the catalytic selectivity of the
material.45

However, the maximum doping of Ag in this material is only
1.25%, which makes none of the metallic peaks of Ag appear in
the XRD images of Agx%-pCuO (Figure 2a). This also means
that sodium citrate only reduces Ag+ but not CuO during the
preparation of the material, and the main composition and
crystal structure of the material is still dominated by CuO.
Thus, in this research, the valence information on the elements
on Agx%-pCuO was deeply probed by XPS, and it was found
that the Cu valence on the material surface at different Ag
doping levels was basically Cu2+, which was consistent with the
previous XRD results. As for the valence state of Ag on the
surface of the material, two strong binding energy peaks (367.9
eV: Ag 3d5/2, 374.27 eV: Ag 3d3/2) were observed only on
Ag1%-pCuO with higher Ag doping. Considering that the
content of Ag on the surface of the material may be lower than
the detection limit of XPS, in this research, we believe that the
valence state of Ag on the surface of the material at other
doping levels is consistent with that of Ag0 (Figures 2b,c, S4
and S5). Ag1%-pCuO is consistent with Ag0 (Figure 2c). BET
tests further demonstrated that Ag0.875%-pCuO possesses the
largest specific surface area. This result stems from the doping
of low concentrations of Ag, which introduces new meso- and
microporous structures into the pCuO system, reducing the
average pore size of Ag0.875%-pCuO compared to pCuO and
effectively increasing the material’s specific surface area.
(Figure 2d and Table S4).
Next, the team used flow cells to evaluate the CORR

performance of Agx%-pCuO and pCuO in a 1 M KOH solution

Figure 3. Lab-scale measurement of Ag-pCuO series’ electrocatalytic CORR performances. Faradic efficiency of the reduction products for (a)
Ag0.875%-pCuO and (b) pCuO at different applied currents.
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to make a preliminary judgment on the potential of each
material for the treatment of simulated CCFS. In this research,
chronopotentiometry test was carried out for each material at
different operating currents, as shown in Figure 3b. The
optimum applied current for pCuO was −0.8 A, and FECd2+

up
to 81.4% was obtained at this operating current. However, the
CORR performance of pCuO decreases rapidly with increasing
current, and pCuO is able to obtain only 38.25% of FECd2+

when
the applied current is −1.4 A, which makes it difficult for
pCuO to be competent for industrial production. And the
CORR performance of Ag-doped pCuO is shown in Figure 3a,
where Ag0.875%-pCuO is able to obtain a peak C2+ faradic
efficiency of 80.5% when the applied current reaches −1.4 A,
and the FECd2+

of Ag0.875%-pCuO has been increasing from 66%
to 80.5% from the beginning to the end of −1.4 A, which

suggests that the Ag0.875%-pCuO has the potential for stable
and efficient C2+ production at high currents. In addition,
Ag0.875%-pCuO possessed the highest FECd2+

at a high current of
−1.4 A compared to other catalysts at Ag doping (Figure S6),
which could be attributed to its superior specific surface area
and suitable Cu, Ag, and Cu−Ag active sites.
Application Scene

A material that can operate stably and efficiently under high
currents is important for its ability to be widely used in
industry.46 In order to investigate the material in high-current
operation and its potential in treating CO-containing flue
gases, the team conducted medium-scale experiments on Agx%-
pCuO under simulated CCFS. In this research, the previous
flow cell and pure CO atmosphere were still used, but the
applied current increased from −1.4 to −4 A. It was found that

Figure 4. Pilot test of Ag-pCuO series’ electrocatalytic CORR performances. FE distribution of the CORR products for the (a) Ag0.875%-pCuO and
(b) pCuO catalyst at different currents in an MEA cell, (c) comparison of the electrocatalytic performances of Ag-pCuO series and pCuO at −4 A,
and (d) FE distribution of the CORR products for the Ag0.875%-pCuO at different currents in a reaction system with two cells in parallel. The gas
source of all of the tests is simulated CCFS and (e) chronopotentiometry stability test of Ag0.875%-pCuO at −4 A (−111.11 mA cm−2) in MEA.
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the hydrogen precipitation of the material under high current
increased significantly due to the disadvantages of the flow cell
in mass transfer and heat dissipation. When the current applied
to the cell reaches −3.5 A, the FEH2 of Ag0.875%-pCuO rises to
42.7%, while at the same time, the FECd2+

of the material
decreases by 22% compared to −1.5 A. At this point, the flow
cell started to heat up significantly, and the high temperature
inside the cell caused the hydrophobic layer of the GDE to fail,
leading to electrolyte leakage from the anode cell into the
cathode cell and interrupting the test (Figure S7a). In view of
the fact that it is difficult to fully utilize the performance of a
catalyst without a suitable reaction environment, in this study,
the reaction cell was replaced by a carbon-doped titanium-
based (Ti−C) MEA electrolytic cell with a higher mass
transfer efficiency and better heat dissipation performance. The
performance of electrocatalytic reduction of CCFS with Agx%-
pCuO was evaluated in the current range of −1 to −4 A and in
a 1 M KOH electrolyte. The test results show that Agx%-pCuO
exhibits a lower response potential under the same current
density in the test environment described above (Figure S8).
Additionally, no significant heating was observed in the MEA
cell during the experiment, indicating that this test environ-
ment is suitable for medium-scale testing of Agx%-pCuO. As
shown in Figure 4a, Ag0.875%-pCuO still maintains an extremely
superior C2+ faradic efficiency of 94% at high currents up to −4
A, whereas pCuO is only able to obtain a peak 81.5% faradic
efficiency for the C2+ product at relatively small currents. When
the applied current rose to −4 A, its FECd2+

had already
decreased to 66% (Figure 4b), which indicated that a portion
of the active site of the undoped Ag-doped pCuO was
deactivated under high currents, which could be caused by the
easy reconfiguration of pCuO under the strong reducing
conditions of high currents.47 In contrast, the high current
tolerance of Ag0.875%-pCuO may be attributed to the fact that
the Cu−Ag sites formed upon the introduction of Ag are
capable of both stabilizing the valence state of Cu2+ on the
surface of the material and its coordination environment, as
well as acting as a catalytically active site in the CORR.
Additionally, the performance of Ag0.875%-pCuO at −4 A is far
ahead of other ratio of Ag doping (Figures 4c and S7b−d),
suggesting that Ag0.875%-pCuO has the best Ag:Cu ratio. It is
also worth mentioning that the small amount of Ag doping
greatly enhances the reaction potential window of the material,

and only when the doping amount of Ag is higher than 1.25%
is the FECd2+

of the material at −4 A lower than that of pCuO.
Considering that AgNps are formed when the doping amount
of Ag is higher than 1%, the present study speculates that a
small amount of Ag doping can form Cu−Ag active sites on the
surface of pCuO and, at the same time, avoid the aggregation
of too much Ag to form AgNps to destroy the surface
structure, which can improve the catalytic performance of the
catalysts under high currents. In addition, it has been
demonstrated that AgNps also inhibit the selectivity of the
catalyst for C2+ products.

37

In order to verify that Ag0.875%-pCuO is able to efficiently
reduce the CCFS over a long period of time, the present study
was carried out in a 1 M KOH electrolyte, with a simulated
configuration of CCFS according to the current composition of
the flue gas in the calcium carbide furnace industry (85% CO +
10% CO2 + 5%N2). Chronopotentiometry stability tests were
carried out under simulated CCFS compositions at a constant
current of −4 A for a long period of time, and the products
were collected at regular intervals for analysis. Ultimately,
Ag0.875%-pCuO was able to achieve a stable operation for about
110 h with its operating voltage always maintained at −3.4 ±
0.1 V, and the FECd2+

(84.77%) after 110 h of reaction was only
attenuated by about 6.08% compared with that at the
beginning of the reaction (90.85%), which demonstrated
excellent −4 A durability (Figure 4e). In contrast, the catalytic
performance of pCuO starts to drop off a cliff after 4 h of
reaction under the same test conditions (FECd2+

≈ 46.9%), and
the operating voltage of pCuO (−4.8 V) is much higher than
that of Ag0.875%-pCuO (Figure S9). This suggests that the
introduction of Ag improves the stability of the catalyst in
treating simulated CCFS under high currents and reduces the
treatment energy consumption, reflecting the excellent
potential of Ag0.875%-pCuO in the field of industrial-scale
resourcefulness of CCFS. Finally, this study preliminarily
explored the model of Ag0.875%-pCuO for industrial applica-
tions and achieved CORR tests in simulated CCFS as well as at
−8 A by connecting two MEA cell bodies in parallel and
obtained 81.05% of the C2+ faradic efficiency and nearly double
the amount of product compared to a single MEA cell at −4 A.
(Figures S10 and S11)

Figure 5. Auger patterns (a) of Ag0.875%-pCuO materials after the 110 h CORR reaction and Auger patterns (b) of Ag-pCuO materials after the 4.5
h CORR reaction.
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In Situ and Post Catalysis Characterizations

To preliminarily investigate the effect of Ag doping on the
surface valence stability of the materials, our team performed
XPS tests on Ag0.875%-pCuO after 110 h of reaction and on
pCuO after 4.5 h of reaction. Since the peak positions of CuO
2p3/2 (933.6 eV) and Cu2O 2p3/2 (932.8 eV) in the XPS
energy spectrum of Cu 2p are too close to be analyzed (Figure
S12), the present study found that the surface valence state of
Ag0.875%-pCuO after the reaction for 110 h was mainly Cu2+
(569.2 eV) with a small amount of Cu+ (573.1 eV) after 110 h
of reaction,48 suggesting that the catalyst has good valence
stability with only a small portion of the catalyst undergoing in
situ reduction during the treatment of simulated CCFS (Figure
5a). In contrast, pCuO obviously possesses a stronger peak at
573.1 eV (Cu+), which suggests that the doping of Ag can
improve the valence stability of Cu in the treatment of
simulated gas, which lays the foundation for its ability to stably
and efficiently resource the flue gas of a calcium carbide
furnace (Figure 5b).
Then, in order to further investigate the mechanism of

doping the appropriate amount of Ag in pCuO to improve the
catalyst processing performance, this study was carried out to
identify the different intermediates and surface substances
produced during the electrocatalytic reduction of simulated
CCFS by Ag0.875%-pCuO and pCuO using in situ Raman. To
distinguish between intermediates and surface species with
similar peak positions, a curve-fitting method was employed in

this study to analyze the regions where peak overlap occurs
(Figure S14). For Ag0.875%-pCuO, it was found that the Cu-CO
stretching peak (380 cm−1) gradually disappeared with the
increase of applied potential, while the Ag-CO peak (535
cm−1) first strengthened and then weakened and had a very
strong peak signal at −2.0 V. This indicates that the main CO
adsorption site changed from Cu to Ag under high current and
enhanced the CO adsorption on the catalyst surface.
Meanwhile, the Cu-*OH peak (520 cm−1) exhibited a
tendency to weaken initially and then strengthen as the
applied potential increased. Considering that *OH can serve as
a carrier of both electrons and protons on the catalyst
surface,49 we conclude that Ag0.875%-pCuO enhances the
hydrogenation efficiency of C2+ intermediates at medium to
high potentials and demonstrates excellent electron transfer
capability. In addition, the *OCCOH peak (1310 cm−1) was
also observed at low potentials as well as the *OCCHx peak
(1610 cm−1) at medium to high potentials.50 The former is a
key intermediate for the formation of ethanol and propanol,
while the latter is a key intermediate for the formation of acetic
acid, which suggests that Ag0.875%-pCuO is more inclined to
generate ethanol and propanol at small currents and more
selective for acetic acid at large currents, and this analysis is
also in agreement with the results of the performance test of
Ag0.875%-pCuO in a simulated CCFS atmosphere (Figure 6a).
In contrast, pCuO has strong Cu-CO stretching, and COatop
(2065 cm−1) peaks only at low potentials, and the signal of the
Cu−OH peak (520 cm−1) is gradually enhanced with

Figure 6. (a) In situ Raman spectroscopy studies of Ag0.875%-pCuO in a flow cell with the electrodes in contact with 1 M KOH; (b) schematic
illustration of the possible reaction pathway of CO reduction over Ag0.875%-pCuO.
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increasing potential, which suggests that pCuO reduces the
adsorption of CO at high potentials, thereby lowering the rate
of *OH consumption (Figure S13). In summary, the
introduction of Ag improves the adsorption of CO by CuO
at high currents and provides abundant Cu−Ag sites to
optimize the C2+ selectivity of CuO (Figure 6b).

■ CONCLUSIONS
This study presents a CORR technology that achieves high C2+
faradic efficiencies at elevated currents, utilizing a porous CuO
catalyst with 0.875% Ag doping. This technology demonstrates
significant potential for the efficient resource utilization of
CCFS. Ag0.875%-pCuO demonstrated stable and efficient
electrocatalytic reduction of simulated CCFS in a Ti−C
MEA electrolytic cell at a high current of −4 A. It achieved a
high C2+ faradic efficiency of up to 94% and maintained over
84% efficiency after 110 h of operation. The superior CORR
performance of Ag0.875%-pCuO in a simulated CCFS
atmosphere is attributed to moderate Ag doping, which
enhances the porous CuO by providing selective Cu−Ag active
sites, increasing the CO coverage, and stabilizing the valence of
CuO. These effects are strongly supported by both ex situ
characterization and in situ Raman testing. Finally, this study
conducted CORR tests using two parallelly connected MEA
cells under simulated CCFS and at −8 A, achieving an 81.05%
C2+ faradic efficiency and nearly double the product yield
compared to a single MEA cell at −4 A. This work fills a
technological gap in the utilization of CORR for the recovery
of CO-containing industrial flue gases, providing valuable
insights that will undeniably illuminate novel possibilities for
the industrial application of the CORR.
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