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Abstract  

The electrochemical CO2 reduction reaction (CO2RR) occurs at the nanoscale interface of the 

electrode-electrolyte. Therefore, tailoring the interfacial properties in the interface 

microenvironment provides a powerful strategy to optimise the activity and selectivity of 

electrocatalysts towards the desired products. Here, the microenvironment at the electrode-

electrolyte interface of the flow-through Ag-based hollow fibre gas diffusion electrode (Ag 

HFGDE) is modulated by introducing surfactant cetyltrimethylammonium bromide (CTAB) as 

the electrolyte additive. The porous hollow fibre configuration and gas penetration mode 

facilitate the CO2 mass transfer and the formation of the triple-phase interface. Through the 

ordered arrangement of hydrophobic long-alkyl chains, CTAB molecules at the 

electrode/electrolyte interface promoted CO2 penetration to active sites and repelled water to 

reduce the activity of competitive hydrogen evolution reaction (HER). By applying CTAB-

containing catholyte, Ag HFGDE achieved a high CO Faradaic efficiency (FE) of over 95 % 

in a wide potential range and double the partial current density of CO. The enhancement of CO 

selectivity and suppression of hydrogen was attributed to the improvement of charge transfer 

and the CO2/H2O ratio enhancement. These findings highlight the importance of adjusting the 

local microenvironment to enhance the reaction kinetics and product selectivity in the 

electrochemical CO2 reduction reaction CO2RR.  
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Introduction 

Electrochemical CO2 reduction reaction (CO2RR) is a promising approach to upgrade CO2, as 

a primary greenhouse gas, into valuable fuels and chemical feedstocks driven by renewable 

energy, facilitating the path towards carbon neutrality [1]. The CO2RR process starts with CO2 

molecules being adsorbed onto vacant sites on the electrocatalyst surface, and subsequently, 

multiple protons and electrons are transferred to generate intermediates and products [2]. 

Nonetheless, the low solubility of CO2 molecules in the bulk of aqueous electrolytes and the 

sluggish mass transfer have limited the efficiency of CO2 conversion [3]. Recently, gas-diffusion 

electrodes (GDEs) have been implemented to boost mass transport by providing adequate CO2 

supply and strengthening the triple-phase interface reaction among the gaseous phase, 

electrocatalyst and electrolyte [4]. GDEs can directly deliver CO2 in the neighbourhood of the 

electrocatalyst, achieving optimal CO2 concentration and minimising the diffusion distance. 

Traditional planar GDEs composed of multiple layers frequently suffer from a high hydrogen 

evolution reaction (HER) owing to the flow-by gas diffusion pathway, in which the 

electrocatalytic reaction relies on the concentration of dissolved CO2 in the aqueous electrolyte 
[5]. This results in favourable conditions for hydrogen gas production. Hollow fibre flow-

through GDEs or gas-penetration electrodes (GPEs) are more advanced GDE structures for 

CO2RR because of the facilitated mass transfer, abundant electrocatalytic active sites, and 

reduced cell complexities [6]. The distinctive features of hollow fibre GDEs (HFGDEs) 

effectively enhanced the kinetics of CO2RR, exhibiting significant promise in gas-phase 

electrolysis such as CO2RR [7] or CORR [8]. For instance, fabricating silver-based hollow fibre 

GDEs (Ag HFGDEs) has been promising in converting CO2 into CO, coupled with a high 

reaction rate and conversion in the CO2RR [9].  However, eliminating the competitive reaction 

of HER in pristine HFGDEs is still challenging, considering the wetting of outer surfaces in 

contact with electrolytes and water trapping in small hydrophilic pores. Surface electrocatalyst 

engineering strategies on HFGDE, such as nanostructuring, re-structuring and heterogenous 

atom doping, have successfully enhanced product selectivity [9-10]. 

Besides the intrinsic activity of electrocatalysts, the microenvironment at the electrode-

electrolyte interface during the electrocatalytic reaction also plays a crucial role in the CO2RR 

process [11]. Recent studies indicated that surface modification at the electrode and electrolyte 

interface with solvated alkali metal ions [12], polymers [13], charged organic surfactants [14], etc., 

could effectively modulate the interfacial environment, particularly charge distribution and 

hydrophobicity. For example, sodium dodecyl sulfate (SDS) is an anionic surfactant that brings 
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about different surface charges, which in turn affects the dispersion and morphology 

characteristics of electrocatalytic particles [15]. Non-ionic surfactants, such as 

polyvinylpyrrolidone (PVP), can be used as capping agents in nanomaterials synthesis, 

stabilising the structure, maintaining the defined morphology, avoiding particle agglomeration, 

and mitigating irregular growth [16]. In addition, refining the electrolyte composition by adding 

a surfactant into the electrolyte, could efficiently regulate the ion distribution and adjust the 

CO2/H2O ratio, thereby improving mass transfer at the electrode/electrolyte interface in the 

electrocatalytic CO2 conversion process. Employing surfactant dodecylphosphonic acid 

(DDPA) and its analogues as electrolyte additives could modulate the interfacial H-bond 

environment on Ag NPs electrode [17]. This work showed that the surfactant additive increased 

the CO2RR activity towards CO while suppressing the kinetics of the HER, resulting from 

promoting the hydrogenation of CO2 to *COOH evidenced by the in situ infrared spectroscopy. 

Moreover, the surfactant molecule of cetyltrimethylammonium bromide (CTAB), comprised 

of a polar headgroup and hydrophobic long-chain groups, has been proven to enhance the 

charge transfer and adjust the local CO2/H2O ratio in CO2RR. Under an external potential, the 

CTAB molecules could be adsorbed on the electrode surface, forming a dense layer with a 

hierarchal structure through charge interactions. The ordered CTAB assembly in the 

electrode/electrolyte interface could improve the charge transfer and regulate the interfacial 

water by reducing protons close to the compact layer's outer Helmholtz plane (OHP). This 

resulted in forming a hydrophobic microenvironment, reducing the local proton source for the 

side reaction of HER and improving the CO2/H2O ratio in reaction active areas in CO2 

conversion [18]. For instance, an interfacial microenvironment containing cationic surfactants 

CTAB on commercial Ag electrodes could effectively improve the electrocatalytic performance 

in selectivity and reaction activity of CO2 conversion to CO [18a]. Owing to forming an ordered 

surfactant assembly at the electrode-electrolyte interface, the surfactant CTAB in electrolyte 

facilitated the distribution of interfacial CO2 and H2O, which promoted the charge transfer to 

CO formation. Meanwhile, repelling the isolated water molecules into order structure formed 

a hydrophobic microenvironment, thereby inhibiting the HER [18a]. Besides, the density 

functional theory (DFT) calculation revealed that the modification of CTAB in the 

electrode/electrolyte interface could remarkably decrease the energy barrier of CO* desorption, 

which benefited the reaction activity and product selectivity in CO2 conversion into CO [19].  

Herein, we exploited the structural advantages of Ag hollow fibre GDEs (Ag HFGDEs) 

combined with modulating the microenvironment of the electrode-electrolyte interface with 
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CTAB to suppress the HER and achieve improved CO conversion. The concentration effects 

of CTAB on HER suppression and charge transfer have been investigated. The result 

demonstrated that, after introducing surfactant CTAB into catholyte, the Ag HFGDE can 

operate in a wide potential range at high current densities to convert CO2 to CO. Furthermore, 

the advantage of HFGDE configuration has been presented by significantly improved reaction 

activity and selectivity for CO when the AgHF electrode operated in a GDE configuration 

compared to the non-GDE configuration within the same CTAB-containing catholyte systems.  

Experimental section 

Preparation of pristine silver hollow fibres 

Silver hollow fibres (AgHF) were prepared by a phase-inversion and thermal treatment process 

as in our previous works [9]. Briefly, the silver powder (99.9% purity, 1 um, Shanghai Xiangtian 

Nano Materials Co., China) was added to the solvent of N-methyl-2-pyrrolidone (NMP, Sigma-

Aldrich Co., Australia). Then, the polymer binder of polyethersulfone (PES, Ultrason E 6020 

P, BASF, Germany) was added to obtain a homogeneous slurry in a ball milling. The slurry 

was extruded through a spinneret rig and shaped into a microtubular in the water bath (18.2 

MΩ · cm) via a phase-inversion process. The formed tubes were left in the water overnight to 

ensure complete removal of the solvent. The PES polymer binder was removed in the 

calcination process using a tubular furnace in the air atmosphere (600 oC for 6 h). the shiny 

silver metallic lustre AgHF tubes, named pristine AgHF, were obtained. 

Characterisation of materials 

The surface and cross-section morphologies of AgHF samples were studied via a JOEL-7100F 

scanning electron microscopy (SEM). FTIR spectra were measured on a Perkin Elmer 

Spectrum 100. Crystalline structures of the bulk of AgHF samples were examined through X-

ray diffraction (XRD) utilising a Bruker device with a Cu Kα (λ =1.5418Å) radiation source. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a Kratos Axis 

ULTRA XPS, which included a hemispherical electron energy analyser (165 nm) and a 

monochromatic Al Kα (1486.6 eV) radiation source, operating at 15 kV (10 mA). XPS data 

was analysed using the CASA® software, calibrated against the C1s signal at 284.4 eV.  

Electrochemical reduction of CO2 and product analysis 

All electrochemical experiments were carried out in a three-electrode H-type electrochemical 

cell with Ag hollow fibres (Ag HF) as the working electrode and gas delivery at room 
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temperature. The length of Ag HF was around 3 cm measured by a digital vernier calliper. The 

Ag HF was sealed with epoxy at one end, and the other end was connected to the gas inlet of 

the cell. The effective area was calculated via the formulation of S=πDoutL. where Dout refers 

to the outer diameter of Ag HF, and L is the exposed length of Ag HF. For each test, the actual 

reaction area was measured. The anode chamber and cathode chamber were separated by a 

Nafion-117 proton exchange membrane. Ag/AgCl electrode (in a 3.0 M NaCl Luggin capillary) 

and Pt mesh were used as reference and counter electrodes, respectively. The electrolyte was 

0.5 M KHCO3 with additives of different concentrations of surfactant cetyltrimethylammonium 

bromide (CTAB). The electrolyte without CTAB was designated as 0 mM CTAB, while those 

with CTAB were labelled as 0.2 mM CTAB, 0.5 mM CTAB, and 0.8 mM CTAB, corresponding 

to the surfactant concentration in the electrolyte. The Nernst equation was applied to convert 

the potentials from the Ag/AgCl scale to the RHE reference scale: E (V vs. RHE) = E (V vs. 

Ag/AgCl) + E0 (Ag/AgCl) + 0.0591pH. A potentiostat controlled the electrochemical reaction 

potential and collected data, including Cyclic voltammetry (CV), Linear sweep voltammetry 

(LSV), electrochemical impedance spectroscopy (EIS), and Chronoamperometry. Prior to the 

experiment, the electrolyte underwent CO2 gas purging for at least 30 minutes. CO2 was 

continuously fed through the hollow fibre to the catholyte at a 20 ml/min flow rate throughout 

the electrolysis process. The flow rate was regulated and monitored by the MFC 2100 Series 

mass flow controller. A potential sweep from -0.7 to -2 V vs. Ag/AgCl was applied in the LSV 

at a scan rate of 5 mV/s.  

To assess the active surface area of AgHF, the double-layer capacitance (Cdl) determined from 

CV scans was conducted over a 0.1 V window near the open-circuit potential at scan rates from 

20 to 120 mV s-1. The following equation can be used to calculate the Cdl from CV: 

𝐶𝐶𝑑𝑑𝑑𝑑 = 𝑗𝑗/(
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

) 

Where C represents the capacitance, j is the current density at the centre of 0.1 V potential 

window, and 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 refers to the CV scan rate. 

The electrochemical impedance spectroscopy (EIS) was measured at various potentials from 

100 kHz to 0.1 Hz. The Nyquist plots were fitted using an equivalent circuit to simulate the 

experimental data. The double-layer capacitance (Cdl) from EIS was calculated using the 

equation below: 

𝐶𝐶𝑑𝑑𝑑𝑑 = �𝑅𝑅𝑐𝑐𝑐𝑐(1−𝑛𝑛)𝐶𝐶𝐶𝐶𝐶𝐶�
(1/𝑛𝑛)
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Where Rct is the charge transfer resistance, CPE is the constant phase element, and n is the 

fitting parameter. The Zview2 software was employed to fit the relevant parameter values. 

To determine the faradaic efficiency (FE) at various potentials, chronoamperometry was 

conducted for 25 minutes at potential ranging from -0.8 to -1.5 V vs. RHE. A gas 

chromatograph (GC, Shimadzu 2014) was employed to detect gas products (mainly H2 and CO) 

quantitatively. The FE can be computed through the equation provided below:  

𝐹𝐹𝐹𝐹𝑖𝑖(%) =
𝑒𝑒𝑖𝑖 × 𝐹𝐹 × 𝑉𝑉 × 𝑃𝑃 × 𝑋𝑋𝑖𝑖

𝐽𝐽 × 𝑅𝑅 × 𝑇𝑇
× 100 

Where 𝑒𝑒𝑖𝑖 represents the number of electron transfers per mole of gas product, F is known as 

the Faradaic constant, V presents the gas flow rate, P refers to the atmospheric pressure, 𝑋𝑋𝑖𝑖 

stands for the product concentration, J presents the total current acquired from the potentiostat, 

R represents the ideal gas constant, and T refers to the temperature. 

Results and Discussions  
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Figure 1. (a) schematic illustration showing the processes of CO2 conversion over Ag HFGDE. 

SEM images of (b) cross-section, (c) outer and (d) inner surfaces of pristine Ag HFGDE. (e) 

The FTIR spectra of pristine Ag HFGDE and Ag HFGDE after CO2RR testing in different 

concentrations of CTAB-containing catholytes. (f) XRD patterns, (g) XPS spectra of Ag 3d 

over pristine Ag HFGDE and Ag HFGDE after CO2RR testing in the catholyte with/without 

CTAB. 

The schematic of the silver hollow fibre (AgHF) electrode (Figure 1a) illustrates the 

hierarchical micro/nanostructures composed exclusively of metallic silver, which acted as a 

CO2 diffuser through the porous framework of the walls and current collector as well as the 

active sites for CO2RR. The porous structure of Ag HFGDEs effectively increases the active 

sites, facilitating CO2 mass transport to the electrocatalyst-electrolyte interface. The cross-
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section SEM image in Figure 1b showed that the AgHF has a homogeneous morphology with 

a wall thickness of 194 μm and outer diameter of 1.0 mm. The AgHF surface featured numerous 

micro-sized and interconnected pores on the outer and inner surfaces (Figure 1c and 1d), 

facilitating CO2 penetration and ensuring a sufficient gas supply in the electrochemical reaction 
[20]. The FTIR data for the pristine Ag HFGDE and the Ag HFGDE after testing in different 

concentrations of CTAB-containing catholyte are illustrated in Figure 1e. In the FTIR 

spectrums, the appearance of new groups in all CTAB-containing systems compared with 

pristine Ag HFGDE was observed. As can be seen in Figure 1e, peaks at 2919 and 2848 cm-1 

were attributed to the C-H stretching vibration of the -CH2 group in CTAB [21]. The peaks at 

1405 and 1369 cm-1 were caused by the C-H bending vibration, while the band of 1248 cm-1 

could be assigned to the C-N stretching vibration [21-22]. The crystal structure of Ag HFGDEs 

before and after testing in CTAB-containing catholyte was evaluated by XRD patterns (Figure 

1f and Figure S1). The defined diffraction peaks at 2-Theta values of 38.2o, 44.4o,64.7o,77.6o, 

and 91.8o corresponding to the (111), (200), (220), (311), and (222) planes of the face-centred 

cubic structure of silver, respectively [18b]. This indicated that the adsorption of CTAB on the 

surface of the electrocatalyst did not alter the crystalline structure of the AgHF. The intensity 

of AgHF in CTAB-containing catholyte was remarkably stronger compared with CTAB-free 

catholyte, which was argued to exhibit higher activity towards CO2 conversion [9, 18a]. Moreover, 

XPS spectra of Ag HFGDEs after testing in CTAB-containing catholyte observed strong 

metallic Ag characteristic peaks at 368.4 eV and 374.4 eV, corresponding to Ag 3d5/2 and Ag 

3d3/2 peaks, respectively, identical to those observed in the pristine AgHF (Figure 1g and 

Figure S2). 

Electrocatalytic performance of CO2RR 
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Figure 2. (a) cyclic voltammogram curves for multiple scans in CTAB-containing/free 

catholyte (0.5mM and 0 mM, respectively) at a scan rate of 0.05 V s-1. (b) Linear sweep 

voltammetry of Ag HFGDEs in electrolytes containing different concentrations of CTAB. (c) 

Nyquist plots of Ag HFGDEs in CTAB-containing/free catholyte at -0.8 V vs. RHE. (d) Charge 

transfer resistances of Ag HFGDEs in CTAB-containing/free catholyte. (e) Plot of Δj against 

the scan rates of cyclic voltammogram. (f) The interfacial electrochemical double-layer 

capacitance of Ag HFGDEs obtained from EIS with an equivalent circuit in CTAB-

containing/free catholyte. 

The electrocatalytic CO2RR performance in CTAB-containing/free catholyte was 

systematically investigated in a two-chamber H-shaped electrolyser with a three-electrode 

system. The 0.5 M KHCO3 solution electrolyte containing different concentrations of CTAB 
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(0 mM, 0.2 mM, 0.5 mM, and 0.8 mM) was employed. As shown in Figure 2a, a distinctive 

reversible adsorption/desorption peak in the cyclic voltammogram (CV) was observed in the 

0.5 mM CTAB-containing catholyte (0.5 mM CTAB system), which was not presented in the 

CTAB-free catholyte (0 mM CTAB system). This could be associated with the 

pseudocapacitance features resulting from the reversible adsorption and desorption of 

surfactant CTAB [23]. Similar pseudocapacitance features were recorded in different CTAB 

concentrations, as shown in Figure S3. To evaluate the reaction activity of Ag HFGDEs in 

different electrolyte systems, linear sweep voltammetry (LSV) was applied. As depicted in 

Figure 2b, corresponding trends in all systems featured lower current densities at less negative 

potential and an increase as overpotentials increased. Compared to the CTAB-free catholyte, 

the Ag HFGDEs in the CTAB-containing catholyte exhibited higher current densities at a 

potential period from -0.65 to -1.35 V vs. RHE.  As an illustration, the current densities of 

AgHF significantly escalated to 140.1 mA cm-2 at -1.35 V vs. RHE in the 0.5 mM CTAB system, 

whereas it was merely 70.9 mA cm-2 in the CTAB-free system. The doubling of current density 

in CTAB-containing catholyte implied that introducing CTAB molecules created a favourable 

interfacial microenvironment that enhanced ion diffusion and charge transfer during the CO2 

conversion process, resulting in an enhancement in the reactivity of the CO2RR. Nonetheless, 

it was worth noting that the current densities have a slight decline in the 0.8 mM CTAB-

containing catholyte (0.8 mM CTAB system) in comparison with 0.2 mM and 0.5 mM CTAB-

containing catholyte (0.2 mM CTAB system and 0.5 mM CTAB system, respectively) at -1.35 

V vs. RHE. This could be ascribed to the saturation of CTAB in electrolytes, which diminished 

its contribution to the activity of CO2 conversion [24].  

To further explore the interfacial behaviour in CTAB-containing catholytes and their charge 

transfer and mass transfer characteristics on the surface of Ag HFGDEs, electrochemical 

impedance spectroscopy (EIS) was probed at relevant electrocatalytic testing conditions. 

Nyquist plots in electrolytes containing different concentrations of CTAB were displayed in 

Figure 2c at -0.8 V vs. RHE. Compared to the CTAB-free catholyte, the Ag HFGDE under 

CTAB-containing catholytes indicated lower interfacial charge transfer resistance (Rct). A 

lower Rct reflected the decrease of the activation energy barrier for the electron transfer in the 

formation of *COO- intermediate and fastened initial electron transfer step, which could 

effectively improve CO2 conversion with high activity and selectivity [25]. The value of Rct in 

different potentials under different CTAB-containing catholytes was explored in Figure 2d. 

The result indicated that the values of Rct in CTAB-containing catholytes were lower than those 
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of CTAB-free catholytes in all testing potentials. The reduction in charge transfer resistance 

observed in the CTAB-containing catholyte was attributed to the ordered distribution of 

adsorbed CTAB molecules on the electrode surface. These CTAB molecules organized and 

structured the interface between the electrode and the electrolyte, which enhanced ion diffusion 

towards the electrode and facilitated the efficiency of charge transfer across the electrode-

electrolyte interface [18a].  

The electric double-layer capacitance (Cdl) gained from scanning CV at different scan rates 

represented the reaction active sites at the electrocatalyst surface. As shown in Figure 2e and 

Figure S4, the values of Cdl from CV in CTAB-containing catholytes were 2.70 mF cm-2 for 

0.2 mM CTAB system, 5.97 mF cm-2 for 0.5 mM CTAB system, and 1.79 mF cm-2 for 0.8 mM 

CTAB system, respectively, which were much lower than that in the CTAB-free catholyte (9.55 

mF cm-2). The reduction of Cdl (gained from the CV) in CTAB-containing catholyte could 

likely be attributed to the adsorption of CTAB molecules on the Ag electrocatalyst surface, 

which occupied part of reactive active sites. On the other hand, the interfacial electrochemical 

double-layer capacitance (Cdl) obtained from EIS using an equivalent circuit (Figure S5) 

reflected the charge accumulation at the electrode-electrolyte interface [26]. Specifically, the 

capacitance will increase if more mobile ions are present in the bulk electrolyte. As illustrated 

in Figure 2f, the Ag HFGDEs in the CTAB-containing catholyte showed a higher interfacial 

charge capacitance than those in the CTAB-free catholyte. For example, the capacitance was 

1.23 mF cm-2 in the 0.5 mM CTAB system, doubling the value observed in the 0 mM CTAB 

system (0.60 mF cm-2). The results demonstrated that the existing surfactant of CTAB in 

electrolytes provided more mobile ions to be adsorbed on the Ag HFGDE surface. This also 

provided evidence from the decrease of charge transfer resistance observed in the CTAB-

containing system in Figure 2d. Furthermore, compared with the other two in CTAB-

containing catholyte, the 0.5 mM CTAB system showed a higher catalytic active surface area 

and interfacial charge capacitance, which was expected to achieve enhanced CO2RR 

performance.   
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Figure 3. (a) Schematic of electrochemical double-layer on the flow through HFGDE surface 

before and after adding CTAB into the electrolyte. (b) The interfacial double-layer capacitance 

obtained from EIS at different potentials in 0.5 mM CTAB and 0 mM CTAB systems. (c) Tafel 

plots of Ag HFGDE in 0.5 mM CTAB and 0 mM CTAB systems. (d) Faradaic efficiency of 
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CO at -0.8 to -1.5 V vs. RHE for Ag HFGDE in 0.5 mM CTAB and 0 mM CTAB systems, and 

(e) their corresponding CO partial current densities. 

It is known that applying a potential on an electrode in the electrolyte generates an 

electrochemical double layer (EDL) in which oppositely charged solvated molecules 

accumulate to neutralise the charge at the electrode interface [27]. The EDL at the interface can 

be separated into a compact layer and a diffusion layer, in which the compact layer is the 

primary site of the potential drop in the current electrolyte system (Figure 3a). The compact 

layer can be further divided into inner Helmholtz planes (IHP) and outer Helmholtz planes 

(OHP). As schematically shown in Figure 3a, the CTAB molecules in CTAB-containing 

catholyte could form an ordered structure on the Ag HFGDE surface and lead to tighter 

Helmholtz layers at the compact layer, which can effectively facilitate the charge transfer at the 

interface and improve the CO2/H2O ratio [26]. Therefore, the interfacial double-layer 

capacitance (Cdl) obtained from EIS at different potentials in 0.5 mM CTAB and 0 mM CTAB 

systems were further examined in Figure 3b.  The value of Cdl in the 0.5 mM CTAB system 

was higher than that of the CTAB-free system at applied potentials. These EIS experiments 

demonstrated the strengthened capacity of CTAB to regulate the local ion concentration and 

facilitate the charge transfer at the Ag HFGDE surface.  

The analysis of Tafel plots provided insight into the kinetic mechanism for CO2RR in CTAB-

containing/free catholyte (Figure 3c and Figure S6). Tafel slopes in the CTAB-containing 

catholyte were lower than the absent CTAB system, indicating that the absorbed CTAB 

molecules on the AgHF surface boosted the reaction kinetics of CO2 conversion into CO [28]. 

In detail, the reaction for the electroreduction of CO2 to CO production over an Ag-based 

electrocatalyst occurs in the following steps:[29]  

𝐶𝐶𝐶𝐶2 + 𝑒𝑒− → 𝐶𝐶𝐶𝐶𝐶𝐶∗−      (1) 

𝐶𝐶𝐶𝐶𝐶𝐶∗− + 𝐻𝐻+ → 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶∗   (2) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶∗ + 𝐻𝐻+ + 𝑒𝑒− → 𝐶𝐶𝐶𝐶∗ + 𝐻𝐻2𝑂𝑂  (3) 

𝐶𝐶𝐶𝐶∗ → 𝐶𝐶𝐶𝐶 + ∗  (4) 

In the above reaction process, the initial step was one-electron transfers to CO2 to form 

adsorbed COO*- (step 1), followed by the formation of COOH* intermediate through 

protonation of COO*- (step 2). Then, a proton-electron transfer and dehydration occurred to 

form a CO* intermediate (step 3), and finally, the formed CO* was desorbed from the silver 
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surface to gain CO production. The step 1 was believed to be the rate-determining step owing 

to its high energy barrier required [30]. The Tafel slope was 112.4 mV dec-1 in the 0.5 mM CTAB 

system, 127.4 mV dec-1 in the 0.2 mM CTAB system and 136.6 mV dec-1 in the 0.8 mM CTAB 

system, respectively, which was lower than that of in 0 Mm CTAB system (147.1 mV dec-1), 

as shown in Figure 3c and Figure S6. These results demonstrated that the added surfactant 

CTAB into catholyte could enhance the intrinsic catalytic activity of AgHF towards CO 

formation. The Tafel slope of 112.4 mV dec-1 in 0.5 mM CTAB system was very close to the 

theoretical value of 118 mV dec-1, indicating a more rapid initial electron transfer to the CO2 

molecule for the formation of COO*- intermediate (step 1). This phenomenon was also 

consistent with the lower interfacial charge transfer resistance (Rct) on the Ag HFGDE in the 

0.5 mM CTAB system (Figure 2c). These observations verified the enhancement of electron 

transfer and the intrinsic CO2 reduction activity by introducing CTAB into the catholyte.   

The effects of CTAB-containing catholyte on the product selectivity and reaction activity of 

Ag HFGDEs were further explored by chronopotentiometry at various potentials, as shown in 

Figures 3d and 3e. CO and H2 were the primary products of CO2RR for all catholyte systems, 

and their combined Faradic efficiency (FE) was close to 100% (Figures S7 and S8). As 

illustrated in Figure 3d, an outstanding performance of the Ag HFGDE in the 0.5 mM CTAB 

system was observed in a wide potential window of -0.8 to -1.5 V vs. RHE. The FE of CO 

exceeded 95% within the potential range of -0.8 V to -1.3 vs. RHE, with a slight decrease 

observed at -1.4 and -1.5 V vs. RHE. In detail, the FE of CO could reach a maximum value of 

98.15% with a partial current density (jco) of 25.0 mA cm-2 at -0.9 V vs. RHE after introducing 

CTAB into catholyte, while the FE of CO was 67.90% with jco of 13.4 mA cm-2 in CTAB-free 

catholyte. Even at a highly negative potential of -1.5 V vs. RHE, the FE of CO remained ~90% 

with jco of 143.6 mA cm-2. This was ascribed to the fact that the CTAB could modulate the 

CO2/H2O ratio at the electrode and electrolyte interface and facilitate the charge transfer on the 

double-layer microenvironment. As discussed in Figure 3a, the long chain of CTAB molecules 

forms an ordered structure, leading to a tighter Helmholtz layer at the compact layer, thereby 

promoting interfacial charge transfer. The EIS experiments also demonstrated the improved 

ability of CTAB to reduce the Rct and increase the interfacial Cdl at the Ag HFGDE surface. 

Besides, the long alky chain in CTAB molecules could effectively adjust the water environment 

at the electrified interface by repelling isolated water to form a highly hydrophobic interfacial 

microenvironment, which improved the CO2/H2O ratio at the electrode and electrolyte interface 
[18a]. Furthermore, the presence of CTAB in the catholyte could prevent the hydrogen atoms 
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from interfacial water molecules moving towards the electrode surface, which led to an 

increased Ag-H distance and reduced water dissociation activity [18a, 31]. As a result, the 

competitive reaction of HER in the Ag HFGDE was effectively inhibited, while the CO2 

conversion was promoted in CTAB-containing catholyte. Furthermore, the CO2RR stability 

was evaluated in 0.5 mM CTAB-containing catholyte at -1.1 V vs. RHE. The FE of CO 

remained over 90% with a partial current of over 50 mA cm-2 (Figure S9), indicating that the 

enhanced electrode/electrolyte interface can effectively benefit the FE of CO and reaction 

activity with stable operation in CTAB-containing catholyte.                                                                            

The pathway of CO2 distribution in Ag HFGDEs 

Figure 4. (a) Schematic of CO2 delivery pathways in GDE and non-GDE configuration; (b) 

Faradaic efficiency of CO in the range of -0.8 to -1.3 V vs. RHE on AgHF electrode in CTAB-
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containing catholyte in both GDE and non-GDE configurations and their corresponding partial 

current densities (jco). (c) Tafel slopes of AgHF electrode in GDE and Non-GDE configurations. 

Compared to planar Ag electrodes in a similar electrolyte reported in the literature, the Ag 

HFGDE presented a considerably higher electrocatalytic activity for CO2 conversion into CO. 

It was reported that the highest partial current density of CO in CTAB-containing systems was 

30.6 mA cm-2 with a 96.0% FE for Ag foil and 29.8 mA cm-2 with an 82.2% FE for Ag NPs, 

respectively, at -1.2 V vs. RHE [18a]. The reason was the low solubility and diffusion of CO2 in 

flat Ag electrodes within aqueous electrolytes. The Ag HFGDE achieved a CO partial current 

density of 72.2 mA cm-2 with an FE of 96.0% at the same potential in the CTAB-containing 

system. This was attributed to the unique gas diffusion pathway in the AgHF electrode. The Ag 

HFGDE penetrated CO2 via a flow-through mechanism, as illustrated in Figure 4a. One side 

of the Ag HFGDE was sealed by epoxy, while the gas was fed from the other side and 

penetrated through the porous AgHF walls by pressure differential. This flow-through gaseous 

feed effectively supplied sufficient CO2 to the active electrocatalyst surface, creating a high 

local CO2 concentration near the triple-phase interface sites, which was essential for achieving 

high current density in CO2 conversion [32]. To further validate the advantage of CO2 delivery 

in Ag HFGDE for enhancing the electrocatalytic activity of CO2 conversion, we examined the 

AgHF electrode in a non-GDE configuration under the same CTAB-containing catholyte for 

electrocatalytic CO2 reduction. As shown in Figure 4a, the CO2 gas outlet was placed directly 

into the electrolyte, allowing the CO2 to be dissolved within the electrolyte. The FE of CO was 

significantly reduced in the non-GDE configuration compared to the GDE configuration, as 

displayed in Figure 4b. Meanwhile, the partial current density of CO in the non-GDE 

configuration (jco: 5.0 mA cm-2) was nearly 19 times lower than that in the GDE configuration 

(jco: 94.3 mA cm-2) at -1.3 V vs. RHE, confirming that numerous available electrocatalytic 

active sites were not utilised in non-GDE configuration. Besides, penetrating CO2 through the 

hollow fibre in the GDE configuration could facilitate the desorption and removal of the CO 

product from the reaction sites and prevent the blockage of electrocatalytic active sites, which 

effectively improved the reaction activity of CO2 reduction [33]. Furthermore, Tafel slopes were 

evaluated to explore the kinetic behaviour of CO2RR in GDE and non-GDE configurations. In 

Figure 4c, the Tafel slope of the AgHF electrode in the non-GDE configuration was 164.8 mV 

dec-1, whereas it was 112.4 mV dec-1 in the GDE configuration. A higher Tafel slope observed 

in the non-GDE configuration implied that the GDE configuration supplied more excellent 

electrocatalytic activity and more efficient CO2 mass transport to the active sites.   
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Conclusion  

In summary, we illustrated that the interfacial modification of Ag HFGDE via introducing 

surfactant CTAB into electrolytes can boost reaction activity and selectivity of CO2 conversion 

into CO. The results indicated that the CTAB additive facilitated the charge transfer in the 

interfacial and reduced the local water concentration to suppress the competing reaction of 

HER. The Ag HFGDE in CTAB-containing catholyte achieved a high FE of over 95% in a 

wide potential range, and the partial current density of CO exhibited two times higher than in 

CTAB-free catholyte. Moreover, the structural features of hollow fibre GDE greatly enhanced 

the CO2 mass transfer and optimised the formation of the triple-phase interface, leading to CO2 

conversion with superior activity and selectivity towards CO production. Our study provides a 

straightforward and efficient approach for regulating the interfacial properties of reaction 

electrode-electrolyte surfaces to enhance the CO2RR performance, which can be applied to 

diverse electrocatalytic gas conversion reactions. 
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Graphical abstract 

 

The silver hollow fibre gas diffusion electrode (Ag HFGDE) acts as a CO2 diffuser through the 
porous wall, effectively converting CO2 to CO while suppressing the HER in a CTAB-
containing catholyte. 

 


