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Abstract 

Electrochemical CO2 reduction is a typical surface-mediated reaction, with its reaction 

kinetics and product distributions largely dependent on the dynamic evolution of reactive species 

at the cathode–catholyte interface and on the resultant mass transport within the hydrodynamic 

boundary layer in the vicinity of the cathode. To resolve the complex local reaction environment 

of branching CO2 reduction pathways, we here present a differential electrochemical mass 

spectroscopic (DEMS) approach for Cu electrodes to investigate CO2 mass transport, the local 

concentration gradients of buffering anions, and the Cu surface topology effects on CO2 

electrolysis selectivity at a temporal resolution of ~400 ms. As a proof of concept, these tuning 

knobs were validated on an anion exchange membrane electrolyzer, which delivered a Faradaic 

efficiency of up to 40.4% and a partial current density of 121 mA cm–2 for CO2-to-C2H4 

valorization. This methodology, which bridges the study of fundamental surface 

electrochemistry and the upgrading of practical electrolyzer performance, could be of general 

interest in helping to achieve a sustainable circular carbon economy. 

 

Keywords 

Spectroelectrochemistry; CO2 reduction reaction; Copper electrode; Differential electrochemical 

mass spectroscopy; Local reaction environment   
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Introduction 

With dwindling fossil fuels and rising concerns about anthropogenic global warming, the 

electrochemical CO2 reduction reaction (CO2RR) has attracted considerable interest in recent 

decades as a means toward transitioning from a linear to a circular carbon economy, as well as 

for the distributed storage of intermittent renewable energies in the meantime [1-5]. Of the 

CO2RR catalysts explored so far, Cu is the sole monometallic candidate capable of valorizing 

CO2 into C2+ products with high Faradaic efficiency (FE) [6]. However, the process is still 

challenged by diverse product distributions and slow reaction kinetics arising from the multiple 

proton-coupled electron transfer steps [7], as well as strong competition from the side hydrogen 

evolution reaction (HER) [8]. 

To address these issues, extensive efforts have been carried out to improve the intrinsic C–

C coupling performance over Cu catalysts, including but not limited to preferential facet 

exposure [9-12], surface topology and defects engineering [13-15], and alien component alloying 

[16-20]. Extrinsically, tailoring the microenvironment near the electrode holds the potential to 

increase activity and selectivity; various methods include coating ionomers and modifiers on Cu 

surfaces [21-23], optimizing the concentrations of cations and anion in electrolytes [24-27], 

enhancing mesoscale mass transport [28, 29], and adjusting local CO pressure/coverage [30, 31].   

It should be noted that since the CO2RR is a typical surface-mediated reaction, the complex 

local reaction environment plays a vital role in defining the reaction performance; this can 

involve the Cu catalyst’s structure, the cathode–catholyte interface, plus the aforementioned 

dynamic boundary layer conditions in the vicinity of the cathode [32-34]. Alongside the search 

for more active and selective CO2RR catalysts, work in recent years has indicated the need to 

shed light on the complicated CO2RR reaction mechanism at the molecular level and to probe 

how the dynamic local reaction environment affects the branching of CO2RR product 

distributions in real time. In addition to conventional headspace gas chromatography (GC) and 

ex situ 1H nuclear magnetic resonance (NMR) quantification methods, recent advances of in situ 

spectroelectrochemistry, such as vibrational [35, 36] and synchrotron radiated spectroscopies [37, 

38], have helped resolve the dynamic evolution of catalyst structure and local environment 

during CO2RR at the molecular level. For instance, by deploying shell-isolated nanoparticle-
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enhanced Raman spectroscopy, Li et al. successfully captured key CO2RR intermediates of *CO, 

*COOH, *OCCO, and *CH2CHO over a series of Cu(hkl) single-crystal electrodes, further 

correlating *CO coverage with C2 product selectivity over different Cu model surfaces [39].  

Differential electrochemical mass spectroscopy (DEMS) is another powerful tool for 

directly correlating the apparent electrocatalytic performance with the local reaction 

environment [40, 41]. In 2006, Koper et al. came up with a probe–inlet online electrochemical 

mass spectrometry system by placing a Peek holder covered with porous Teflon membrane in 

close proximity (ca. 10–20 µm) to the electrode surface. The reaction rate of certain reactants 

and products could thus be tracked at a temporal resolution of seconds by recording relevant 

mass ion signals, and this apparatus was successfully adapted for the electrooxidation of small 

fuel molecules [42, 43] and the Cu-catalyzed CO2RR [44]. To eliminate the retardation time 

between Faradaic and mass ion currents, as well as to mitigate potential disturbance of the 

reaction microenvironment by the inlet probe, Bell et al. developed a membrane-inlet DEMS 

flow cell with a catalyst cast porous PTFE film; this served as both the pervaporation membrane 

and the working electrode. A precedence relation between C2+ aldehydes and alcohols in the 

immediate vicinity of the cathode surface was revealed [45], reinforced by follow-up aldehyde 

co-electrolysis experiments using a similar DEMS approach [46] and by proton transfer reaction 

time-of-flight mass spectroscopic measurements [47].  

Here, we report the merits of investigating the local reaction environment effect on the Cu-

catalyzed CO2RR via a synergetic approach combining online DEMS with numerical simulations. 

The tuning knobs are CO2 mass transport, the local concentration gradients of buffering anions, 

and the Cu surface topology, which have been screened at a temporal resolution of ~400 ms. 

Hints from this fundamental spectroelectrochemical study have been further validated in an 

anion exchange membrane electrolyzer, fulfilling a feedback loop between surface 

electrochemistry and pilot device performance upgrading.  

 

Results and Discussion 

CO2 mass transport effect 

A spectroelectrochemical flow cell design with well-defined mass transport (Fig. S1) [48] 
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allowed the real-time visualization of CO2 depletion/utilization by online DEMS, in which a 

direct membrane-inlet configuration was deployed to improve the detection efficiency of a 

quadrupole mass spectrometer [45]. A microporous PTFE film coated with a ca. 300 nm Cu 

catalyst layer was used for pervaporation, separating the spectroelectrochemical cell from the 

vacuum system and facing the catholyte flow as the working electrode.  

 

 

Fig. 1. Simulation CO2 streamline within the customized DEMS cell at an inlet catholyte flow 

rate of (a) 5 mL min–1 and (b) 128 mL min–1, with a given current density of 7.0 mA cm–2. The 

CO2 consumption rate was calculated based on relevant CO2RR product distributions as adopted 

from Jaramillo’s work [49]. (c, d) Corresponding CO2 concentration profile as a function of 

current density and distance to the cathode. The arrows in panels (a, b) indicate the direction of 

catholyte flow. The integrated spectroelectrochemical cell setup can be seen in Fig. S1. 

 

Figs. 1a and 1b depict the simulated CO2 streamline in the cathodic chamber at different 
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inlet flow rates of 0.1 M CO2-saturated bicarbonate electrolyte but at the same current density of 

7 mA cm–2, using a three-dimensional computational fluid dynamics simulation in COMSOL 

Multiphysics. Representative CO2RR product distributions as a function of applied potential 

and/or given current density were adopted from Jaramillo’s seminal work (Table S1) [49]. A slow 

catholyte flow of 5 mL min–1 was first simulated to approximate the static electrolysis in classic 

aqueous cells, with the CO2 consumption rate (𝑅𝐶𝑂2,𝑐𝑜𝑛.) calculated as: 

                                              𝑅𝐶𝑂2,𝑐𝑜𝑛. = ∑
𝑗 × 𝐹𝐸𝑖 × 𝑐𝑖

𝑛𝑖𝐹
        (1) 

where j is the total current density, and 𝐹𝐸𝑖, 𝑐𝑖, and 𝑛𝑖 are the Faradaic efficiency, carbon number, 

and electron transfer number of reduction product i, respectively. As shown in Fig. 1a, the CO2 

concentration in the vicinity of the cathode dramatically decreased from 33 mM in the bulk 

solution to ~14 mM, potentially restricting the CO2RR current density and multi-carbon product 

selectivity. In the current flow cell design, this issue could be alleviated simply by increasing the 

inlet flow rate, i.e., tuning up to 128 mL min–1 (the maximum rate delivered by our peristaltic 

pump, Fig. 1b). The consumed CO2 reactant was replenished in a timely way due to efficient 

electrolyte circulation, maintaining a relatively high local CO2 concentration above 30 mM. We 

further compared the mean CO2 concentration profile along the z-axis as a function of the applied 

current density and the distance to the central point of the cathode, at an inlet catholyte flow rate 

of either 5 mL min–1 (Fig. 1c) or 128 mL min–1 (Fig. 1d); substantially enhanced CO2 mass 

transport clearly resulted in the latter case, arising from the accelerated catholyte flow stream. 

Notably, the hydrodynamic boundary layer thickness was ca. 30 μm at 128 mL min–1, in good 

agreement with a recent report on an aqueous flow-by cell [50] and much thinner than at 5 mL 

min–1 (ca. 100 μm) in otherwise the same configuration. 

 

Deconvolution protocol for DEMS signals 
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Fig. 2. Deconvolution protocol for DEMS signals over a typical Cu electrode during the CO2RR, 

where 𝐼𝑥 denotes the total signal intensity of m/z = x, and 𝐼𝑥,𝑦 is the contributed signals from 

species y to overall 𝐼𝑥 . The parameters a, b, c, etc. denote the relative abundance of certain 

CO2RR products as determined from their standard mass spectra, shown in Figs. S2 and S3; see 

also Table S8 for details. 

 

Thereafter, the DEMS flow cell setup was deployed to investigate the effect of the local 

reaction environment on CO2RR activity and selectivity over a polycrystalline Cu/PTFE film 

electrode as a stereotype. A variety of overlapped mass fragments were observed after electron 

ionization of different gaseous and volatile oxygenated products, thus calling for a cautious 

deconvolution step to probe the characteristic evolution dynamics for certain species. Fig. 2 

demonstrates the protocol developed for m/z signal decoding, in which only H2 and CO2 generate 

exclusive fragments at m/z = 2 and 44, respectively, whereas all other CO2RR products 

necessitate proper deconvolution to reflect their own dynamic concentration evolution near the 

cathode surface. Prior to DEMS measurements on Cu, we circulated standard aqueous samples 

containing each of certain 0.2 mol L–1 C2+ oxygenates or C2H4-saturated 0.1 M CsHCO3 in the 

cathodic chamber, then recorded each of their mass fragments and relative intensity distribution. 

As shown in Fig. S2, the determined mass spectra are roughly in agreement with those reported 

by different laboratories [45, 46] and the NIST database [51]  (Tables S4–S7). Thereafter, the 

primary C3 products allyl alcohol (CH2=CHCH2OH), propionaldehyde (C2H5CHO), and n-

propanol (C3H7OH) could be preferentially analyzed due to their relatively large molecular 

weight, by taking into account the determined coefficients of peak intensity distribution for each 
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C3 product to m/z = 57, 58, and 59 in their standard mass spectra and solving the 3×3 matrix 

depicted in Fig. 2 (highlighted red region in the middle). Similarly, characteristic mass signals 

for the C2 oxygenates C2H5OH (m/z = 31) and CH3CHO (m/z = 43) could be deconvoluted in the 

same manner after subtracting the contributions from C3 products (and the CO2 contribution to 

m/z = 43, see Fig. S3). Compared to the assignable contributions from C2+ oxygenates to CH4 at 

m/z = 15, their contribution to the mass signal of C2H4 (m/z = 26) is negligible, given their 

spectral intensity. CO is the last deconvoluted product, considering the overlapped contribution 

from CO2 as well as other C2+ species to its characteristic mass-to-charge ratio of m/z = 28.  

 

 

Fig. 3. Real-time DEMS results for the CO2RR over a 300 nm sputtered Cu/PTFE electrode. (a) 

LSV recorded from –0.2 to –1.4 V vs. RHE at a scan rate of 5 mV s–1 in 0.1 M CsHCO3 at a 

catholyte flow rate of 128 mL min–1, together with the corresponding mass ion current plots of 

(b) CO2, (c) H2, (d) CO, (e) CH4, (f) C2H4, (g) C2H5OH, (h) CH3CHO, and (i) C2H5CHO. The 

other C3 products CH2=CHCH2OH and C3H7OH, at low production rates, are plotted in Fig. S5. 
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By applying this method, we successfully tracked 10 primary volatile species involved in 

the Cu-catalyzed CO2RR using DEMS at a temporal resolution of ~400 ms; formate and acetate 

products were not detected, as they do not pervaporate. Fig. 3 shows the typical linear sweep 

voltammetry (LSV) curve recorded on a Cu/PTFE electrode in 0.1 M CO2-saturated CsHCO3 

electrolyte at a scan rate of 5 mV s–1, together with the relevant deconvoluted DEMS spectra for 

the primary products and CO2 reactant. It is notable that these mass ion current signals are 

directly proportional to the depletion and/or generation rates of the corresponding species, 

therefore, a semi-quantitative analysis could be achieved by comparing their relative intensities 

and potential dependence. In the negative-going potential sweep, H2 by-product evolved at the 

smallest overpotential, around –0.5 V, while CO as the first noticeable CO2RR product evolved 

at about –0.6 V, accompanied by the consumption of CO2. Muted CO growth was noted below 

–0.9 V, together with the augmentation of C2+ products and CH4 in the large overpotential region, 

validating the vital *CO hydrogeneration pathway for producing multi-carbon products and CH4. 

CH4 and C2H4 are two major hydrocarbon products from the CO2RR. Herein, we noted a 

preferential selectivity toward C2H4 over CH4 throughout the potential window of interest, which 

is in good harmony with previous H-cell electrolysis results on polycrystalline Cu electrodes 

deploying CsHCO3 electrolyte rather than its K+ or Na+ counterparts [52].  

CH3CHO and C2H5OH were two major C2+ oxygenates produced below –0.8 V, with a 

relatively low mass ion current and a retarded onset potential of CH3CHO being noted. 

Significantly, since differences in the ionization probability, fragmentation pattern, and relative 

volatility could considerably alter the proportions of the different analytes (in our case, CH3CHO 

and C2H5OH) in their characteristic DEMS signals, we compared the characteristic mass signal 

intensity for CH3CHO and C2H5OH at a given concentration of 200 mM prior to this real-time 

DEMS study of the Cu-catalyzed CO2RR. As shown in Fig. S4, ~3 times higher intensity was 

observed for the characteristic m/z = 31 of ethanol compared to the m/z = 43 of acetaldehyde, 

whereas an approximately 20-fold higher mass signal for the ethanol fragment at a deconvoluted 

m/z = 31 was noted compared to the acetaldehyde fragment at a deconvoluted m/z = 43, 

confirming the relatively higher C2H5OH abundance generated during the negative potential 

sweep. Given the high oxygen exchange reactivity between acetaldehyde and water in alkaline 

conditions [53], in our case the local alkalinity (vide infra), in addition to the electrochemical 
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reduction pathway, may have promoted the chemical disproportionation of CH3CHO into 

C2H5OH at potentials below –0.8 V [44, 54], explaining its relatively low abundance. The three 

C3 oxygenates shared a similar profile, with an onset potential around –1.0 V, in which C2H5CHO 

showed the highest generation rate at the cathode surface compared to CH2=CHCH2OH and 

C3H7OH (Fig. S5). 

 

Local alkalinity effect versus cation effect 

In the literature, the Cs+ cation has been reported to effectively promote C–C coupling 

performance, due to its electrostatic interaction with certain CO2RR intermediates [25, 55] and 

its modification of the local electric field strength [56, 57]. Recent studies also suggest an 

enlarged promotion effect with increasing cation concentration [25, 58]. In line with these 

observations, one intuitive question is whether or not simply increasing the electrolyte 

concentration could further improve this cation (local electric field) effect. We therefore 

switched the catholyte from CO2-saturated 0.1 M CsHCO3 to 0.5 and 1.0 M CsHCO3 and tracked 

the DEMS signals during identical LSVs (Fig. 4). Despite the sharp increase in current density 

from –64.4 to –123.5 mA cm–2 at –1.4 V, a similar CO2 depletion ratio of 46.6–53.1% was noted 

upon increased electrolyte concentration, along with an order of magnitude higher H2 mass ion 

current. This observed Faradaic current increase should be ascribed to the undesired HER rather 

than to CO2RR rate enhancement. Furthermore, the CH4 production rate significantly increased 

with increasing electrolyte concentration, whereas the C2H4 remained minimally affected (Fig. 

S6), leading to a decreased selectivity ratio for C2H4/CH4, as shown in Fig. 4c. Concurrently, the 

production rate of C2H5OH, the representative C2+ oxygenate, also decreased with increasing 

CsHCO3 concentration.  
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Fig. 4. The electrolyte concentration effect on the CO2RR. (a) LSV and CO2 depletion ratio plot 

recorded from –0.2 to –1.4 V vs. RHE at a scan rate of 5 mV s–1 in 0.1, 0.5, or 1.0 M CO2-

saturated CsHCO3 at a constant flow rate of 128 mL min–1, together with the mass ion current 

plots of (b) H2, (c) C2H4 over CH4, and (d) C2H5OH. (e) Simulated surface pH profile as a 

function of applied cathodic current at different electrolyte concentrations.  

  

Drawing upon Hori’s analysis [59], an increased local pH at a given cathodic potential 

should suppress CH4 production but keep C2 activity constant. To better interpret this local pH 

effect, we carried out a 1D simulation to tackle the surface pH variation as a function of applied 

cathodic current within 0.1, 0.5, or 1.0 M CsHCO3 and with a given boundary layer thickness of 

30 μm. As shown in Fig. 4e, the surface pH at –1.4 V was ca. 12.7, 11.6, and 11.0, respectively, 

correlating to a decreased C2H4/CH4 ratio from 4.8 to 0.6 to 0.3. This pH dependence derived by 

our DEMS approach accords well with the steady-state electrolysis results [26, 60, 61]. Notably, 

under high CsHCO3 concentration and large current density conditions, the bicarbonate anions 

directly served as proton donors to promote [H+]-mediated H2 and CH4 evolution reactions [62], 

even overriding the beneficial cation effect arising from the increased Cs+ concentration [25, 63]. 

The accelerated HER pathway, in turn, competed with the oxygenated pathway, suppressing 

ethanol production.  
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Cu surface topology effect 

 

 

Fig. 5. Effect of O2 plasma pre-treatment on the Cu-catalyzed CO2RR. (a) SEM images for 

pristine and (b) Cu/PTFE electrodes treated with O2 plasma for 150 s. (c) DEMS signal response 

during 1 h of potentiostatic electrolysis at –1.1 V in 0.1 M CO2-saturated CsHCO3 catholyte. 

 

In addition to the above DEMS investigations of the polycrystalline Cu-catalyzed CO2RR, 

we further treated a sputtered Cu/PTFE electrode with 150 s of O2 plasma bombardment to 

generate undercoordinated surface sites [13, 64] and investigated how the surface topology 

affected the regulation of CO2RR activity and selectivity. As depicted in Figs. 5a and 5b, the 

color of the Cu film electrode changed from light brown to reddish and showed a roughened, 

island-like structure at the microscopic level (Fig. S7). Prior to CO2RR electrolysis, the O2 

plasma-treated Cu/PTFE was electrochemically reduced and stabilized at –0.6 V for 900 s (Fig. 
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S8), and the relevant electrochemical double layer capacitance (EDLC, Fig. S9) measurements 

suggest the surface area on the reduced Cu was double that of the pristine electrode. The 

electronic structural evolution of the surface Cu sites during plasma bombardment and 

electrochemical reduction was compared using core-level Cu 2p X-ray photoelectron spectra and 

LMM Auger spectra, which are presented in Fig. S10 [65].  

 

Table 1. Relative ratio of averaged mass ion current for certain products on plasma-treated Cu 

over pristine Cu electrode. 

Averaged Imass, product 
Relative ratio for mass signal 

change after bombardment 

H2 –42% 

CO –54% 

CH4 –76% 

C2H4 +43% 

C2H5OH +255% 

CH3CHO +35% 

CH2=CHCH2OH +15% 

C2H5CHO +23% 

C3H7OH +2% 

depleted CO2 +53% 

 

Thereafter, we carried out a LSV scan from –0.2 to –1.4 V on the roughened electrode, 

similar to what had been done on pristine Cu, and compared their spectroelectrochemical 

responses. As shown in Fig. S11, a higher Faradaic current, accompanied by a higher CO2 

depletion ratio but a suppressed H2 mass ion current, was observed on the roughened electrode, 

suggesting overall improved selectivity for the CO2RR over the HER. Higher CO utilization was 

also noted, especially in the kinetic region between –0.7 and –1.1 V, leading to enhanced 

production rates for both C2+ hydrocarbons and oxygenates. More strikingly, the C2H4/CH4 ratio, 

as representative of the C-C coupling performance, reached 173 at –1.0 V on the roughened Cu 

electrode and remained 4.0–10.8 times as high as on the pristine one (Fig. S12). Fig. 5c compares 

the potentiostatic electrolysis performance of these two Cu electrodes at –1.1 V; suppressed 
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formation of H2, CH4, and CO(g) on the plasma-treated Cu are notable during the 1 h of 

continuous electrolysis, whereas all other C2+ production rates were enhanced, especially for the 

ethanol species (Table 1). Compared to the previous probe-inlet online mass spectroscopic study 

on a Cu2O-derived Cu electrode [66], we captured more comprehensive product distribution 

information at a higher signal-to-noise ratio, highlighting the high sensitivity of our current 

DEMS flow cell setup. 

 As already mentioned, the local pH should, intuitively, be a factor contributing to enhanced 

C2+/CH4 selectivity through the *CO reduction pathway. At the given potential of –1.1 V, the 

average current rose from 30.0 mA (ca. 26.6 mA cm–2) on pristine Cu to 33.4 mA (ca. 29.6 mA 

cm–2) on bombarded Cu, giving rise to a surface pH increase from 11.66 to 11.79 (Fig. S13). 

Such a small change in the local pH is insufficient to explain the selectivity differences after 

oxygen plasma treatment [12, 14]. In contrast, our previous theoretical analysis and H-cell 

measurements revealed a higher fraction of undercoordinated Cu sites on the roughened surface, 

which preferentially bound CO, as well as a higher proportion of square Cu sites with 

neighboring steps that favored OC−COH adsorption toward C2+ production. In addition, the 

suppressed H2 and CH4 evolution on the roughened Cu electrode suggests a low surface coverage 

of *H but high local alkalinity, i.e., surface [HCO3
−] down to 3.4 mmol L–1 but [CO3

2−] up to 

79.4 mmol L–1 at 33.4 mA, as shown in Fig. 6 and Fig. S14, in 0.1 M bicarbonate electrolyte, 

which was beneficial for the generation of C2+ oxygenates. In contrast, at the same current of 

33.4 mA but in a 1.0 M bicarbonate electrolyte, a much higher surface  [HCO3
−] of 761.9 mmol 

L–1 was noted (Fig. S15), reinforcing our above analysis that the accelerated HER side reaction 

rate arose from the suppressed surface alkalinity (or the increased surface concentration of proton 

donors). 
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Fig. 6. Distribution profile of HCO3
− and CO3

2−as a function of distance to the cathode and 

applied current. A 30 µm, 1D diffusion model was used, given an initial boundary condition of 

0.1 M bulky bicarbonate electrolyte and 33 mM aqueous CO2 concentration.  

 

Device performance validation 

 In view of the above local reaction environment effects from a fundamental 

spectroelectrochemical perspective, we further validated those tuning knobs on an anion 

exchange membrane electrode assembly (MEA) electrolyzer by considering three main 

advantages: (1) direct gaseous CO2 fed at a facile mass transport rate, (2) high local alkalinity in 

the cathode vicinity without buffering the electrolyte, and (3) a roughened Cu surface with 

abundant undercoordinated sites. A humidified CO2 flow was supplied on the cathodic side of a 

1.5×1.5 cm2 O2-plasma treated Cu/PTFE electrode using an upstream mass flow controller, and 

the effluent was delivered through a downstream mass flow meter to the gas chromatograph for 

quantification. Specific attention was paid to the carbon balance in this high-rate CO2RR 

scenario, as the generated OH− at the cathode surface reacted with CO2, leading to a substantial 

reduction in the volumetric flow rate of effluent and overestimated FEs for gaseous products, as 

shown in Fig. S16 [67-69].  
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Fig. 7. Validating the local reaction environment effect on CO2RR performance using an anion 

exchange MEA electrolyzer integrated with a 1.5×1.5 cm2 plasma-bombarded Cu/PTFE cathode. 

(a) Steady-state voltage profile during chronopotentiometric electrolysis, and the partial current 

densities for (b) the HER and CO2RR, and (c) CO, CH4, and C2H4. (e) Long-term electrolysis at 

a constant current density of 300 mA cm–2. 

 

Chronopotentiometric electrolysis was then carried out stepwise from 50 to 500 mA cm–2 

with a full cell voltage ranging from 3.0 to 5.1 V (Fig. 7a), and the distribution of relevant 

gaseous products was plotted (Fig. S16) after rigorous flow-rate assessment. In the moderate 

voltage window below 4 V, H2 FEs were suppressed below 10%, indicating an overwhelming 

CO2RR selectivity via modulation of the local reaction environment. CO was the major CO2RR 

product, with an FE of up to 42% at 100 mA cm–2; it was readily converted into C2H4 under 

higher applied current densities, where CH4 FEs remained below 0.1% throughout the operating 

window. A maximum C2H4 FE of up to 40.4% was achieved at ~4.35 V, with a partial current 

density of 115 mA cm–2, showing a plateau around 120 mA cm–2 from 4.3 to 5.1 V as well as a 

wide voltage window above 0.9 V for selective C2H4 production (FE > 30%). It is noteworthy 

that compared to conventional aqueous electrolysis, the present MEA electrolyzer configuration 

using a Cu/PTFE gas diffusion electrode largely mitigated, but did not eliminate, the CO2 mass 

transport limitation, with an order of magnitude enhanced CO2 reduction rate. The CO2RR 
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stability for this MEA integrated with a bombarded Cu/PTFE electrode was then evaluated at 

300 mA cm–2 (Figs. 7d and S17), demonstrating a stable C2H4 selectivity of around 38% 

throughout 7 h of continuous electrolysis. Nevertheless, the cell voltage gradually increased to 

~4.9 V, and the FE for H2 rose from 11% to 28%, potentially due to the surface reconstruction of 

the Cu electrode, the membrane’s decreased ionic conductivity upon HCO3
− exchange, and/or 

salt precipitation. Studying in depth the degraded energy efficiency and overall CO2RR 

selectivity is a possibility for future work, with the potential to formulate a comprehensive triple-

phase boundary model for high-rate CO2RR conditions. 

 

Conclusions 

An investigation combining online differential electrochemical mass spectroscopy, 

computational fluid dynamics, and numerical simulations has been applied to analyze the local 

reaction environment effect for steering CO2 electrolysis selectivity over Cu electrodes. The 

direct membrane-inlet configuration and relevant deconvolution protocols enabled the successful 

tracking of 10 primary volatile species during the CO2RR at a temporal resolution of ~400 ms. 

Our DEMS results suggest that boosting CO2 mass transport and local alkalinity, as well as 

increasing the electrode’s surface roughness by plasma bombardment, can effectively aid in 

suppressing the H2 evolution side reaction and the *CO-to-CH4 pathway, thus facilitating the 

generation of C2+ products. These hints from fundamental spectroelectrochemistry were also 

validated using a bombarded Cu/PTFE gas diffusion electrode integrated into an anion exchange 

membrane electrolyzer, demonstrating a C2H4 Faradaic efficiency of up to 40.4% and a partial 

current density of 121 mA cm–2. This work highlights the vital role of the local reaction 

environment in defining CO2RR activity and selectivity, shedding light on real-world CO2 

valorization infrastructure. 

 

Methods 

Electrode preparation 

Working electrodes of ca. 300 nm Cu film sputtered on either PTFE membrane (20 nm pore 
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size, Cobetter) substrates were prepared using a Denton sputter system, at a deposition rate of 1 

Å/s to an effective thickness of 300 nm under a 0.5 Pa Ar atmosphere (99.999%, Air Liquide). 

Prior to the magnetron sputtering, hydrophobic PTFE membrane was pre-treated with acetone, 

methanol, and Milli-Q water (18.2 MΩ·cm) in succession and dried in a stream of flowing N2 

(99.999%, Keju Chemistry). For O2 plasma pre-treatment, the Cu/PTFE electrodes were placed 

in an HM-Plasma2L (Hongming Instrument) evacuated with a mechanical pump to ~10 Torr, 

then exposed to a 150 W plasma for 150 s under an 80 sccm O2 flow (99.999%, Air Liquide).  

Material characterizations 

The surface morphology images were filmed with a NOVA NanoSEM 230 field-emission 

scanning electron microscope, using an electron beam energy of 5 kV and a spot size of 3.0 nm 

with a magnification ranging from 5 to 20 k. The near-surface composition of the Cu electrodes 

was probed by X-ray photoelectron spectroscopy (XPS) with a Kratos AXIS Ultra DLD 

spectrometer, using monochromatic Al Kα radiation (1486.6 eV) and a low energy flood gun as 

the neutralizer. The Casa XPS program was employed for surface component content analysis, 

with the binding energies calibrated with reference to the C 1s peak at 284.8 eV. 

Online DEMS measurements 

Online DEMS measurements were run on a Hiden HPR-40 quadrupole mass spectrometer 

equipped with a secondary electron multiplier detector. A cage voltage of 3 V, an electron energy 

of 70 eV, and an emission current of 500 μA were set at the ionization source, together with a 

detector voltage of 1200 V for recording real-time mass spectra. Prior to data acquisition, DEMS 

background signals were pre-stabilized for 1 h and subtracted from m/z signals for quantitative 

analysis. The setup of the DEMS flow cell is illustrated in Fig. S1; it consisted of a 1.13 cm–2 

Cu/PTFE working electrode, a Pt gauze counter electrode, and a leak-free Ag/AgCl reference 

electrode (Innovative).  

Prior to each experiment, the flow cell was sonicated in 20 wt% nitric acid (diluted from 

70% concentrated HNO3, AR, Sinopharm Chemical Reagent) and boiled in Milli-Q water for 

cleaning. A certain amount of Cs2CO3 (99.99%, Adamas-Beta) was dissolved in Milli-Q water 

to achieve a concentration of 0.05 M, then the mixture was further purified by electrolysis 
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between two graphite rods at 0.1 mA for 24 h to remove trace amount of metal ion impurities. 

Next, 50 sccm CO2 (99.995%, Air Liquide) was bubbled for at least 30 min to obtain a 0.1 M 

CO2-saturated CsHCO3 electrolyte. Electrochemical responses were recorded on a Biologic 

VSP-300 potentiostat. The solution resistance (Ru) was determined by potentiostatic 

electrochemical impedance spectroscopy at frequencies ranging from 0.1 Hz to 200 kHz and was 

compensated in situ at the 85% level by a potentiostat during linear potential sweeps. Unless 

otherwise indicated, all potentials in this work were converted to the RHE scale as E (vs. RHE) 

= E (vs Ag/AgCl) + 0.197 V + 0.0591 × pHbulk. 

Computational methods 

  The three-dimensional computational fluid dynamics simulations and the transport of 

species in the cathodic boundary layer were solved using COMSOL Multiphysics 5.6. A synopsis 

of the modeling details is given in Supplementary Notes 1 and 2. 

MEA measurements 

For the practical membrane electrode assembly electrolyzer tests, a 1.5 × 1.5 cm2 Cu/PTFE 

electrode treated with O2 plasma for 150 s was used as the CO2RR cathode, and an IrO2-coated 

Ti felt was used as the anode. A quaternary ammonia poly (N-methyl-piperidine-co-p-terphenyl) 

anion exchange membrane (QAPPT, EVE Energy) was sandwiched between the two gas 

diffusion electrodes to separate the chambers. The QAPPT membrane was pre-activated in 1 M 

KOH (AR, Sinopharm Chemical Reagent) at 60 °C for 24 h prior to usage. 50 sccm humidified 

CO2 was delivered through the cathodic Ti flow field, while the anolyte CsOH (99.9% Meryer) 

was circulated at a flow rate of 1.8 mL min–1.   

The effluent from the cathodic chamber was analyzed with a Shimadzu 2014 gas 

chromatograph equipped with a thermal conductivity detector (TCD) for H2 concentration 

quantification and a flame ionization detector (FID) coupled with a methanizer for quantifying 

the CO and hydrocarbon concentrations. The signal response of the TCD and FID were calibrated 

by analyzing a series of standard gas mixtures, as shown in Fig. S18. The FE of a given reduction 

product was calculated as follows: 

𝐹𝐸𝑖 =
𝑥𝑖𝑣𝑛𝐹

𝑉 × 𝑗
× 100% 
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where 𝑥𝑖  is the volume fraction of species i as determined by online GC, 𝑣  is the flow rate 

calibrated by a mass flow meter (Alicat), 𝑛 is the electron transfer number, F is the Faradaic 

constant, V is the molar volume of an ideal gas under CO2RR operating conditions, and 𝑗 is the 

total current density. The liquid products were collected by placing a gas-tight cold trap (cooled 

in an ice-water bath at 0 °C) in between the cathodic effluent outlet and the GC inlet, then 

quantified with a 1D 1H NMR spectrum using a Bruker Avance NEO 400 MHz spectrometer. In 

brief, 60 μL of collected electrolyte was diluted to 600 μL using Milli-Q water and mixed with 

100 μL of D2O (Sigma Aldrich, 99.9 at.% deuterium) and 0.05 μL dimethylsulfoxide (as an 

internal standard, Sigma Aldrich, 99.9%). 
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Highlights 

• Local reaction environment effects on the CO2 reduction reaction (CO2RR) were probed with 

online differential electrochemical mass spectroscopic (DEMS). 

• CO2 mass transport, local alkalinity, and Cu surface topology led to different CO2RR 

pathways. 

• Tuning knobs to promote C2H4 selectivity were validated on an anion exchange membrane 

electrolyzer. 
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