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1. Introduction

The excessive reliance on fossil fuels has led to
a sharp rise in atmospheric CO2 concentrations,
intensifying the greenhouse effect and accelerat-
ing global climate change.[1,2] This pressing
issue necessitates the development of efficient
strategies for CO2 capture, storage, and
conversion.[3,4] Among these, the electrochemi-
cal reduction reaction of CO2 (CO2RR), pow-
ered by renewable electricity, has emerged as a
promising route for converting CO2 into
value-added products such as carbon monoxide
(CO), formic acid, and alcohols.[5–10] CO is
particularly attractive due to its industrial rele-
vance as a key feedstock in processes like
Fischer–Tropsch synthesis.[11] However, achiev-
ing high selectivity and activity for CO produc-
tion is challenging, primarily due to the
competitive hydrogen evolution reaction (HER)
and the substantial energy barrier associated
with CO2 activation.

[12–14]

In addition to the development of efficient
electrocatalysts, the design of advanced elec-
trode architecture is critical, particularly for
overcoming CO2 mass transport limitations in

the conventional H-cell system under industrial current density.[15,16]

Gas diffusion electrodes (GDEs), integrated into flow-cell configura-
tions, are now standard for evaluating catalyst performance at high
reaction rates.[17] Conventional GDEs typically comprise multiple layers,
including a gas diffusion layer, microporous layers, and a catalyst layer,
where the catalysts are dispersed with polymeric binders (e.g, Nafion
ionomer and PTFE) and coated onto a carbon substrate.[18,19] In con-
trast, self-supported hollow fiber gas diffusion electrodes (HFGDEs) can
simplify cell structure by utilizing the lumen side as a gas chamber.
CO2 gas is directly fed through the lumen side of the hollow fiber,
where it penetrates through the hollow fiber walls to reach active sites,
ensuring sufficient CO2 delivery at the triple-phase interfaces.

[20,21]

Copper hollow fibers (Cu HFs) have proven particularly effective for
microtubular GDEs in the application of CO2 electrochemical conver-
sion. Pristine Cu HF typically produces a mixture of products, such as
CO, formate, and C2+ hydrocarbons, due to its broad catalytic behavior
at varying current density.[22–26] Moreover, copper hollow fiber can
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Electrochemical reduction of CO2 (CO2RR) into value-added products offers a
promising strategy to reduce dependence on fossil fuels, particularly when
powered by renewable electricity. However, CO2RR faces challenges, including
high activation energy barriers, competing side reactions, and limited CO2

mass transport. Addressing these limitations requires not only the
development of advanced electrocatalysts to enhance CO2RR activity but also
the design of electrodes to optimize gas-catalyst-electrolyte interfaces and
facilitate efficient mass transport, thereby advancing CO2RR toward
industrial-scale applications. Herein, we developed flow-through hollow fiber
gas diffusion electrodes (HFGDEs) featuring in situ galvanic growth of
flower-like silver structures. The abundant ultrathin 2D nanosheets enhance
active sites and CO2RR activity, and the resulting electrode achieves a high
Faradaic efficiency of CO of 91% at �1.2 (V vs RHE). Furthermore, the
HFGDE configuration ensured sufficient CO2 delivery to the active sites,
enabling a partial current density of CO of 280.8 mA cm�2. In situ Raman
spectroscopy revealed that the in situ-grown silver flower structure promotes
the adsorption of *COOH intermediate, thereby accelerating CO2RR kinetics.
Moreover, the robust CO2 supply afforded by the HFGDE configuration is
crucial to suppress competitive hydrogen evolution reaction (HER) and
maintain high CO2RR activity under industrially relevant current densities.
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serve as conductive substrates for the in situ growth of electrocatalysts,
allowing for precise control over product distribution.[27–33] For
instance, modification with bismuth or tin has enhanced formate
production,[30,31,33] while the deposition of zinc nanosheets has shown
promise for syngas generation.[27] Among metallic catalysts, silver is
regarded as one of the most selective catalysts for CO production. How-
ever, direct electrodeposition of Ag on Cu HF is complicated by sponta-
neous galvanic replacement reaction (GRR), due to the more positive
standard reduction potential of Ag+/Ag (E0Ag+/Ag=+0.799 V) com-
pared to Cu2+/Cu (E0Cu2+/Cu=+0.34 V).[28]

To address this, we present the rational design of HFGDEs incorpo-
rating in situ GRR-grown silver catalysts on Cu HF for efficient electro-
chemical conversion of CO2 to CO at industrial-level current densities.
The morphology of the Ag catalyst can be precisely tuned to dendritic
structure (Ag DS-HF) or flower-like nanostructure (Ag FS-HF) by intro-
ducing citric acid and ammonia to modulate the nucleation and growth
environment. The Ag FS-HF electrode exhibits a significantly enlarged
electrochemical surface area (ECSA), which is nearly twice that of bare
Cu HF, enhanced electron transport, and improved CO2 accessibility at
the triple-phase interface, effectively suppressing HER and promoting
CO2RR kinetics. Notably, the Ag FS-HF electrode achieved a high Fara-
daic efficiency of CO of 91.0% at �1.2 (V vs RHE), along with a partial
current density of CO of 280.8mA cm�2 under a total current density
of 400mA cm�2. Furthermore, the ratio of partial current density of
CO in GDE mode versus non-GDE mode increased significantly with
current density, highlighting the essential role of CO2 supply in sup-
pressing HER and maintaining CO2RR activity.

2. Results and Discussion

2.1. Microstructure and Morphology Analysis

The preparation of silver flower structure-based HFGDEs is schemati-
cally presented in Figure 1a. After immersing pre-treated Cu HF into
different Ag GRR solutions, a rapid color change of the copper surface
was observed, indicating a fast galvanic replacement reaction between
Cu and Ag+. The resulting fibers exhibited distinct morphologies and
colors. The sample with dendritic silver morphology (Ag DS-HF)
turned black (Figure 1b,c), while the one with flower structure (Ag FS-
HF) appeared gray (Figure 1b,d). In contrast to the loosely bound den-
dritic silver structures on Ag DS-HF, the Ag FS-HF displayed a densely
packed assembly of ultrathin nanosheets uniformly covering the Cu HF
surface. Cross-sectional images of Ag FS-HF (Figure 1e,f) further con-
firm that the silver catalyst is predominantly localized on the outer sur-
face of the hollow fiber, consistent with the energy dispersive
spectroscopy (EDS) elemental mapping image of Ag FS-HF (Figure 1g).

The hollow fiber gas diffusion electrode was prepared by sticking a
hollow fiber into a copper tube via conductive silver epoxy. The other
ends as well as the joints were sealed and covered with non-conductive
and gas-tight epoxy and tested in an H-cell setup (Figure S2a,b, Sup-
porting Information). CO2 gas penetrates through the hollow fiber
walls (Cu skeleton) and reaches partially wetted silver catalysts
(Figure S2c, Supporting Information). The effective surface area of the
electrode is mostly the silver catalyst layer on the outside surface of
the hollow fiber electrode. The thickness of silver catalysts with a flower
structure is around 11.5 μm (Figure S3, Supporting Information).

The crystalline structures of Cu HF, Ag DS-HF, and Ag FS-HF were
further characterized via X-ray diffraction (XRD). For the pristine Cu

HF, characteristic peaks were observed at 43.3, 50.4, and 74.1°, corre-
sponding to the (111), (200), and (220) crystal planes of metallic Cu
(PDF#89-0838).[27] In both Ag-grown samples, the intensities of these
Cu peaks decreased, particularly in Ag FS-HF, indicating significant sur-
face coverage of Ag catalysts. In addition, four distinct peaks emerged at
38.2, 44.3, 64.4, and 77.5° (Figure 1h), corresponding to the Ag
(111), (200), (220), and (311) crystal planes of the metallic
Ag (PDF#87–0718).[28] To further investigate the surface element
composition, X-ray photoelectron spectroscopy (XPS) was conducted.
Ag FS-HF exhibited the highest Ag 3d signal and the lowest Cu 2p
intensity among the samples (Figure S4, Supporting Information), con-
sistent with the XRD findings. Quantitative XPS analysis revealed a sur-
face atomic ratio of Ag to Cu for Ag FS-HF is 97.8:2.2, while Ag
DS-HF retained a significantly higher Cu surface exposure, with 24.4%
of Cu atoms presented on the outer surface (Table S1, Supporting Infor-
mation). High-resolution XPS spectra of Ag 3d showed peaks at 374.3
and 368.3 eV, respectively, corresponding to Ag 3d3/2 and Ag
3d5/2,

[34,35] characteristic of metallic Ag0 (Figure 1i).
The growth mechanism of Ag catalysts on Cu HF was investigated

in detail. The outer surface of the Cu HF, composed of micron-sized
fused copper particles (Figure 2a), provides abundant active sites for
the reduction of Ag+ during GRR. Immersing Cu HF in a 0.02 M

AgNO3 solution for a few seconds initiates rapid nucleation, yielding
dendritic and oversized Ag structures (Figure 2b), indicating an unre-
gulated and rapid replacement reaction between Cu and Ag+ ions.[36]

To suppress this rapid reaction rate and promote controlled morphol-
ogy, citrate ions were introduced as shape-directing agents, adsorbing
onto the Ag (111) crystal facets and facilitating the anisotropic growth
required for Ag nanosheet formation.[37–39] However, adding citric
acid alone is insufficient to direct Ag nanosheet formation due to the
limited availability of free citrate ions under weak acidic conditions
(Figure 2c).

The formation of high-density Ag nanosheet-based flower-like struc-
tures on Cu HF was achieved through the synergistic action of citric
acid and ammonia during the GRR between Ag+ and Cu. Ammonia
plays two essential roles: it promotes the deprotonation of citric acid,
thereby increasing the concentration of free citrate ions, and it com-
plexes with Ag+ to form [Ag(NH3)2]

+, effectively moderating the
reduction kinetics by lowering the concentration of free Ag+ ions. Cit-
rate is a tricarboxylate anion at near-neutral/basic pH. The deprotonated
carboxyl groups strongly interact with the positively charged surface
atoms of Ag(111) through electrostatic interactions and weak coordina-
tion. Because citrate stabilizes Ag(111), the growth rate along the
[111] direction is suppressed, resulting in two-dimensional lateral
growth and promoting the formation of ultrathin nanosheets rather
than isotropic particles.[37]

The GRR solution was composed of 0.02 M AgNO3 with citric acid
at controlled molar ratios relative to Ag+, followed by adding ammonia
to form a transparent solution. Similar to the formation of
[Ag(NH3)2]

+ solution, after adding ammonia to AgNO3 with citric
acid solution, the whitish precipitate Ag(OH) that forms initially redis-
solves with further addition of ammonia until forming a transparent
solution. A systematic investigation of the Ag-to-citrate molar ratio
revealed a strong dependence of morphology on the molar ratio. At a
ratio of 8:1, smaller nanosheets dominate (Figure 2d), while decreasing
the ratio to 4:1 and 2:1 results in progressively larger nanosheets
(Figure 2e,f). When the ratio reached 1:1, the formation of bulky,
agglomerated silver particles became apparent (Figure 2g). Further
decreasing the ratio to 1:2 eliminates nanosheet formation, likely due
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to excessive citric acid shifting the equilibrium toward non-dissociated
species and reducing the effective concentration of free citrate ions
(Figure 2h). Ammonia also modulates the redox kinetics by complex-
ing with Ag+ to form [Ag(NH3)2]

+. When a 0.02 M [Ag(NH3)2]
+

solution was directly used in the GRR, the resulting Ag structures
exhibited a nanoparticulate morphology on the Cu HF surface
(Figure 2i), suggesting a slower reaction rate due to suppressed free
Ag+ ions, underscoring the dual role of ammonia as both a deprotona-
tion promoter and a complexing agent.

To further validate the reproducibility and universality of the GRR
procedure, both Cu foil and Cu mesh substrates were employed for the
in situ growth of flower-like silver nanostructures via the GRR. After
being placed in the GRR solution for 20 mins, the shiny copper color
of both samples turned gray, indicating silver deposition. The surface
SEM images of both samples before and after GRR confirmed the for-
mation of abundant silver nanosheets distributed on the smooth sur-
faces of both Cu foil and Cu mesh (Figure S5, Supporting
Information).

Figure 1. a) Schematic illustration of controlling growth silver catalysts with different morphologies on Copper hollow fiber via galvanic replacement
methods; b) Photo images Cu HF, Ag DS-HF, Ag FS-HF; Surface SEM images of c) Ag DS-HF, and d) Ag FS-HF; Cross-sectional images of e) Ag FS-HF and f)
Ag FS-HF with high magnification; g) energy dispersive spectroscopy (EDS) elemental mapping images of cross-sectional of Ag FS-HF; h) XRD patterns of Cu
HF, Ag DS-HF, and Ag FS-HF; i) high-resolution XPS spectra of Ag 3d for Cu HF, Ag DS-HF, and Ag FS-HF.
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The proposed mechanism for the formation of dense, flower-like sil-
ver structures is illustrated in Figure S6, Supporting Information. When
immersing Cu HF in a galvanic solution containing Ag+, citric acid,
and ammonia, Ag+ is reduced by electrons supplied by the metallic Cu
to form Ag0 nuclei. Citrate ions, facilitated by ammonia-mediated
deprotonation, adsorb onto the Ag (111) crystal facets, directing the
anisotropic growth of Ag nanosheets. Simultaneously, the presence of
[Ag(NH3)2]

+ complexes modulates the local reduction kinetics, allow-
ing for controlled nucleation and sheet growth. Cross-sectional SEM
images (Figure S3a,b, Supporting Information) support this mecha-
nism, revealing the formation of a compact layer of small Ag
nanosheets followed by their lateral expansion into larger sheets and a
flower structure.

2.2. Electrocatalytic CO2RR Performance of HFGDEs

The electrocatalytic performance of HFGDEs was evaluated in a custom-
ized H-cell. As shown in Figure 3a, all hollow fiber electrodes

exhibited increasing current densities with applied more negative
potentials, indicating excellent electron transfer (ET) between electrodes
and in situ grown catalysts. The Ag FS-HF electrode demonstrated
nearly twice the current density of the bare Cu HF electrode, attributed
to the presence of silver and its high-density nanosheet structure, which
offers a greater ECSA (Figure 3a). This structural advantage resulted in a
high intrinsic selectivity for CO production, with the Ag FS-HF elec-
trode achieving more than 80% FE for CO (Figure 3b) across a poten-
tial window from �0.9 to �1.3 (V vs RHE). A peak CO FE of 91%
was observed at �1.2 (V vs RHE). In contrast, the Cu HF electrode
favored formate formation, with around 70% FE (Figure S7, Supporting
Information) over the potential from �1 to �1.3 (V vs RHE), consis-
tent with previous reports of Cu HF.[23,24] The Ag DS-HF exhibited a
mixed product distribution of CO and formate, attributed to the
co-exposure of Cu particles and Ag dendritic catalytic sites (Table S1,
Supporting Information). The high density of Ag nanosheets also con-
tributes to the suppression of competitive HER, as supported by its
lower H2 selectivity (Figure 3c). In terms of CO production efficiency,
the Ag FS-HF electrode delivered a partial current density of CO

Figure 2. Surface SEM images of a) Cu HF, Cu HF after immersed in b) 0.02 M Ag NO3, c) 0.02 M Ag NO3 + 0.01 M critic acid (CA), d) 0.02 M Ag
NO3 + 0.0025 M CA+ NH3�H2O, e) 0.02 M Ag NO3 + 0.005 M CA+ NH3�H2O, f) 0.02 M Ag NO3+ 0.01 M CA+ NH3�H2O, g) 0.02 M Ag NO3+ 0.02 M

CA+ NH3�H2O, h) 0.02 M Ag NO3 + 0.04 M CA+ NH3�H2O, and i) 0.02 M [Ag(NH3)2]
+ solution.
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(PCDCO) of 51.2mA cm�2 at �1.3 (V vs RHE), significantly outper-
forming the Cu HF electrode (Figure 3d). Compared to the state-of-the-
art silver-based electrocatalysts, the Ag FS-HF electrode delivered a high
PCDco of 41.2 and maintained a high Faradic efficiency over 91% for
CO production at �1.2 (V vs RHE). In contrast, most of these electro-
catalysts only achieve PCDco below 10mA cm�2. This is because the
CO2 supply is limited by dissolved CO2 in the bulk electrolytes.

The growth of silver catalysts onto bare Cu HF significantly enhances
ECSA, promotes ET, and reduces charge transfer resistance. The ECSA,
evaluated via double-layer capacitance (Cdl) measurements, reveals that
the Ag FS-HF electrode exhibits nearly twice the Cdl value of the Cu HF
electrode (Figure 4a), indicating a substantially increased number of
active sites. Furthermore, electrochemical impedance spectroscopy (EIS)
conducted at �0.9 (V vs RHE) shows a markedly low charge transfer
resistance of 6.95Ω for the Ag FS-HF electrode, suggesting reduced
charge transfer resistance and enhanced reaction kinetics (Figure 4b).

Tafel analysis was performed to elucidate the kinetics of CO2 electro-
reduction to CO on the Ag FS-HF electrode. The theoretical value of the
Tafel slope for the first ET is 118mV dec�1, while the involvement of a
proton transfer results in a Tafel slope of 59mV dec�1.[40,41] The Ag
FS-HF electrode exhibited a Tafel slope of approximately
220mV dec�1, which, while larger than the theoretical value of
118mV dec�1, suggests that the initial CO2 activation form *COO�

intermediate remains the rate-determining step. To further probe the
electroreduction of CO2 to CO mechanism on the Ag FS-HF electrode,
the potential-dependent in situ Raman spectroscopy was employed. As
shown in Figure 4d, two characteristic Raman peaks at around 418 and
542 cm�1 were detected, corresponding to surface adsorbed *COOH
and *COO� intermediates.[40,41] They are key intermediates for
the electrochemical conversion of CO2 to CO, supporting a

proton-electron-coupled transfer mechanism
that governs the reaction pathway. The peak
intensity of *COOH and *COO� increased at
more negative potentials, reflecting higher sur-
face adsorption of intermediates consistent with
the observed CO2RR activity trend (Figure 3d).

The electrochemical reduction of CO2 to CO
is generally accepted to proceed through three
reaction steps as in the following
Equations (1–3),

CO2 aqð Þ þ Hþ þ e�½ � ! COOH� aqð Þ (1)

COOH� aqð Þ þ Hþ þ e�½ �
! CO� aqð Þ þ H2O aqð Þ (2)

CO� aqð Þ ! CO gð Þ (3)

A proposed mechanism for CO2RR to CO on
the Ag FS-HF electrode is illustrated in
Figure 4e. The reaction initiates with CO2

adsorption and activation on the Ag surface,
leading to the formation of the *COO� inter-
mediate, which is identified as the rate-
determining step. The *COO� intermediate
subsequently reacts with a proton to form the
*COOH species. A subsequent proton-coupled
electron transfer transforms *COOH to H2O

and *CO. Finally, *CO desorbs from the electrode, releasing CO gas
and regenerating the active sites for the next catalytic cycle.

2.3. HFGDE Configuration and the Evaluation at Industrial-Level
Current Density

At industrial-level current densities, the rapid consumption of CO2 near
the catalytic sites can lead to local CO2 depletion, which promotes com-
peting side HER and compromises CO2 to CO electroreduction.[18,21]

Thus, maintaining adequate CO2 availability at the reaction interface is
essential for suppressing HER and sustaining efficient CO2RR efficiency
under such conditions. In the flow-through gas diffusion electrode con-
figuration (Figure 5a; Figure S8a, Supporting Information), CO2 is
introduced through the lumen side of the hollow fiber electrode, with
the opposite end sealed. This setup allows CO2 to penetrate through the
porous fiber walls and directly reach the catalyst/electrolyte interface.
The computational fluid dynamics (CFD) modeling visualized the CO2

distribution on D-AgNS HF in GDE mode (Figure S8b, Supporting
Information), where the CO2 continuously flows through the hollow
fiber micron-scale channels, efficiently reaching the catalyst-electrolyte
interfaces. In contrast, in the non-GDE mode, CO2 gas is bubbled into
the bulk catholyte, resulting in pore flooding within electrodes
(Figure 5b; Figure S8c, Supporting Information). This significantly
limits CO2 mass transport due to the extended diffusion path from the
electrolytes to the active sites (Figure S8d, Supporting Information),
thereby reducing overall CO2RR performance.[42]

At industrial-level current densities, competition for electrons
between CO2 and water intensifies. When CO2 is adequately supplied
via the electrode (Figure 5a), the electroreduction of CO2 to CO is

Figure 3. a) Linear sweep voltammetry (LSV) curve, b) Faradaic efficiency of CO, c) H2, and d) partial
current density of CO over Cu HF, Ag DS-HF, and Ag FS-HF electrodes.
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favored. However, insufficient CO2 availability at active site shifts the
reaction selectivity toward HER (Figure 5b). This trend is reflected in
the Faradaic efficiency of CO (FE CO) under GDE and non-GDE

operating modes (Figure 5c). When operating in non-GDE mode, FE
CO decreased sharply to 25.2% at 100mA cm�2 to just 8.1% at
400mA cm�2. In contrast, the Ag FS-HF electrode in GDE mode

Figure 4. a) Dual-layer capacitance values of Cu HF, Ag DS-HF, and Ag FS-HF electrodes; b) electrochemical impedance spectroscopy (EIS) Nyquist plot over
Cu HF, Ag DS-HF, and Ag FS-HF electrodes measured at �0.9 (V vs RHE); c) Tafel slope analysis of Ag FS-HF electrode; d) time-resolved operando Raman
spectra to monitor CO2RR intermediates at applied potentials over Ag FS-HF electrode; e) proposed reaction pathway for electrochemical reduction of CO2

to CO on the Ag FS-HF electrode surface.
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Figure 5. Schematic illustration of CO2 and water distribution for Ag FS-HF electrode operated in a) GDE mode and b) non-GDE mode; c) Faradaic
efficiency of CO and d) partial current density of CO (PCDCO) for Ag FS-HF electrode performed in GDE and non-GDE mode at applied current densities; e)
long-term operation of Ag FS-HF electrode in customized flow cell at �200 mA cm�2; f) overall CO2RR performance comparison for peer HFGDEs including
ZncNS-HF,[27] Ag30ZnNS-HF,[28] ECD-HFGDE,[29] AgHF(O)-ER,[43] and Ag FS-HF electrodes.
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maintained significantly higher FE CO values of 86.4% and 70.2% at
the corresponding current densities. In terms of H2 formation, the Ag
FS-HF electrode in GDE mode exhibited a Faradaic efficiency of H2

below 30%, whereas non-GDE operation resulted in a significantly
higher FE of H2 exceeding 88% (Figure S9, Supporting Information).

In GDE mode, the Ag FS-HF electrode achieved a PCDCO as high as
280.0mA cm�2 and a CO production rate of 5223.1 μmol h�cm�2, an
order of magnitude higher than only 32.1mA cm�2 and
596.9 μmol h�cm�2 observed in non-GDE mode (Figure 5d;
Figure S10, Supporting Information). Notably, the ratio of PCDCO in
GDE to non-GDE mode exhibited a significant increase with current
density, rising from 1.3 at 50 to 3.5 at 100mA cm�2, further to 8.8 at
400mA cm�2 (Figure S11, Supporting Information). These results
highlight that at industrial-level current densities, the reaction of CO2

electroreduction is governed by the availability of CO2 at active sites. A
continuous and sufficient CO2 supply enabled by the flow-through
GDE configuration is therefore essential to suppress HER and maintain
CO2RR performance.[44,45]

The long-term stability testing of the Ag FS-HF electrode was carried
out in a customized flow cell (Figure S12, Supporting Information),
using 1 M KCl with 0.1 M KCHO3 buffer as the catholyte under a con-
stant current density of 200mA cm�2. The Ag FS-HF electrode exhib-
ited excellent durability (Figure 5c), maintaining a FE CO around 80%
during 47 h with refreshing electrolytes after 24 h. Post-stability XRD
analysis confirmed the structural integrity of the Ag catalyst layer with
Cu HF (Figure S13, Supporting Information). The SEM image of the
related electrode (Figure S14, Supporting Information) further revealed
that the flower structure with a high density of thin Ag nanosheets
remained intact after long-term testing, reflecting the robust perfor-
mance of the Ag catalyst. Furthermore, quantitative XPS analysis
(Figure S15, Supporting Information) revealed a surface atomic ratio of
Ag to Cu for Ag FS-HF (after reaction) of 97.9:2.1, similar to that
of Ag FS-HF before reaction (Table S1, Supporting Information), indi-
cating the robustness of the silver catalyst layer. A comparison between
the Ag FS-HF electrode and previously reported HFGDEs[27–29,43] fur-
ther highlights its superior performance (Figure 5f). Notably, the Ag
FS-HF electrode delivered exceptional stability, maintaining continuous
electroreduction of CO2 to CO over 47 h at 200mA cm�2, significantly
outperforming the reported ZncNS-HF electrode.[27] This indicates the
in situ galvanic growth of silver catalysts offers greater structural robust-
ness and interfacial integrity compared to electrodeposited Zn catalysts
on Cu HF. Furthermore, the Ag FS-HF electrode also achieved the high-
est PCDCO and CO production rate, attributed to the synergistic effect of
its densely packed, ultrathin Ag nanosheets and the flow-through GDE
configuration, which together facilitate efficient CO2 transport to the
catalytic sites, thereby enhancing CO2RR activity under industrially rele-
vant conditions.

3. Conclusion

In this study, we applied a simple galvanic replacement method to in
situ-grown highly active silver flower-like catalyst on Cu HFGDEs to
tune its selectivity for the electrochemical reduction of CO2 to CO. The
formation of high-density Ag nanosheet-based flower-like structures
was delivered through the synergistic action of citric acid and ammonia
during the GRR between Ag+ and Cu. The resulting Ag FS-HF electrode
achieved nearly twice the ESCA and current density as that of the bare
Cu HF. The Ag FS-HF electrode also delivered a high Faradaic efficiency

of CO of 91% at �1.2 (V vs RHE). The dense coverage of the Ag
flower structure is key to preventing the underlying Cu substrate from
participating in the reaction, whereas the Ag DS-HF, which exposes
some of the Cu surface, leads to the formation of formate. In situ
Raman spectroscopy revealed that the highly active Ag flower structure
enhanced the adsorption of the *COOH intermediate, facilitating
CO2RR kinetics. At industrial-level current density, the Ag FS-HF elec-
trode achieved a partial current density of CO of 280.8mA cm�2,
attributed to the HFGDE configuration ensuring sufficient CO2 delivery
to the active sites. The ratio of PCDCO in GDE mode versus non-GDE
mode increased significantly with current density, underscoring the
critical role of CO2 availability in suppressing HER and maintaining
CO2RR activity. The Ag FS-HF electrode delivered exceptional stability,
maintaining continuous electroreduction of CO2 to CO over 47 h at
200mA cm�2, indicating the in situ galvanic growth of silver catalysts
offers greater structural robustness and interfacial integrity. This work
highlights a promising strategy for the rational design of flow-through
GDEs to maximize desired conversion under industrially relevant condi-
tions. Beyond the electrochemical conversion of CO2 to CO, the hollow
fiber electrode can serve as a versatile platform for targeting other
CO2RR production (e.g., formate and ethanol) or other gas-phase reac-
tions (e.g., electroreduction of N2, CO) by tailoring catalyst selectivity.
However, the complex fabrication process leads to poor pore size distri-
bution. Future studies can look forward to tuning pore sizes, ensuring
consistent gas permeability, and maximizing the triple-phase interfaces.
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