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ABSTRACT 

The direct utilization of CO2 from flue gas bypasses the need for costly carbon capture and 

purification processes and thus presents a potentially more economical approach to create chemical 

feedstocks and fuels. In this work, essential system design parameters required for a CO2 

electrolyzer to perform efficient electroproduction of formate from a simulated flue gas feed at 

industrially relevant activities have been identified. In addition to the use of effective catalysts and 

gas-diffusion electrodes, we demonstrate that the efficiency of formate production in dilute CO2 

environment is highly sensitive to the feed flow rate, which is directly related to the local CO2 

concentration. If the flow condition is not optimal in dilute CO2 condition, carbonation reaction 

dominates and limits CO2 availability for formate production. Ultimately, we have established 

basic system design guidelines to overcome CO2 deficiency in a flue gas conversion electrolyzer 

without the need of a costly high-pressure system.   
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INTRODUCTION 

While global warming becomes a growing threat to the human society, it is evident that 

anthropogenic CO2 emission plays a significant contribution.1 Hence, carbon capture and 

utilization (CCU) technologies are proposed to upcycle unwanted CO2 to reduce carbon emissions 

in an economical way. In particular, electrochemical CO2 reduction reaction (CO2RR) using 

renewable energy is a promising method for converting CO2 to value-added chemicals and fuels.2 

Typically, CO2RR studies are conducted with pure CO2 feed, but techno-economic studies have 

shown that CO2 capture and purification processes contribute to major part of the operational 

cost.3,4 Therefore, it is highly desirable if CO2RR can be performed directly with flue gas, which 

typically contains 12–15 vol.% CO2 and impurities like SOx and NOx from a coal-fired power plant 

and other point sources.5 

However, accomplishing high CO2 reduction performance with flue gas could be a challenge as 

CO2 concentration can be limited at the catalyst surface. Promisingly, there are a few strategies to 

achieve high energy efficiency (EE) for conducting CO2RR under low CO2 concentration 

conditions. For example, Kim et al. attained 15.9 % solar-to-CO conversion efficiency in a 10 % 

CO2 feed by employing Au25 catalysts with strong CO2 binding affinity.6 Our group has also shown 

that using dilute CO2 feed can promote the formation of multi-carbon products in a flow 

electrolyzer based on a gas diffusion electrode (GDE), though CO2 feed of less than 20 % greatly 

activates hydrogen production due to the lack of CO2 reactants near the catalyst surface.7,8 Sinton’s 

group demonstrated that the low CO2 availability can be overcome by utilizing a pressurized 

electrolyzer system that operates with 15 % CO2 feed at 15 bar.9 Unfortunately, performing 

CO2RR under high pressure would require additional operation and electrolyzer cost, which may 

affect the economic feasibility.10 Furthermore, targeting gas products in a dilute feed may not be 
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economically friendly if the downstream separation cost for a mixture of N2, CO2, and other 

CO2RR gaseous products is considered.11 On the other hand, if liquid products are targeted, for 

e.g. formic acid, downstream gas separation would not be necessary.12  

Formic acid is a useful feedstock in the chemical and pharmaceutical industry, and also can be 

directly used as fuel in fuel cells or as a liquid hydrogen carrier.13 There already exist well known 

catalysts that produce formate with high faradaic efficiency (FE) such as SnOx, In, Bi, etc.14–23 

Recently, sulfur incorporated Sn catalyst was reported to achieve high CO2 reduction current 

density and high FE.24 However, low solubility of CO2 in water limits current density < 100 mA 

cm−2 in conventional H-type electrochemical cell setup. With the help of a GDE, mass transport 

limit of CO2 in conventional cells could be overcome to further improve CO2RR current density.25–

27 Still, selective electrochemical reduction of dilute CO2 to formate at industrially relevant 

activities has not been demonstrated. We believe that careful considerations of various system 

parameters are required to achieve such a feat. 

Herein, we present the essential system design considerations for efficient electroproduction of 

formate from simulated flue gas. Specifically, a combined use of efficient SnSx catalysts and GDE 

enables the electrolyzer to reach high current densities (> 100 mA cm−2) in various CO2 

concentrations. More importantly, even with the enhanced CO2 mass transport provided by the 

GDE, controlling the feed flow rate is essential to achieve high selectivity for formate in dilute 

CO2 environment. With the help of mass transport modeling, we identify that the feed flow rate is 

closely related to the local CO2 concentration (i.e. near the catalyst surface), which is the 

determining factor for the electrolyzer performance. In particular, there are operating flow 

conditions where carbonation reaction plays a dominant role in limiting CO2 reactants from the 
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catalyst surface. Therefore, in a dilute CO2 feed, controlling the feed flow rate is vital in 

maintaining adequate local CO2 concentration, and thus maximizing CO2RR performance.  

 

EXPERIMENTAL SECTION 

Materials. KOH (99.99 % semiconductor grade), sulfur (99.8 %), NafionTM D521 solution (5 

wt.%), and a NiFeMo foil were purchased from Sigma-Aldrich. Sn (99.9 %, ∼100 mesh) and 

SnO2 (99.9 %) powders were purchased form Alfa Aesar. Millipore water purifier was used for 

deionized water (DI, 18.2 MΩ). A carbon paper with a microporous layer was used for gas 

diffusion layer (GDL-39BC, Sigracet). CO2 (99.999 %) and N2 (99.999 %) gases were purchased 

from local gas vendor. Mixed gases containing 90 ppm (parts per million in volume fraction) NO, 

90 ppm SO2, and a combination of 90 ppm NO and 90 ppm SO2 (with N2 balance) were used for 

simulating impurities in flue gas. 

Synthesis of SnSx catalysts. SnSx catalysts were synthesized by high energy ball milling. A 

planetary ball-mill machine (FRITSCH, PULVERISETTE 6 Planetary Mono Mill) was used for 

the synthesis of catalyst powders. To prepare SnSx particles with molar ratio with 2:1, 1:1, 2:3, 

1:2, and 1:13, elemental Sn and S powders were mixed with desired molar ratio to a total weight 

of 10 g. The mixture was transferred into a stainless jar with internal volume of 80 mL. 25 g of 

zirconia balls with diameters of 5 mm and 25 g of zirconia balls with diameters of 10 mm were 

then added into the jar. The jar was sealed without addition of solvent. High energy milling was 

carried out with a planetary milling machine at a speed of 500 rpm for 6 h. After the milling 

procedure, synthesized powders were transferred into a vial and stored in vacuum bag to prevent 

oxidation. 
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Material characterizations. Crystal structures of SnSx catalysts were characterized with high-

resolution powder X-ray diffractometer (SmartLab, RIGAKU) using a Cu Kα1 source. Joint 

committee on powder diffraction standards (JCPDS) were used as reference for peak identification. 

Scanning electron microscopy (SEM) images and energy dispersive X-ray spectrometry (EDS) 

images were obtained with a field-emission scanning electron microscope (Magellan 400, FEI 

Company). For transmission electron microscopy (TEM) analysis, sample was dispersed in ethanol 

and loaded onto the copper grid with a drop of suspension and dried for 1 h. High-resolution TEM 

images and EDS images were obtained with 200 kV transmission electron microscope (Talos 

F200X, FEI). X-ray photoelectron spectroscopy (XPS) measurements were performed by an X-

ray photoelectron spectrometer (Axis-Supra, Kratos). All peaks were fitted with Thermofisher 

Avantage software and calibrated with C1s signal to 284.8 eV. 

Gas-diffusion electrode preparation. For the electrochemical characterization, catalysts were 

loaded on the microporous layer (MPL) of gas-diffusion electrode (GDE) with hand-painting 

method. Catalyst inks were prepared with dispersion of 20 mg of catalyst powder in mixture of 1.8 

mL of IPA and 200 μL of Nafion solution (5 wt. %). The catalyst ink was sonicated for 30 min 

before catalyst coating. Paintbrush with a brush width of 8 mm was used to paint the catalyst ink 

on the 2.5 cm × 2.5 cm sized carbon paper. The carbon paper was heated to 100 °C on a hot plate 

during the catalyst deposition to improve solvent evaporation. After every paint stroke, the 

remaining solvent on carbon paper was evaporated before performing the next stroke. The 

direction of the stroke was changed after every four strokes to evenly distribute the catalysts. After 

the hand-painting, the carbon paper was dried on the hot plate for 10 min, the catalyst-loaded 

carbon paper was stored in vacuum at room temperature for 24 h to let the solvent completely dry 

out. Catalyst loading was fixed at 0.8 mg cm−2 for all samples. 
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Electrochemical reduction measurements in a GDE flow cell. Electrochemical measurements 

were performed with a flow electrolyzer composed of cathode and anode compartments separated 

by a Nafion membrane. Although anion exchange membrane is preferred in alkaline conditions, 

Nafion membrane was used to prevent crossover of formate.28 Ag/AgCl reference electrode with 

saturated KCl (RE-1B, EC-Frontier) and a NiFeMo plate anode was used in the three-electrode 

setup. The cathode and anode geometric areas were fixed at 2 cm2. All measurements were carried 

out in 1 M KOH electrolyte. The electrolytes from the anodic and cathodic reservoirs were 

circulated using a peristaltic pump (Masterflex L/S pump) at a flow rate of 1.2 mL min−1. Total 

electrolyte volume was 40 mL each of the cathode and anode reservoir. CO2 was fed at a controlled 

flow rate between 5 sccm (standard cubic centimeters per minute) to 100 sccm with a mass flow 

controller (MFC KOREA). For the reaction at dilute CO2 streams, N2 was fed together with another 

mass flow controller with a ratio matching the desired partial pressure. For example, 7.5 sccm CO2 

and 32.5 sccm N2 were fed together to simulate CO2 partial pressure of 0.15 atm under 50 sccm 

feed flow rate. For reaction with the simulated flue gas with impurities, N2 feed was replaced with 

the gas mixture containing 90 ppm NO, 90 ppm SO2, or both 90 ppm NO and 90 ppm SO2. 

Before the electroreduction of CO2, the catalyst was pre-reduced under −2.0 V vs Ag/AgCl for 

5 min with a potentiostat (SP-150, Biologic). A linear sweep voltammetry from open circuit 

voltage to −2.0 V vs Ag/AgCl with scan speed of 10 mV s−1 was recorded to check the presence 

of remaining reduction peak of the catalyst. For the electrochemical CO2RR, fixed current densities 

were applied with chronopotentiometry method with a potentiostat for 1 h. Measured potential was 

manually compensated (iR-corrected to 100 %) after each measurement with average ohmic 

potential drop at the start and the end of measurement. Electrode potential was converted to 

reversible hydrogen electrode (RHE) scale using the following equation: 
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E (V vs RHE) = E (V vs Ag/AgCl) + 0.197 + 0.0591 × pH    (1) 

where the pH value was measured to be 13.3 for 1 M KOH. 

For the analysis of the reduction products, gaseous products were measured with on-line gas 

chromatography (GC, 6500GC, Youngin Chromass) and thermal conductivity detector (TCD) and 

flame ionization detector (FID) for every 20 min. Liquid products were measured after the end of 

the electrolysis with high performance liquid chromatography (HPLC) equipped with a SUGAR 

SH1101 column (Shodex) and refractive index detector (RID). Specifically, 1 mL of the analyte 

after 1 h of reduction was neutralized to pH 7 with 1 M HCl and diluted to 10 mL with DI water 

for HPLC analysis. For the stability test, a series of ohmic drop were measured once in every hour 

to minimize error of iR-correction. Fresh electrolyte of 300 mL was replenished after 4 h of 

reaction to prevent carbonate accumulation. Liquid analyte was collected 3–4 times between 4 h 

reduction series to quantify liquid products. 

The faradaic efficiency (FE) for each product was calculated with following formula: 

𝐹𝐸𝑖  (%) =
𝑛𝑖𝑧𝑖𝐹

𝑄
 × 100        (2) 

where 𝑛𝑖 is the number of moles of the product from GC and HPLC analysis based on outlet gas 

flow rate measured with an electronic flow meter; 𝑧𝑖 is the number of electrons required to generate 

the product (2 for the formate, carbon monoxide and hydrogen); F is the Faraday’s constant 

(96,485 C mol−1); Q is the amount of charge passed during the measurement. 

The cathodic EE was calculated as follows: 

Cathodic EE  (%) =  
𝐸𝑖

°×FE𝑖

𝐸𝑖
°+𝜂

 × 100       (3) 



 9 

where 𝐸𝑖
° is thermodynamic cell potential to reduce CO2 into the given product coupled with 

oxygen evolution reaction; FEi is faradaic efficiency for the given product; and 𝜂  is cathodic 

overpotential to achieve the given current density.  

The single-pass conversion rate was calculated as follows: 

CO2 Conversion (%) =  
∑ 𝑦𝑖𝑛𝑖𝑖

𝑛co2,feed

 × 100      (4) 

where 𝑛co2,feed
 is the number of moles of CO2 fed into the electrolyzer based on the inlet flow 

rate; 𝑦𝑖  is the stoichiometric coefficient for a given product (1 for CO and formate); 𝑛𝑖  is the 

number of moles of the product as detected from GC and HPLC analysis, based on the outlet gas 

flow rate measured by an electronic gas flow meter. 

Double layer capacitance measurements. Surface roughness factor (RF) for SnSx catalysts 

were calculated from the ratio of the double layer capacitance of the catalysts to commercial Sn. 

Double layer capacitance was measured from non-Faradaic capacitive current associated with 

double layer charging with the catalysts GDEs (Figure S1) from the cyclic voltammetry (CV) 

method. The double layer capacitance is determined by the following equation: 

𝑖c = 𝜈𝐶DL          (5) 

where 𝑖c is double layer charging current; 𝜈 is scan rate of the CV; and 𝐶DL is electrochemical 

double layer capacitance. From this linear relation, 𝐶DL (mF cm−2) was determined with the fitted 

slope of the graph with scan rate (mV s−1) and current density (mA cm−2) as x-axis and y-axis, 

respectively (Figure S1). Roughness factor (Table S1) was determined from the ratio between the 

double layer capacitance of catalyst and commercial Sn, i.e. RF = 𝐶DL,catalyst/𝐶DL,Sn 



 10 

CO2 Mass-transport Simulation. In this work, a 1-dimensional mass-transport model, which 

is based on previous CO2RR studies utilizing H-type cells and GDE-based systems,7,29,30 was 

utilized to approximate the local CO2 concentration, also denoted as local [CO2].  

In alkaline conditions, CO2 is converted to bicarbonate and carbonate via two major reactions: 

CO2 (aq) + OH
− ↔ HCO3

−
,      

k1f = 5.93 × 103 M−1 s−1; k1r = 1.34 × 10−4 s−1            (6) 

HCO3
− + OH

− ↔ CO3
2− + H2O,      

k2f = 1.00 × 108 M−1 s−1; k2r = 2.15 × 104 s−1           (7) 

The schematic illustration of the gas-liquid-catalyst interface is presented in Figure S2, where 

CO2 feed is supplied at x = 0. The catalyst layer cross-sectional region is defined at 0 ≤ x ≤ 0.5, i.e. 

the catalyst layer thickness is specified as 0.5 μm. The electrolyte diffusion layer thickness was 

assumed to be 50 μm. The reactions occurred for CO2, OH−, HCO3
− and CO3

2− and their diffusional 

transport were taken into account by a reaction-diffusion model. Under a steady-state condition, 

the governing equations are shown as below: 

0 = 𝐷eff · 𝐷CO2

𝜕2[CO2]

𝜕𝑥2 − 𝑘1f[CO2][OH
−] + 𝑘1r[HCO3

−] − RxnCO2
    (8) 

0 = 𝐷eff · 𝐷OH−
𝜕2[OH−]

𝜕𝑥2
− 𝑘1f[CO2][OH

−] + 𝑘1r[HCO3
−] − 𝑘2f[HCO3

−][OH
−] +  

    𝑘2r[CO3
2−] + RxnOH−          (9) 

0 = 𝐷eff · 𝐷HCO3
−

𝜕2[HCO3
−]

𝜕𝑥2 + 𝑘1f[CO2][OH
−] − 𝑘1r[HCO3

−] − 𝑘2f[HCO3
−][OH

−] + 𝑘2r[CO3
2−] 

           (10) 

0 = 𝐷eff · 𝐷CO3
2−

𝜕2[CO3
2−]

𝜕𝑥2 + 𝑘2f[HCO3
−][OH

−] − 𝑘2r[CO3
2−]    (11) 

where the diffusion coefficients for each chemical species are specified as 𝐷CO2  = 1.91 × 10−9 

m2 s−1; 𝐷OH−  = 5.27 × 10−9 m2 s−1; 𝐷HCO3
−  = 9.23 × 10−10 m2 s−1; 𝐷CO3

2−  = 1.19 × 10−9 m2 s−1. Deff is 
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the effective diffusion coefficient, which accounts for the effect of diffusion medium.3 In the region 

outside of the catalyst layer (x > 0.5), Deff = 1.0; within the catalyst layer (0 ≤ x ≤ 0.5), Deff was 

assumed to be 0.7 due to a more sluggish mass transport. 

 The consumption rate of CO2 (RxnCO2
) and the production rate of OH− (RxnOH−) from CO2RR 

were assumed to occur homogenously within the region of the catalyst layer (0 ≤ x ≤ 0.5). 

RxnCO2
=

𝑗

𝐹∙𝐿
∑

FE𝑖∙𝑛𝑖

𝑧𝑖
𝑖               (12) 

RxnOH− =
𝑗

𝐹∙𝐿
∑

FE𝑖∙𝑚𝑖

𝑧𝑖
𝑖              (13) 

where j is the total current density; F is Faradaic constant; ni is the stoichiometric coefficient for 

the given CO2RR product (1 for CO and formate; see Equations 14 and 15); zi is the number of 

electrons required to form the given product (2 for CO, formate and hydrogen; see Equations 9–

11); mi is the stoichiometric coefficient for OH− formed from the given product (1 for formate; 2 

for H2 and CO; see Equations 14–16). For the region outside of the catalyst layer (x > 0.5), we 

specify that RxnCO2  = 0; RxnOH−  = 0. For the modeling results presented in Figure S3b, we have 

used the actual product FEs for the simulations. 

CO2 + H2O + 2e− → HCOO− + OH−       (14) 

CO2 + H2O + 2e− → CO + 2OH−       (15) 

2H2O + 2e− → H2 + 2OH−        (16) 

To determine the maximum CO2 concentration ([CO2]max), the theoretical CO2 solubility was 

first calculated based on Henry’s law: 

[CO2]Henry = 𝐾Henry ∙ 𝑝CO2             (17) 
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where KHenry = 34.1 mM atm−1 at T = 298 K. pCO2 is the partial pressure of CO2 (atm) at the 

gas-liquid interface. 

Here, we estimated the pCO2 at the gas-liquid interface to be similar to the pCO2 in the cathode 

gas chamber, which was determined experimentally without applying potential to the electrolyzer 

using an electronic flow meter:  

 𝑝CO2 =
Outlet CO2 flow rate

Outlet total flow rate
=

Inlet CO2 flow rate − CO2 consumption rate

Outlet total flow rate
 

            =
Inlet CO2 flow rate − (inlet total flow rate − outlet total flow rate)

Outlet total flow rate
    (18) 

In Equation 18, we assumed negligible dissolution of balancing N2 stream in the electrolyte.  

Due to the concentrated electrolyte used, a significant reduction of the actual solubility of CO2 

would be present, i.e. “salting out” effect. This effect is incorporated in our model through the 

Sechenov equation:31 

log (
[CO2]Henry

[CO2]max
) = 𝐾𝑠 ∙ 𝐶KOH            (19) 

𝐾𝑠 = (ℎK+ + ℎCO2
) + (ℎOH− + ℎCO2

)           (20) 

where 𝐶KOH is the molar concentration of the electrolyte; Ks is the Sechenov constant that is 

based on ion- and gas-specific parameters, i.e. ℎK+  = 0.0922 m3 kmol−1, ℎOH−  = 0.0839 m3 kmol−1, 

ℎCO2  = −0.0172 m3 kmol−1 at 298 K. Therefore, [CO2]max is calculated to be 24.6 mM and 3.69 

mM at 1 atm and 0.15 atm pCO2, respectively. 

The following boundary conditions were applied to solve Equations 8–11:  

At x = 0 (left boundary), [CO2] is set as [CO2]max; molar fluxes of OH−, HCO3
− and CO3

2− were 

set to be zero.  

At x = 50 (right boundary), the concentrations of CO2, OH−, HCO3
− and CO3

2− were set to the 

equilibrium values based on the measured electrolyte bulk pH. 
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RESULTS AND DISCUSSION 

 

Figure 1. (a) Crystalline phases of SnSx synthesized with ball milling. Sn to S precursor ratio was 

controlled from 1:0.5 to 1:13. (b) Transmission electron microscope (TEM) image and electron 

dispersive X-ray spectroscopy (EDS) map of SnSx (2:3) particles. (c) EDS map of SnSx (2:3) 

particles deposited on a carbon paper surface. Scale bars are 200 nm in (b) and 2 µm in (c). 

 

Synthesis and physical characterizations of SnSx. First, we developed a facile solvent-less 

mechanochemical synthesis method to prepare SnSx with variable Sn to S ratio (see Experimental 

Details section in Supporting Information). The ratio of Sn:S was controlled from 1:0 to 1:13 using 
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stoichiometric amount of commercial pure Sn and S particles as precursors. The crystal structures 

of the synthesized powders were identified with X-ray diffraction (XRD) (Figure 1a). Peak 

positions of SnSx catalysts prepared with Sn to S ratios equal to 1:1, 2:3, and 1:2 match with the 

reference peaks of stoichiometric SnS, Sn2S3, and SnS2 respectively. Sn:S = 1:0.5 consists of 

mixture of Sn and SnS peaks. Sn:S = 1:13 is consisted of SnS2 and strong elemental S peak, which 

suggests that unreacted S still remained within SnS2 powder. Actual compositional ratio between 

Sn and S of the synthesized catalysts, measured with a scanning electron microscope (SEM) 

equipped with electron dispersive X-ray spectroscopy (EDS), is shown in Figure S4. It suggests 

that the resultant ratio of Sn and S of mechanochemically synthesized SnSx particle was controlled 

directly with the precursor ratio as expected. From here onward, the denoted Sn:S ratio will be the 

ratio of the precursors used for the synthesis. 

Figure 1b shows the transmission electron microscope (TEM) image of as-synthesized SnSx 

(2:3) catalyst. It is clear that catalysts consist of less than 100 nm sized particle aggregated into 

particles of a few micrometer. From the EDS mappings, Sn and S are shown to be distributed 

evenly throughout the particles. SnSx particles were then hand-painted on a carbon paper to test 

CO2RR activity with a GDE-based flow cell. Loading mass of the catalyst was fixed at 0.8 mg 

cm−2. Figure 1c shows the cross-section SEM image of the catalysts deposited on a carbon paper. 

The distribution of Sn and S on the surface of the carbon paper surface suggests that the thickness 

of the catalyst layer is between 100 and 500 nm. 

SnSx catalysts were pre-reduced for 5 min in 1 M KOH at −2.0 V vs Ag/AgCl before the CO2 

reduction measurements to exclude the catalyst reduction current. Figure S5 shows morphology 

of the catalyst surface before and after pre-reduction. Particles were pulverized into a few tens of 

nanometers in size and the substrate was exposed after the pre-reduction procedure. From Figure 
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S6a, X-ray photoelectron spectroscopy measurement indicates that Sn2+ (486.3 eV) was reduced 

to Sn0 (484.5 eV) after pre-reduction. The appearance of Sn4+ peak at 486.6 eV is suggested to 

arise from native oxide formed with air exposure of samples after reduction. At the same time, 

trace amount of residual S still existed on the surface after CO2 reduction (Figure S6b). 

Performance of SnSx catalysts on CO2 electroreduction. Before carrying out the 

electroreduction in a flue gas condition, we first screened for the best catalyst for CO2RR with 

pure CO2 feed. Within the Sn:S ratio from 1:0 to 1:13, SnSx (2:3) showed the best formate FE at 

100 mA cm−2 (Figure S7), which was 50 % and 12 % higher than commercial Sn and SnO2, 

respectively. Therefore, SnSx (2:3) was selected for the rest of this study. The current density-

potential (j–V) characteristics of the optimized ratio SnSx (2:3) is shown in Figure 2a. Specifically, 

with 100 % CO2 and feed flow rate of 20 sccm, formate FE of 88.9 % was achieved at an applied 

potential of −0.67 V and a current density of 100 mA cm−2. Notably, formate partial current density 

(jHCOO
−) of 143.4 mA cm−2 was achieved with applied potential at only −0.72 V vs RHE, which is 

comparable to recent literature (Table S1). Although Nafion membrane was used to minimized 

crossover of produced formate, total FE below 100 % was observed with applied current densities 

higher than 100 mA cm−2. It is possible that cross-over of small amount of formate occurred from 

defects in membrane. We also acknowledge that gaseous products sometimes leave as gas bubbles 

from the cathode liquid chamber instead of gas chamber, which leads to the loss of gaseous 

products. This phenomenon was more frequent with higher current densities where more H2 was 

produced. In the future work, it would be important to fill the missing FE under higher current 

densities to maximize the profit from CO2 electroreduction. 

To negate the effect of surface area to the CO2 reduction performance, the catalyst roughness 

factor (RF) was calculated with commercial Sn powder as the reference (Figure S1 and Table S2). 
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To compare the performance of catalysts, current density of formate was normalized with RF when 

100 mA cm−2 was applied for the SnSx and Sn, SnO2. Even though RF of SnSx (2:3) was only 0.98, 

which is the lowest among all the other SnSx catalyst, the normalized current density of formate 

was 90.6 mA cm−2 which is highest among all other samples. From this measurement, the surface 

area does not seem to be the main factor to the differences in formate FE of SnSx particles. 

Therefore, a more likely reason for the increased formate selectivity of SnSx catalysts compared 

to commercial Sn could be attributed to residual S in the catalyst. There are previous reports that 

S can increase formate selectivity when incorporated into Sn24,32 and other metals like In33 and 

Cu.34,35 It is believed that S atoms induce surface undercoordinated sites which are active for 

formate production and there is an optimum S contents that provides most active sites.  
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Figure 2. (a) Current density dependent faradaic efficiency and potential of SnSx (2:3) particles in 

1 M KOH with 20 sccm CO2 gas flow. Faradaic efficiency and potential of CO2 reduction with 

SnSx (2:3) particles at (b) various CO2 partial pressure at a total gas flow rate of 20 sccm and (c) 

various total gas flow rates with 0.15 atm pCO2. All experiments were performed in 1 M KOH at 

100 mA cm−2. (d) Formate faradaic efficiency of SnSx particles at 100 mA cm−2 and local CO2 

concentration at open-circuit condition with 0.15 atm pCO2 in 1 M KOH. Data with error bars 

represent mean ± standard deviation of at least 3 individual measurements. 
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CO2 reduction reaction under low CO2 partial pressures. Next, we introduced a mixture of 

CO2 and N2 gas to the reaction chamber to mimic the industrial flue gas compositions. In Figure 

2b, formate FE and applied potential were measured at CO2 partial pressures (pCO2) from 0.1 to 

1 atm, i.e. CO2 concentration of 10 % to 100 %, at 100 mA cm−2. Surprisingly, high formate FE 

was maintained at 80.2 % at 0.5 atm pCO2, but it decreased significantly to 32.6 % with an apparent 

activation of hydrogen evolution reaction (HER) at 0.15 atm pCO2. Reaction potential was slightly 

increased from −0.67 V to −0.89 V vs RHE when decreasing pCO2 from 1 to 0.15 atm. As flue 

gas from a typical coal fired power plant contains around 0.15 atm pCO2 (15 % CO2), it is crucial 

to further improve formate FE at this condition to meet economic feasibility. 

From the high H2 FE observed, it is clear that the catalyst was deprived of CO2 reactants. One 

possible reason could be due to the theoretical CO2 consumption rate from CO2RR conducted at 

100 mA cm−2 being higher than the rate of supply of CO2. However, we found that a mere CO2 

single-pass conversion of 8.19 % was attained, which suggests that there should be another source 

of CO2 consumption that limits the utilization of CO2 reactant. We postulate that the acid-base 

reaction between CO2 and OH− is the main cause for the lack of CO2 availability. It is widely 

agreed that CO2RR involves dissolved CO2 as the reactant, but in our system, the presence of high 

KOH concentration shifts the carbonate equilibria (Equations 21 and 22) towards CO3
2− anion, 

which is unreactive in CO2RR.  

CO2 (aq) + OH−    HCO3
−    (21) 

HCO3
− + OH−    CO3

2− + H2O  (22) 

In the micro-environment, due to the continuous consumption of dissolved CO2 at/near the 

catalyst surface, the local CO2 concentration would be lower than the saturated CO2 concentration 

at the gas-liquid interface (see Equations 17–20). In the macro-environment, the carbonation 
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reaction reduces the average pCO2 within the cathodic gas chamber of the electrolyzer, which 

would further deprive CO2 reactant in the micro-environment at the catalyst surface. Indeed, by 

comparing the measured gas flow rate at the inlet and outlet of the electrolyzer without applying 

potential, we determined that the pCO2 decreased from 0.15 atm to 0.066 atm, i.e. 56 % of CO2 

supplied was converted to carbonate. As compared to the CO2 consumption of 8.19 % from 

CO2RR, it is clear that carbonation reaction in alkaline environment was the main cause for the 

lack of CO2 availability. As previous report had shown that the carbonation rate is almost constant 

regardless of the gas flow rate,36 it is possible to increase the average pCO2 in the gas chamber, 

and thus the local CO2 concentration, by increasing the feed flow rate. Since formate production 

rate is dependent on the local CO2 concentration, rational control of gas flow rate can be a viable 

and convenient strategy to increase the product selectivity at low CO2 concentration.  

In line with our expectation, as the gas feed flow rate increased from 20 sccm to 50 sccm in 0.15 

atm CO2, formate FE substantially increase from 32.6 % to 69.4 %, and the enhanced performance 

saturates for feed flow rate above 50 sccm (Figure 2c). This suggests that the effect of carbonation 

reaction is dominant when the feed flow rate is less than 50 sccm, thus leading to insufficient 

reactant for CO2RR. In order to quantify this effect, we need to determine the local CO2 

concentration (micro-environment) at various feed flow rate. First, the amount of CO2 consumed 

through carbonation was measured to estimate the average pCO2 in the gas chamber (macro-

environment). Note that the saturated dissolved CO2 concentration does not directly relate to the 

average pCO2 in the gas chamber according to Henry’s law due to the “salting out” effect (see Eq. 

19 and 20). These bulk pCO2 values at different flow rates were then incorporated into the reaction-

diffusion numerical model to calculate the local CO2 concentrations (Figure S2, see Experimental 

section).  
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As presented in Figure 2d, the local CO2 concentration under open-circuit condition is 1.29 mM 

at 20 sccm feed flow rate, which is only 35.0 % of the theoretical saturated CO2 concentration at 

pCO2 of 0.15 atm (i.e. 3.69 mM — the maximum local CO2 concentration that can be reached at 

this pCO2. See Equations 17–20). In other words, 65.0 % of the supplied CO2 has been depleted 

before reaching the catalyst surface. In stark contrast, by increasing the feed flow rate to 50 sccm 

and 100 sccm, the local CO2 concentration reached 74.3 % (2.74 mM) and 79.9 % (2.95 mM) of 

the theoretical saturated CO2 concentration, respectively. Interestingly, the trend of local CO2 

concentration matches well with that of formate FE at various gas flow rate (Figure 2d), thus 

supporting our expectation that the carbonation reaction is largely responsible for the poor CO2RR 

performance at the low feed flow rate. This is also substantiated by the consumption of CO2 from 

carbonation reaction in the micro-environment (65.0 %) being more than 8 times of that from 

CO2RR (8.19 %).  
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Figure 3. (a) Formate cathodic EE and CO2 conversion of SnSx (2:3) particles as a function of gas 

flow rate under 100 mA cm−2 at 0.15 atm pCO2 in 1 M KOH. Contour plots for (b) formate 

energetic efficiency and (c) CO2 conversion with respect to CO2 partial pressure and gas flow rate. 

Data with error bars represent mean ± standard deviation of at least 3 individual measurements. 
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Energetic efficiency and CO2 conversion rate under low CO2 partial pressures. Energetic 

efficiency (EE) and single-pass CO2 conversion are important metrics for the economic evaluation 

of the catalyst. High EE can be achieved by high FE and low overpotential, which leads to higher 

production rate at a low energy cost. Both cathodic reduction and anodic oxidation reaction should 

be considered to measure full cell EE. Nonetheless, only cathodic EE will be considered in this 

study as oxidation reaction at the anode is not in the scope of this study. Generally, a high single-

pass conversion is also desired due to a higher downstream product concentration which is 

beneficial in reducing the cost of product gas separation. 

In Figure 3a, the formate cathodic EE at 0.15 atm pCO2 drastically increase when the flow rate 

is increased from 20 sccm to 50 sccm. This follows the trend of formate FE in Figure 2d as the 

reaction potentials are similar within this range of flow rates. On the other hand, CO2 conversion 

has a maximum point at 30 sccm as the increased total supply of CO2 at higher flow rates reduces 

the single-pass conversion.37 More specifically, formate EE has peak of 47.8 % under 50 sccm 

while the CO2 conversion is maximized to 9.12 % at 30 sccm. Intuitively, it is also possible to 

control CO2 conversion by varying the current density, though it also exhibits similar tradeoff in 

the cathodic EE (Figure S8). Since this study focuses on producing formate, which is a liquid 

product, the main benefits for a high CO2 conversion (i.e. lower gas separation cost) is less 

significant. However, a high CO2 conversion also entails other benefits, such lower cost for 

electrolyte regeneration and CO2 separation at the anode (if anion-exchange membrane is used) 

due to a lower carbonation rate. Therefore, it may not be clear EE or CO2 conversion should be 

prioritized under further techno-economic evaluation is conducted for such scenario. 



 23 

Till this point, we have fixed pCO2 of simulated flue gas to 0.15 atm to represent a typical flue 

gas concentration. However, the pCO2 in real flue gas could vary with carbon sources. To 

demonstrate the generality of our mass transport design considerations, we tested our electrolyzer 

system at different dilute CO2 concentrations (10–30 %) and gas flow rates (20–100 sccm). 

Consistent with our previous calculations, the local CO2 concentration exhibits similar trend, in 

which the carbonation reaction dominates at the lower flow rates, thus causing the apparent flow 

rate dependence in formate FE performance (Figure S3). For example, with 0.25 atm pCO2, 

formate FE decrease from 65 % to 44 % when flow rate is reduced from 50 to 20 sccm. Similarly, 

formate EE and CO2 conversion are significantly affected by the flow conditions. From Figure 

3b, there is some minimum flow rate (50 sccm) to get reasonably high formate EEs in the given 

CO2 concentrations, more specifically, 48 % for pCO2 > 0.15 atm and 33 % for 0.1 atm. 

Conversely, there is an optimum region for CO2 conversion at flow rates lower than 40 sccm. For 

instance, CO2 conversion maxes out at 8.2 % with 20 sccm for 0.25 atm pCO2 (Figure 3c).  

These contour plots could serve as a useful guideline for designing future flue gas reduction 

systems with various CO2 concentrations. 15 % is the typical CO2 concentration of the coal-fired 

power plant and it could be high as 50 % in some steel producing factory.38 The feed flow rate or 

current density could thus be chosen in advance to meet the desired range depending on the needs 

for high EE or CO2 conversion. With the rational optimizations done under this low CO2 

availability condition (0.15 atm pCO2), our electrochemical system demonstrated excellent CO2 

reduction partial current density of up to 84.8 mA cm−2 that surpasses all state-of-the-art CO2RR 

systems to the best of our knowledge (Table S3).  
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Figure 4. (a) Faradaic efficiency of CO2 reduction products from SnSx (2:3) in 1 M KOH under 

15 % CO2 flow at 50 sccm with SO2 and NO impurities at 100 mA cm−2. (b) Stability of the SnSx 

(2:3) at 100 mA cm−2 operated for 8 h in the same flow conditions with and without SO2 and NO 

impurities. Data with error bars represent mean ± standard deviation of at least 3 individual 

measurements. 

 

Stability of SnSx catalyst under simulated flue gas. Flue gas from power plants often contains 

impurities like SOx and NOx, which could worsen the CO2RR performance by catalyst poisoning. 

Even after flue gas desulfurization and de-NOx processes there still remains a significant amount 

(~0.01 % in volume from combustion of coal) of SOx and NOx that could affect the catalyst 

performance.39 To mimic the real flue gas in this study, NO and SO2 with a volume fraction of 90 

µL/L (90 ppm) in N2 were added independently or together to form our simulated flue gas with a 

CO2 concentration of 15 %. In Figure 4a, FE of the reduction products are presented with or 

without SO2 and NO impurities under the same CO2 concentration. With the addition of NO, the 

total FE was reduced to ~60 % while formate FE was reduced from 69.4 % to 37.7 %. The decrease 
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in total faradaic efficiency could be due to the reduction of NO instead of CO2. NO can be reduced 

to number of different products such as N2O, N2, NH3, and NH2OH. Although reduction products 

of NO are not quantified here, there is a report that introduction of less than 1% NO in CO2 can 

reduce ~40% of total CO2 faradaic efficiency.40 We also acknowledge that NO is 

thermodynamically unstable molecule and it is known to reduce into HNO2 under 0.65–0.7 V vs 

RHE in water on Pt surface.41 Quantification of NO reduction products is strongly considered as 

future work. In contrast, the introduction of SO2 in the simulated flue gas stream did not degrade 

formate FE. This observation is consistent to previous studies reporting that SOx form surface 

sulfide species with metals like Ag, Sn and Cu, and the incorporation of sulfur further promotes 

selectivity towards formate.42–44 Interestingly, formate FE was retained when both NO and SO2 

were introduced together. This result suggests that the presence of SO2 prevents the preferential 

reduction of NO. We believe that the high coverage of SO2 adsorbates or the sulfide-rich surface 

may hinder NO adsorption. Further examination of the adsorbed species should be conducted using 

surface-sensitive techniques such as in-situ Raman spectroscopy in the future to explain this 

phenomenon.45,46 We also note here that CO2RR in real flue gas conditions contain other impurities 

such as O2 and particular matter, requesting further examination on their effects on CO2RR.47 

To determine the stability of our electrolyzer system in flue gas reduction reaction, long term 

electrolysis was conducted with CO2 concentration of 15 % without impurity at 50 sccm (Figure 

4b). The catalyst maintained over 8 hours of stability with FE greater than 70 % under stable 

potential of ~ 0.9 V vs RHE at 100 mA cm−2. Even in the presence of SO2 and NO, the electrolyzer 

system was stable with similar formate FE and reduction potential as the one without gaseous 

impurities over 8 hours. Note that fresh electrolyte was introduced after 4 h of operation to avoid 

the over-accumulation of CO3
2− anion produced from CO2 carbonation. 
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CONCLUSIONS 

We have identified critical process parameters of an electrolyzer system to achieve efficient 

electroproduction of formate from simulated flue gas condition at industrially relevant activities. 

Apart from the importance of efficient catalysts and GDE, we demonstrated that controlling the 

feed flow rate is vital to reach the optimal FE and EE for formate production in dilute CO2 

environment at ambient pressure. The CO2RR performance sensitivity toward feed flow rate is 

directly related to the local CO2 concentration. Under dilute CO2 condition, carbonation reaction 

can play a dominant role in limiting CO2 reactants if the flow condition was not optimal. 

Ultimately, our optimized electrolyzer system achieved a formate FE of over 70 % FE at 100 mA 

cm−2 and a high stability of 8 h in the simulated flue gas (CO2 concentration of 15 % with SO2 and 

NO impurities). Although carbonation reaction is significant due to the use of KOH electrolyte in 

this study, we foresee that similar problems will still arise even if KHCO3 or membrane electrolyte 

was used. This is especially true as we progress toward higher current densities (> 200 mA cm−2), 

which entails a high local pH that is responsible for the parasitic carbonation reaction.36,48 

Therefore, we believe that our guideline established here is essential for the design of 

electrochemical flue gas conversion system that can operate at high activities without needing high 

pressure environment, which requires additional operating and equipment costs. 
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Synopsis 

Efficient electroreduction of dilute CO2 to formate was achieved through investigation of key 

system parameters of a gas-fed electrolyzer.  

 


