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ABSTRACT: We report a new strategy to improve the reactivity and durability of a membrane electrode assembly (MEA)-type
electrolyzer for CO, electrolysis to CO by modifying the silver catalyst layer with urea. Our experimental and theoretical results show
that mixing urea with the silver catalyst can promote electrochemical CO, reduction (CO,R), relieve limitations of alkali cation
transport from the anolyte, and mitigate salt precipitation in the gas diffusion electrode in long-term stability tests. In a 10 mM
KHCOj anolyte, the urea-modified Ag catalyst achieved CO selectivity 1.3 times better with energy efficiency 2.8-fold better than an
untreated Ag catalyst, and operated stably at 100 mA cm > with a faradaic efficiency for CO above 85% for 200 h. Our work provides
an alternative approach to fabricating catalyst interfaces in MEAs by modifying the catalyst structure and the local reaction

environment for critical electrochemical applications such as CO, electrolysis and fuel cells.

KEYWORDS: CO, utilization, urea, electrocatalyst, silver nanoparticles, vapor-fed electrolyzer, membrane electrode assembly

1. INTRODUCTION

Electrochemical CO, reduction (CO,R) technologies show
promise to convert CO, to chemical feedstocks and fuels using
renewable electricity.”> Of the various designs for CO,
electrolyzers, membrane electrode assembly (MEA) designs,
or zero-gap electrolyzers, are emerging as one of the CO,R
technologies that can achieve high product selectivity at high
current densities.”” A core advantage of MEA electrolyzers is
that these designs do not have a bulk, flowing catholyte
between the cathode and the ion exchange membrane, which
significantly reduces ohmic losses in the electrolyzer and thus
enhances the overall energy efficiency of CO,R.” However, the
absence of the catholyte can also lead to poor stability due to
salt precipitation in the cathode gas diffusion electrode (GDE),
and if there are insufficient alkali cations available at the
cathode, CO,R selection may be reduced.”'”'" Both these
issues originate from the strong reliance of MEA electrolyzers
on alkali cations (e.g, K*) for active CO,R."

Only a few engineering solutions have been reported to
resolve these critical issues, including (i) using pure water as
the anolyte with the periodic injection of salt solutions to the
cathode,” (ii) periodic flushing of the GDE with pure water to

© 2022 American Chemical Society
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wash away the salts,® or (iii) alternating cell voltages to
minimize OH~ concentration at the interface.'”> However,
these approaches all involve unsteady-state and periodic
interventions that disrupt electrolyzer operations, which lead
to poor overall process efficiency, increased complexity of
process control infrastructure, and increased costs.

An alternative approach that is yet to be fully explored is to
promote CO,R catalysts with molecular modifiers such as urea
or ionic liquids.">™" There is evidence that urea or ionic
liquids can influence catalyst activity and selectivity through
optimizing catalyst structures and local reaction environments.
These modifier molecules can have effects such as (i)
stabilizing CO,R reaction intermediate species such as
*COOH,"””° (ii) altering catalyst local proton availability by
increasing hydrophobicity or decreasing the dielectric constant
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Figure 1. Comparison of the faradaic efficiencies of (A) H,, (B) CO, and (C) cell potentials for CO, electrolysis in the MEA electrolyzer using Ag
GDE, Ag-U-layered GDE, and A-U-mixed GDE with equivalent of 1 + 0.05 mg cm ™ Ag loadings. Error bars show the standard deviation of three
separate experiments. (D) The landscape of current density versus CO selectivity in gaseous products for liquid-fed flow electrolyzers and vapor-fed
electrolyzers (MEA electrolyzers) with Ag-based cathodes. We only include here results reported at a total current density higher than 100 mA-
cm™ The details of the literature presented in (D) are provided in Table S1 in the Supporting Information.

in the electric double layer,”' ~** (iii) optimizing the catalyst
electronic structure for CO,R,**** and (iv) restructuring the
catalyst surface to allow exposure of more active sites for CO,R
and increase of local pH to suppress HER.”® We expect these
molecules to promote the catalytic activity in the MEA cells
while reducing their dependency on alkali cations.

In this study, urea is immobilized in the silver catalyst layer
of the cathode GDE in the MEA electrolyzer by mixing urea
with silver nanoparticles before catalyst deposition (Figure S1).
We chose urea in this work because in our earlier work with
catholyte-fed electrolyzers,18 urea proved effective in modifying
the Ag surface and promoting CO,R to CO. In this paper, we
report that the inclusion of urea in the catalyst layer enabled
the MEA to operate efficiently with a dilute 10 mM KHCO;
anolyte. Our experimental and theoretical results unveil that
the amino group (—NH,) of urea can bind strongly with the
silver surface, which could promote CO,R performance by
stabilizing the *COOH intermediate and suppressing the
hydrogen evolution reaction (HER). Consequently, the urea-
modified cathode achieved a stable FE-y above 85% at 100
mA-cm > for 200 h in an MEA configuration with 10 mM
KHCO;j as the anolyte. Our work demonstrates an alternative
approach to circumvent the long-lasting issues of MEA-based
electrochemical processes by modifying the catalyst structure
and the local reaction environment with molecular modifiers.

2. METHODS

2.1. Preparation of the Catalyst Ink and Gas Diffusion
Electrodes. We prepared several Ag-based gas diffusion electrodes

35505

(GDEs) with different catalyst inks. The benchmark catalyst ink had
100 mg of Ag nanoparticles (NPs, 20—40 nm) from Alfa Aesar mixed
with 100 uL of polytetrafluoroethylene (PTFE, 60 wt % dispersion in
water diluted to 6 wt %) and 8 mL of isopropyl alcohol (IPA, >99.7%,
Sigma-Aldrich). The catalyst ink was sonicated for 30 min and then
deposited onto a commercial gas diffusion layer (GDL 240, Fuel Cell
Store) by spray-coating (RS pro airbrush kit, RS components) until
an Ag catalyst loading of 1 + 0.05 mg-cm ™2 was achieved. We refer to
this benchmark, untreated Ag-based cathode as Ag GDE (Figure S1).

We prepared urea-modified Ag GDEs using urea (>99.5%, Sigma-
Aldrich) by two different methods. In method 1, the Ag-U-layered
GDE (Figure S1) was prepared by spray-coating a solution of 1 g of
urea in 4 mL of water and 4 mL of IPA onto the already prepared Ag
GDE to achieve a 0.5 + 0.05 mg-cm ™ loading of urea. In method 2,
the Ag-U-mixed GDE was prepared by mixing 100 mg of Ag NPs, 50
mg of urea pellets, and 100 uL of PTFE (6 wt % in water) in 4 mL of
water and 4 mL of IPA. This mixture was sonicated for 30 min and
then spray-coated directly on GDL 240. The total loading of ink on
the Ag-U-mixed GDE was 1.5 + 0.0S mg-cm™ to achieve a silver
loading of 1 mg-cm™ and a urea loading of 0.5 mg-cm ™2 Prior work
by others”” used similar “layered” and “mixed” methods with
multiwalled carbon nanotubes and the Ag catalyst for CO,R.
Although the spray-coating method in our study is similar to that in
prior work, the role of urea is not the same as that of carbon
nanotubes because (1) urea serves as a molecular modifier to limit
proton availability and strengthen binding with CO,R intermediates
and (2) water is limited at the catalyst-membrane interface so that a
high concentration of urea can be maintained close to the catalyst
surface.

2.2. CO, Electrolyzer Assembly and Operation. We purchased
a § cm® CO, electrolyzer from Dioxide Materials (Figure S2) with a
humified CO, gas chamber and an anolyte chamber with an IrO,-
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based GDE (Dioxide Materials). We pumped 10 mM KHCO,
(>99.5%, Sigma-Aldrich) at a rate of 1 mlmin™' through the
serpentine flow field of the anode-side endplate. The anode and the
cathode were separated by an anion exchange membrane (AEM
Sustainion, X37-5S0 grade, Dioxide Materials). Humidified CO, at
temperature = 20 & 3 °C was supplied to the cathode GDE at a flow
rate of 60 sccm (unless stated otherwise) using a mass flow controller
(pMFC, MKS instruments, +1% precision). The catalyst layers on the
anode and the cathode each faced the AEM.

Electrochemical measurements were conducted at ambient temper-
ature and pressure using an Autolab PGSTAT302N potentiostat in a
two-electrode configuration. The CO, electrolyzer was tested using a
galvanostatic mode at current densities (CD) from 25 to 200 mA-
cm™ The flow rate of the effluent gas (unreacted CO, + gas
products) from the cathode cell was measured with a digital
flowmeter (Optiflow 520, Sigma-Aldrich, +3% resolution). At each
CD, the gas products were analyzed using a gas chromatograph (GC
2030, Shimadzu) equipped with a thermal conductivity detector
(TCD), a flame ionization detector (FID), and a packed column
(Shincarbon). The first gas sample was analyzed after S00 s or when
the cell voltage became stable (whichever was later). At least three
different gas injections were analyzed at regular intervals, and an
average value was reported. We report all cell voltages here as the
average cell potential recorded over time intervals of at least 100 s at
each CD. No iR-correction was applied to the reported voltage values.
Ohmic and charge transfer resistance was determined by galvanostatic
electrochemical impedance spectroscopy (EIS) at frequencies ranging
from 100 kHz to 1 Hz, recording twice per decade.

The faradaic efficiency (FE) of the gaseous products (P) was
determined using the following equation

zp'F-Nj

FE, = P x 100

1
where zp is the number of electrons required for a given product (P),
F is Faraday’s constant, Np is the molar flow rate of the gas product
calculated from the GC and the effluent gas flow rate, and I is the
current applied.

The energy efficiency (EE¢o) of CO,R to CO was calculated using
the following equation

FECO.Eeq,cell

Ecell (2)

where E.gq is standard cell potential (—1.34 V) for CO,R to CO
coupled with the O, evolution reaction at the anode, and E is the
actual cell potential.

For the long-term electrode durability test, a constant current
density of 100 mA-cm™ was applied across the electrolyzer. The cell
potential was monitored and FE¢q was calculated every 1 h.

2.3. Characterization. Scanning electron microscopy (SEM) of
GDEs before and after CO,R experiments was performed on a JOEL
JSM-7100 or JSM-7001 field emission microscope. X-ray photo-
electron spectroscopy (XPS) was obtained with a Kratos Axis Ultra
XPS spectrometer using a monochromatic Al Ka radiation (1486.6
eV) source for excitation. CASA software was used to process and
calibrate all of the XPS spectra using the carbon (C) 1s peak at 284.6
eV. Raman data were collected using a Renshaw Raman microscope
equipped with 514 and 785 nm lasers. Raman measurements were
acquired using a 514 nm laser (unless stated otherwise) and the laser
power was regulated between 10 to 100 mW to acquire sufficient
signals for the spectra. We used Spectragryph software for analysis and
baseline correction for all of the Raman Spectra.

3. RESULTS AND DISCUSSION

3.1. Performance of MEA Cells with the Urea-
Embedded Silver Catalyst. Figure 1A,B shows the faradaic
efficiencies of H, (FEy,) and CO (FEry) of the MEA
electrolyzers with the untreated Ag GDE, Ag-U-mixed GDE,
and Ag-U-layered GDE. We repeated each test at least three

times and reported the mean FE, values with error bars
showing the standard deviation. As shown in Figure 1A,B, the
Ag-U-mixed cell shows a significant improvement in FEcq and
suppression of unwanted HER at higher current densities. For
example, at a CD of 150 mA-cm 2, the Ag-U-mixed GDE
achieved a FEcq of 71.86 + 0.09%, which is far higher than
those for the untreated Ag GDE (FE¢q = 50.81 + 2.43%) and
the Ag-U-layered GDE (FEco = 35.55 + 4.90%). FEy,

remained below 10% for the Ag-U-mixed GDE but was up
to FEy, = 40% at 200 mA-cm ™ for the untreated Ag GDE. The

HER is the dominant reaction for the Ag-U-layered cells,
where FEcq is the lowest among the cell tests. The large
difference in CO,R selectivity to CO between Ag-U-mixed and
Ag-U-layered cells indicates that urea may have a critical effect
on the local reaction environment and or state of the Ag
catalyst at active sites.

Additionally, the total faradaic efficiency (CO + H,)
decreases with the current density in Ag-U-mixed cells (Figure
S3). We anticipate that the loss of faradaic efficiencies in both
Ag-U-mixed and Ag cells at high rates may relate to the
crossover of formate ions through the AEM and subsequent
oxidation of the formate ions at the anode.”**” We confirmed
trace concentrations of formate ions in the anolyte by NMR
after the CO,R test (Figure S4). We also ruled out the
decomposition of urea to CO, or CO,, as a contributor to the
FEco results by performing electrolysis with a Ag-U-mixed
GDE fed with argon gas. Figure SS shows that in the absence
of a CO, gas feed, we observed 100% FEy,, and from this, we
infer that urea did not decompose to CO at the conditions
used for CO,R. This control experiment also confirms that the
increase in FEco over Ag-U-mixed cells during CO,R only
originates from the reduction of CO,.

Figure 1C shows clearly that urea in the GDE catalyst layer
has a profound impact on the overall cell potentials. The cell
potentials of the Ag-U-mixed GDE electrolyzer increase from
2.789 + 0.055 V at 25 mA-cm™ to 3.359 + 0.048 V at 200
mA-cm™?, and these cell potentials are much lower than that
for the untreated Ag GDE (7.640 + 1.594 V at 200 mA-cm™2).
We note that 7.640 V is a relatively large cell potential here,
and this result is partly because of the low concentration
anolyte (0.1 mM) used in these experiments. This observation
further highlights the significance of the cell potentials
observed for the Ag-U-mixed GDE and suggests that in
addition to the effects on CO,R selectivity, urea also affects the
required overpotentials at high current densities. The
significance of this result is that the overall CO, conversion
energy efficiency of the electrolyzer improved from 8.60 +
1.88% in untreated Ag cells to 24.04 + 1.11% in Ag-U-mixed
cells at 200 mA-cm™> (Figure S6).

Figure 1D and Table S1 summarize a few recent reports of
CO selectivity in the gaseous products (CO + H,) in vapor-fed
MEA electrolyzers and liquid-fed electrolyzers. Although the
Ag-U-mixed cell performance is not at the top right corner of
Figure 1D (i.e., high CO selectivity in gaseous products at high
current densities), our result ranks among the highest reported
CO selectivity in the gaseous products at high current densities
reported in an MEA electrolyzer.

By varying catalyst loading from 0.75 to 1.5 mg-cm™> for the
Ag-U-mixed cells, as shown in Figure S7, we observed no
discernable changes in cell potentials and FEy;, when changing

catalyst loading. There is only a slightly lower FE. value for
0.75 mg-cm > than that for 1.5 mg-cm™2, which results from
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Figure 2. Images of freshly prepared (A) Ag electrode and Ag-U-mixed electrode; high-resolution XPS spectra of (B) Ag 3d and (C) C 1s on the
fresh Ag and fresh Ag-U-mixed electrodes. The raw spectra are shown with light-colored lines, while the analogous fitted and deconvoluted peaks

are shown with dark-colored lines.

the reduced number of active sites for CO,R. The FEy, values

of all of the Ag-U-mixed cells with different catalyst loadings
remain lower than those of the untreated Ag cells (see Figures
S7 and 1A), further confirming the effective role of urea in
suppressing HER in the MEA cells using 10 mM KHCO;.

3.2. Role of Urea in Catalyst Activation for CO,R. Our
previous work reported that urea can be specifically adsorbed
on the Ag surface and enhances CO production by stabilizing
the CO,R intermediates.'® Therefore, in the Ag-U-mixed
GDE, we believe that urea may interact strongly with the Ag
catalyst and promote efficient CO, reduction. We examined
the surface of the catalyst layer of untreated Ag and Ag-U-
mixed samples visually and with XPS. We observed that the
Ag-U-mixed GDE is darker compared to the untreated Ag
GDE, and the urea-modified catalyst layer had a greenish tinge
(Figure 2A). The uniform distribution of Ag nanoparticles
from SEM images (Figure S8) indicates that the color
difference is not from differences in the morphology. Instead,
the XPS data show that the color change is due to chemical
interactions. The Ag 3d XPS spectra shown in Figure 2B for
the Ag-U-mixed electrode exhibit two distinctive deconvoluted
peaks at 368.4°° and 369.5 eV,”" which correspond to the
features of Ag and Ag organic amine, respectively. In contrast,
the Ag 3d spectra for the Ag electrode only show a single Ag
metallic peak at 368.4 eV. The presence of an Ag organic
amine peak suggests bonding between the Ag surface and the
amino groups of urea.

The C 1s spectra of the Ag electrode have deconvoluted
peaks for graphitic carbon at 284.6 eV;** carbon contamination
at 285.6, 286.8, and 288.3 V;*** and fluorinated carbons at

289.7 and 292.8 eV (due to PTFE in the catalyst layer).”**
However, the Ag-U-mixed GDE exhibits two additional peaks
at 286.3 and 288.7 eV, corresponding to C—NH, and C=0,
respectively.’® The atomic percentages of C—NH, and C=0
on the Ag-U-mixed surface are 13.57 and 7.14 (almost 2:1
ratio), which is in good agreement with the 2:1 ratio of —NH,
and C=0 groups in urea. The N 1s XPS peaks of the Ag-U-
mixed GDE (shown in Figure S9) at 399.2 and 400.0 eV can
be assigned to C-NH, and Ag organic amine,”” respectively.

The C 1s and Ag 3d XPS data confirm the availability of
urea on the Ag-U-mixed electrode surface and its chemical
interactions with the Ag catalyst. The availability of urea in Ag-
U-mixed GDE may enable stabilization of CO, electrolysis
intermediate species and suppress HER (Figure 1A). Several
groups such as Ahn et al.*® and Cao et al.”” reported that
amino groups on the electrode surface facilitate the
stabilization of CO,R intermediates (e.g, *COOH) through
hydrogen bonding, thereby improving the CO,R performance.
In addition, Kim et al.'” proposed that the adsorbed amine
molecules on Ag can destabilize the *H binding, which inhibits
the HER.

The characterization of the catalyst layers by XPS after
CO,R may provide further information about the interactions
during CO,R. Unfortunately, the XPS of the used catalyst from
an MEA electrolyzer is unlikely to be useful in this case
because the intimate contact of the catalyst layer and the
membrane in the MEA leads to delamination of the Ag-U-
mixed catalyst when the electrolyzer is dissembled (see Figure
S10). Instead, we used Raman spectroscopy to compare the
interactions between urea and Ag nanoparticles in the Ag-U-
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Figure 3. (A) Comparison of the Raman spectra of different species including fresh GDL, fresh urea powder, fresh PTFE, fresh AEM, fresh Ag-U-
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colors in (C) are O in red, C in gray, N in blue, and H in white.

mixed GDE to the spectra of urea, PTFE, bare GDL 240, the
Sustainion AEM, and preparation of the catalyst ink (Figure
3A). The fresh urea powder has several distinctive peaks at
548, 1011, 1541, 1581, and 1649 cm™}, corresponding to the
N-C—N bending mode,” N—C—N symmetric stretching
mode,” —NH, bending mode,” H-bonded C=0 stretching
mode,” and H-free C=0 stretching mode," respectively.
The fresh urea powder has three additional peaks at 3245,
3355, and 3437 cm ™, which are relevant to the antisymmetric
and symmetric —NH, stretching modes. These peak
frequencies agree with the literature data.***'

The urea-related peaks in the fresh Ag-U-mixed electrode
are positioned at 548, 1001, 1558, 1592, 3216, 3366, and 3459
cm™". A slight shift of urea peaks in the fresh Ag-U-mixed GDE
may be attributed to the interaction of urea with Ag.*’
Similarly, we observed the urea-related peaks in the dried Ag-
U-mixed catalyst ink (fresh), the used Ag-U-mixed electrode,
and the used AEM with the catalyst layer stuck on it after the
CO,R (see Table S2 in the Supporting Information). However,
we only observed very small —NH, anti/symmetric and
symmetric stretching mode peaks over either the used Ag-U-
mixed electrode or the used AEM. The low intensity of the
—NH, stretching mode might be related to the low availability
of urea left on the used Ag-U-mixed GDE after the CO,R test.

Interestingly, in all of the samples that contained urea and
Ag, we observed a Raman peak at around 230 cm™ that was
not observed in urea powders, GDL 240, PTFE, or AEM. This
new peak is likely attributed to the Ag—urea vibrations,
indicating chemisorption of urea on the Ag surface.*’ This
analysis by Raman provides further evidence of strong
interactions between urea and Ag through a Ag—amino group.

We used electrochemical impedance spectroscopy (EIS) to
investigate the overall resistance and charge transfer resistances
of Ag and Ag-U-mixed cells at different current densities. This
EIS method follows similar approaches for MEA-based devices
reported in the literature.”** The high-frequency intercept of
the EIS curves shown in Figure S11 (see experimental and
fitted Nyquist plots) shows the overall cell resistance, while the
semicircle represents the charge transfer resistance of both the
cathodic and anodic half-cell reactions. Figure S11 shows
slightly higher cell resistance in Ag GDE than that in the Ag-U-
mixed GDE at 200 mA-cm™?, meaning that the availability of
urea at the cathode—membrane interface promotes ion
transport across the AEM. In Figure 3B, the charge transfer
resistance (Rer) calculated from the EIS is significantly larger
in Ag GDE than that in the Ag-U-mixed GDE. Although the
Ry data shown in Figure 3B account for resistances at both
the cathode and the anode, we used the same type of anode
(fresh each time) in each experiment, so here, a decrease in
Rer for the Ag-U-mixed electrode can only be due to the
change in the cathode. The trends of Ry values in both Ag
and Ag-U-mixed GDEs are consistent with the cell potential
data shown in Figure 1C, meaning that a high Rcp value
increases the cell potential. The large Rcp for untreated Ag
GDE may result from the insufficient availability of K" ions at
the cathode for efficient CO,R, which is known to be an issue
when using dilute anolytes. In contrast, we propose that the
lower Rcr for the Ag-U-mixed GDE observed with the same
dilute anolyte may relate to urea enhancing CO,R on the Ag
catalyst surface. (Figure 3C)

We tested this hypothesis on the role of urea in promoting
CO,R using density functional theory (DFT) simulations. A
detailed description of the DFT calculations is provided in the

https://doi.org/10.1021/acsami.2c05918
ACS Appl. Mater. Interfaces 2022, 14, 35504—35512


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05918/suppl_file/am2c05918_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05918/suppl_file/am2c05918_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05918/suppl_file/am2c05918_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05918?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05918?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05918?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05918?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c05918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

A 100 - -1.0
P el ~1-5
< 80 —
1> co t-2.0
3
S 60 -25%
Q2 -3.0=
e & =
8 40 1 352
£ .
§ -4.0
£ 20 '
H, r—-4.5
0 - . - : T T T ~-5.0
0 25 50 75 100 125 150 175 200
Time (h)

B 100 Dinh et al
n b 2018) Kutz et al

< v ) | ©(2016)
IS v "T‘hlf work
< erma et a
@) 807 v = (2018) ;
O v 018) @
Y= Salvatore et al
© 601 (2018)
>
%)
c
K
o
b= 40 Y0-50h
@ ®50-150h
L2 * 200 h
T 201 @ 1000 h & more
—
©
[T

0

0 50 100 150 200 250 300
Current density (mA cm~2)

Figure 4. (A) Faradic efficiency of CO and H, and cell voltage as a function of time for the 200 h CO,R durability test at a constant current density
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of current density over various catalysts tested in liquid-fed flow cells (green color) and MEA cells (red color). The details of the literature work

shown in (B) are provided in Table S3.

Supporting Information. Considering the Ag catalyst in our
study is mainly dominated by the Ag(111) facets (see Figure
S12), we used a periodic Ag(111) surface with seven layers and
112 Ag atoms (named Ag;;;) as our DFT model. The
modeling identified that the urea molecules could strongly
interact with Ag(111) by sitting in a horizontal orientation on
the Ag(111) surface with a urea—Ag;;, binding energy of
—0.68 eV and a binding distance of 2.86 A. (see Figure S13)
This finding is consistent with our experimental observations
from XPS and Raman spectroscopy.

CO, electrolysis to CO is reported to proceed via successive
proton-coupled electron transfer (PCET) steps associated with
the formation of *CO and *COOH intermediates.**® We,
therefore, calculated the binding energies, minimum binding
distances, and Gibbs free energies of the key intermediates in
CO,R and HER (including *H, *CO, and *COOH) over the
optimized Ag,, structure (see Figures S14 and S15) with and
without urea adsorption. The DFT results summarized in
Table S3 show that the urea-adsorbed Ag structure has a Gibbs
binding energy 17% higher with *COOH and 15.3% higher
with *CO compared with the bare Ag structure. A
strengthened interaction with *COOH relative to that with
*CO could contribute to the enhancement of CO,R to CO, as
observed from the experiment (Figure 1). Our conclusion here
that the amino group stabilizes the reaction intermediates is
consistent with the literature.'"” Moreover, we found only a
small difference in the Gibbs binding energies with *H for
urea-adsorbed Ag (—1.47 eV) and bare Ag (—14S5 eV),
meaning that urea shows a negligible thermodynamic effect in
inhibiting HER. In this case, the experimentally observed HER
suppression by urea may be due to other effects of urea on the
local reaction environment at the cathode, such as influencing
local pH.

The direct measurement of local pH in the MEA electrolyzer
is not feasible, and the prediction of local pH by simulations is
computationally intensive and uncertain. However, we can
make relative inferences about local pH conditions for the
untreated Ag GDE and the Ag-U-mixed GDE from the rate of
carbonate formation from the reaction of acidic CO, with
OH™ during high current density CO, electrolysis. We
estimated at 200 mA-cm™* current density that there was
about 5% more CO, loss to carbonate with the Ag-U-mixed
GDE than that with the untreated Ag GDE (see Table S4),

35509

which suggests that the local pH for the Ag-U-mixed GDE will
be higher. The higher local pH limits proton availability and
thus suppresses the HER. We caution that our CO,
carbonation calculations using these experimental data can
provide only a relative indication of local pH conditions. We
also acknowledge that CO, loss via carbonation is a critical
challenge for CO, electrolysis that needs to be addressed, for
example, by introducing protons or optimizing the mass
transport of water, ions, and gases.“’47

3.3. Long-Term Electrolyzer Stability Test. We tested
the CO,R performance and stability of Ag-U-mixed MEA for
200 h at a constant current density of 100 mA-cm™ with no
operational interruptions during the test. The cell was again
supplied with a 10 mM KHCO; anolyte throughout the
stability tests. In these tests, the initial FE¢ of 91% dropped to
about 85% in the first 25 h test, and then the selectivity
remained stable at 85% for the remaining 175 h of the test
(Figure 4A). FEy slowly increased with time but remained

below 5% across the test. The CO selectivity loss in the first 25
h is likely due to the flooding of the catalyst from the loss of
electrode wettability under applied potential.*® The MEA cell
maintained a relatively constant cell voltage of 3.116 + 0.019 V
over the durability test.

After 200 h operation, the selectivity of CO dropped from
85 to 74% in a sharp decline (Figure S16A) due to potassium
bicarbonate (KHCO;) precipitation in part of the gas flow field
(see Figure S16B).” The salt precipitation is due to (i) K*
diffusion through the AEM from the anolyte, (ii) limited water
at the cathode, and (iii) the limited solubility of the
carbonates.””” We ruled out the potential contribution from
the Ag deactivation because there is nearly no difference in the
Ag 3d XPS spectra (see Figure S18) of the Ag-U-mixed
electrodes before and after the stability test, which excludes the
contribution from catalyst deactivation. Instead, we observed a
rapid drop in the effluent flow rate from the cell after the 200 h
test, where the degradation of FE.q follows a very similar
trend. (Figure S17) The decreased flow rate reflects the
blockage of CO, flow due to salt precipitation.

We also performed a long-term stability test with the
untreated Ag GDE in our other work® (also shown in Figure
S19) and found that the selectivity of CO was only around
62%, much less than what we observed with the Ag-U-mixed
GDE (85%). In addition, the electrocatalytic performance
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cannot survive more than 100 h over Ag GDE, while the Ag-U-
mixed GDE can run stably for almost double the time.

Although we had salt precipitation in the Ag-U-mixed GDE
after the 200 h operation, the rate of salt precipitation and its
impact on electrolyzer stability were much slower than those
without urea. These results demonstrated that the urea-
modified GDE could slow the salt precipitation process and
enable highly selective and efficient CO,R when using a dilute
anolyte because urea reduces the reliance of the electrolyzer on
the transport of alkali cations to the cathode. Figure 4B
compares our results with stability tests reported for CO,R to
the CO electrolyzer including liquid-fed flow cells and vapor-
fed MEA cells. The data are listed in Table S5 (where we also
include additional examples from H-cell tests). The Ag-U-
mixed cell outperforms most of the reported catalysts in terms
of current density, energy efliciency, and CO,R test time while
sustaining high FEco.

4. CONCLUSIONS

We demonstrated an alternative approach to improve both the
efficiency and stability of CO, electrolysis based on MEA cells
by enhancing CO,R and relieving the catalyst reliance on alkali
cations. Our experiment and DFT calculations unveiled that
the urea molecule can promote CO,R by stabilizing *COOH
at the silver surface and optimizing the local reaction
environment to minimize HER. As a result, the urea-modified
GDE demonstrated a notable improvement in the CO,R
performance of the MEA cells with 10 mM KHCO; as the
anolyte, with a 1.3-fold enhancement of CO selectivity above
150 mA cm™ and a 2.8-fold improvement of energy efficiency
at 200 mA cm™> compared to bare Ag GDE. The cell could
also maintain a continuous stable operation at 100 mA cm™
for 200 h. Our work can be anticipated as a starting point to
address the long-lasting issues faced by MEA-based tech-
nologies by modifying catalyst interfaces and the local reaction
environment with molecular additives.
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