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HIGHLIGHTS

Three ways to modulate local CO2

concentration in GDE flow

electrolyzer

Providing moderate local CO2

concentration enabled optimal

C2+ product selectivity

75.5% faradaic efficiency for C2+

products at 300 mA cm�2 in

KHCO3 electrolyte

C2+ product selectivity showed

significant sensitivity toward CO2

mass transport
Local environment plays an important role in steering the reaction pathways in

electrochemical CO2 reduction reaction. Here, we present three approaches to

modulate local CO2 concentration in gas-diffusion electrode flow electrolyzers.

Employing monodisperse Cu2O nanoparticles as the model catalysts, we

demonstrate that providing a moderate local CO2 concentration is effective in

promoting C–C coupling. Ultimately, this study serves as a rational guide to tune

CO2 mass transport in gas-diffusion electrode electrolyzers for the optimal

production of valuable multi-carbon molecules.
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Context & Scale

Electrochemical CO2 reduction

powered by renewable energy is a

potential approach to cut CO2

emission while creating value to

the society. The electrosynthesis

of multi-carbon (C2+) products,

such as ethylene, ethanol, and 1-

propanol, from CO2 is desired

because of the high energy

density and large global markets

of these products. In order to

achieve selective conversion of

CO2 into C2+ products, past

studies have been focused on the

design of catalysts and the tuning

of local environment (e.g., pH,

cations, and molecular additives).

Here, we report that local CO2

concentration has been an

overlooked factor that affects the

selectivity toward C2+ products.

Utilizing our control catalysts and

a gas-diffusion electrode flow cell

operated at industrially relevant

activity in near-neutral electrolyte,

we show that a high local CO2

concentration leads to a

suboptimal selectivity. Instead,

providing a moderate local CO2

concentration is effective in

promoting C–C coupling toward

C2+ products.
SUMMARY

Flow electrolyzers based on gas-diffusion electrodes (GDEs) have
been increasingly employed to advance toward industry-relevant
electrochemical CO2 reduction reaction (CO2RR) performance,
though fundamental understanding of the GDE system is still lack-
ing. Here, we propose that regulating local CO2 concentration on
copper (Cu) surfaces is an effective and general strategy to promote
C�Ccoupling inCO2RR. Local CO2 concentration could influence the
surface coverage of *CO2, *H, and *CO, which affects the reaction
pathways toward multi-carbon (C2+) products. Guided by mass-
transport modeling, we have identified three approaches to modu-
late the local CO2 concentration inGDE-based electrolyzers: (1) cata-
lyst layer structure, (2) feed CO2 concentration, and (3) feed flow
rate. Utilizing Cu2O nanoparticles as the model catalysts, modula-
tion of local CO2 concentration enabled an optimized faradaic effi-
ciency toward C2+ products of up to 75.5% at 300 mA cm�2 and
C2+ partial current density of up to 342 mA cm�2 in 1.0 M KHCO3.

INTRODUCTION

With the growing abundance of cheap renewable electricity, electrochemical CO2

reduction reaction (CO2RR) has gained increasing attention from the research

community due to its potential to economically convert anthropogenic CO2 to a

wide variety of carbon-based chemicals that are traditionally derived from fossil

fuels.1–4 In particular, immense efforts have been focused on the selective produc-

tion of multi-carbon (C2+) products, such as ethylene, ethanol, and 1-propanol,

due to their large market size and high energy density.5–7

C2+ product faradaic efficiency (FE) of more than 70% in conventional H-type or

sandwich liquid cells has been achieved with a low partial current density (jC2+) of

less than 20 mA cm�2 due to the low CO2 availability in such systems.8,9 In order

to overcome CO2 mass transport issues, gas-diffusion electrodes (GDEs) have

been employed in flow electrolyzers to achieve industrially relevant current densities

(>200 mA cm�2).10–12 However, transferring these high C2+ product selectivity per-

formances to GDE-based electrolyzers has been challenging without relying on alka-

line electrolyte.13–15 The use of alkaline electrolyte has raised concerns regarding

the cost for electrolyte regeneration due to the continuous carbonation formation,

which also causes stability issues.16 Only recently, Li et al. succeeded in attaining

C2+ product FE of over 80% in near-neutral 1 M KHCO3 electrolyte at high current

densities by employing molecular additives to increase *CO adsorbate stability on

Cu surfaces.17 Nonetheless, there must be a scientific rationale behind the unusual

difficulty in promoting C–C coupling selectively in neutral media using unmodified

metallic Cu or oxide-derived Cu (OD-Cu) in GDE-based systems.
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In H-type cells, C�C coupling is enhanced on Cu nanostructured surfaces for two

reasons: (1) presence of high local pH due to the operation at higher current den-

sities and lower mass transport of OH� byproducts as compared to smooth sur-

faces; (2) increased retention time of the intermediates within the nanostructures,

which enables higher rate of intermediate re-adsorption.9,18,19 On the other hand,

recent studies have demonstrated the control of surface adsorbates coverage via

varying COx (x = 1 or 2) feed concentrations.20,21 These results have highlighted

the importance of controlling the feed concentration, and thus local COx concen-

trations, to attain an optimal surface coverage of adsorbates (*CO2, *CO, *H, and

other intermediates) for C�C coupling. For example, as ethylene is formed

through CO dimerization via Langmuir–Hinshelwood mechanism, *CO coverage

is a crucial factor in achieving selective ethylene production.20,22 Conversely, the

effect of *CO2 (a precursor of *CO) coverage on C�C coupling has not been inves-

tigated in detail. A high local CO2 concentration (local [CO2]), i.e., CO2 concentra-

tion at or near the catalyst surface could lead to a higher population of unreacted

*CO2, which may not be ideal for CO dimerization. A previous study utilizing mass-

transport model coupled with micro-kinetic model has shown that under high

applied potential, *CO2 (including chemisorbed *CO2
d�) are still the major surface

species at high CO2-availability conditions.23 Hence, the poor C2+ product selec-

tivity in GDE-based systems with KHCO3 electrolyte could be due to the subopti-

mal adsorbate coverage from the high CO2 mass transport and, thus, high local

[CO2].
13,14 Reducing the local [CO2] and thus *CO2 coverage could increase the

relative coverage of minority surface species, such as *CO that is beneficial for

C–C coupling. The local [CO2] is directly related to the CO2 surface coverage of

the catalyst as follows:21

qCO2
= q�,½CO2�,e�

ECO2
RT (Equation 1)

where q* is the free surface site coverage; ECO2
is the CO2 adsorption energy; R is the

ideal gas constant; and T is the temperature.

Therefore, we propose that within the CO dimerization potential window, there is an

intimate relation between local [CO2] and C–C coupling reaction. At a low local

[CO2], hydrogen evolution reaction (HER) will dominate. However, at a high local

[CO2], we expect to observe a suboptimal C2+ product selectivity. Instead, C–C

coupling is most ideal at a moderate local [CO2]. In order to prove the above hypoth-

esis, we designed a systematic study that could effectively decouple local [CO2] from

the current density and applied potential.

Here, we take advantage of the highly tunable system parameters within GDE-based

flow electrolyzers to investigate the effect of local [CO2] on the C2+ product selec-

tivity. Guided by mass-transport modeling, we have identified three methods to

control local [CO2] in our system (Figure 1): (1) catalyst layer structure, i.e., thickness

and porosity, (2) CO2 feed concentration, and (3) feed flow rate. Employing mono-

dispersed Cu2O nanoparticles (NPs) as a model building block to construct the

porous catalyst layers, we show that thicker catalyst layers exhibit lower local

[CO2], which is beneficial for CO dimerization. Similarly, we demonstrated that

feed flow conditions were also efficient parameters to modulate local [CO2] that

led to effective control of reaction pathways. Therefore, these findings establish

the modulation of local [CO2] as a general and convenient tool to achieve selective

C2+ production with GDE-based electrolyzers for CO2RR in a neutral electrolyte. In

addition, our study highlights the substantial influence of CO2 mass transport on the

kinetics of CO2RR.
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Figure 1. Simplified Schematic Illustration of the Strategies to Modulate Local [CO2]

Proposed methods to modulate the local [CO2] within a GDE-based system: controlling catalyst

layer structure, CO2 feed concentration, and feed flow rate. Dark gray, red, and blue balls represent

C, O, and N atoms, respectively.
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RESULTS AND DISCUSSION

Predicting Methods to Modulate Local CO2 Concentration

Mass-transport modeling has been employed to estimate the local [CO2] and the

local pH on catalyst surfaces in both H-type cells and GDE-based flow

cells.9,13,15,24–26 It is important to note that the one-dimensional numerical model

used may not provide an accurate quantitative representation of the actual systems

due to the simplistic assumptions involved. However, mass-transport models

have shown to provide useful insights on the relative changes in the calculated con-

centrations as a function of various parameters that match well with experimental

measurements.25 Based on our GDE system as shown in Figure 2A, we utilized

such a mass-transport model to identify parameters that can affect the local [CO2]

at constant current densities.

As the superior CO2 mass transport in GDE-based systems originates from shorter

diffusional lengths than that in conventional H-type cells (Figure S1), we predicted

that increasing the porous catalyst layer thickness would increase diffusional mass

transfer resistance and, thus, modulate local [CO2]. Note that by increasing the thick-

ness while keeping catalyst loading constant, the porosity of the catalyst layer must

increase, which actually provides better CO2 mass transport. The effect of porosity

changes relative to thickness is accounted for in our model by the inclusion of an

effective diffusion coefficient term (Supplemental Experimental Procedures and Fig-

ure S2A). According to our mass-transport model, as the catalyst layer thickness

varies from 1–5 mm, the local [CO2] gradient within the catalyst layer increases at

all current densities, leading to an appreciable decrease in the average local

[CO2] (Figures 2B and 2D). Though the changes in both catalyst layer porosity and

catalyst layer thickness could affect CO2 mass transport and thus local [CO2] in an

inverse manner, our simulation result shows that the catalyst layer thickness plays

a more significant role in controlling local [CO2].

Another intuitive way to regulate the local [CO2] is to control the gaseous CO2 con-

centration at the gas-electrolyte-catalyst three-phase interface, which determines

the saturated [CO2] at x = 0 and thus the maximum local [CO2] within the catalyst

layer (Figure 2A and Equation S9). As expected, reducing the gaseous CO2 concen-

tration from 100% to 20% caused a significant decrease in local [CO2] at various
1106 Joule 4, 1104–1120, May 20, 2020



Figure 2. Utilizing Mass-Transport Modeling to Predict Different Ways to Tune the Local CO2

Concentration

(A) Graphical representation of the boundaries used in our model. GDL, MPL, and CL are

abbreviations for gas-diffusion layer, microporous layer, and catalyst layer, respectively.

(B) Calculated local [CO2] as a function of relative position within the catalyst layer for various

catalyst layer thicknesses.

(C) Calculated local [CO2] as a function of relative position within the catalyst layer for various

gaseous CO2 concentration at the three-phase interface.

(D) Calculated averaged local [CO2] as a function of catalyst layer thickness.

(E) Calculated averaged local [CO2] as a function of gaseous CO2 concentration at the three-phase

interface. Note that a reasonable local [CO2] could not be obtained for gaseous CO2 concentration

of 20% and 40% at 300 mA cm�2 due to the computed negative [CO2] values within the catalyst

layer. In a practical scenario, this suggests that CO2 has been depleted partially within the catalyst

layer to sustain CO2RR, which would cause a significant production of undesired H2.
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current densities (Figures 2C and 2E). In practice, the gaseous CO2 concentration at

the three-phase interface can be controlled in two ways: (1) adjusting the CO2 con-

centration in the feed gas by introducing inert gas (e.g., N2), and (2) controlling the

feed flow rate, which directly affects the gas boundary layer thickness and hence
Joule 4, 1104–1120, May 20, 2020 1107
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controls the diffusional transport of CO2 molecules from the bulk gas to the three-

phase interface (Figure S3 and Equation S13). In addition, gaseous CO2 concentra-

tion at the triple interfaces can be diluted if we assume that the molar product

formation rates and the CO2 consumption rate remain relatively constant when

the feed flow rate (i.e., CO2 molar flow rate) decreases. Therefore, we would expect

a lower gaseous CO2 concentration at the three-phase interface at a lower feed

flow rate, and vice versa.

From the results of our mass-transport model, we predict that controlling the catalyst

layer thickness and feed flow conditions can effectively modulate the local [CO2]

and, thus, affect the CO2RR performance.
Controlling Catalyst Layer Structure

In this work, we demonstrate that the thickness and porosity of the catalyst layer

can be controlled by regulating the evaporation rate of the catalyst ink. This can

be achieved in two ways: (1) controlling the ink deposition rate using different

deposition techniques and (2) adjusting the drying temperature of the ink.

First, we investigated dropcasting, hand-painting, and airbrushing methods for

the construction of catalyst layers on GDEs (Figure S4). Utilizing monodispersed

Cu2O NPs with an average size of ~60 nm as building blocks (Figures 3A, 3B, and

S5), we constructed the catalyst layers on GDEs while keeping the catalyst loading

constant at 0.6 mg cm�2. The three catalyst layer deposition methods were per-

formed on a hot plate at 50�C as described in the Experimental Procedures. From

the cross-sectional images in Figures 3C–3H, the airbrushed catalyst layer was

4 times thicker and more porous than the drop-casted and hand-painted layers

(Table S1). The fast evaporation rate of solvent in the airbrushing method facilitates

formation of a well-defined, thicker catalyst layer due to instantaneous fixation of

scattered ink mists on the solidified catalyst layers (Figure S4C). For the dropcasted

and hand-painted catalyst layers, their thickness were even lower than that of the

hypothetical film of non-porous Cu2O, which implied that a portion of the catalyst

ink permeated through the microporous layer (MPL) because of the slow evapora-

tion rate of solvent. On the other hand, the dropcasting method resulted in a signif-

icantly more uneven catalyst layer than those of hand-painting and airbrushing

methods (Figures S6 and S7). Importantly, after CO2RR, the OD-Cu catalyst layer

thickness of the airbrushed samples was still substantially thicker than those

prepared by dropcasting and hand-painting methods (Figures S6G–S6L and S8).

Therefore, catalyst layer structures assembled by nanoparticulate building blocks

can be controlled rationally by various deposition techniques.

Utilizing a home-built flow electrolyzer (Figure S9), the attained electrochemical

measurements (Figure 4) clearly show the excellent performance of the airbrushed

cathode in selective formation of C2+ products compared to those of the dropcasted

and hand-painted cathodes. In detail, the C2+ product FE in the airbrushed cathode

is 30%, 45%, and 55% at 100, 200, and 300 mA cm�2, respectively (�0.75, �0.82,

and �0.88 V versus reversible hydrogen electrode [RHE]). On the other hand,

both dropcasted and hand-painted cathodes achieved similar C2+ product FEs

from 9% to 34% as the current densities were increased from 100 to 300 mA

cm�2, though the potential required for the dropcasted cathode was more negative

than the hand-painted one. In contrast, the difference in FE for C1 products formed

by each cathode was less obvious (Figures 4A and 4B). With a closer inspection, we

noticed a slightly higher jC1 for the hand-painted cathode than that for the airbrush
1108 Joule 4, 1104–1120, May 20, 2020



Figure 3. Physical Characterization of Catalyst Layers Assembled by Cu2O NPs via Various

Deposition Techniques

(A and B) TEM image (A) and SEM image (B) of as-synthesized Cu2O nanoparticulate building

blocks.

(C–H) Cross-sectional SEM images and their energy-dispersive X-ray spectroscopy (EDS) elemental

mappings of Cu for catalyst layers prepared by dropcasting ([C] and [D]), hand-painting ([E] and [F]),

and airbrushing ([G] and [H]). The high porosity of the airbrushed sample is evident from the

presence of macropores as denoted by the arrows in (G). Note that the lumps of Cu2O

nanoparticles present at the MPL layer in (G) were due to the partial collapsing of the Cu2O layer

during the sample preparation process for the cross-sectional characterization. The collapsing of

the Cu2O layer was more evident for the airbrushed sample due to the much thicker catalyst layer,

which had less structural stability at the edge of the cross-sectional cut.
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cathode at the potential range, while the dropcasted cathode exhibited the lowest

jC1 (Figure 4C).

The above results are mostly consistent to our hypothesized expectations. Due to

the thicker catalyst layer of the airbrushed cathode, the modulated local [CO2]

should provide a more optimal surface concentration of *CO2, *CO, and *H for

the promotion of CO dimerization. On the other hand, the thinner catalyst layers

of dropcasted and hand-painted cathodes should yield less C2+ products due to a

higher local [CO2] and a suboptimal *CO coverage. However, this prediction

was not observed for the dropcasted cathode, as it generated the least C1 and

C2+ products, which indicates that it was operating in a CO2-deficient environment.
Joule 4, 1104–1120, May 20, 2020 1109



Figure 4. Effect of Catalyst Deposition Methods on CO2RR Performance

(A) Faradaic efficiencies of the major products and the applied potential at different current

densities for various catalyst deposition methods.

(B) Faradaic efficiencies of C1 and C2+ products as a function of applied potential for various

catalyst deposition methods.

(C) Partial current densities of C1 and C2+ products as a function of applied potential for various

catalyst deposition methods. For clarity, formate, methane, and carbon monoxide are grouped

together as C1 products in red; ethanol, ethylene, and other multi-carbon products (1-propanol and

acetate) are grouped together as C2+ products in blue.

When error bars are presented, data are represented as mean G standard deviation of at least 3

individual experiments.
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We believe that this is attributed to the non-uniform catalyst layer, which provided

a poorly defined gas-electrolyte-catalyst interface and, thus, over-limited CO2

availability.27 This could also explain the higher CH4 FE for the dropcasted cathode

than other cathodes, which is due to the combined effect of higher applied potential
1110 Joule 4, 1104–1120, May 20, 2020
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and a higher *H coverage that promotes surface recombination of *H and *CO

as reported previously.22 Additionally, the intersection between jC2+ profiles for

the hand-painted cathode and the airbrushed cathode around �0.75 V versus

RHE (Figure 4C) suggests that at the low potential, local [CO2] in a catalyst layer

does not play a significant role in enhancing activity in the formation of C2+ products.

Local pH has been reported substantially as an important parameter in affecting the

C–C coupling in CO2RR.9,15,18 Here, the local pH is not a contributing factor accord-

ing to our mass-transport modeling simulation as the pH in a catalyst layer is pre-

dicted to decrease slightly with increased thickness of the catalyst layer at a constant

current density; more specifically, local pH decreased by approximately 0.4 when

catalyst layer thickness increased from 1 to 3.5 mm at 200 mA cm�2 (Figure S10).

This inverse relation between local pH and catalyst layer thickness is counterintuitive

due to numerous reports on the presence of high local pH for catalysts with rough

surfaces and nanostructures.9,18,19 However, the higher pH in these reports origi-

nates from the higher current density (i.e., higher production rate of OH�) that the
catalysts can achieve with a higher electrochemical active surface area. On the other

hand, our simulation result presented in Figure S10 was calculated based on a

constant current density, and thus a constant production rate of OH� (mol s�1).

Therefore, with a higher volume of the reaction zone in the thicker catalyst layers,

the production rate of OH� per volume (mol m�3 s�1) and thus local concentration

of OH� (mol m�3) will be lower than that in the thinner catalyst layers. Hence, in

our system, we have demonstrated that local [CO2] was the dominant factor in

promoting C–C coupling. Nonetheless, we would expect that further enhancement

of C2+ production could be achieved by optimizing both local CO2 concentration

and local pH.

We further studied the influence of local [CO2] in a catalyst layer on C–C coupling

reaction by controlling the evaporation rate of the catalyst ink with different

temperature, using the airbrushing method. Cu2O catalyst ink was airbrushed on

carbon papers at 25�C, 50�C, and 75�C, which resulted in the catalyst layer thickness

of 1.94, 3.59, and 4.59 mm, respectively (Figures S11 and S12; Table S2). This obser-

vation agrees well with the aforementioned statement that a fast evaporation rate of

the catalyst ink promotes the formation of a thicker catalyst layer.

Consistent to the result discussed above, we have also observed similar patterns in

selectivity for C2+ products as a function of catalyst layer thickness, i.e., deposition

temperature (Figure S13). The C2+ product FE was the lowest for the cathode pre-

pared at 25�C due to the thinnest catalyst layer, thus experiencing the highest local

[CO2]. In contrast, C2+ product FE was the highest for the 75�C cathode as it had the

thickest catalyst layer, which experienced the most optimal (moderate) local [CO2].

Controlling Feed Flow Conditions

Adjusting feed flow conditions provides an avenue to tune the local [CO2]. Here, em-

ploying airbrushed Cu2O GDE samples prepared at 50�C, we controlled the CO2

concentration fed to our GDE-based flow electrolyzer from 25% to 100% (N2 as

the inert carrier gas) at a constant feed flow rate of 20 sccm.

In Figure 5, as the CO2 concentration of the feed gas reduced to 50%, the applied

potentials required to achieve each current density (100 and 200 mA cm�2) were

similar. However, as the CO2 feed concentration was reduced to 25%, the applied

potential required to attain 200 mA cm�2 increased. At the same time, HER was acti-

vated, which indicated a lack of CO2 availability, i.e., low local [CO2].
Joule 4, 1104–1120, May 20, 2020 1111



Figure 5. Effect of CO2 Feed Concentration on CO2RR Performance at 20 sccm Feed Flow Rate

(A) Faradaic efficiencies of the major products and the applied potential at various CO2 feed

concentration at different current densities.

(B and C) Partial current densities of C1 products (B) and C2+ products (C) as a function of CO2 feed

concentration.

When error bars are presented, data are represented as mean G standard deviation of at least 3

individual experiments.
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Interestingly, at 200 mA cm�2, as the feed CO2 concentration was diluted from 100%

to 50%, the C2+ product FE increased substantially from 44.9% to 55.5% while the C1

product FE was reduced from 38.2% to 23.6%. This observation indicated that more

intermediate *CO species were utilized to form C2+ products via dimerization

instead of desorbing as CO when the feed gas CO2 concentration decreased. The

higher rate of C–C coupling can be attributed to the more optimal coverage of

*CO, *H and other intermediate species due to the lower (more moderate) local

[CO2] and thus lower *CO2 surface coverage. With a closer observation, the C2+

product FE was similar for both 50% and 75% CO2 feed, but H2 FE was slightly

increased in the more diluted CO2 feed. This indicated that the local [CO2] for the

50% CO2 feed was near the borderline region between low and moderate levels.

Consequently, it is important to be aware of the plateau of C2+ product FE when

modulating the local [CO2]. Reducing the CO2 feed concentration further would

decrease C2+ product FE and increase H2 FE as observed for 15% and 25% CO2

feed (Figures 5 and S14).

However, at 100 mA cm�2, the C2+ product FE remained almost constant while

the C1 product FE was positively correlated for all CO2 feed concentration. Similar

to the observations reported above, C–C coupling rate is more sensitive to the local
1112 Joule 4, 1104–1120, May 20, 2020



Figure 6. Effect of Feed Flow Rate on CO2RR Performance with 100% CO2 Feed

(A) Faradaic efficiencies of the major products and the applied potential at various CO2 feed flow

rates at different current densities.

(B and C) Partial current densities of C1 products (B) and C2+ products (C) as a function of feed flow

rate.

When error bars are presented, data are represented as mean G standard deviation of at least 3

individual experiments.
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[CO2] at higher current density even though the potential is above the onset poten-

tial for C2+ products. This observation could be related to the sparser *CO coverage

at lower potential, thus, a reduction in *CO2 coverage does not assist in CO

dimerization.28

A lower gaseous CO2 concentration at the gas-electrolyte interface and thus lower

local [CO2] would also lead to a slower rate of neutralization between CO2 and

OH� produced during CO2RR. As a result, the local pH is predicted to be slightly

higher; local pH increases by approximately 0.2 as gaseous CO2 concentration re-

duces from 100% to 50% at 200 mA cm�2 (Figure S15A). The presence of a higher

local [OH�] is likely to play a role in promoting C�C coupling.15 However, we expect

the contribution by the slight change in local pH to be less significant than that of

local [CO2] as discussed previously (Figure S10).

Next, we investigated the effect of feed flow rate on the CO2RR performance

while using a 100% CO2 feed. At 200 mA cm�2, as the feed flow rate decreased

from 40 to 5 sccm, the C2+ product FE increased exponentially to 60.3% while

the C1 product FE exhibited the opposite trend (Figure 6). At the same time, the

applied potential and H2 FE remained relatively constant, which indicated sufficient
Joule 4, 1104–1120, May 20, 2020 1113
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CO2 availability even at the lowest feed flow rate, i.e., local [CO2] was still at the

moderate level at 5 sccm feed flow rate. We expected that further reducing the

feed flow rate would shift the local [CO2] to a lower level, which would result in a

decrease in C2+ product FE and an increase in H2 FE as observed in a previous

report.29

The enhanced selectivity for multi-carbon products was attributed to a lower

gaseous CO2 concentration at the gas-electrolyte-catalyst three-phase interface,

which was regulated by the feed flow rate in two ways. First, the feed flow rate can

affect the local [CO2] due to the change in the gas boundary layer thickness (Fig-

ure S3). Second, as the feed flow rate decreases, CO2 concentration within the

gas chamber becomes more diluted by the gaseous products. Based on the product

FEs obtained at each flow rate, we calculated the gaseous CO2 concentration at the

outlet stream and thus estimated an average CO2 concentration within the electro-

lyzer gas chamber (Figure S15B). The average bulk CO2 concentration clearly

showed an inverse-exponential relation with the feed flow rate, which could also

explain why the observed rise in C2+ product FE was the most significant at the

lowest flow rate. Another possible contributing factor for the enhanced of C–C

coupling could be ascribed to the higher probability of re-adsorption of the prema-

turely desorbed CO molecules for further dimerization.30,31 This higher rate of re-

adsorption of CO is a result of longer retention time within the gas chamber and a

higher CO concentration at the gas-electrolyte-catalyst three-phase interface.

Comparing the feed flow rate normalized to the geometric electrode area, our

optimal feed flow rate (100% CO2) of 2.5 sccm cm�2 is substantially lower than

what was reported for GDE-based flow electrolyzers (7–50 sccm cm�2).13,14,17 There-

fore, our result suggested that the flow conditions from past literatures were mostly

unoptimized for C–C coupling, thus explaining their poor C2+ product FE in neutral

electrolytes.

We further explored the effect of CO2 feed concentration at various flow rates on

CO2RR performance (Figures S16 and S17). The C2+ product FE was found to

peak at 61.9% at 75% CO2 and feed flow of 10 sccm at 200 mA cm�2 (Figure 7A),

which was a significant improvement from 44.9% (or 25.4% for dropcasted samples)

at the default flow conditions. In addition to providing a favorable adsorbate

coverage for CO dimerization, modulating the supply of CO2 is also an effective

way to increase the CO2 conversion rate as long as CO2 availability is not compro-

mised. In our system, the single-pass CO2 conversion was enhanced from 7.3% (or

5.9% for the dropcasted samples) to 22.6% by reducing the pure CO2 feed flow

from 20 to 5 sccm (Figure 7B). Therefore, with the rational system control, it is

possible to simultaneously achieve both high C2+ product selectivity and CO2 con-

version rate, which are critical factors to minimize operating and energy costs

incurred from product purification.2,32 However, achieving high CO2 conversion at

industrially relevant conditions is rarely reported or discussed and thus should

deserve more attention in the future.29,33,34

In general, we have demonstrated experimentally that having a moderate local

[CO2] is important in enhancing C2+ product FE in CO2RR (Figure S18). A low local

[CO2] would reduce all CO2RR products and increase HER (Figure S18A). On

the other hand, a high local [CO2] would give a suboptimal C2+ product FE and,

interestingly, a higher C1 production. The high C1 product FE has been consistently

observed throughout our studies above; more specifically, when a high local [CO2]

was present in the thin catalyst layer, 100% CO2 feed concentration and a high feed
1114 Joule 4, 1104–1120, May 20, 2020



Figure 7. Optimizing C–C Coupling in CO2RR

(A and B) Colored contour map of C2+ product faradaic efficiency (A) and single-pass CO2

conversion (B) as a function of CO2 feed concentration and feed flow rate at 200 mA cm�2. The peak

values are denoted by a star (white star) and the performance values at default conditions are

denoted by a circle (B) in the respective contour maps. The data points used to generate the

contour maps are tabulated in Table S3.

(C) Comparison of C2+ product FE versus current density of our OD-Cu optimized in this work with

other reported Cu catalysts in 1 M KHCO3; porous OD-Cu,13 sputtered Cu and pyridine-polymer/

Cu,17 and OD-Cu gauze.35

(D) Stability test performed at a constant current density of 200 mA cm�2 using airbrushed and

dropcasted Cu2O samples with both optimized conditions (12 sccm, 75% CO2, 2% Nafion) and

default conditions.
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flow rate. We believe that in high local [CO2] environment, the surface coverage of

*CO2 is high, which could physically hinder the surface recombination of C–C

coupling (Figure S18C). Alternatively, the high surface coverage of *CO2 could

also contribute to repulsive adsorbate-adsorbate interactions with *CO, which

reduces the binding energy of *CO.36 In either case, unreacted *CO desorbs

prematurely, which thus leads to a higher C1 product FE. Nonetheless, these

hypotheses require rigorous in situ surface characterizations to further provide

experimental evidences on the relationship between CO2 mass transport and the

molecular surface coverage.25,37

Apart from promoting CO dimerization, we also observed different ethylene and

ethanol selectivity characteristics when we regulated the feed flow conditions

(Figure S19). This phenomenon could indicate different product-specific sites on

OD-Cu involved for the two C2 products as reported by Lum and Ager.38 Hence,

GDE-based systems have the potential to provide new mechanistic insights toward

achieving high product selectivity in the future.

Further Performance Optimization and Stability

With the aim of further promoting C2+ product FE performance, we investigated

the effect of Cu2O particle size and Nafion binder loading (Figures S20–S22).

Remarkably, at the optimized conditions (airbrushed at 50�C, 180 nm Cu2O particle
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size, 2% Nafion loading), the C2+ product FE was further improved to 75.5% at 300

mA cm�2. At an even higher current density of 500 mA cm�2, the C2+ product FE

could maintain at a relatively high level of 68.4% (jC2+: 342 mA cm�2). These results

represent one of the best C2+ product FE ever reported at high current density in

KHCO3 electrolyte (Figure 7C; Table S4). To the best of our knowledge, the only

report that exhibits better C2+ product selectivity relies on pyridine-based additives

to tune the *CO binding energy of Cu surfaces. Therefore, we foresee that C2+

product FE could be further improved by both utilizing appropriate additives/dop-

ants and moderating an optimal local [CO2].

We evaluated the stability of our GDE-based electrolyzer equipped with the as-pre-

pared Cu2O catalyst layers at a fixed current density of 200 mA cm�2 in various flow

conditions. The airbrushed samples displayed very stable C2+ product FEs over 10 h

with minimal rise in H2 production and applied potential (Figures 7D and S23). As

expected, the airbrushed sample with optimized conditions (12 sccm, 75% CO2,

2% Nafion) exhibited a much higher C2+ product FE of 67%–69% than that with

the default conditions. On the other hand, dropcasted Cu2O samples did not exhibit

such stability; C2+ product FEs were reduced drastically while H2 FEs increased

to more than 65% within 5 h of measurement. The poor stability was a result of flood-

ing in the gas chamber, which significantly limited the CO2 availability. We posit

that the deep infiltration of Cu2ONPs into theMPL and gas diffusion layer (GDL) dur-

ing the deposition procedure could be responsible for the increased hydrophilicity

of the carbon paper during the electrolysis. Even though adjusting the flow condi-

tions could increase the C2+ product FE for the dropcasted samples, our result

also highlights the importance of proper catalyst deposition techniques that directly

affect both product selectivity and system stability.
CONCLUSIONS

In this work, we have employed a GDE-based flow electrolyzer to show the intimate

relation between local [CO2] and C2+ product selectivity during CO2RR. Guided

by mass-transport modeling, we have identified three methods to control local

[CO2] in our system: (1) catalyst layer structure, i.e., thickness and porosity, (2)

CO2 feed concentration, and (3) feed flow rate. Specifically, increasing the catalyst

layer thickness and decreasing the CO2 feed concentration and feed flow rate can

all reduce the average local [CO2]. Contrary to common intuition, this study shows

that providing a maximal CO2 transport can lead to a suboptimal C2+ product FE.

Instead, bymodulating the local [CO2], C�C coupling can be significantly enhanced.

Through further optimizations, we have achieved C2+ product FE of up to 75.5% at

300 mA cm�2 and a C2+ product partial current density of up to 342 mA cm�2. More

importantly, we have demonstrated that even with the same catalyst, the kinetics of

CO2RR can be substantially influenced by the modulation of CO2 mass transport.

Consequently, this study presents a rational approach to evaluate the full potential

of any catalyst by providing an optimal local environment in a GDE-based neutral

flow electrolyzer for selective multi-carbon production.

Although our work provides a clear relationship between the local [CO2] and C2+ prod-

uct FE, the quantitative effect of local [CO2] on the surface coverage of intermediate spe-

cies remains elusive. We also acknowledge that the C2+ product FEs could be sensitive

to other experimental parameters, e.g., electrochemically active surface area, the de-

gree of copper-carbon interactions (due to the different infiltration depth of catalyst par-

ticles), etc. In this respect, futuremechanistic and kinetic studies could be performed in a

more controlled environment that can provide a large tunable range of local [CO2], such
1116 Joule 4, 1104–1120, May 20, 2020
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as utilizing a pressurized H-type cell.39 Future work should also focus on integrating in

situ spectroscopy techniques with GDE-based systems to quantify the surfacemolecular

species, whichwill provide greater insights on the fundamental effects of the actual com-

plex local environment.25,37 By further coupling spectroscopy data with micro-kinetic

modeling,40,41 one could even discover a rational strategy to progress toward the theo-

retical maximum C2+ product FE.

EXPERIMENTAL PROCEDURES

Mass-Transport Simulation

A mass-transport model, which takes into account the electrochemical reactions

involved in CO2RR, HER, and acid-base reactions (CO2-HCO3
�-CO3

2� equilibrium),

is used in this work to estimate the local [CO2] and local pH. This model is based on

previous CO2RR studies utilizing H-type cells and GDE-based systems.9,13,15,24–26

See Supplemental Information for more details of the simulation model.

Synthesis of 60 nm Cu2O Nanoparticles

The synthetic procedure was modified from a previous report.42 Generally, under

ambient conditions, 0.80 mL of 0.50 M Cu(Cl)2 and 0.40 g polyvinylpyrrolidone (PVP,

MW: 40,000) were mixed well in 160 mL of deionized (DI) water. Next, 10 mL of

0.20 M NaOH was added dropwise (6.67 mL min�1) to the solution under vigorous stir-

ring. After stirring for 5 min, 10 mL of 0.1 M ascorbic acid was added dropwise (2 mL

min�1). The resultant suspensionwas left to react under stirring for another 5min. Finally,

the Cu2O NPs were collected, centrifuged, and washed for 4 cycles with ethanol before

drying in a vacuumoven overnight at 60�C. See Supplemental Experimental Procedures

for the synthesis procedures of 180 nm Cu2O and 1 mm Cu2O particles.

Preparation of Catalyst Layer on GDEs

Cu2O/GDE catalyst electrodes were fabricated by deposition of Cu2O NPs via various

techniques on the MPL of a commercial carbon paper (GDL-39BC, SIGRACET).

Dropcasting method: Cu2O NPs (16 mg) were dispersed in 2 mL of isopropanol and

100 mL of Nafion ionomer solution (5 wt %), and the solution was sonicated for

30 min. The as-prepared catalyst ink was deposited onto a 2.5 3 2.5 cm2 carbon

paper on a hot plate dropwise using a pipette until catalyst loading of 0.6 mg

cm�2 was achieved. The deposited carbon paper was further dried at room temper-

ature in vacuum for 24 h.

Hand-painting method: Cu2O NPs (16 mg) were dispersed in 2 mL of isopropanol and

100 mL of Nafion ionomer solution (5 wt %) and the solution was sonicated for 30 min.

The as-prepared catalyst ink was deposited onto a 2.53 2.5 cm2 carbon paper on a hot

plate using a paint brush until catalyst loading of 0.6 mg cm�2 was achieved. The di-

rection of the painting strokes was changed frequently (i.e., left to right, right to left,

top to bottom, and bottom to top) to ensure uniformity of the catalyst layer. The

deposited carbon paper was further dried at room temperature in vacuum for 24 h.

Airbrushing method: Cu2O NPs (50 mg) were dispersed in 20 mL of isopropanol and

313 mL of Nafion ionomer solution (5 wt %), and the solution was sonicated for

30 min. The as-prepared catalyst ink was deposited onto a 5 3 5 cm2 carbon paper

on a hot plate with an airbrush gun (Infinity CR Plus 0.4 mm, Harder & Steenbeck) using

N2 gas at 0.6 bar. For uniform deposition and consistent evaporation of solvent, the ink

was sprayed 10 cm away from a carbon paper at a constant sweeping speed (one hor-

izontal sweep per one second). The discharging rate of catalyst ink was qualitatively

adjusted so that seven sweeps can deposit one layer of the catalyst ink on the carbon
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paper (Figure S24). After spraying each layer, 20 s waiting time was carried out to ensure

complete evaporation of solvent before a subsequent spray process and it was repeated

until catalyst loading of 0.6 mg cm�2 was achieved. The deposited carbon paper was

further dried at room temperature in vacuum for 24 h.
Electroreduction of CO2 in a GDE-Based Flow Electrolyzer

The electroreduction of CO2 was carried out in a flow electrolyzer comprised of cathode

and anode compartments and an anion-exchange membrane (AEM, Selemion mem-

brane) placed between the two compartments (Figure S9). The geometric area of the

working and counter electrodes was 2 cm2. For 3-electrode measurements, a Ag/

AgCl reference electrode with saturated KCl (RE-1B, EC-Frontier) and a NiFeMo plate

as the anode were used. All the Cu2O-deposited cathodes have a total catalyst loading

of 0.6 mg cm�2, unless stated otherwise. During the electrolysis, 1.0 M KHCO3 electro-

lyte was continuously supplied by a peristaltic pump (Masterflex L/S pump) from a 50mL

reservoir at a flow rate of 12mLmin�1. For the stability test, a 500mL reservoir was used

instead. To the cathode GDE, CO2 (99.999%) (and N2 for controlling CO2 feed concen-

tration) was fed at a flow rate of 20 sccm (or otherwise stated in the figure or main text)

using amass flow controller (MFCKOREA)while the anode compartmentwith anoxygen

vent was filled with the same electrolyte.

Chronopotentiometry measurements were conducted with an electrochemical

workstation (VSP/VMP3B-5, Biologic). Before each measurement, a pre-reduction

step was carried out for 10min at 10mA cm�2. The chronopotentiometry electrolysis

experiments were conducted for 30 min for each CO2RRmeasurement. Note that all

the cathodic current densities reported in this work are presented in their absolute

values. During the electrolysis, ohmic resistance was determined through electro-

chemical impedance spectroscopy at 10 min intervals. At each time interval, the

ohmic potential drop was manually compensated (80% iR-correction) by subtracting

the product of current and solution resistance from the applied potential. We found

that periodic solution resistance measurement is important as even a slight change

in solution resistance over time would result a significant error in the iR compensated

potential due to the large current involved during CO2RR electrolysis. Electrode

potentials measured on the Ag/AgCl scale (EAg/AgCl) were converted to the RHE

scale (ERHE) using the following equation:

ERHE = EAg=AgCl + 0:197+ 0:05913pH

where the pH value used was based on the local pH calculated from our mass-trans-

port model.13

The gaseous products were quantified every 10min during the analyses using an on-line

gas chromatography (INFICON, 2-channel 3000MicroGC) equippedwith aMolsieve5A

column and a Plot Q column coupled with thermal conductivity detector (TCD). Meth-

anol, ethanol, and 1-propanol products were quantified using a headspace gas chroma-

tography equipped with flame ionization detector (FID) as described in a previous

report.43Formateandacetateproductswerequantifiedbyhighperformance liquidchro-

matography (HPLC) with a SUGAR SH1101 column (Shodex).

The FE for the formation of a given product was calculated as follows:

FEið%Þ = ni,zi,F

Q

where ni is the number of moles of the product (from GC and LC analysis) based on

the outlet flow rate (measured with an electronic flow meter)44; zi is the number of
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electrons required to generate the product (2 for carbon monoxide, formate, and

hydrogen; 6 for methanol; 8 for methane and acetate; 12 for ethylene and ethanol;

and 18 for 1-propanol); F is the Faraday’s constant (96,485 Cmol�1);Q is the amount

of charge passed during the measurement. The specific product partial current den-

sity was calculated by multiplying the product’s FE with the total current density.

The single-pass CO2 conversion was calculated as follows:

CO2 Conversion ð%Þ =
P

iyi,ni

nCO2 ; feed
3 100

where nCO2 ; feed is the number of moles of CO2 fed into the electrolyzer (per unit time)

based on the inlet flow rate44; yi is the stoichiometric coefficient for a given CO2RR

product (1 for CO, methane, and formate; 2 for ethylene, ethanol, and acetate; and 3

for 1-propanol), ni is the number of moles of the CO2RR product, i.e., C-based

product (per unit time) as detected from GC and LC analysis, based on the outlet

flow rate (measured with an electronic gas flow meter).
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