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ABSTRACT: The electroreduction of carbon dioxide (CO,RR) to o, % co,

604

. . .. wa CH, 22 Pure CO,
valuable chemicals is a promising avenue for the storage of

intermittent renewable electricity. Renewable methane, obtained
via CO,RR using renewable electricity as energy input, has the
potential to serve as a carbon-neutral fuel or chemical feedstock, and
it is of particular interest in view of the well-established infrastructure
for its storage, distribution, and utilization. However, CO,RR to
methane still suffers from low selectivity at commercially relevant
current densities (>100 mA cm™2). Density functional theory
calculations herein reveal that lowering *CO, coverage on the Cu
surface decreases the coverage of the *CO intermediate, and then
this favors the protonation of *CO to *CHO, a key intermediate for methane generation, compared to the competing step, C—C
coupling. We therefore pursue an experimental strategy wherein we control local CO, availability on a Cu catalyst by tuning the
concentration of CO, in the gas stream and regulate the reaction rate through the current density. We achieve as a result a methane
Faradaic efficiency (FE) of (48 + 2)% with a partial current density of (108 + 5) mA cm ™ and a methane cathodic energy efficiency
of 20% using a dilute CO, gas stream. We report stable methane electrosynthesis for 22 h. These findings offer routes to produce
methane with high FE and high conversion rate in CO,RR and also make direct use of dilute CO, feedstocks.

Current density (mA cm™?)

B INTRODUCTION

The renewables-powered electroreduction of carbon dioxide
(CO,RR) is a promising strategy to convert CO, into carbon-
neutral fuels and commodity chemicals." A variety of products
ranging from C, to C; have been reported in CO,RR>™™*
High Faradaic efficiency (FE) toward a single CO,RR product
at commercially relevant current densities (>100 mA cm™2),

require operating current densities well above 100 mA cm ™ to
be economically feasible.'**

Here, we explore a new strategy to increase CO,RR
selectivity to methane at high current densities: we control
local CO, availability at the catalyst surface. Density functional
theory (DFT) calculations show that a reduction of *CO,
coverage on the Cu surface favors the methane pathway
compared to the competing C—C coupling pathway to C,

however, has been reported only for carbon monoxide (CO)
(FE ~ 100%),">"® formate (FE > 80%),"” and ethylene (70%
FE)."

Methane, the simplest hydrocarbon product in CO,RR and
a widely used fuel,” is of particular interest, especially in light of
the well-established infrastructure for natural gas storage,
distribution, and consumption. Methane production from
CO,RR under conditions of ambient pressure and temperature
represents a carbon-neutral alternative to fossil gas."’

To improve selectivity toward methane in CO,RR, prior
reports have focused on the tuning of Cu catalyst over
morphology,”*~** particle size,”> and material structure.**
Until now, the highest FE to methane, for systems operating
with a total current density above 100 mA cm™2, has been
limited to a modest (18 + 4)% (Table $1).*7*° Techno-
economic analyses show that commercial CO,RR systems

© XXXX American Chemical Society

7 ACS Publications

products. Experimentally, we constrain *CO, coverage by
tuning the concentration of CO, as well as by tuning reaction
rates through the current density. We as a result achieve a
methane FE of (48 & 2)% with a partial current density >100
mA cm™%

B RESULTS AND DISCUSSION

The catalyst for CO,RR were prepared by sputtering a Cu
layer (~100 nm thick) on a polytetrafluoroethylene (PTFE)
gas diffusion layer. As shown in the SEM image (Figure la),

Received: November 18, 2019
Published: January 28, 2020

https://dx.doi.org/10.1021/jacs.9b12445
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xue+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aoni+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fengwang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sung-Fu+Hung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dae-Hyun+Nam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christine+M.+Gabardo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adnan+Ozden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Armin+Sedighian+Rasouli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+H.+Ip"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Sinton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edward+H.+Sargent"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edward+H.+Sargent"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b12445&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12445?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12445?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12445?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12445?goto=supporting-info&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b12445/suppl_file/ja9b12445_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12445?fig=tgr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.9b12445?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS

——100 nm Cu-PTFE
(b) —PTFE

— -~~~ ----Cu (200)

Intensity (a.u.)
- ----Cu(220)

20 30 40 50 60 70 80
2 Theta (degree)

50
(c) _ JcH, [ HCOOH I C,H.OH
-, I AcO I n-propanol
<401 [ co B F
< i cH, i
(&)
5 304
k3]
=
(0]
© 20+
©
© &
g
107 | ! -
. 1

150 200 225 250

Current density (mA cm™)

50 100

Figure 1. (a) Scanning electron microscopy (SEM) image of Cu on PTFE. (b) XRD patterns for Cu loaded on PTFE and the bare PTFE substrate.
(c) Product FEs on Cu catalyst under different applied current densities in CO,RR.
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Figure 2. (a) Atomic models used in the calculations showing the pathways from CO, to *CO and then *CHO and *OCCOH. The catalyst active

site was denoted by an asterisk (*). Red, brown, indigo, and pink balls stand for oxygen, carbon, copper, and hydrogen atoms, respectively. (b)

Reaction free energies of CO, to *CO under different *CO, coverages. (c) Reaction energies of two competing reactions (protonation of *CO to
*CHO, and C—C coupling) under different *CO coverages.
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Figure 3. (a) Methane FEs and (b) ethylene FEs in CO,RR at various CO, concentrations. (c) Comparison of the ratios of FE, .gane to FEc,, on
Cu catalysts at various CO, concentrations. (d) Gas product distribution under different applied current densities in CO,RR using pure CO, and
CO, concentration of 75%. (&) Operando Cu K-edge XANES spectra of Cu catalysts during CO,RR at 200 mA cm ™2 for 30 min using pure CO,
and CO, concentration of 75% as the reactants, respectively. Bulk Cu foil, CuO, and Cu,O are used as references.

the sputtered Cu layer on PTFE consists of many small
nanoparticles. Powder X-ray diffraction (XRD) analysis of the
catalyst confirms the existence of polycrystalline Cu (Figure
1b).

Using Cu catalyst as the working electrode, we conducted
CO, electrolysis in a flow cell reactor™ with a three-electrode
configuration and CO,-saturated 1 M KHCOj; as the
electrolyte. The results show that the maximum methane FE
is 15% with partial methane current density of 15 mA cm™
(Figure 1c), whereas C, products (ethylene and ethanol) are
the main products.

We then sought to investigate, using DFT, the reason
underlying the low selectivity to methane. Previous re-
ports® ~** have suggested the pathway from CO, to methane
on a Cu surface is CO, = *COOH — *CO, followed by *CO
— *CHO —--— *CH,. After *CO generation, the main step

competing with *CO protonation is C—C coupling to C,
products.”* Prior studies focusing, for example, on ethylene
production, show that local *CO coverage affects the product
distribution in CO,RR.**®* We investigated therefore the
connection between the local CO, surface coverage and
methane selectivity on Cu catalysts. We first calculated the
reaction free energies of CO, to *CO intermediate. The
reaction free energy of CO, to *COOH (AG:coom.co,) is the
effective barrier®” for CO, to *CO (Figure 2a,b, Figure S1, and
Table S2). We found that lowering the coverage of CO, on Cu
surface increases AG«coomn.co, and thus leads to a lower *CO
coverage.

We further investigated the impact of the resulting difference
in *CO coverage on the post-*CO pathways: *CO
protonation to *CHO (a key reaction in methane pathway)
vs C—C coupling for C, products.”*™*® We calculated the
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reaction energies of *CO to *CHO (AEcyo) and C-C
coupling (AEgccon) at different *CO coverage levels (Figure
2¢ and Figure $2).>7** We found that, with increasing *CO
coverage from 1/9 to 4/9 monolayer (ML), both AEcye and
AEyccon decrease. However, using the value of (AEcyo —
AEqccon) as the descriptor for the tendency to *CHO vs C—
C coupling, we found that lower *CO coverage improves
methane selectivity vs C, products.

Taken together, these DFT studies suggest that lowering
*CO, coverage on the Cu surface promotes selectivity to
methane in CO,RR. We then explored experimental means to
regulate CO, surface coverage by tuning local CO,
concentration. We rationalized this strategy according to
Henry’s law: local CO, concentration is positively related with
local CO, partial pressure; local CO, partial pressure is then
proportional to the CO, surface coverage.””

We evaluated the CO,RR performance at various CO,
concentrations (25%, 50%, 75%, and 100%) by tuning the
volume ratios of CO, to N, in the gas streams (Figure 3a,b,
Figure S3, and Table S3). We found that, at low reaction rates
(<100 mA cm™?), both methane FEs and ethylene FEs at
various CO, concentrations were similar (Figure 3a,b); at high
reaction rates (150—250 mA cm™*), methane FEs in dilute
CO, increased, while ethylene FEs decreased, relative to those
in pure CO,. The methane FEs start to decrease after the peak
values in dilute CO, (Figure 3a), which we attribute to CO,
mass transport limitation: "' the produced *CO is not enough
for the *CO protonation step for methane production and the
pathways for C,, products (Figure 3b and Table S3).

The influence of *CO, coverage on methane selectivity is
further supported by plotting the ratio of methane FE to the
total FE of C,, products (FE,..me/FEc,,) as a function of
current density at various CO, concentrations (Figure 3c). In
the region of high current density (200-250 mA cm™2),
FE  cthane/FEcy, increases along with the decrease of CO,
concentration, demonstrating that low CO, availability,
induced by low concentration CO, and high current density,
favors methane production, in agreement with calculations
herein.

We observed that, while methane selectivity increased using
diluted CO, streams, H, FEs were also higher than that at pure
CO, (Figure S3a). The result suggests that the competing
hydrogen evolution reaction (HER)" is promoted on the Cu
surface at dilute CO,, which is consistent with calculation
results (Table S4). With dilute CO,, the high concentration of
adsorbed hydrogen atoms (H,4) generated via the Volmer step
(H"+ e"> H,,) in HER favors the protonation of the *CO
intermediate to *CHO,>"* a factor that contributes to the
improvement in selectivity for methane production.

Using dilute CO, streams, we achieved a new level of
methane selectivity compared to prior reports at current
densities >100 mA cm > We compared the FEs for gas
products at CO, concentration of 75% and pure CO, (Figure
3d). At 225 mA cm™2, we achieved a methane FE of (48 + 2)%
with a partial current density of (108 + 5) mA cm™ at —1.416
V relative to the reversible hydrogen electrode (Vgyg) after
ohmic loss correction. The corresponding methane cathodic
energy efficiency is 20%. SEM results show no observable
morphology difference between Cu catalysts (following
CO,RR) for CO, concentration of 75% vs pure CO, (Figure
S4).

We acquired operando X-ray absorption spectra (XAS) at
the Cu K-edge to investigate the Cu chemical state during

CO,RR (Figure 3e). The average valence states of copper
under pure CO, and CO, concentration of 75% are zero: we
conclude that product selectivity differences are not associated
with any notable difference in the valence states of copper.”**

We further studied the stability of CO,RR at CO,
concentration of 75% in CO,-saturated 1 M KHCO,
electrolyte (Figure 4). The current density was fixed at 225
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Figure 4. Performance test of CO,RR to methane during 22 h of
electrolysis under the current density of 225 mA cm™ at CO,
concentration of 75%.

mA cm™* during the electrolysis process. The methane FE was
steady at (48 = 2)% with a high partial methane current
density of (108 + 5) mA cm™> for more than 20 h and then
decreased to 42% after 22 h. The corresponding potential was
stable during the 22 h of operating time.

Bl CONCLUSIONS

This work demonstrates that the control of local CO,
availability on Cu catalyst enables methane production with
high efficiency in CO,RR. Using DFT, we assess the reaction
free energies of the *CO intermediate under different *CO,
coverages as well as the reaction energies of the key steps
branching methane versus C, products. The calculation results
show that a lowering of the *CO, coverage on Cu could
decrease *CO coverage and thus favor the protonation of *CO
for methane production. We then tune local CO, availability
on the Cu catalyst by controlling the CO, concentration in the
feedstock and regulating the reaction rate through current
density. We achieve a FE of (48 + 2)% toward methane at a
high methane conversion rate of (108 + 5) mA cm™ with a
CO, concentration of 75%, together with a high methane
cathodic energy efficiency of 20%. We further demonstrate that
this CO,RR system can operate for over 22 h by keeping
methane FE over 42%.

This work provides a strategy to direct-convert dilute CO,
feedstock to carbon-neutral methane with high selectivity and
high conversion rate. Previous CO,RR studies use pure CO, as
the reactant stream;””'® however, CO, feedstocks with a range
of concentrations are directly available in industrial processes
such as petroleum refineries, coal power plant, cement
production, and iron and steel manufacture.”” The CO,
purification of these streams can be simplified when dilute
CO, streams are used as reactants directly for desired products
with high FE and high current density in CO,RR.
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B EXPERIMENTAL DETAILS

Electrode Preparation. Cu cathodes were prepared by sputtering
the Cu catalyst with a layer thickness of 100 nm (Cu target, sputtering
rate: ~1.1 As™") on a piece of PTFE membrane (an average pore size
of 450 nm; Beijing Zhongxingweiye Instrument Co., Ltd.) by using a
magnetron sputtering system. Ni foam with a thickness of 1.6 mm
(MTI Corporation) and Ag/AgCl reference electrode (3 M KC],
BASi) were used as the anode and reference electrode, respectively.

Structure and Composition Characterizations. SEM images
were taken using a Hitachi S-5200 microscope. Structural character-
ization of cathodes was obtained using XRD (MiniFlex600) with Cu
Ka radiation. XAS measurements were conducted with the HXMA
beamline at Canadian Light Source. Athena and Artemis software
inclu:lGed in a standard IFEFFIT package were used to process XAS
data.

Electrochemical Measurements. All the electrochemical
measurements were conducted in a three-electrode system in a flow
cell using an electrochemical workstation (AUTS0783). Prepared
cathodes, anion exchange membrane (Fumasep FAB-PK-130), and
nickel foam were positioned and clamped together via PTFE gaskets.
Before the measurement, CO, gas (Linde, 99.99%) was purged in a 1
M KHCOj; aqueous solution for 30 min. CO,-saturated 1 M KHCO;
aqueous solution (30 mL) was introduced into the cathode chamber
and the anode chamber, respectively, using two pumps at the rate of
10 mL min~". During the whole electrochemical test, CO, was kept in
a purging state in the catholyte. Pure CO, gas (Linde, 99.99%) or N,-
diluted CO, gas with CO, concentrations of 25%, 50%, and 75% was
continuously supplied to the gas chamber of the flow cell at a flow rate
of 90 mL min~". The CO,RR performance was tested using constant-
current electrolysis. All potentials vs Ag/AgCl reference electrode
were converted to values vs RHE using the equation: Epyp = Exg /s
+ 0210 V + 0.0591 X pH. The electrochemical impedance
spectroscopy (EIS) technique was used to evaluate the ohmic loss
between the working and reference electrodes, and 80% iR
compensation was applied to correct the potentials manually. Gas
products were analyzed using a gas chromatograph (PerkinElmer
Clarus 600) equipped with thermal conductivity and flame ionization
detectors. Liquid products were analyzed by a nuclear magnetic
resonance spectrometer (Agilent DD2 600 MHz), and dimethyl
sulfoxide was used as an internal standard.

By assuming that the overpotential of oxygen evolution reaction on
the anode side is zero, we calculated methane cathodic energy
efﬁciency (EEcathodic half-cell) as fouowsls

(123 + (=E, hane)) X FE
(123 + (=E,piia))

‘methane

EEcathodic half—cell =

where E, s is the potential used in the experiment,FE,, 4, is the
measured Faradaic efficiency of methane in percentage, and E,, . =
0.17 Vyyg for CO,RR.*

Theoretical methods. In this work, all DFT calculations were
carried out with periodic slab models using the Vienna ab initio
simulation program (VASP).**~>' The generalized gradient approx-
imation (GGA) was used with the Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional.”> The electron—ion interactions was
described by the projector-augmented wave (PAW) method,*** and
the cutoff energy for the plane-wave basis set was 450 eV. In all
calculations, the atoms at all positions have Hellmann—Feynman
forces lower than 0.02 eV A™! and the electronic iterations
convergence was 107> eV using the Normal algorithm. A 4-layer (3
X 3) Cu(111) supercell was built to simulate the exposed surface of
copper accompanied with a sufficient vacuum gap of 15 A. Structural
optimizations were performed on all modified slab models with a grid
of (3 X 3 X 1) k-point.

Surface *CO, or *CO coverages were set to 1/9 to 4/9 ML
(Figures S1 and S2). Here, 1/9 ML means one CO, or CO molecule
on the Cu(111) surface of the p(3 X 3) super cell. The reaction free
energies of CO, to *CO on catalyst surface at various *CO, coverages
were simulated based on the following reactions

*CO, + H,0 + ¢~ — *COOH + OH~
*COOH + ¢~ — *CO + OH~

According to previous reported reaction pathways,>™>° the product

selectivity of CO, reduction is strongly dependent on two competing
reactions starting from *CO intermediate: *CO protonation for CH,
production and C—C coupling, respectively.

*CO protonation for CH, prod: *CO + H,0 + ¢~ — *CHO + OH™
C—C coupling: *CO + *CO + H,0 + e~ — *OCCOH + OH™

The reaction free energies (AG) were calculated using the expression
AG = AE — TAS, where AE is the reaction energy obtained by the
difference between the reactant and product molecules absorbed on
the catalyst surface, AS is the change in entropy for each reaction, and
T is the absolute temperature (in Kelvin). Entropy values of gaseous
molecules are taken from the standard database,” while the entropies
of adsorbate and adsorption site are negligible. The reaction energies
of *CO protonation and C—C coupling were calculated at 0 V.
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