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A B S T R A C T

The availability of CO2 near the active sites is crucial for suppressing hydrogen evolution reaction (HER) and 
improving the kinetics of electrochemical reduction of CO2 (CO2RR) in aqueous electrolytes at high current 
density. The hollow fiber gas-diffusion electrodes (HFGDEs) configuration can deliver CO2 continuously to 
catalyst/electrolyte interfaces without requiring a separate gas chamber, contrasting with planar gas-diffusion 
electrodes (GDEs). However, the relatively inhomogeneous pore geometry on the surface of HFGDEs leads to 
poor CO2 distribution, resulting in an increasing number of flooded pores and parasitic HER, especially at high 
current densities. This work presents a facile strategy to enhance CO2 distribution and optimize triple-phase 
boundary formation by manipulating the surface wettability of HFGDEs. The infiltration and melting of hy
drophobic agents (e.g., polytetrafluoroethylene (PTFE)) have been carried out on the Zn nanosheet-deposited Cu 
hollow fiber. The fluorescent residue area (water surface coverage) with a ~66.7 % decrease and the observation 
of CO2 bubbling enhancement confirmed the improvement of CO2 distribution on HFGDE, and the resulting 
HFGDE achieved around ~39 % increase in terms of industrial-scale CO partial current density and 4 times 
higher stability compared to the pristine HFGDE. This research highlights the use of HFGDEs to achieve gas flow- 
through, further combining with a versatile strategy to enhance CO2 distribution which can be applied for other 
gas-phase electrolysis reactions through creating improved triple-phase interfaces and maximizing reaction 
activity.

1. Introduction

Storing renewable electricity into value-added chemicals via elec
trochemical reduction reaction of CO2 (CO2RR) is an effective strategy 
for mitigating carbon emissions and reducing conventional feedstock 
consumption [1,2]. Among the diverse array of CO2RR products, carbon 
monoxide (CO) garners significant attention as a crucial raw chemical 
for industrial processes, including the Fischer-Tropsch [3]. However, a 
key challenge for the electrochemical conversion of CO2 to CO is that the 
competitive hydrogen evolution reaction (HER) also occurs at the same 
potential range as CO2RR. Therefore, numerous efforts have been 
devoted to developing advanced electrocatalysts with high intrinsic 
activity and selectivity for CO production [4–8]. Most of the electro
catalysts for CO production were performed in H-Cell with limited 

current densities around of 10 mA/cm2. The low current density of 
electrocatalysts performed in H-Cell [7–11] is mainly attributed to the 
deprived CO2 local concentration near the electrode and mass trans
portation resistance, as CO2 diffuses from bulk electrolytes to cata
lyst/electrolyte interfaces.

To improve the current density and address the issue of CO2 diffu
sion, gas diffusion electrodes (GDEs) were applied by incorporating flow 
cells working under alkaline conditions to achieve the industrial-scale 
current density over 200 mA/cm2 [8,12–14]. The GDEs enable CO2 to 
quickly diffuse to the active sites, thus accelerating mass transfer and 
improving reaction kinetics. The improved current density in the GDE 
condition results from a shorter diffusion path, in which from the CO2 
gas phase to the catalyst surface is approximately 50 nm [15,16], 
whereas in the case of non-GDE condition, it is about 50 µm from bulk 
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electrolytes to electrodes [15]. However, GDEs in such conditions suffer 
from salt precipitation and decreased hydrophobicity, leading to the 
blockage of mass transfer channels and flooding, degrading their sta
bility and performance [17]. Despite enormous efforts, GDEs are still 
suffering from stability issues under the cathodic conditions of CO2RR. 
Moreover, the complexity of assembling a planar GDE limits its indus
trial application as it requires a separated gas chamber, a super hydro
phobic gas diffusion layer, a microporous layer, and a catalyst layer.

Recently, hollow fiber (microtubular) gas-diffusion electrodes have 
emerged as promising electrode configurations for CO2RR [18–23]. The 
HFGDE could reduce the complexity of the cell by utilizing the lumen 
side of the hollow fiber as a gas chamber, and the CO2 gas can be directly 
fed into the inner chamber to penetrate through the hollow fiber walls, 
thus providing sufficient CO2 near the catalytic sites. The cylindrical 
HFGDE with a high surface area-to-volume ratio can load various and 
dense electrocatalysts for CO2RR [24–26]. Our research group has 
focused on tuning the selectivity of HFGDE by introducing different 
metal catalysts. For example, by adjusting the electrodeposition dura
tion on Cu HF, the valence states of Sn were tuned, achieving a formate 
Faradaic efficiency exceeding 80 % in Sn-Cu HF [27]. Furthermore, 
uniform nanosheet-structured 2D bismuth catalysts were successfully 
grown on the surface of Cu HF, and the resulting electrode [26] out
performed the bulk bismuth on the Cu HF electrode, achieving over 5 
times electrochemical surface area (ECSA) and 6 times catalyst activity 
in terms of formate production. In another contribution, 2D zinc nano
sheets with adjustable Zn(101)/Zn(002) ratios were electrodeposited on 
the outer surface of Cu HF for syngas production [24]. Although the 
deposition of nano-electrocatalyst improved the CO2RR activity of Cu 
HFGDEs, the current densities were still relatively low (around 
100 mA/cm2) by using low concentrations of electrolytes (e.g., 0.5 M 
KHCO3). The limited current density is probably due to the relatively 
poor CO2 distribution from the inhomogeneous pore geometry of 
HFGDEs, resulting in poor reaction kinetics and competing HER. How
ever, tuning the pore structure of HFGDE requires balancing multiple 
parameters of the fabrication process, such as the ratio between polymer 
binders and metal powders, metal powder type/sizes, and sintering 
temperature/duration. Therefore, a post-treatment strategy is of great 
importance to modulate the electrode wettability, achieving more uni
form CO2 delivery, higher current density, and better CO2RR activity.

Herein, we develop a facile strategy to enhance CO2 distribution and 
optimize the triple-phase boundary formation by adjusting the wetta
bility of HFGDEs. To reduce pore blockage and enhance pore utilization 
for gas diffusion, incorporation of a hydrophobic agent (e.g., PTFE) was 
carried out via infiltration-melting route, leading to a reduced pore 
capillary pressure and enhanced CO2 distribution in the pristine 2D Zn 
nanosheets deposited Cu hollow fiber (named as P-HFGDE). The 
enhanced CO2-distributed HFGDE with a 5 wt% concentration of PTFE 
water solution treatment (named ECD-HFGDE-x, x=PTFE concentra
tion) exhibited improved Faradaic efficiency for CO production as the 
optimized electrode wettability could reduce the number of flooded 
pores and enhance the CO2 distribution. The significant decrease in 
water flooding (fluorescent area), pressure drop, and enhancement in 
CO2 bubbling confirmed the improvement of CO2 distribution on the 
ECD-HFGDE-5 electrode, leading to a ~39 % increase in partial current 
density (PCD) of CO than the P-HFGDE. The CO2RR performance of 
ECD-HFGDE-5 has also been investigated in non-GDE mode, where the 
CO2 is directly bubbled into the electrolytes, only achieving a quarter of 
PCD of CO than the electrode performed in GDE mode. Lastly, the sta
bility of ECD-HFGDE-5 was investigated, achieving around 4 times 
higher stability than the P-HFGDE. These experimental results indicate 
that the ECD-HFGDE-5 with enhanced CO2 distribution could optimize 
the formation of triple-phase boundaries and promote the CO2RR 
activity.

2. Experimental method

Chemicals, materials, and the fabrication of Cu hollow fiber are 
provided in Supporting Information.

2.1. The preparation of enhanced CO2-distributed HFGDEs

The deposition of zinc nanosheets on Cu HFGDE was carried out 
using a similar method described in the previous report [24]. Briefly, the 
Cu hollow fiber was first submerged into a mixed electrolyte containing 
0.6 M ZnSO4 and 0.1 M (NH4)2SO4. Then, a potential of − 1.5 V (vs. 
Ag/AgCl) was applied on a potentiostat for 1 s on and 3 s off, for a total 
of 100 cycles. Subsequently, the samples were rinsed with deionized 
water multiple times before drying with N2. The decoration of PTFE on 
the P-HFGDE was achieved by immersing the related electrodes into 
different concentrations of PTFE (5 wt%, 10 wt%, and 20 wt%) water 
solutions for several seconds, and obtained electrodes were raised with 
deionized water and dried in a vacuum oven for 4 h, followed with a 
thermal treatment, calcinated at 350 ℃ in Ar for half an hour. The ob
tained hollow fiber samples were stored in the N2 atmosphere before 
further tests.

2.2. Characterizations

Scanning electron microscopy (SEM, JOEL-7100 F) was used to 
measure the surface morphology and the diameters (wall thickness) of 
HFGDEs. The water contact of the HFGDE surface was measured by a 
customized sessile drop equipment, and 1 µL of DI water was dropped on 
the outer surface of the electrodes. A confocal laser scanning microscope 
(Zeiss LSM 900) was used to observe the fluorescent images of HFGDEs 
with different pre-treatment conditions. The nanostructures of zinc 
nanosheets were inspected by Field Emission Transmission Electron 
Microscope (FETEM, Hitachi HF 5000, Japan). The crystalline structures 
of the bulk phase HFGDEs were analyzed by X-ray diffraction (XRD, 
Bruker advanced X-ray diffractometer, Cu Kα (λ=1.5405Å) radiation 
source, Japan). X-ray photoelectron spectroscopy (XPS) was applied to 
analyze the surface valence state and surface compositions of the 
HFGDEs. XPS was conducted on a Kratos Axis ULTRA XPS with a 
monochromatic Al Kα radiation source (1486.6 eV) at 15 kV (10 mA) 
and a hemispherical electron energy analyzer (165 nm). CASA® soft
ware was used to analyze the XPS data, calibrated to the C 1 s signal at 
284.4 eV as the reference. The functional group of PTFE was probed by 
FT-IR on a Spectrum 100 system equipped with an ATR detector from 
PerkinElmer.

2.3. Electrochemical measurements

The CO2RR performances of HFGDEs were carried out in a home
made H-cell. The working electrode (HFGDE) was stuck into a ¼ copper 
tube via conductive silver epoxy, and the other end, along with joints, 
was sealed and covered with non-conductive and gas-tight epoxy, with 
an exposed length of 2 cm. The geometric area of ECD-HFGDE-5 is 
1.04 cm2 (S=πDoutL =π×1.66×0.1×2=1.04 cm2, where S is the elec
trode area, Dout is the outer diameter of hollow fiber, and L is the length 
of hollow fiber). The geometric areas of HFGDEs were summarized in 
Table S1. An Ag/AgCl (3 M NaCl, BASi, USA) was used as a reference 
electrode, with a Pt sheet (3×3 cm2) as the counter electrode. Nafion 
117 Proton Exchange Membrane was used to separate the anode and 
cathode chambers. The potentials applied on the potentiostat (Autolab 
PGSTA302N with FRA32M) were converted to the reversible hydrogen 
electrode (RHE) scale via E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.209 
+0.0591 pH. The potential in this manuscript was used in the RHE scale 
without RS competence. The pH value for 3 M KCl was measured by a pH 
meter (TPS, WP-Plus), and the value is around 6.8 in CO2-saturated 3 M 
KCl (with 0.1 M KHCO3 as buffer) solution. Here, it should be noted the 
3 M KCl solution mentioned in this manuscript added 0.1 M KHCO3 as a 
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pH buffer. A 3 M KCl solution was used as catholyte and a 3 M KOH was 
applied to the anolyte. Before the test, the H-Cell was vacuumed and 
purged with 30 ml/min CO2 for 30 min.

The stability test was performed in a home-built flow cell by peri
staltic pumps to circulate electrolytes (3 M KOH or 3 M KCl) in the 
anodic or cathodic sections. Anode and cathode compartments had a 
volume of 54 ml, and two extra reservoir containers with a volume of 
250 ml were used for catholyte and anolyte circulation with a flow of 
20 ml/min, and CO2 purging through the electrodes (30 ml/min). 
Samplings for liquid and gas were done once per hour. For each elec
trochemical test, the average of three times repeat is reported.

The calculation of dual-layer capacitance (Cdl), product 

quantification, calculation of CO2 permeability, in-situ Raman micro
scopy, and computational fluid dynamic (CFD) calculations are provided 
in Supporting Information.

3. Results and discussion

3.1. Microstructure and morphology analysis

Fig. 1a presents the enhanced CO2-distributed hollow fiber gas- 
diffusion electrode (ECD-HFGDE) design strategy, which mainly re
quires electrocatalyst deposition and decoration with a hydrophobic 
agent (e.g., PTFE). The tubular architecture of HFGDEs can be observed 

Fig. 1. (a) Schematic illustration of preparing enhanced CO2 distributed HFGDE with PTFE decoration; (b) photo images of Cu HFGDE, P-HFGDE, and ECD-HFGDE; 
(c) cross-sectional SEM image of Cu-HFGDE; (d) SEM images of ECD-HFGDE-5; confocal fluorescent images of (e) P-HFGDE without gas flow through, (f) P-HFGDE, 
and (g) ECD-HFGDE-5 with 30 ml/min CO2 flow through.
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from Fig. 1b, and the lumen side of HFGDE can serve as a gas chamber 
for gas delivery, differing from planar diffusion electrodes. As an elec
tron conductor and gas disperser, the copper hollow fiber was selected to 
deposit 2D zinc nanosheets through the pulse-electrodeposition tech
nique, and zinc nanosheets can function as active sites for CO produc
tion. The porous structure and gas permeability of Cu HFGDE substrate 
are crucial for CO2 distribution and to achieve high local CO2 concen
tration near catalyst-electrolyte interfaces. The abundant micron pores 
of the hollow fiber walls were observed from the cross-sectional SEM 
images of Cu HFGDE substrates (Figs. 1c, S3a-3i). The diameter of 
applied copper hollow fiber was around 1.5–1.7 mm, with a wall 
thickness of around 200±20 µm (Figs. 1c, S3a-3i). The gas permeability 
of copper hollow fiber substrate was calculated by Eq. S3; the related 
value is around 2.94 ± 0.04 × 10+6 Barrer in the same range as the value 
(4 ± 0.05 × 10+6 Barrer) reported in the reference [28], indicating a 
sufficient gas delivery capacity from the enriched micron porous 
structure.

The copper HFGDE substrate with a high surface-to-volume ratio can 
provide sufficient surface area to grow dense zinc nanosheets. The 
successful deposition of zinc nanosheets can be overserved from Fig. 1b, 
with the disappearance of copper color in the P-HFGDE, indicating a 
uniform coverage of zinc catalyst on the outer surface of Cu HFGDE. The 
SEM image of the P-HFGDE surface (Fig. S3j) also confirmed the dense 
2D zinc nanosheets grown on the outer surface, and the thickness of the 
zinc nanosheet layer was around 1–2 µm observed from the cross- 
sectional SEM image (Fig. S3k). The gas permeability of P-HFGDE is 
around 2.78 ± 0.03 × 10+6 Barrer, slightly smaller than the value of Cu 
HFGDE substrate (2.94 ± 0.04 × 10+6 Barrer), suggesting that the 
coverage of the zinc catalyst layer did not block the micron pores of 
hollow fiber and retains the outstanding permeability for gas 
transportation.

The decoration of polytetrafluoroethylene (PTFE) can enhance the 
CO2 distribution on the HFGDE by introducing hydrophobicity and 
decreasing the capillary pressure inside the pore structures [29–32]. 
Herein, the ECD-HFGDEs were fabricated by immersing the P-HFGDE in 
5 wt%, 10 wt%, and 20 wt% PTFE water solutions for several seconds, 
followed by a short-period thermal treatment in Argon at 350 ℃. The 
SEM images of the HFGDE surface before thermal treatment 
(Figs. S31-3n) revealed that PTFE nanoparticles covered the outer sur
face of the zinc nanosheets, and the coverage increased with the increase 
of PTFE loading. After thermal treatment, the zinc nanosheets were 
re-exposed with the PTFE nanoparticles melting and re-distributing on 
zinc nanosheets (Fig. 1d, S3o, and S3p). The distribution of PTFE on the 
ECD-HFGDE-5 was revealed by the energy dispersive spectroscopy 
(EDS) elements mapping images of the zinc nanosheet (Fig. S4), with the 
F element homogenously dispersed on the zinc nanosheet. It should be 
noted that the excessive amounts of PTFE could result in a thick PTFE 
layer covering the zinc nanosheets (Fig. S3p), leading to the reduction of 
zinc catalytic sites for the reaction. The wettability of HFGDEs was 
modulated by different PTFE loading, which was roughly estimated by 
the water contact angle. The hydrophilic surface of P-HFGDE revealed a 
50̊ water contact angle (Fig. S5a), and the hydrophobicity of 
ECD-HFGDEs can be further improved by increasing PTFE loading. The 
improved hydrophobicity of ECD-HFGDE-5 can also be observed from 
the water-dropping test of photo images of P-HFGDE (Fig. S5b) and 
ECD-HFGDE-5 (Fig. S5c).

To illustrate the improved CO2 distribution following PTFE decora
tion on the HFGDE, confocal laser scanning microscopy was applied to 
observe the fluorescent residue of HFGDE under various treatment 
conditions. The surface of hydrophilic P-HFGDE without CO2 flow 
showed a complete fluorescent coating (Fig. 1e). Conversely, a notable 
reduction in fluorescent residue was seen on the P-HFGDE with a 30 ml/ 
min CO2 flow (Fig. 1f), suggesting that the gas flowing-through HFGDE 
could help mitigate the flooding issue. From Fig. 1g, S6a, and S6b, the 
fluorescent residue continuously decreased with increased PTFE loading 
of the HFGDE. Furthermore, the fluorescent wetted area was 

quantitatively analyzed for CO2 distribution, and the value of ECD- 
HFGDE-5 dropped almost 66.7 % compared to that of the P-HFGDE 
under CO2 flowing through, indicating the PTFE decoration results in 
homogeneous CO2 distribution on the surface. The water penetration 
depth of the ECD-HFGDE-5 was observed from the confocal cross- 
sectional fluorescent image (Fig. S6c), exhibiting a smaller fluorescent 
residue depth than that of the P-HFGDE (Fig. S6d). These results indi
cated the improved CO2 distribution on the ECD-HFGDE-5, as the 
decoration of PTFE could reduce the capillary pressure of the pores and 
reduce the number of flooded pores.

The crystal structure of the HFGDEs was investigated via X-ray 
diffraction (XRD), and the results are presented in Fig. 2a and 2b. The 
observation of strong background peak copper diffraction peaks 
(Fig. 2a) and catalytic zinc characteristic peaks of Zn (002) and Zn (001) 
on the HFGDEs (Fig. 2b) were in accordance with the previous report 
[24,25]. The decoration of PTFE in ECD-HFGDEs will not alter the zinc 
crystal facets compared to the P-HFGDE, as confirmed by the 
high-resolution scanning transmission electron microscopy (HR-STEM), 
the characteristic spacing of 0.260 nm of Zn (002) emerging in both 
P-HFGDE (Fig. S7) and ECD-HFGDE-5 (Fig. 2c) samples.

The high-resolution XPS was conducted to reveal the electronic 
states of elements (Zn, Cu, F, O) for HFGDEs and Figs. S8, S9, 2d, 2e, and 
2f illustrated the XPS spectra of Cu 2p, Zn 2p, F 1s, and O 1s, respec
tively. The disappearance of the Cu 2p signal (932.5 eV) (Fig. S8) in P- 
HFGDE and ECD-HFGDEs (Fig. S9) indicated a relatively uniform zinc 
catalyst layer coverage on the outer surface of the Cu HFGDE substrate 
[24]. The XPS spectra of Zn 2p3/2 and Zn 2p1/2 peak for the HFGDEs 
were each deconvoluted into two separate peaks (Fig. 2d), and the 
relatively high binding energy peaks 1025.0 eV and 1048.0 eV are 
associated with the oxidized zinc (Zn2+) state. In contrast, the relatively 
low binding energy peak at around 1022.2 eV and 1045.2 eV is associ
ated with the metallic Zn (Zn0 state) [24]. The ratios of different zinc 
states for HFGDEs were calculated in Table S2. The metallic Zn0 state 
could be the dominant zinc catalytic site for the CO2RR to CO, ac
counting for more than 75 %. The P-HFGDE possessed the highest ratio 
of metallic Zn0 state, around 88.1 %, compared to that of ECD-HFGDEs. 
The Zn2+ ratio slightly increased with the increased PTFE loading, 
possibly attributed to the existence of the C-F bond from PTFE attracting 
the electrons of the Zn atom [33].

The F 1 s peak at around 689 eV detected in the ECD-HFGDEs cor
responds to the C-F of PTFE, without observation of the F 1 s peak in the 
P-HFGDE (Fig. 2e). The Fourier-transform infrared spectroscopy (FTIR) 
results (Fig. S10) further confirmed the successful decoration of PTFE on 
ECD-HFGDEs, with the observation of two C-F bond vibration peaks at 
around 1148 and 1203 cm− 1 [33], and the related peak signal increased 
with the increased PTFE loading. The detected O 1 s peaks of HFGDEs 
were divided into three different peaks at 531.6, 532.5, and 534.0 eV 
(Fig. 2f). The binding energy peak at 531.6 eV corresponds to the Zn-O 
species, and the peak at 532.5 eV is associated with the Zn-OH species. 
The high binding energy peak at 534.0 eV is usually attributed to the 
adsorbed water on the electrode surface [25].

3.2. Optimal PTFE loading for improved triple-phase boundary formation 
and CO2 distribution

The improvement in CO2RR activity demands optimization of water 
management in GDE to reduce the distance of the CO2 diffusion pathway 
in the double-phase (liquid-solid) boundaries or increase the formation 
of triple-phase (gas-liquid-solid) boundaries. The liquid electrolytes 
driven by capillary action will preferentially pass through the pores with 
low capillary pressure resistance. Thus, the small hydrophilic and large 
hydrophilic pores of GDEs are most likely to be flooded [34,35]. To 
reduce the formation of flooded pores, the HFGDE configuration pro
vides opportunities to overcome capillary pressure by regulating the gas 
flow rates. However, it required a relatively uniform pore size distri
bution on HFGDE. Otherwise, the relatively inhomogeneous pore size 
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distribution will lead to a low pore utilization for gas diffusion, resulting 
in limited CO2RR activity.

The decoration of PTFE could also reduce the formation of flooded 
pores (Fig. 3a), where the gas transportation channels are eliminated, 
indicating high mass transfer resistances for gas transportation [34]. The 
CO2 local concentration near the flooded pores is limited due to the long 
diffusion path (over around 50 µm) [15,34] and low CO2 aqueous sol
ubility (33 mM) for the dissolved CO2 transport from the bulk electrolyte 
to the catalytic sites (Fig. 3b). The optimized PTFE loading can increase 
the formation of partially wetted pores (Fig. 3c), where a certain number 
of gas transfer channels are retained around the PTFE with sufficient 
electrolytes on catalyst layer [30,31]. Thus, maximize the chances of 
triple-phase (CO2-electrolyte-catalyst) interface formation, where the 
CO2RR is more likely to happen with abundant CO2 supply with a short 
diffusion path of around 50 nm (Fig. 3d). However, excessive amounts of 
PTFE loading could lead to the formation of dry pores (Fig. 3e), which is 
an ideal situation with PTFE film fully covering the whole active sites of 
the electrode. The coverage of PTFE film will lead to poor CO2RR per
formance due to a lack of proton supply from the electrolyte and 
disruption of the electrolyte-catalyst interface. (Fig. 3f).

Furthermore, the decoration of PTFE on HFGDEs enables wettability 
manipulation to regulate the capillary pressure and improve the CO2 

distribution. The different PTFE loading on HFGDEs alter the wettability 
on the HFGDE surface (Fig. S5a), and a significant reduction of pressure 
drop was observed in Fig. 3g. The P-HFGDE exhibited the highest 
pressure drop of 6.4 psi when a 30 ml/min CO2 flow was applied, 
sharply dropping to 1.8 psi for ECD-HFGDE-5. This around 61 % 
decrease in the pressure drop indicated a significant decrease of capil
lary pressure and improvement in the pore utilization for CO2 diffusion. 
Compared to the hydrophilic P-HFGDE, the CO2 gas bubbling on the 
outer surface of the ECD-HFGDE-5 (Fig. 3h) significantly improved, 
suggesting enhanced CO2 distribution with PTFE decoration.

3.3. CO2RR performance of HFGDEs

The HFGDEs with different PTFE loading were performed in a 
customized H-Cell to investigate the CO2RR activity. From the linear 
sweep voltammetry (LSV) of HFGDEs (Fig. S11), the highest current 
density was observed from the P-HFGDE, compared to ECD-HFGDEs 
with surface PTFE decoration. The increased PTFE loading led to the 
decreased current density for the ECD-HFGDEs due to the reduced 
electrolytes wetting area. The dual-layer capacitance (Cdl) of the 
HFGDEs was conducted via cyclic voltammetry (CV) scanning at 
different scan rates (Fig. S12), shown in Fig. 4a. The P-HFGDE possessed 

Fig. 2. (a) XRD patterns, and (b) magnification XRD patterns (35–40̊) of HFGDEs; (c) STEM image of the ECD-HFGDE-5 sample; XPS spectra of (d) Zn 2p3/2 (e), F 
1 s, and (f) O 1 s composition of HFGDEs.
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the highest Cdl of 83.7 mF/cm2, which is more than 6 times higher than 
12.6 mF/cm2 from the ECD-HFGDE-20 electrode. In addition, the Cdl 
value of ECD-HFGDE-5 is 66.2 mF/cm2, 51.8 mF/cm2 for the ECD- 
HFGDE-10 electrode, indicating the decreased ECSA (active sites) with 
increased loading of PTFE. The decrease in current density could also be 
attributed to the increased charge-transfer resistance after decorating 
non-conductive PTFE [36]. The kinetics of electron transfer for HFGDEs 
was evaluated by the electrochemical impedance spectroscopy (EIS) 
measurement at − 0.8 V (vs. RHE) in Fig. 4b, and the ECD-HFGDE-20 
exhibited the largest charge transfer resistance due to excessive 
non-conductive PTFE covering catalyst surface (Fig. S3p) and the 
increased number of dry pores (Fig. 3e).

The CO2 local concentration near catalytic sites is critical for sup
pressing HER at high overpotentials or current densities [37,38]. 
Although the hydrophilic P-HFGDE exhibited the largest ECSA and the 
smallest charge transfer resistance, it exhibited poor CO selectivity 
(Fig. 4c), especially at high overpotentials, where flooding is more likely 
to happen due to electrowetting. This could cause flooding in the pores 
of P-HFGDE (Fig. 3a) where the competitive HER is dominant due to the 
fast electron transfer (Fig. 3b). The optimization of PTFE loading could 
enhance the CO2 distribution, providing sufficient CO2 near triple-phase 
boundaries and suppress HER. The ECD-HFGDE-5 with optimized PTFE 
loading exhibited a high Faradaic efficiency (Fig. 4c) of over 80 % for 
CO at a high overpotential range from − 1 to − 1.3 V (vs. RHE), and it 
reached the highest CO Faradaic efficiency of 85.4 % at − 1.1 V (vs. 

RHE). The ECD-HFGDE-5 with partially wetted pores (Fig. 3c) also 
exhibited the highest partial current density of CO (Fig. 4d), reaching 
251.8 mA/cm2 at − 1.3 V (vs. RHE) with a CO production rate (Fig. S13) 
of 4696.9 µmol/h•cm2. The improved CO2RR activity for ECD-HFGDE-5 
is due to the enhanced CO2 gas distribution and the optimized 
triple-phase boundaries for the reaction. The ECD-HFGDE-20 closed to 
the dry pore situation (Fig. 3e) exhibited poor CO2RR performance and 
achieved only 1/3 partial current density of CO, compared to that of the 
ECD-HFGDE-5 electrode.

For CO2RR to CO with zinc-based catalysts [39,40], CO2 is firstly 
adsorbed on the zinc catalysts surface, being reduced to CO2* via one 
electron contributing from the electrochemical process and then to 
COOH* intermediates via a proton transfer step. Most of the COOH* 
intermediates are reduced with a proton and an electron to CO* that 
desorbs from zinc catalyst to form the main product CO. To illustrate the 
underlying mechanism of CO production, the Tafel slope (Fig. 4e) was 
used to analyze the CO2 to CO conversion kinetics. The Tafel slop with a 
value of 118 mV/dec indicates the rate-limiting step during CO2RR is 
the initial one electron transfer step. The Tafel slope values of HFGDEs 
were all above 118 mV/dec, suggesting that the reaction 
rate-determining step is the CO2 activation to CO2* [9]. The 
ECD-HFGDE-5 exhibited the smallest Tafel slope value of 166 mV/dec, 
suggesting the fast reaction kinetics owing to the well-distribution of 
CO2 gas. The hydrophilic P-HFGDE electrode showed high Tafel values 
at both low and high potentials, indicating its low CO2RR activity 

Fig. 3. Schematic of the (a) flooded pores and (b) CO2 transportation and CO2RR with dissolved CO2; (c) partially wetted pores and (d) CO2 transportation and 
CO2RR in optimized triple-phase boundaries; (e) dry pores and (f) CO2RR in gas-catalyst interfaces; (g) pressure drop over HFGDEs with different contact angles with 
a 30 ml/min CO2 flowing through; (h) schematic and inserted photo images of CO2 distribution in P-HFGDE (left) and ECD-HFGDE-5 (right).
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towards CO production. Here, although the ECD-HFGDE-20 electrode 
indicated a higher FE of CO than the ECD-HFGDE-10 electrode, its low 
current densities due to excessive PTFE decoration resulted in a lower 
partial current density with a lower Tafel slope. The oxidative LSV 
(Fig. S14) was also conducted for HFGDEs in N2-saturated 0.1 M po
tassium hydroxide to evaluate the binding ability of CO2*. This method 
has been applied in several studies on CO2RR with different electro
catalysts such as Sn [41], Bi [42], Ag [43], and Zn [33], and the more 
negative potential required for OH- adsorption suggested the high 
binding energy for CO2*. The potential for the OH- adsorption peak of 
ECD-HFGDE-5 was more negative than that of P-HFGDE, suggesting a 

stronger adsorption ability on the ECD-HFGDE-5 to facilitate the CO2 
activation step.

The potential-related in-situ Raman spectroscopy was applied to 
further explore the mechanism of CO2RR over P-HFGDE and ECD- 
HFGDE-5. As revealed by Fig. S15, two typical Raman peaks were 
located at around 410 cm− 1 and 528 cm− 1, corresponding to adsorbed 
*COOH and *COO- intermediates on the electrode surface. These are key 
intermediates for the electrochemical conversion of CO2 to CO via a 
concerted proton-electron transfer (CPET) step. The peak intensity of 
*COOH and *COO- increased when moving to more negative potentials, 
implying more intermediates adsorbed on the electrode surface, which 

Fig. 4. (a) Dual-layer capacitance (Cdl) values over HFGDEs; (b) Nyquist plots to evaluate electron resistance behavior of HFGDEs; (c) Faradaic efficiency of CO for 
HFGDEs; (d) partial current density of CO for HFGDEs; (e) Tafel plots over HFGDEs to evaluate reaction kinetics; (f) comparison of zinc-based electrocatalyst with 
conventional planar electrodes performed in H-Cell, with GDE performed in flow-type cells; P-HFGDE, and ECD-HFGDE-5 electrodes performed in H-Cell.
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aligns with the CO2RR activity trend. It should be noted that the peak 
intensity of *COOH and *COO- of ECD-HFGDE-5 were higher than that 
of P-HFGDE, indicating enhanced binding strength for *COOH and 
*COO- intermediates on the electrode surface, which is in line with the 
oxidative LSV results. These Raman results can provide an in-situ evi
dence that PTFE-decorated zinc nanosheets could enhance the CO2 
activation kinetics to facilitate CO2 conversion at lower current 
densities.

Although the number of active sites and the intrinsic activity of 
advanced electrocatalysts is the key to maintaining high selectivity for 
CO production under low current density, the CO2 mass transportation 
and CO2 availability become crucial when applying high current density 
[35]. The fast electron transfer through the electrode at high current 
density will lead to an intense tug of war between CO2 and water. The 
pore utilization and CO2 diffusion of HFGDEs are crucial to supress 
competitive HER. To gain insights into the pore utilization and CO2 
distribution over P-HFGDE and ECD-HFGDE-5 electrodes, the Laminar 
flow and stationary study were used for the computational fluid dy
namic (CFD) modeling (Fig. S16). The color gradient from red to blue 
represents the decrease of CO2 velocity. The definition of flooded pores 
(no CO2 flush through) and opened pores (CO2 flush through) numbers 
were based on the confocal laser fluorescent microscopy data. The 
simulation results illustrated that CO2 gas continuously rushed through 
the micron-pore structures of the HFGDE and flushed into the electro
lyte, which will provide sufficient CO2 near the catalysts-electrolytes 
interfaces. In addition, the turbulent CO2 gas surrounding opened 

pores could facilitate the local mixing of reactants, resulting in an 
improved mass transfer and reaction kinetics. However, in those flooded 
pores, the CO2 delivered from the bulk electrolytes with large mass 
transportation resistance. Therefore, the ECD-HFGDE-5 with enhanced 
pore utilization numbers could maximize the formation of triple-phase 
boundaries to improve the electrochemical conversion of CO2, espe
cially at high current densities.

At last, we have summarized the CO2RR performance of zinc-based 
electrocatalysts with conventional planar electrodes performed in H- 
Cells [7–9,11,12,39,44–49], Zn-based GDE performed in flow-type cells 
[8,12,50], and HFGDEs performed in H-Cells in Table S3 and Fig. 4f. The 
Zn-based electrocatalyst with planar electrodes tested in H-Cells 
exhibited high Faradic efficiency over 80 % but suffered low current 
density due to the deprived supply of CO2 near the catalytic sites. The 
Zn-based GDE incorporated with flow cells can operate at a current 
density of 200 mA/cm2 and achieve more than 80 % Faradaic efficiency 
for CO by employing alkaline electrolytes or higher concentrations of 
neutral electrolytes (e.g., KHCO3). The significant improvement towards 
current density in Zn-based GDE is because of the significantly shorted 
CO2 diffusion path, as the diffusion path in non-GDE condition from bulk 
electrolytes to electrodes is about 50 µm, while the diffusion path in GDE 
condition from the CO2 gas phase to the electrode surface is only about 
50 nm [15,16]. The ECD-HFGDE-5 achieved a high current density 
(>300 mA/cm2) and a decent Faradaic efficiency (>80 %) for CO pro
duction. Here, it should be noted that the outstanding CO2RR perfor
mance by flow-through HFGDEs can even achieved in the H-Cell testing.

Fig. 5. (a) CO2 delivery with non-GDE condition in H-Cell; (b) CO2 delivery with GDE condition in H-Cell; (c) Schematic illustrations of CO2RR performance over 
HFGDEs in non-GDE condition and GDE condition; (d) partial current density of CO over ECD-HFGDE-5 in non-GDE and GDE condition; (e) EIS Nyquist plots over 
ECD-HFGDE-5 in non-GDE and GDE condition at − 1 V (vs. RHE).
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3.4. CO2RR performance of HFGDE in non-GDE and GDE mode

To further emphasize the exceptional CO2RR performance from flow- 
through HFGDE operation, we also explored the HFGDEs in non-GDE 
mode (Figs. S17a-e). The gas delivery configuration of non-GDE mode 
is presented in Fig. 5a, where CO2 gas was directly bubbled into elec
trolytes. In GDE mode (Fig. 5b), the end side of hollow fiber electrodes 
was sealed by epoxy, and the CO2 gas was fed from the lumen side and 
pushed through the micron pores of hollow fiber walls, reaching the 
outer surface of HFGDEs. From Fig. 5c, in the non-GDE mode, the CO2 
gas was dissolved in bulk electrolytes and transported to active sites with 
a long-diffusion path, resulting in increased mass transport resistance 
and limited CO2 local concentration near the active sites. However, in 

the GDE mode, the continuous CO2 flow accumulates on the inner side of 
the hollow fiber and reaches a certain pressure to overcome the capillary 
pressure, providing sufficient CO2 at triple-phase interfaces.

In non-GDE mode, although the PTFE decoration could deteriorate 
the charge transfer resistance of the electrode (Fig. S17b), an optimized 
PTFE loading can facilitate the formation of triple-phase interfaces to 
suppress HER [33], promoting CO2RR to CO production. The 
ECD-HFGDE-5 electrode demonstrated a stable Faradaic efficiency of CO 
above 70 % over a wide potential range from − 0.6 to − 1.2 V (vs. RHE), 
as shown in Fig. S17c. In contrast, the hydrophilic P-HFGDE in the 
non-GDE mode with the flooded pores (Fig. 3a), exhibited poor CO 
selectivity (Fig. S17c), especially at high overpotentials due to the for
mation of flooded pores by electrowetting, causing insufficient CO2 

Fig. 6. (a) long-term operation of ECD-HFGDE-5 in flow-cell at − 1.1 V (vs. RHE); (b) water contact angles of ECD-HFGDE-5 after 1 h, 2 h, 3 h, 4 h, and 25 h stability 
test; (c) XRD of ECD-HFGDE-5 before and after stability test; XPS spectra of (d) F 1 s, (e) Cu2p, and (f) Zn 2p over ECD-HFGDE-5 before and after stability test.
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availability near the electrode surface for CO2RR. The ECD-HFGDE-5 
also showed the highest partial current of CO (Fig. S17d) and the CO 
production rate (Fig. S17e) over a potential range from − 0.8 to − 1.1 V 
(vs. RHE).

The CO2RR activity of ECD-HFGDE-5 in GDE mode exhibited sig
nificant enhancement in the CO partial current density (150.1 mA/cm2), 
which is more than 4 times higher than that in the non-GDE mode 
(36.2 mA/cm2), as seen in Fig. 5d. As revealed by the electrochemical 
impedance spectroscopy (EIS) test of ECD-HFGDE-5 at − 1 V (vs. RHE), 
the ECD-HFGDE-5 in the non-GDE mode exhibited a much higher charge 
transfer resistance of 3.7 (Ω/cm2), which is more than 3 times higher 
than that of GDE mode (1.15 Ω/cm2) (Fig. 5e). This suggests that the fast 
electron transfer and improved reaction kinetics occur in GDE mode due 
to the sufficient CO2 supply and maximized triple-phase boundaries 
from HFGDE configuration.

3.5. The stability of HFGDEs

The stability of the HFGDEs was evaluated in a customized flow cell 
(Fig. S18) due to a stable environment (such as pH) favoring the CO2RR. 
The CO2 flow rate was kept at 30 ml/min, and the catholyte (3 M KCl) as 
well as anolyte (3 M KOH) were circulated at 20 ml/min. The stability 
test of the ECD-HFGDE-5 electrode was performed at − 1.1 (V vs. RHE), 
which is the potential for the highest FE of CO (85.4 %), performed in H- 
Cell. In certain scenarios of zinc catalyst degradation [5,51,52], the 
catalysts may undergo oxidation in a high pH environment and dissolve 
in the electrolytes. In addition, the zinc species can be detached from the 
substrates due to the rapid reaction rate of HER at high current densities. 
The improved CO2 distribution on the ECD-HFGE-5 electrode could not 
only suppress HER but also alleviate the degradation of zinc catalysts. 
The ECD-HFGDE-5 electrode performed a stable partial current density 
for CO at around 152 mA/cm2, with a CO Faradaic efficiency fluctuating 
around 83 % at − 1.1 V (vs. RHE) over 25 h (Fig. 6a). The water contact 
angle of ECD-HFGDE-5 (Fig. 6b) slightly dropped to 88̊ after 25 h sta
bility test, suggesting the retention of hydrophobicity due to PTFE sur
face decoration. From the SEM image (Fig. S19a), the intact zinc 
nanosheet structure could still be observed after the stability test. The 
diffraction peaks (Fig. 6c) Zn (002) and Zn (101) at 36.3̊ and 36.9̊
indicated the retaining of zinc catalysts on the surface of the 
ECD-HFGDE-5 electrode after the stability test. The two C-F bond vi
bration peaks at around 1148 and 1203 cm− 1 were observed from FTIR 
(Fig. S19b), and a strong F 1 s at 689 eV (Fig. 6d) can also be detected 
after the stability test, indicating the retaining of PTFE on the zinc 
catalyst layer for ECD-HFGDE-5 electrode. The absence of a Cu 2p peak 
(Fig. 6e) at 932.4 eV can also indicate the retention of the zinc catalyst 
layer covering the ECD-HFGDE-5 electrode. After reaction, there was no 
significant change regarding the XPS spectra of the Zn 2p3/2 and Zn 
2p1/2 peaks (Fig. 6 g) of the ECD-HFGDE-5. The ratio of the Zn0 state still 
accounts for 72 % (Table S2), suggesting that optimized PTFE decora
tion can stabilize zinc catalytic states.

In contrast, the CO Faradic efficiency of P-HFGDE dropped signifi
cantly from 62 % to 44 % after 8 h of operation, and an increase of 
competitive HER from 37 % to 57 % was observed from Figs. S20a, b. 
The water contact angle (Fig. S20c) of the P-HFGDE electrode after 
stability decreased to 46̊, indicating the increased hydrophilicity that 
could lead to the formation of more flooded pores. The SEM image 
(Fig. S20d) of the P-HFGDE electrode showed the disruption of the zinc 
nanosheet structure and the formation of large particle species. The XPS 
spectra of Zn 2p (Fig. S20e) peak of the P-HFGDE exhibited a significant 
change as the percentage of Zn0 reduced from 85.5 % to 28 % 
(Table S2), suggesting a large percentage of Zn2+ species formed during 
the reaction. In addition, the appearance of the Cu 2p peak at 932.5 eV 
(Fig. S20f) in P-HFGDE after stability test indicated the exposure of the 
Cu substrate due to the potential dissolution of Zn2+ species into elec
trolytes. The formation of Zn2+ species and salt precipitation at flooded 
pores, caused by high local pH, could potentially block the pore 

structures of HFGDE, leading to decreased stability [52]. A previous 
study [51] also observed the detachment of electrocatalysts from the 
substrate with a high hydrogen evolution rate, and this could also occur 
in flooded pores due to the rapid electron transfer at high current den
sities. Therefore, to enhance the durability of the electrocatalyst and 
extend the stability of the HFGDEs, it is essential to improve the CO2 
distribution of the HFGDEs and reduce the formation of flooded pores. 
This study demonstrates the promise to unlock the potential of HFGDE 
to improve its gas distribution and create more triple-phase interfaces to 
promote their reaction kinetics and the stability of electrocatalysts and 
electrodes.

4. Conclusion

In this study, to mitigate flooding and improve pore utilization for 
CO2 diffusion, we developed an enhanced CO2-distributed HFGDE by 
optimized PTFE decoration to create triple-phase boundaries for the 
electrochemical conversion of CO2 to CO. The improved CO2 distribu
tion on the ECD-HFGDE-5 electrode has been confirmed by the reduced 
fluorescent area (water surface coverage), decreased lumen side pres
sure drop, and enhanced CO2 bubbling. The ECD-HFGDE-5 achieved the 
highest CO partial current density of 251.8 mA/cm2 and CO product rate 
of 4696.9 µmol/h•cm2, owing to the enhanced CO2 distribution and 
optimized triple-phase interfaces. The ECD-HFGDE-5 in GDE mode also 
achieved more than 4 times higher CO partial current density than this 
electrode in non-GDE mode, where the CO2 is directly fed into the 
electrolytes, indicating the importance of the HFGDE configuration to 
deliver sufficient CO2 near triple-phase interfaces. In addition, the sta
bility of ECD-HFGDE-5 has improved more than 4 times than the hy
drophilic P-HFGDE. The PTFE decoration on ECD-HFGDE-5 improved 
CO2 distribution, reducing flooded pores and suppressing HER, thus 
mitigating Zn2+ species formation and alleviating the potential 
detachment of zinc species. This study showcased the promise of 
applying enhanced CO2-distributed HFGDEs to facilitate the electro
chemical conversion of CO2 at high concentrations of electrolytes and 
high current density.
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