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Abstract

Electrochemical conversion of CO, into value-added chemicals holds promise to enable the
transition to carbon neutrality. Enhancing selectivity toward a specific hydrocarbon product is
challenging, however, due to numerous possible reaction pathways of CO, electroreduction.
Here we present a copper-polyamine hybrid catalyst, developed through co-electroplating, that
significantly increases the selectivity for ethylene production. The Faradaic efficiency for
ethylene production is 87% = 3% at -0.47 V versus reversible hydrogen electrode, with a full-
cell energetic efficiency reaching 50% + 2%. Raman measurements indicate that the polyamine
entrained on the Cu electrode results in higher surface pH, higher CO content, and more
stabilized intermediates relative to entrainment of additives containing little or no amine
functionality. More broadly, this work shows that polymer incorporation can alter surface

reactivity and lead to enhanced product selectivity at high current densities.

Introduction

Electrochemical CO- conversion to fuels offers an alternative pathway to produce carbon
chemicals, which are traditionally produced by using carbon-intensive fossil fuels'. By utilizing
the electricity generated from clean renewable energy sources, such as solar, wind, and
geothermal energy, the CO; reduction reaction (CO2RR) additionally provides a way to store
excess renewable electricity as chemical energy®. CO, reduction may also be utilized in direct
atmospheric remediation schemes®.

The pioneering work by Hori in the 1990s showed that Cu-based electrodes are the most
efficient catalysts to reduce CO to hydrocarbons™, an insight that remains valid today.
Intensive efforts have been directed toward enhancing CO2RR selectivity for one specific
product”®. The conversion of CO; to C, products (ethylene and ethanol) has been reported with
enhanced selectivity on the Cu-based electrodes’'®. For example, the Faradaic Efficiency (FE)

10 Alloying Cu with other metals also

for ethylene production reached 60% on Cu nanocubes
favors the production of ethylene (~60% FE)'"'"" or ethanol (~40% FE)'*'>. Additionally, the
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use of small molecules as additives to decorate the Cu electrodes is found to benefit the CO2RR
to C, products'®!”. The use of a flow-cell design for CO2RR not only enhances the reaction
rate, it also enhances the formation of C, products on Cu by suppressing the hydrogen evolution
reaction (HER)'**’. However, the FE for ethylene production remains < 70% and the full-cell
energetic efficiency (EE) for ethylene production remains < 30%. Achieving high selectivity
for ethylene production (FE > 80%) with low energy input (cell potential < 2.2 V) remains a
major challenge in this field.

One way to increase CO2RR activity is through incorporation of an additive that could
change intermediate stability on the electrode surface'’. Unfortunately, small molecules added
to the Cu electrode surface typically desorb and tend to leave in the flow cell*!. Decoration of
the electrode surface with a self-assembled monolayer (SAM) constructed by using a thiol or
phosphonate also yields an unstable platform that quickly dissociates in the highly reducing
and strong alkaline environment attendant the flow cell*>. On the contrary, a polymer can be
co-deposited with the Cu and remain entrained on the electrode surface with desired
functionality”?*. As a related example, Cu deposits have been constructed in dendrimers
featuring amine functionality®. We wondered how the incorporation of a functional polymer
with a Cu electrode could affect CO2RR activity.

In this paper, we report the development of a Cu-polyamine catalyst for CO2RR — prepared
using a co-electroplating scheme — which features exceptionally high FE and EE, particularly
in the production of C; products. Polymer co-deposition with Cu has been examined for CO2RR
previously*, but these catalysts have not yet achieved high current density conversion. In this
work, in 1 M KOH, the FE for ethylene production reached 72% (90% FE for C; products) at -
0.97 V versus reversible hydrogen electrode (RHE; all potentials are with respect to this
reference) with a partial ethylene current density of 312 mA/cm®. By switching the electrolyte
from 1 M KOH to 10 M KOH, the FE for ethylene production increased to 87% at a cathode
potential of -0.47 V (93% FE for C, products), with the full-cell EE for ethylene production

was 50% at a cell potential of 2.02 V. In situ Raman measurements revealed that a higher surface
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pH, higher CO content, and more stabilized intermediates were observed on the Cu-polyamine
electrode relative to Cu alone or Cu entrained with no amine polymer additives during CO2RR.
The Raman results portray a catalyst in which stabilization of intermediates and a high surface

pH improve the CO2RR selectivity to ethylene production.

Results

Synthesis and characterization of electrodes. To understand how polymer incorporation on
the electrode might tune electrocatalysis activity, we prepared a group of polymers (Pi, i = 1-5)
expected to display different local environments. The poly-N-(6-aminohexyl)acrylamide (P1)
was synthesized by post-functionalizing poly(pentafluorophenyl acrylate)ioo (PPFPA o, degree
of polymerization = 100, polydispersity index = 1.05) using N-Boc-1,6-hexanediamine,
followed by trifluoro acetic acid (TFA) deprotection (Supplementary Note 1). The resulting
amino polymer P1 was purified by dialyzing against water and characterized by using nuclear
magnetic resonance (NMR, Supplementary Figs. 1-2). Methylated polymers P2, P3, and P4
were prepared by methylating P1 with different amounts of Mel (Supplementary Note 2). The
degree of methylation was determined by using quantitative 'H NMR (Supplementary Fig. 3).
During the methylation process, methyl groups replaced hydrogen atoms on the amines
randomly and resulted in a mixture of R-NHMe, R-NMe,, and R-NMe;" groups. The product
that contains only trimethyl ammonium was defined as the 100% methylated polymer. P2 was
found to have 35% methylation and P3 exhibited 65% methylation. P4 was 100% methylated.
P5, which has a different side chain length relative to P1, was prepared following the same
procedure used for P1 synthesis (Supplementary Note 3).

Following the synthesis of polymer Pi, the copper-polymer (Cu-Pi) electrode was prepared
by co-electrodeposition. Each electrode was comprised of a carbon fiber paper-based gas
diffusion layer (GDL) substrate on which the catalyst was electrodeposited. As shown in Fig.
la, the Cu-Pi electrode was prepared in a plating bath containing 3 mM CuSOs, 12 pM Pi, 0.1

M Na,S0Os, and 0.5 M H>SOs4. A pure Cu electrode (Cu alone) was prepared in the same plating
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bath without polymer addition. Supplementary Figs. 5-6 show the wettability of all the samples
on a GDL. The contact angle for the Cu alone electrode was found to be ca. 120° whereas the
contact angle for the Cu-Pi (i=1-5) electrode was ca. 145°. Thus, the addition of Pi (i=1-5)

makes the electrode more hydrophobic.

4 GDL

N1s

-=+ Cu-P1 fitted
— background

-+ C-NH,
.-+ N-C=0

405 400 395 390
Binding Energy (eV)

Fig. 1 | Preparation of the Cu-polymer catalyst. a, Schematic illustration of P1 and Cu co-
electroplating on the GDL. b, SEM image of the Cu-P1 electrode. ¢, N 1s XPS spectrum of
the Cu-P1 electrode.
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The Cu-Pi electrode was characterized by using scanning electron microscopy (SEM). Fig.
1b and Supplementary Fig. 7a-c show the SEM images obtained from Cu-Pi electrodes. All of
the Cu-Pi samples exhibit an agglomerated series of particles (identified as Cu by using EDX)
that adopt spherical shapes with diameters between 100-200 nm. Thus, the electrodeposition of
Cu with different Pi does not substantially change the catalyst morphology. Supplementary Fig.
8 shows a cross-sectional SEM obtained from Cu-P1 on a GDL. In addition to the fibrous GDL,
Supplementary Fig. 8 shows a smooth layer (right) associated with the presence of Cu and a
rougher discontinuous layer (left) associated with the backside of the GDL. XRD obtained from
the different electrodes was identical (Supplementary Fig. 9).

Fig. 1c shows the N 1s photoemission spectrum of Cu-P1, which exhibits a peak at ca. 400
eV. This XPS component was fit to include both amine and amide groups, with corresponding
peaks at 399.4 eV and 399.7 eV, respectively®®. Thus, P1 is retained on the electrode surface.
Supplementary Fig. 10 shows the N 1s XPS spectra from Cu-P2, Cu-P3, and Cu-P4. The XPS
shows the presence of a new peak at 402 eV, which is associated with trimethyl ammonium (R-

NMes")?". The intensity of the ammonium peak was found to increase from Cu-P2 to Cu-P4,
5
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which is consistent with the increasing degree of methylation. Cu XPS (Supplementary Fig. 11)

reveals the presence of Cu,O and Cu on the electrodes.

Electrochemical CO; conversion. To evaluate the catalytic performance for the CO2RR, the
Cu-Pi electrode was utilized in a flow reactor described previously, where both CO, gas and
KOH electrolyte were continuously introduced to the cell'. Fig. 2 shows the FEs for all

products obtained during CO2RR using each Cu-Pi electrode in 1 M KOH.

a_ Cu-P1 b _ Cu-P2
= mile - - = o
g i i g g = M acetate
g 75 i | N . g 75 . formate
= = M C,HsOH
W 501 w501 { mH,
L L CH,
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Fig. 2 | Electrochemical CO; conversion on the Cu-Pi electrodes. Faradaic efficiencies for
all products on a, Cu-P1, b, Cu-P2, ¢, Cu-P3, and d, Cu-P4 in 1 M KOH electrolyte.

For Cu-P1, the production of CO started at -0.27 V and reached a maximum FE of 73% at a
cathode potential of -0.37 V. CO was found to be the dominant product at relatively low
overpotentials (from -0.37 V to -0.57 V). As the cathode potential was made more negative, the
FE for CO production decreased while the FEs for both ethylene and ethanol production
increased. This trend is consistent with the assumption that the adsorbed CO is an intermediate
for the formation of C, products, as has been suggested previously”*. At -0.97 V, the FE for
C; product formation on Cu-P1 reached 90% (72% FE for ethylene production + 18% FE for

ethanol production) with a total current density of 433 mA/cm?* in 1 M KOH. By comparison,
6
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the FE for ethylene production from the Cu alone electrode was only 27% at a current density
of 207 mA/cm? under the same conditions and at the same potential (Supplementary Figs. 12-
13). Thus, the addition of P1 to the electrode leads to a FE increase of 45% for ethylene
production. H> evolution was suppressed on Cu-P1, with the FE for H, evolution lower than 7%
throughout the potential range examined, likely due to the higher surface pH for this catalyst
relative to the others (vide infra). Consequently, the Cu-P1 electrode exhibits excellent
selectivity for the electroreduction of CO, to C, products. Supplementary Figs. 14-15show that
no CO; reduction products were obtained using Ar in place of CO,. Reduction of *CO; yielded
only "*C labeled ethylene, further ruling out the possibility of polymer degradation to ethylene
(Supplementary Fig. 16). Supplementary Fig. 17 shows that P1 physiosorbed to the Cu
electrode exhibits substantially less reduction current relative to Cu-P1. Supplementary Fig. 18
shows that the mono-amine mimic 2 (Supplementary Note 4) co-deposited with Cu is quickly
deactivated during CO2RR. Finally, Supplementary Fig. 19 shows Cu-P5 exhibits a decreased
FE for ethylene production at more negative cathode potentials.

The Cu-P4 electrode exhibits different CO2RR activity relative to that from Cu-P1. H, was
found to be one of the main products on the Cu-P4 electrode. The FE for H, production was
20-35% at all applied potentials. We note that high FE for H> production is typically favored on
the carbon-based electrodes®’. The production of formate was also favored on Cu-P4 compared
to that on Cu-P1. The high FEs for both hydrogen and formate production on Cu-P4 lead to a
low FE for C; product formation. At -0.97 V, the FEs for ethylene and ethanol production only
reached 32% and 1% on the Cu-P4 electrode, respectively.

For Cu-P2 and Cu-P3, which exhibit reduced degree of methylation relative to Cu-P4, the
selectivity for electroreduction of CO> to ethylene is greater than that in Cu-P4. At a cathode
potential of -0.97 V, the FE for ethylene production on the Cu-P2 and Cu-P3 electrodes was 55%
and 43%, respectively. In addition, the H, evolution was suppressed on Cu-P2 and Cu-P3
compared to that on Cu-P4 likely due to the lower level of methylation.

Supplementary Fig. 13 shows the potential-dependent current density for CO, reduction on
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each Cu-Pi electrode in 1 M KOH. At less negative potentials (-0.27 V to -0.57 V), the four Cu-
Pi electrodes exhibited similar current densities for the CO2RR. As the potential became more
negative (-0.67 V to -0.97 V), the current density was found to decrease in the order from Cu-
P1 to Cu-P4. At -0.97 V, the current density on Cu-P1, Cu-P2, Cu-P3, and Cu-P4 was 433
mA/cm?, 348 mA/cm?, 305 mA/cm?, and 232 mA/cm?, respectively.

Overall, there is a strong correlation between the degree of methylation on each Cu-Pi
electrode and their CO2RR activity. The FE for ethylene production increases with higher
hydrogen contents in the polymers: Cu-P4 < Cu-P3 < Cu-P2 < Cu-P1 whereas the FE for H»
evolution increases with higher degree of methylation: Cu-P1 < Cu-P2 < Cu-P3 < Cu-P4. Thus,
the pendant amino groups in P1 are likely the key factor promoting ethylene formation during
CO; reduction while methyl groups favor H, evolution. One possibility for the better
performance on Cu-P1 is that the presence of H atoms in the amino groups at or near the
electrode surface could act to change the reactivity (i.e., facilitate H transfer or interact with the
CO2RR intermediates) or even surface pH. In addition, amines are known to react and bind
CO, molecules®' 2. Thus, amino groups in P1 may help the electrode with CO; capture, leading

to a higher local concentration of CO; or carbonate molecules on the electrode surface.

In situ electrochemical Raman spectroscopy measurements. To further understand how
amino groups in P1 promotes the CO2RR, in situ Surface-Enhanced Raman Spectroscopy
(SERS) was performed during CO2RR in a cell described previously'®. Fig. 3 shows the SERS
spectra obtained from Cu-P1, Cu-P4, and Cu alone during the CO2RR. At open circuit potential
(OCP), all three electrodes exhibit 3 peaks at 417 cm™, 515 cm™, and 620 cm™ in the lower
energy region. These three peaks are associated with the presence of Cu,0****. In the higher
energy region, the electrodes additionally exhibit two peaks at 1067 cm™ and 1324 cm™ at OCP,
which correspond to carbonate and bicarbonate, respectively® . The water band at 1600 cm
was also observed on all three electrodes at OCP.

At a cathode potential of -0.47 V, the spectrum collected from Cu-P1 exhibits several new

peaks. In particular, there are new peaks at 293 cm™ and 351 cm™. These two peaks are

8



177  associated with the frustrated p(Cu-C-O) rotational mode and the v(Cu-CO) stretching mode,

178  respectively*®?’

. By comparison, the SERS spectra obtained from Cu-P4 and Cu alone shows
179  little evidence for the Cu-CO binding in the same energy region. Thus, the Cu-P1 electrode
180  exhibits higher CO content on the electrode surface during the CO2RR relative to the Cu-P4
181  and Cu alone electrodes. This increased CO concentration may facilitate C-C coupling and
182  ethylene production. Supplementary Table 1 shows the ratio of CO to Cu,O — previously used

183  as a marker for increased ethylene production'® — is substantially enhanced for the Cu-P1

184  catalyst.

Cu-P1

cupe \*\,,:,\,,"‘“ s
047V
OCP

e NPT T

200 400 600 800 1000 1200 1400 1600

Fig. 3 | In situ electrochemical Raman spectroscopy measurements during CO2RR. SERS
spectra obtained from Cu-P1, Cu-P4, and Cu alone at OCP (blue) and a cathode potential
of -0.47 V (orange).

185 In addition to peaks related to Cu-CO binding, the Cu-P1 electrode also exhibits two other
186  new peaks at 696 cm™ (peak a) and 1529 cm™ (peak b) at -0.47 V. The assignments for these

187  two peaks are under debate. In a recent study, peaks a and b were assigned to the adsorbed
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carboxylate anion *CO, by DFT calculations and "*C isotopic shift experiments®®. Operando
Fourier transform infrared spectroscopy (FTIR) measurements also revealed peaks related to
CO2RR intermediates®. In particular, a peak at 1559 cm™ was assigned to the asymmetric
stretching bond of *CO;". The higher intensity of peak b on the Cu-P1 electrode relative to the
Cu alone electrode shows that intermediates are stabilized on Cu-P1. The stabilization of
intermediates on Cu-P1 might be the origin of the enhanced CO2RR activity. Peaks a and b
could not be observed on the Cu-P4 electrode, consistent with the somewhat poorer CO2RR
activity on Cu-P4.

The relative ratio of carbonate to bicarbonate peaks in the SERS spectra provides a measure
of the surface pH*. Fig. 3 and Supplementary Fig. 20 show that the peak area ratio of
carbonate/bicarbonate on the three electrodes is different, indicating a different surface pH at
each electrode during the CO2RR. Supplementary Fig. 21shows the calibration curve for the
surface pH calculation from the carbonate and bicarbonate peaks and the calculated surface pH
values on each electrode are listed in Supplementary Table 2. Fig. 4 shows the surface pH
change on different electrodes at OCP and -0.47 V. At OCP, the Cu alone electrode exhibits a
surface pH of 9.5. This pH value is lower than that expected for 1 M KOH alone, because CO,
reacts quickly with OH to form bicarbonate. The bicarbonate reacts further to form carbonate.
Thus, the reaction between CO, and OH™ near the electrode surface leads to a lower surface pH
relative to that of the bulk electrolyte. The Cu-P1 electrode exhibits a surface pH value of 9.7
at OCP which is higher than that found for the Cu alone electrode. The origin of this increase
likely relates to the presence of amino groups at the electrode surface. A protonated organic
amino group typically exhibits a pK, between 10-11, comparable with the pK, for bicarbonate
(pKa = 10.3). Therefore, an acid-base equilibrium exists on the Cu-P1 electrode surface as
follows:

HCO3; + R— NH, & CO3~ + R — NHJ @)

The presence of amine shifts the equation to the right resulting in increased amounts of CO5*

and consequently higher surface pH values. Cu-P4 also exhibits a relatively high surface pH of

10
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9.8. In this case the pH increase relative to the Cu alone electrode likely relates to OH™ ion

attraction to the polycationic structure (R-NMe;")*#2,

2 111 :
© Cu-P1
>
T
2 40 Cu-P4 |
3 ——
."::" — Cu alone
w 94
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Fig. 4 | Calculated surface pH on different electrodes.

At a cathode potential of -0.47 V, the surface pH values of all three electrodes are found to
increase compared to those at OCP. The Cu-P1 electrode exhibits the highest surface pH value
of 10.7, whereas the Cu-P4 and Cu alone electrodes both exhibit pH values around 10.0-10.1
at this potential. Supplementary Fig. 22 reports SERS spectra obtained from Cu-P5 in 1 M KOH.
An increase in surface pH of 0.4 unit from 9.3 to 9.7 was found on Cu-P5. These pH values are
substantially higher than those used in prior work®* with polymer-modified Cu electrodes. The
origin of the increased pH for the Cu-P1 electrode likely relates to the presence of protonated
amines on the electrode surface. Indeed, a previous report suggests that R-NH;" donates a
proton to a carbamate intermediate, making R-NH> during the CO2RR in a capture and reaction
cycle’’. The increased amount of R-NH, and decreased amount of R-NH;" shift Equation (1)
further to the right, leading to increased [COs*] and thus an increased pH. In addition, the
proton functionality of P1 could be serving as a surface proton relay, allowing for a faster
deprotonation rate of HCO3 on Cu-P1 compared to Cu-P4. The higher surface pH on the Cu-
P1 electrode might be the origin of the enhanced CO: reduction activity relative to other

electrodes! %+,

11
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Fig. 5 | Electrochemical characterization of the Cu-P1 catalyst in different concentrations
of KOH electrolyte. a, Faradaic efficiency for C;H4 production as a function of cathode
potential. b, Energetic efficiency for C;H4 production as a function of cell potential.

Investigating CO2RR activity in alkaline media. The use of an alkaline electrolyte is
believed to favor the production of ethylene, by lowering the energy barrier of CO; activation,
facilitating C-C coupling, and suppressing H» evolution'****, To investigate the beneficial role
of pH, the CO2RR was performed using a series of more concentrated KOH electrolytes. The
FEs for ethylene production on Cu-P1in 1 M, 5 M or 10 M KOH are plotted in Fig. 5a as a
function of cathode potential. The figure shows the FE for ethylene production increases with
higher concentrations of KOH. In 1 M KOH, the onset of ethylene production occurred at a
cathode potential of -0.47 V and the FE for ethylene production on Cu-P1 reached a maximum
value of 72% at -0.97 V.

In 10 M KOH, ethylene production initiated at —0.17 V, which is the same potential where
CO production started on this electrode (Supplementary Figs. 23-24). Additionally, the onset
potential for ethylene production is shifted positively by 300 mV relative to that in 1 M KOH.
The FE for ethylene production reaches 87% at a cathode potential of -0.47 V in 10 M KOH.
To our knowledge, this value is the highest reported (Supplementary Table 3). The
electroreduction of CO; to ethylene in 5 M KOH electrolyte was also found to have a higher
FE and smaller overpotential compared to that in I M KOH. Ethylene evolution commenced at
-0.32 Vin 5 M KOH and the FE reached 84% at -0.62 V. Overall, the selectivity for ethylene

production is strongly correlated to [KOH]'***. The better catalytic performance in 10 M KOH
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is believed to result from the lower activation barriers for C-C coupling from activated CO on
the Cu electrode surface****. We note that the use of highly concentrated alkaline electrolytes
might result in an overestimation of the FEs for gas products due to CO» consumption in the
electrolyte®’. In this work, the FE difference (ca. 12-15%) among the different electrolytes is
larger than the putative overestimation error, indicating selectivity enhancement by switching
to more concentrated alkaline electrolyte actually occurs. Additionally, the positive shift of the
onset potential for CO,-to-ethylene conversion in more concentrated KOH electrolyte reveals
better CO2RR activity. In the future, a two-step reduction with an initial CO»-to-CO conversion
and a following CO-to-ethylene conversion will be helpful to prevent CO, consumption by the
electrolyte.

The use of a more concentrated electrolyte also reduces the overpotential at the anode
(Supplementary Table 4). This reduction in overpotential leads to a higher energy efficiency.
The EE of ethylene production on Cu-P1 is plotted against cell potential in Fig. 5b. The figure
clearly shows that the EE for ethylene production increases with higher electrolyte
concentration: 1 M KOH < 5 M KOH < 10 M KOH. The full-cell EE achieved 50% at a cell
potential of 2.02 V in 10 M KOH with the half-cell EE reaching 72%. (Half-cell EE was
calculated by assuming the overpotential of oxygen evolution reaction is zero.) This EE at both
the full-cell and half-cell level is, to our knowledge, higher than any results reported previously
(Supplementary Table 3). We note the use of high concentration electrolytes may raise cost and
pose durability issues; issues that may be diminished by using a membrane electrode assembly
in place of the flow cell used here**’.

In situ Raman was performed on Cu-P1 in 10 M KOH at a potential of -0.47 V where
maximum ethylene production occurs. Supplementary Fig. 25 shows the Raman spectra
obtained in 10 M KOH and Supplementary Fig. 26 reports the corresponding pH values. In this
case, as well, an increase in pH relative to bare Cu is observed from 10.2 at OCP to 11.1 at -
0.47 V. The higher surface pH value in 10 M KOH than that in 1 M KOH may be one of the

reasons for the better catalytic performance.

13



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

The persistence of P1 at the negative potentials attendant CO2RR was measured by using
postmortem N XPS. Supplementary Fig. 27 shows the N 1s XPS spectrum collected from Cu-
P1 following 3 h of use for the CO2RR. The normalized intensity of the N 1s XPS peak (with
respect to C 1s) before and after CO2RR was 38% and 34%, respectively, indicating that P1
was retained during the electroreduction process. Supplementary Figs. 28-29 show that the
SEM and XRD of the different electrodes after CO2RR was similar to that obtained prior to
CO2RR. Similarly, GC analysis obtained using Ar in place of CO, shows no evidence for N-
containing products (Supplementary Fig. 14). Thus, P1 was relatively unchanged during the
CO2RR.

Supplementary Fig. 30 shows the results of a test of Cu-P1 stability in 1 M KOH at a cathode
potential of -0.77 V. After 3 h use, the FE for ethylene production starts to decrease while the
FE for H» evolution begins to increase. This behavior is similar to that seen when using Cu
alone in a GDL and likely relates to corrosion in this configuration'***. Prior work shows the
GDL loses hydrophobicity during electrocatalysis, which leads to performance loss®'*. Using
a PTFE-based electrode instead of one based on carbon might improve stability*.

Improving the stability of Cu-based electrodes on a GDL or other substrates is presently a focus

of research worldwide.

Conclusion

In this work, we decorated Cu electrodes with a stable amine-containing additive exhibiting
different degrees of methylation. The Cu-P1 electrode, which presents amino groups, exhibits
the best CO2RR activity towards ethylene production at high current density and selectivity.
The origin of this behavior is the higher CO content and higher surface pH on Cu-P1 relative
to the other electrodes. The higher surface pH is a consequence of the presence of the amine.
The presence of P1 may also help to stabilize intermediates during the CO2RR.

Overall, this work presents a strategy to enhance electrochemical CO»-to-ethylene

conversion through the introduction of a polymer that is entrained on the electrode surface.
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These findings provide a method by which designer CO2RR catalysts for high rate conversion

may be constructed.

Methods

Catalysts preparation. All Cu samples are comprised of a carbon fiber paper-based gas diffusion layer
(GDL) substrate (Sigracet 35 BC, Ion Power Inc.) on which a catalyst was electrodeposited. The plating
baths for Cu-Pi (i =1-4) and Cu alone were made from 3 mM CuSOys, 0.1 M Na,SO4, and 0.5 M H,SOs,
with or without the addition of 12 pM Pi. All chemicals were obtained from Sigma-Aldrich.
Galvanostatic electrodeposition on the GDL at a constant current density of -4 mA/cm? was performed
until a final deposition charge of 2 C/cm? was reached to generate samples with identical loading. The
back side of GDL substrate was fixed to a micro glass slide with a double-sided tape, giving one-sided
deposition of Cu. Pt wire was used as the counter electrode. A “leakless” Ag/AgCl (eDAQ) electrode
was used as the reference electrode. Before electrodeposition, the GDL was pretreated by sputtering 10
nm of Cu using an AJA Orion-8 Magnetron Sputtering System. The thickness of the Cu deposit was ca.
2 um as determined by profilometry. Electroactive surface areas for the different electrodes were similar

(Supplementary Table 5).

Materials Characterization. Scanning electron microscopy (SEM) images were obtained utilizing a
JEOL 7000F Analytical SEM. X-ray photoelectron spectroscopy (XPS) was performed with a Physical
Electronic PHI 5400 instrument. X-Ray diffraction (XRD) patterns were obtained by using a Bruker D8
Advance X-ray Diffractometer. Contact angle measurements were conducted using a Ramé-Hart contact
angle goniometer (Model 250). Gas chromatography—mass spectrometry (GC-MS) spectra were obtained
by using a Waters GCT Premier EI. NMR spectroscopy was recorded using a Carver Bruker 500 NMR
spectrometer in the NMR Laboratory, School of Chemical Science, University of Illinois. NMR spectra
were processed by using MestReNova (v12.0.3). The chemical shift (3) is listed in ppm and the coupling

constants (J) are in Hz.

CO: Electroreduction in a Flow Reactor. Electroreduction experiments and product analysis were
conducted in a flow reactor setup described previously'®33. A syringe pump (PHD 2000, Harvard
Apparatus) was used to pump electrolyte at a constant flow rate of 0.2 or 0.5 mL min™ over the cathode
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GDL. A mass flow controller (Smart Trak 2, Sierra Instruments) was used to flow CO; gas (S.J. Smith
Welding Supply) at a flow rate of 7 standard cubic centimeters per minute (SCCM) behind the cathode
GDL. The CO; electroreduction activity for all catalysts was measured by holding a constant cathode
potential with respect to a Ag/AgCl electrode (3 mol kg! KCI, RE-5B, BASi) using an Autolab PGSTAT-
30, EcoChemie potentiostat. All cathode potentials were converted to the reversible hydrogen electrode
(RHE) by using the Nernst equation: E (vs. RHE) = E (vs. Ag/AgCl) + 0.209 V + 0.0591 V x pH. AGDL
with an IrO, loading of 1 mg/cm? was used as the counter electrode®®. Anode potentials were recorded
by a multimeter (AMPROBE 15XP-B) with respect to a Ag/AgCl electrode.

Three minutes after the potential was applied, the gaseous product stream was sampled automatically
and diverted for analysis in a gas chromatograph (Thermo Finnigan Trace GC) equipped with both a
thermal conductivity detector (TCD) and a flame ionization detector (FID). The exit electrolyte
containing liquid products was collected and analyzed in a Carver B500 NMR spectrometer using a 'H

NMR technique described previously'®. Dimethyl sulfoxide (DMSO) was used as an internal standard.

In situ electrochemical Raman measurements. In situ Raman measurements were carried out by
utilizing a spectro-electrochemical flow cell described previously'®. A 2.0 mm thick polyether ether
ketone (PEEK) spacer with a 0.5 x 2 cm hole was placed between a quartz window and the cathode GDL.
A syringe pump (PHD 2000, Harvard Apparatus) was used to pump 1 M KOH at a constant flow rate of
1.0 mL min™' over the GDL through the PEEK spacer. CO, gas was introduced to the back of the GDL
in a stainless-steel chamber at a flow rate of 7 SCCM controlled by a mass flow controller (Smart Trak
2, Sierra Instruments). For each in situ Raman measurement, the Raman spectrum was accumulated by
180 single acquisitions, with an exposure time of 1 second each. Working electrodes were formed from
Cu-Pi or Cu alone electrodeposited on a GDL. Cathode potentials were applied in the potentiostatic mode
with respect to a Ag/AgCl reference electrode (3 mol kg! KCI, RE-5B, BASi) and reported with respect
to RHE. To be consistent with the electrolysis measurements, Raman spectra were obtained 3 minutes

after the potential was initially applied. Pt wire was used as the counter electrode.

Data availability

The data that support the results and other findings of this study are available from the corresponding

authors upon reasonable request.
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