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Abstract

A strategy to modulate the electrocatalytic activity of copper towards COs reduction
involving adsorption of acrylamide, acrylic acid and allylamine polymers is presented.
Modification of electrodeposited copper foam with poly(acrylamide) leads to a signif-
icant enhancement in faradaic efficiency for ethylene from 13% (unmodified foam) to
26% at -0.96 V vs. RHE, whereas methane yield is unaffected. Effects from crystalline
phase distribution and copper oxide phases are ruled out as the source of enhancement
through XPS and in-situ XRD analysis. DFT calculations reveal that poly(acrylamide)
adsorbs on the copper surface via the oxygen atom on the carbonyl groups, and en-

hances ethylene formation by i) charge donation to the copper surface that activates
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CO for dimerization, ii) chemical stabilization of the CO dimer (a key intermediate for
Cy products) by hydrogen-bond interactions with the -NHy group, and iii) facilitating
the adsorption of CO molecules near the polymer, increasing local surface coverage.
Poly(acrylamide) with copper acts as a multi-point binding catalytic system where the
interplay between activation and stabilization of intermediates results in enhanced se-
lectivity toward ethylene formation. Modification with poly(acrylic acid) which has a
similar structure to poly(acrylamide) also shows some enhancement in activity but is
unstable, whereas poly(allylamine) completely suppresses CO2 reduction in favor of the

hydrogen evolution reaction.

Keywords

electrocatalysis, greenhouse gas, heterogeneous catalyst, modified electrodes, ethylene, DF'T,

blue moon

1 Introduction

With growing awareness on the accumulation of anthropogenic carbon dioxide in the atmo-
sphere and the associated negative impact on the environment, CO4 capture for storage and
conversion into value-added products has become a topic of intense research.'? Conversion
of CO; into hydrocarbons and alcohols which effectively cyclize the carbon fuel economy is
an attractive prospect given the tremendous infrastructure already in place for the transport,
storage and utilization of these fuels. Ethylene in particular is an important industrial feed-
stock consumed at a megaton scale annually, of which nearly 100% is sourced by cracking

non-renewable fossil fuels.

A range of transition metals exhibit electrocatalytic activity for CO, reduction.* How-

ever, the activity and selectivity of catalysis is highly dependent on the strength of interaction
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between the reaction intermediates and the metal catalyst. In the case of COy reduction,
copper is considered to be nearly the ideal case with the right balance of reaction intermediate
binding strength for stabilization of COOH*, CO* and CHO* species (leading to hydrocar-
bons), that is not so strong that the intermediates are inhibited from further reaction steps
and release.®* A fundamental problem with mediating multi-step electron transfer reactions
on conventional heterogeneous catalysts lay with non-optimal ‘scaling relations’ that exist
between reaction intermediates, which effectively reduces the number of independently tun-

able parameters for optimization of catalytic performance.®®

Since Hori reported copper mediated aqueous CO, reduction in 1985,% the field has

7-10

continued to grow with studies on copper oxide derived catalysts, copper single crys-

11,12 13,14

tals, molecular copper complexes, and copper nanostructures.® 7 However, many
of the copper catalysts reported exhibit lower activity for COs reduction than Hori’s cop-
per foils, when compared in terms of geometric partial current for hydrocarbon formation
(Fig. S1). Here, geometric partial current density (as opposed to electrochemically active
surface area normalized partial current density) is chosen as the benchmarking quantifier
for catalyst performance as it gives a practical feel for how the material will scale inside a
physical electrolyzer set-up. There is a need to develop scale-able high-surface area catalysts
for higher throughput hydrocarbon formation. Sen et al. investigated electrodeposited cop-
per foams with a dull ‘reddish’ appearance, and found CO4 was reduced into hydrocarbons
with a faradaic yield of ca. 2% (at -1.7 V vs. Ag/AgCl).'® The same group showed that
this could be increased to 4% with the addition of clathrate hydrate to the electrolyte which
improved the solubility of CO,.1? Dutta et al. investigated copper foams electrodeposited
under similar conditions to Sen, but the foams were black in appearance and reduced CO,
into hydrocarbons with 50% faradaic efficiency with ethane being the dominant product.?°

The authors attributed the difference in activity to oxide derived copper formed through a

room-temperature surface oxidation step. More recently, Reller et al. reported copper foams
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in KBr electrolyte reduced CO, into hydrocarbons with up to 57% faradaic efficiency with
a current density of 170 mAcm™2.?2! While the study is of fundamental interest, use of KBr
electrolyte is practically undesirable as it leads to generation of toxic bromine gas on the

anode and corrosion of copper.

Modification of copper with additives such as polyaniline,?* poly(4-vinyl pyridine),23
polysulfide,?* and cyclams?® has been reported to increase selectivity for formate production.
Polypyrrole coated copper in methanol electrolyte led to an increase in faradaic efficiency for
methane, but 20 bar pressure was required.?® Xie et al., recently showed that drop-casting
glycine on copper foil electrode led to the enhancement of the faradaic efficiency of methane
from 16.1% to 32.1% and ethylene from 9.5% to 24% both at -1.9 V vs. Ag/AgCl.?" The
study rationalized this through DFT calculations which simulated a chemical stabilization
effect of the CHO* intermediate by -NH3 " groups on surface bound amino acids. However,
it is unclear why other amino acids tested which also contain the -NHj3 group show vary-
ing performance levels compared to the optimal case of glycine. Some of the above cited
studies do not take ohmic drop effects into account, which makes direct comparison across
different modification strategies difficult (see Fig. S2 for further discussion). This study
expands the work on copper foams whose large surface area and ease of synthesis offers
favorable scale-ability compared to other reported materials. We report for the first time,
a convenient catalyst modification strategy based on coating metallic electro-catalysts with
polymers which significantly enhances the efficiency for hydrocarbon formation. The initial
basis for the use of polyamines with copper was that CO, is known to bind to amines to form
carbamates.?® 3% It was hoped that the amine-CO, interaction would lower the activation
energy required for CO, reduction. Tethering functional groups that affect the catalytic
reaction kinetics offer an additional independently tunable parameter for the optimization

and design of more efficient catalysts for CO, reduction.
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2 Experimental

2.1 Electrode preparation

3 mm diameter copper rod (99.99%, Goodfellow, UK) was cut into cylindrical pieces and
embedded into a polycarbonate body with Araldite epoxy (Huntsman Advanced Materials,
Switzerland). The electrode was mechanically polished with 0.3 ym alumina slurry followed
by rinsing and ultra-sonication in deionized water for 1 minute. Copper foam was electrode-
posited on the copper disc by submerging in 0.2 M CuSOy4 1.5 M HySO(aq), with and without
polymer additives and applying a fixed cathodic current of 3 Acm™ for 15 seconds. Polymer
modified copper foam was synthesized by i) dissolving a mass of polymer corresponding to 10
mM concentration of the repeating monomer unit (excluding terminal -H groups), irrespec-
tive of polymer chain length, in the electrodeposition solution, or ii) dip-coating unmodified
electrodeposited copper foam in 1.5 M H3SOy(aq) solution of 10 mM (monomer) concentra-
tion of polymer for 30 seconds. The electrodeposited foams were submerged in deionized
water for 1 minute to remove traces of electrodeposition solution prior to electrochemical
measurements. For modification method ii, unmodified copper foam was submerged in deion-
ized water for 1 minutes before being submerged into the polymer solution. The dip-coated
copper foam was then submerged in deionized water for 1 minute to remove traces of acid

and excess polymer. Full list of chemical reagents are listed in the ESI.

2.2 Material characterization

Scanning electron microscopic images were taken using SEM Bench-top TM3030 (Hitachi
High-Technology Corporation, Japan). Energy dispersive X-ray spectroscopy was performed
using AztecOne system (Oxford Instruments, UK) attached to the SEM, with an accelerating
voltage of 5 kV and count number of 50,000. XPS was performed using the Kratos Axis Supra
(Kratos Analytical, Japan) utilizing a monochromated Al Ka X-ray source, 15 mA emission
current, magnetic hybrid lens and slot aperture. Region scans were performed using a pass
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energy of 20 eV and step size of 0.1 V. In-situ synchrotron X-ray diffraction measurements
were performed at the ID03 beamline of the European Synchrotron Radiation Facility using

X-ray wavelength of A = 0.641 A. Further details can be found in Fig S3.

2.3 COg; electrolysis

Potentiostat instruments CH440c (CH Instruments, USA) and Ivium-n-stat (Ivium Tech-
nologies B. V., Netherlands) were used for electrochemical measurements and electrolysis.
Ivium-n-stat was used for electrochemical impedance spectroscopy for ohmic drop measure-
ments, which was measured at a sinusoidal potential frequency of 10 kHz with 5 mV am-
plitude centered on the electrolysis potential just before electrolysis. 85% of the measured
Ohmic drop was compensated for using the potentiostat control software, the remaining 15%
(Ry) was manually adjusted for during data treatment using Ohm’s law. Due to variations
in ohmic drop and current between experiments, the actual potential difference also varied
from run to run and so where relevant the potential is expressed as an average of at least
three data points with the standard error shown as error bars. A three electrode set-up was
used with a leak-free reference electrode based on Ag/AgClin 3.4 M KCI (40.21 V vs. SHE)
(Innovative Instruments Inc., USA) and the counter electrode was a 2.5 cm * 5 cm piece
of platinum mesh electrode (Goodfellow, UK). Potentials are converted to the reversible

hydrogen electrode (RHE) scale using equation 1.

2.303RT

—PH + E sy a001 — iRy (1)

Erur = Fag/agcr +

A custom-made H-cell was constructed from polypropylene body with 1.6 cm diameter
and 7 cm length (Fig. S4), with a Nafion window (Nafion NRE-212 membrane, 0.05 mm
thick, Alfa Aesar) which separates the working and reference electrodes from the counter
electrode. Nitrogen or carbon dioxide gas was flowed into the electrolyte and maintained at

a constant rate of at 40 mlmin™! during electrolysis using a mass flow controller GFCS-010058
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(Cole-Parmer, USA). A gas inlet and outlet stream were added to the cell to allow CO; to
enter and escape while keeping the internal pressure of the cell at ambient levels. The outlet
stream channel had a combined volume of ca. 40 ml, this was kept deliberately high to avoid
suck back of air into the cell when headspace gas samples were taken using a gas-tight sy-

ringe (Hamilton company, USA) for injection into the sample loop of the gas chromatograph.

The electrolyte solution was prepared by saturating 0.05 M Nay,COjz with CO4 by bub-
bling at >100 mlmin™ for an hour to form 0.1 M NaHCO3 with a pH of 6.8. The electrolysis
cell was saturated with CO, gas flowing at 40 mlmin™ for 5 minutes before cathodic potential
was applied. Maintaining a flow of CO, into the electrolyte during electrolysis was crucial
to achieving higher yields for carbonaceous products. No other method of liquid convection
was employed, all reactions were carried out at room temperate, 25+2 °C. Electrolysis was
carried out by setting the voltage at reducing potentials for a total of 35 minutes. Gas
headspace samples were taken from the cell using a gas-tight syringe for manual injection
into the GC sampling loop on the 5th, 20th and 35th minute. The electrolysis run was tem-
porarily stopped after gas sample injection and the ohmic drop re-measured before starting
the next segment. Running the segment up to the 20th and 35th minute was also repeated
in constant current mode where the current was fixed to the average measured in the first
5 minutes, this would yield consistent results to potentiostatic electrolysis. Each set of gas
phase product measurement was repeated at least three times, apart from the data point at
-0.64 V vs. RHE which was only carried out once. Liquid phase products were quantified at
the end of the 35 minute electrolysis run at a few selected potentials. Gaseous products were
quantified using Agilent 7820A gas chromatograph (Agilent Technologies, UK), equipped
with a thermal conductivity detector and flame ionization detector coupled to a methanizer.
A dual column set-up was utilized, HP-PLOT Q and HP-PLOT 5A (Agilent Technologies,
UK) for separation of hydrocarbons and permanent gases, respectively. Liquid phase prod-

ucts were quantified using Bruker AV-500 Nuclear Magnetic Resonance (NMR) Instrument.
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Full details of methodologies are available in Fig. S5 and the accompanying text.

2.4 Theoretical calculations

First-principles calculations were performed within the density-functional-theory (DFT') for-
malism employing the Vienna Ab Initio Package (VASP)3! with the Perdew-Burke-Ernzerhof
(PBE)?3? exchange-correlation functional. The long-range dispersion correction to the PBE
functional was introduced within the Grimme PBE-D3 approach.?® The plane wave ba-
sis set cut-off energy was set to 400 eV. Brillouin zone integration was performed using a
Monkhorst-Pack k-mesh of 4 x 4 x 1 and a Methfessel-Paxton smearing of 0.1 eV. Structural
optimizations were conducted until the atomic forces were less than 0.03 eV/A. Cu (100)
and (111) surfaces were considered in the simulations, as the two gave the most intense
XRD peaks in the copper foam samples. The surfaces were modelled using periodic slab
model employing a 3 x 3 surface supercell and 5 metal layers separated by a vacuum gap of
15 A. The solvation effect on CO dimerization in static calculations was accounted for by
adding two solvent water molecules. The most energetically favorable atomic configurations
of individual adsorbate pairs on the Cu surfaces were determined by running a series of ge-
ometry optimizations using different starting adsorption configurations and sites. Activation
barriers for the CO dimerization reaction were determined using the climbing image NEB
method.?* Atomic charges were analyzed by the grid-based Bader analysis algorithm,3® in
which the grid is obtained by decomposition of the charge density via static self-consistent

calculations for the optimized structures.

Ab initio molecular dynamics (AIMD) based simulations in conjunction with the Blue
Moon ensemble technique were carried out at the I'-point with explicit treatment of wa-
ter environment at room temperature. The vacuum gap was filled with 45 HO molecules,
equivalent to a water density of about 1 gem™. Free-energy differences between initial and
final states were calculated by integrating the averaged free energy gradients along the reac-
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tion coordinate, defined as the distance between carbon atoms of neighboring CO molecules
(Tocco). To drive the chemical reaction and generate a reaction path, we used the slow

growth technique with an increment of 0.0005 A /step. A set of windows along the reaction

oNOYTULT D WN =

pathway was selected for thermodynamic integration. Configurations in each window were
additionally equilibrated for 2 ps and simulations of 2-6 ps were carried out to collect and
average the force along the reaction direction. The averaged gradients and corresponding
free-energy profiles are presented later in the text. A similar computational scheme has been

previously applied to examine CO, reactivity on the Cu (100) surface.3¢

22 3 Results and discussion

25 3.1 Material characterization

28 Table 1:  Summary of electrochemically active surface areas of modified and unmodified
29 copper foams, with corresponding surface roughness factors and current densities obtained
from differential capacitance and COs electrolysis measurements respectively. Applied po-
32 tential difference: unmodified -0.98 V, poly(acrylamide) -0.96 V, poly(acrylic acid) -0.97 V,
33 and poly(allylamine) -0.96 V, all vs. RHE.

35 unmodified  poly(acrylamide) poly(acrylic acid) poly(allylamine)
36 Electrochemically active 8.55 £ 0.83 11.5 £ 0.59 8.42 +£ 0.94 44.8 £ 1.75

37 surface area (cmy)

38 Surface roughness factor 121 162 119 634

39 jgeometric (MAcm™2) 55.4 60 65.8 147

imosa (mAcm2) 0.458 0.37 0.553 0.232

50 pm,* .

53 Figure 1: SEM images of copper foam electro-deposited with A) no additive, B)
poly(acrylamide), C) poly(acrylic acid) and D) poly(allylamine)

59 9
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As shown in the SEM images in Fig. 1, copper foam electrodeposited without additives
have characteristic branching lamellar structures that have previously been reported.3"3®
Co-evolution of hydrogen bubbles cause a ‘soft templating’ effect where copper electrode-
posits sparsely, leaving large pores as microstructures grow without fusing together.3® 4% This
results in a significantly larger surface area being exposed to the electrolyte solution. The
electrochemically active surface area is estimated by differential capacitance measurements
in 0.1 M HC10,.%! However, we note that areas for modified foams are likely to be an under-
estimate as adsorbed polymer species may reduce the double layer capacitance from values
reported for a pristine surface (see Fig. S6 and Table S3 for full results and further discus-
sion). As shown in Table 1, copper foams deposited on a geometric surface area of 0.071
cm? has an electrochemically active surface area of 8.55 cm?, this corresponds to a 121-fold
increase in surface area. Despite utilizing electrodeposition conditions nearly identical to the
one reported by Dutta et al., the copper foam was not black but appeared a dull red color
similar to those reported by Sen et al. The color did not change even after exposure to air
for over 24 hours. The electrochemical surface area is also nearly double that reported by

Dutta et al., and the activity for CO, reduction is also different as will be discussed later.

Addition of poly(acrylamide), poly(acrylic acid) and poly(allylamine) changes the mor-
phology of the copper foams. Growth of hierarchical copper structures in the presence of
additives is a complex process which involves dendrite growth suppression by adsorption
of the polymer on the copper.*?*? Such additives may also affect soft templating by con-
trol of hydrogen bubble coalescence.* 4% The cited studies used different additives such as
poly(ethylene glycol), (NH4)2SO,4 and benzotriazole but report similar morphologies to those
in Fig. 1. Electrodeposited copper in the presence of poly(acrylamide) and poly(allylamine)
(Fig. 1B and 1D respectively) have more rounded and compact structures due to dendrite
growth inhibition via polymer adsorption. Addition of poly(acrylic acid) results in thinner

dendritic copper film which suggests a greater extent of copper growth suppression. It is im-
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Figure 2: A) Cyclic voltammograms recorded at 10mVs™ in 0.1 M NaHCOj3 with argon flow
at 40 mlmin! (grey A), with same rate of argon flow and 10 mM Ru(NHj3)sCl3 (blue o),
and 10 mM Ru(NHj3)sCl; without argon flow (orange ). B) Equivalent hydrodynamic flux
calculated from steady state reduction currents for Ru(NHj3)Cls under constant argon flow,
see Fig. S7 for full experimental results. Error bars show error from steady state current
measurements.

portant to consider the meso and micro-scale morphology of the copper foam, as it can affect
mass transport and pH conditions inside the material which can affect its catalytic activ-
ity and selectivity.*” Relative rates of mass transport in foam structures are quantitatively
gauged through voltammetry of redox probe Ru(NHj3)gCl3 under experimental conditions
identical to COs electrolysis but with CO, gas flow substituted with argon gas. The depen-
dence of peak cathodic current on the square root of scan rate in the absence of argon gas
flow shows that Ru(NHj3)Cls reduction is mass-transport limited (Fig. S7). When the elec-
trolyte solution is agitated by argon bubbling, a hydrodynamic pseudo-steady state current
is established (at 10 mVs™). The average diffusion layer thickness can be estimated from the
steady state current (L5 ), and from this the average hydrodynamic flux of the electroanalyte
is found from Dc/d in units of mols'em™, D is the diffusion coefficient of the electroanalyte
(cm?s), ¢ is concentration in (molem™) and § is the diffusion layer thickness in cm. As

shown in Fig. 2B, the average hydrodynamic flux (in the limit of 1-D mass transport) across
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four different foam materials fall within a similar range (full details can be found in Fig. S7).
Hence, despite the difference in material morphology, similar mass-transport conditions are

established in the electrolyte by bubbling gas at a fixed rate of 40 mlmin™.

Cu 2p,
[Cu (0)/Cu o

(A) N (1s) (B) Cu (2p)

Cu2p,,
[Cu (0)/Cu ()] é

(Iv) @i —a PoCu(l) Culp,, §§
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i) e . :
(i) — :L.\_j
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Figure 3: Ex-situ X-ray photoelectron spectra of A) N(1s) and B) Cu(2p) regions. C)
Ex-situ grazing angle synchrotron X-ray diffractograms. Copper foams electrodeposited
with i) no additive, ii) poly(acrylamide), iii) poly(acrylic acid) and iv) poly(allylamine). v)
polycrystalline copper.

X-ray photoelectron spectra of the copper surface in Fig. 3A reveals the presence of ni-
trogen only for copper foams electrodeposited with poly(acrylamide) and poly(allylamine).
Post-electrolysis XPS measurements in Fig. S8 show that nitrogen peaks remain unchanged,
indicating that the amines are stable during electrolysis. The presence of both copper metal
and copper oxide in the Cu (2p) and Cu LMM spectra (Fig. S8) implies that the surface ox-

ide layer is present at nanometer scale thickness (XPS probing depth). Electrodeposition of
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copper in acidic conditions yields Cu(0),%® but the surface can be readily oxidized by contact
with air or water to form a shell of oxides. EDX analysis in Fig. S9 (which probes a depth of
microns) shows that oxygen and nitrogen are present in lower concentration when compared
to XPS data. While it is known that electrodeposition additives can deposit between grain
boundaries that permeate the bulk material, in the case of nitrogen, XPS data shows it is
5-8 times more concentrated when compared to EDX data. This suggests that polyamines
are not homogeneously deposited in the bulk copper structure but adsorbed on the surface.
Qualitative comparisons of the ex-situ grazing angle synchrotron XRD data in Fig. 3C shows
that unmodified copper foam has the thickest layer of CupO, with a Cu (111) : Cup0 (110)
peak ratio of 1 : 0.73, which is significantly larger than for polymer modified foams which
has a ratio of around 1 : 0.1. This may suggest that adsorbed polymers suppress forma-
tion of copper oxides, as reported for various modifiers and electrodeposition additives such
as octadecylamine and cysteine.?%%! All copper foams are poly-crystalline and have peaks
corresponding to CupO. The relative intensity for Cu (111) : Cu (200) are similar for all
copper foams at 1 : 0.44. Cu (111) : Cu (220) ratio is highest for unmodified copper at 1
: 0.5, while all modified foams has as a ratio of 1 : 0.3. Cu (111) : Cu (311) peak ratio is
consistent across all foams at 1 : 0.3. The similarities in crystalline phase distribution in
modified copper foams suggests that the polymer additives do not adsorb onto specific sites

for preferential inhibition of crystalline phases.

3.2 COg electrolysis

As shown in figure 4, unmodified copper foam produces ethylene with a faradaic efficiency of
13%, which is significantly higher than the 2% previously reported by Sen et al.'® Sen satu-
rated the electrolyte prior to electrolysis but did not have a constant flow of CO, agitating
the solution. Preliminary experiments on unmodified copper foams under similar conditions
(without constant flow of COs) yielded similar levels of hydrocarbons (Fig. S10). As the
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mEthylene ®Methane ®Ethane ®CO #H,
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Unmodified  P-Acrylamide P-Acrylicacid P-Allylamine

Figure 4: Bar chart of faradaic efficiencies of copper foams modified with additives for CO,
reduction. Electrolysis carried out in 0.1 M NaHCOj3(,q) at ca. -0.96 V vs. RHE for 35
minutes. See Table 1 for current densities and applied potentials. Error bars show + 1
standard error.

total faradaic charge passed equates to only a small fraction of the total CO, dissolved in
the electrolyte, this suggests that maintaining high rates of mass transport of COs to the
electrode surface is crucial to achieving higher faradaic efficiencies for hydrocarbons, this was
also noted by Kuhl et al. for copper foil electrodes.?® Copper foam deposited in presence of
poly(acrylamide) results in the faradaic efficiency for ethylene doubling to 26%. To the best
of our knowledge, this results in the highest reported partial current density for hydrocar-
bons at 21.2 mAcm™ at -1.05 V vs. RHE for catalysts based in aqueous sodium /potassium
bicarbonate electrolyte. The increase in selectivity for hydrocarbons on poly(acrylamide)
modified copper cannot simply be attributed to mass transport of CO,, given that mass
transport conditions in poly(acrylamide) modified copper foam is estimated to be similar
to unmodified foam based on earlier discussion related to Fig. 2. Poly(acrylamide) modi-
fied copper foam exhibits slightly lower COs electrolysis current density (ECSA normalized)
than unmodified foam (see Table 1). Assuming that a proton is consumed for every electron
transferred, the surface pH is expected to be higher on unmodified copper foam under CO4
electrolysis conditions. This should favor higher selectivity for ethylene based on pH effects
studied by Gupta et al.,” but this is not what is observed in experiments. While modification
with poly(acrylic acid) shows a slight enhancement in faradaic efficiency, the performance of

the electrode decays rapidly as a function of electrolysis time (Fig. S11). Poly(allylamine)
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almost completely inhibits CO5 reduction in favor of the hydrogen evolution reaction. This
also cannot be explained purely based on pH or mass transport effects, but is likely to be
a chemical effect from the adsorbed polymer, similar to Hori’s observation of the inhibitory

effect trimethylamine had on copper electrocatalysts. 53
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Figure 5: A) Geometric current densities of copper foam unmodified and modified with
poly(acrylamide), B) Initial segment of the chronoamperogram of CO, electrolysis on un-
modified copper foam in 0.1 M NaHCOj at varying potentials, C) Faradaic efficiency versus
applied potential for unmodified copper foam and D) same as C but for copper foam modified
with poly(acrylamide). See Fig. S12 for error bars.

A broader range of potentials are studied to further investigate the enhancement of
faradaic efficiency caused by poly(acrylamide) modification. The faradaic efficiency for car-
bon monoxide on unmodified copper foam starts off at 23% and decreases to nearly zero at
more negative potentials following a similar trend to that of copper foil as benchmarked by
Kubhl et al.®? Formate is produced at faradaic yields similar to copper foil at ca. 20%, but it
starts to decrease at an earlier potential of around -0.7 V vs. RHE (compared to -0.9 V for
copper foil). Hydrocarbons also follow a similar trend up to -0.98 V vs. RHE except with
the geometric current density being much higher (at 55 mAcm™ compared to 1.9 mAcm™ for

copper foil). Ethylene evolution is observed before methane and the faradaic efficiency is also
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at similar values of 13% for ethylene and 4% methane at -0.98 V vs. RHE. The trend breaks
at -1.08 V, where there is a decrease in faradaic efficiency to 8% for ethylene, and methane
only slightly increases to 4.5%, whereas copper foil performs with faradaic efficiencies of
21.4% and 30% for ethylene and methane respectively. The observed difference in selectivity
at -1.08 V vs. RHE may arise from COy mass transport limitations at high current density
(of 88 mAcm™), as opposed to intrinsic selectivity of the foam electrode. To achieve the
same faradaic efficiencies for hydrocarbons at 88 mAcm2, CO, flux to the electrode surface

2. This is equivalent to the flux generated by a disc electrode

must reach 50 nmol stcm”
rotating at 470 rpm, using the Levich equation® (Ccoz = 0.0341 M and Dcoaaq) = 2 x 107
cm?st) kinematic viscosity = 0.0102 cm?s!). Given the flux of gaseous products coming out
of the porous copper foam below -1.0 V (which is high enough to distort chronoamperomet-
ric measurements as shown in Fig. 5B), mass transport of COy into the pores is likely to
be impeded. This results in the increase of hydrogen evolution at more negative potentials
compared to copper foil electrodes. Ethanol and n-propanol follows a similar trend as on
copper foil but the faradaic efficiency for ethanol is significantly lower at 2% whereas on
foil just under 10% is reported. Unlike copper foil, foam also produces a small amount of
ethane (less than 2%). A recent study found that mesopores (2-50 nm) can favor ethane
as the dominant product as its isolated environment offers different pH and intermediate
dwell times compared to larger pores and open surfaces.® This may also explain why the
ethane yield does not increase upon increased mass transport of CO5 as mesopores may be
shielded from solution convection (see Fig. S10). This is in contrast to ethylene and carbon

monoxide, suggesting that these products predominantly form on different copper sites that

can benefit from the increased mass transport of COs.

The increase in geometric current for poly(acrylamide) modified copper foam compared
to unmodified foam as shown in Fig. 5A is expected with the increase in electrochemically

active surface area. The faradaic current may not scale linearly with surface area due to
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significant diffusion layer overlap in porous films. The largest change in product selectivity
from poly(acrylamide) modification can be observed for ethylene which reaches a maximum
faradaic efficiency of 26% at -0.96 V (vs. RHE), this is double that of unmodified copper
foam. The faradaic efficiency for ethanol also doubles, though this is still at only 4%. There
is also a slight increase of CO from 23% on unmodified to 29%. Faradaic efficiencies for
ethane, n-propanol and hydrogen remain similar while there is a slight decrease in methane
production. Longer duration electrolysis experiments (shown in Fig. S11) shows that the
faradaic efficiency for hydrogen increases up to 55% for unmodified copper after 1 hour at -
0.98 V vs. RHE, whereas poly(acrylamide) modified copper remains at a stable value. While
the magnitude of faradaic efficiencies is different, the trends appear to remain similar. Due
to the high gas flow rate chosen for optimal mass transport, the limit of quantification at
more positive potentials (lower current) is rather high, which makes accurate determination
of onset potentials difficult (see Fig. S13). However, the increased selectivity for Cy products
here is noteworthy. This cannot be explained by mass transport or pH effects, and given that
the distribution of crystalline phases in all copper foams are similar, additional factors need
to be considered to account for the enhanced catalytic kinetics. The following sections will
consider i) presence of oxide derived copper, and ii) stabilization of reaction intermediates

by functional groups on the polymer.

3.3 In-situ synchrotron XRD

In-situ XRD measurements in Fig. 6 show that the Cu,O peaks decay as a function of
applied (reductive) potentials, and disappear completely at COs electrolysis conditions. The
decay of the CuyO (110) peak appears to be independent of the additives used to modify
the copper. Ren et al. reported similar trends of rapid copper oxide reduction under COq
electrolysis conditions using in-situ Raman spectroscopy.®® Kas et al. also reported that no
carbonaceous products could be detected using online mass spectrometry on copper oxide
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Figure 6: In-situ grazing angle X-ray diffractograms of copper foams modified with A) no
additive, B) poly(acrylamide), C) poly(acrylic acid), and D) poly(allylamine). Copper foams
were immersed in aqueous 0.1 M NaHCOj3 saturated with CO,, all potentials reported vs.
RHE.

surfaces.? While the presence of residual amorphous surface oxides under CO, electrolysis
conditions cannot be discounted based only on the in-situ XRD data, current evidence sug-
gest that oxides are unlikely to be the active material responsible for the enhanced catalysis
of CO, reduction. Studies on surface adsorbed copper corrosion inhibitors speculate on the
presence of Cu' species stabilized by coordination with the adsorbed inhibitor.?%?157 We
cannot discount the presence of such complexes on modified copper foam. However, it is
difficult to rationalise the enhanced kinetics of CO5 through such surface species as the sta-
bility of Cu™ is dependent on coordination to the inhibitor, which makes it unavailable for

binding CO5 reduction intermediates.

The uppermost diffractogram in Fig. 6B, recorded at open circuit potential one hour af-
ter complete reduction of oxides, shows that metallic copper readily oxidizes to CusO when
exposed to electrolyte solution. Freshly prepared and dried unmodified copper foams had
the most intense XRD peak for Cu,O relative to metallic copper, but it$ catalytic selectivity
for CO5 reduction products was similar to metallic copper foil. The black copper foams
recently investigated by Dutta has very different selectivity for CO5 reduction with faradaic
efficiencies of 30% for ethane and 20% for ethylene at -0.9 V vs. RHE, and complete sup-
pression of methane formation.?® Dutta attributes the difference in product selectivity to

copper oxidized by room-temperature air, which reduces to oxide derived copper in-situ un-
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1

2

2 der COy electrolysis conditions. While increase in selectivity for ethane up to 10% faradaic
Z efficiency has previously been reported for oxide derived copper catalysts, this was achieved
; by electrodepositing oxides in highly basic copper sulfate solution with lactates additives,?!°
?O treating copper foil with oxygen plasma,®® or heating at 300 °C for 30 minutes or longer or
:; at higher temperatures.” Such treatment would typically result in Cu,O films that is esti-
12 mated to be around 1-3 microns thick assuming bulk density for Cu,O. While there is some
12 debate over the precise chemical nature of the active phase in oxide derived copper,?®”° the
1; heat treatment study by Li et al. found a systematic increase in the yield of carbonaceous
;g products with the initial thickness of CuyO layer. The cited studies also found that there
;; was a significant shift in CO onset potential 0.2 V more positive compared to metallic copper
;i (the whole faradaic efficiency vs. potential plot appears to shift). In the case of thermal
;2 annealing and plasma treatment, onset potential of ethylene also shifted 0.1 V and 0.25 V
;é more positive, respectively. Given that the oxide layers on both modified and unmodified
;g copper foam studied here are estimated to be nanometers thick (based on XPS data), and
g; the trend of CO and ethylene evolution has not changed significantly, the enhancements in
gi catalytic activity observed from poly(acrylamide) modified copper compared to unmodified
22 is not consistent with copper oxide derived catalysts.

37

38

39

40

41 3.4 Density functional theory calculations: effect of adsorbed poly(acrylamide
42

43 . . . . . .

44 We consider the effect of adsorbed polyamines by investigating unmodified copper foam that
45

46 is dip-coated in poly(acrylamide) after electrodeposition for CO, electrolysis. As shown in
47

48 Fig. 7, the modification results in an enhancement in selectivity for Cy electrolysis products
49

50 that is very similar to the results obtained for copper foams electrodeposited in presence
51

52 of poly(acrylamide). As the dip-coating procedure is carried out in ambient pressure and
53

54 temperature, the distribution of crystalline phases and level of oxides present on the copper
55

56 foam is expected to be unchanged. With nearly identical structural morphology and reac-
57

58
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Figure 7: Bar chart of faradaic efficiencies of copper foams for CO, reduction. Electroly-
sis carried out for 35 minutes in 0.1 M NaHCOj3(,q). Copper foam with no additive (55.4
mAcm™ at -0.98 V), poly(acrylamide) electrodeposition additive (60 mAcm™ at -0.96 V),
poly(acrylamide) dip-coated (50.4 mAcm™ at -0.99 V) and poly(acrylamide) electrodeposi-
tion additive but with nitrogen flow (70 mAcm™ at -0.95 V), all vs. RHE. Error bars show
+ 1 standard error.

tion conditions, pH is also expected be similar under electrolysis conditions. This strongly
suggests that the enhancement in CO, reduction products is due to the presence of the
poly(acrylamide) group on the electrode surface. Control experiments with poly(acrylamide)
modified copper foam where nitrogen gas is flowed through the cell during electrolysis instead
of COs yields only hydrogen gas, which unambiguously shows that the observed carbona-
ceous products are due to enhanced CO, reduction kinetics as opposed to contamination

effects or polymer degradation.

A series of first-principles simulations are carried out to obtain insights into the chemical
and electronic effects poly(acrylamide) modification offers copper for improved selectivity to-
ward Cy products. Static DET calculations show that acrylamide (CH3-CO-NH;) monomer
strongly binds to the copper surface via the oxygen atom of the CO group. Specifically, the
energies for acrylamide monomer are -0.42 ¢V and -0.47 ¢V on Cu (100) and Cu (111) surfaces,
respectively. The binding energy of acrylamide oligomer (CH-CO-NH,), are computed to
be even higher, at -2.05 eV and -2.32 eV for the Cu (100) and Cu (111) surfaces, respectively.

Thus, both surfaces are expected to be partially covered by acrylamide oligomer, while va-
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cant surface sites are available for CO, adsorption and subsequent reduction reactions. The
adsorption and inhibitive effect of poly(allylamine) which does not contain carbonyl groups

must follow a different mechanism, possibly adsorbing on copper through the nitrogen atom

oNOYTULT D WN =

and enhancing the hydrogen evolution reaction by acting as a proton shuttler. 162
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46 Figure 8: Free energy gradients (left-hand scale) and corresponding free energy profiles (right-
hand scale) for the CO dimerization reaction on unmodified and poly(acrylamide) modified
49 Cu (100) surfaces as obtained from AIMD based Blue Moon ensemble simulations. IS and
50 FS stands for initial and final states, respectively. The distance between carbon atoms of
51 neighboring CO molecules (roc.co) is used as a reaction coordinate. Only two nearest HyO
52 molecules are shown, while the remaining solution HoO are omitted for clarity.

56 Prior investigations suggest that CO dimerization is the key step leading to the forma-
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tion of Cy products.?%:5365 Here, we model CO dimerization with and without acrylamide
molecules on the copper surface. It was previously shown that explicit treatment of the sol-
vent could impact the dynamics and kinetics of various CO, conversion reactions. % Here, ab
initio molecular dynamics (AIMD) simulations in combination with the Blue Moon ensemble
approach is used to accurately evaluate the activation barriers of CO dimerization reaction
in an explicit water environment at room temperature. A similar computational approach

was previously applied to examine CO, reactivity on Cu (100).3

Fig. 8 shows the free-energy profiles for CO dimerization over the Cu (100) surface
with and without acrylamide oligomer. The presence of acrylamide on the surface results
in a 0.06 eV decrease of the dimerization activation barrier and stabilization of the formed
dimer by almost 0.2 V. We note that the position of CO molecules on Cu (in solution at
room temperature) may vary and should also depend on CO surface coverage. Additional
static CNEB calculations show that if both CO molecules are placed at the bridge posi-
tions on Cu, this leads to a more pronounced decrease of the activation barrier (0.18 V) for
the acrylamide modified copper surface, compared to the AIMD based results (Fig. S14).
Overall, the computed activation barriers of CO dimerization on unmodified Cu (100) are
found to be in agreement with previous studies that reported values ranging from 0.33 eV
to 0.69 eV depending on the employed model.36:636466 CNEB calculations also show that
Cu (111) surface has a larger barrier for CO dimerization even in the more favorable case of
acrylamide-modified Cu (111) at ca. 0.6 eV, thus the Cu (100) facet should exhibit higher
efficiency for ethylene formation. This is in agreement with previously reported experimen-
tal,'1'2 and theoretical studies,® hence the observed increase in ethylene production is

mainly attributed to the activity of the Cu (100) facet.

Bader charge density analysis shows that adsorption of acrylamide oligomer on the Cu

(100) surface activates the adsorbed CO molecules through modification of the surface po-
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tential. Specifically, modification of Cu with poly(acrylamide) causes the surface charge to
become more negative by 0.21e compared to the unmodified surface. As indicated by the elec-
tron density difference map in Fig. S15, co-adsorption of two CO molecules with acrylamide
oligomer leads to charge transfer from the surface to the adsorbed CO molecules (0.11e on
each) causing hybridization. This facilitates dimerization with a lowered activation barrier.
A similar effect was observed by Ogura and co-workers who demonstrated that copper mesh
electrode modified by copper(I) halides (CuBr, CuCl or Cul) increased the faradaic efficiency
of ethylene formation compared to pure copper mesh due to the adsorption of halide anions
on the surface.%"% We also note that the -NH, group on the oligomer contributes to the

stabilization of the dimer by H-bonding.

Our calculations also reveal that oligomer modification of the Cu (100) surface not only
decreases the activation barrier of CO dimerization, but also facilitates the adsorption of
CO molecules in the vicinity of the oligomer (binding energy of -0.98 €V without and -1.25
eV with the oligomer). This should lead to higher concentrations of adsorbed CO on copper
close to acrylamide oligomers, which can also contribute to enhanced dimerization.%% All
three stabilizing effects from the polymer identified by theoretical simulations are localized
effects, hence cannot be mediated by trace additives that may be embedded in the bulk
material. The decrease in CO dimerization barrier and increased local coverage of CO of-
fered by poly(acrylamide) adsorption on the copper surface help explain the increased yield
of ethylene observed in experiments. This also sheds some light on the case of poly(acrylic
acid) modified copper, where an initial increase in faradaic yield for ethylene of 19% at -0.97
V vs. RHE was observed (see Fig. S11). Given the similarities in chemical structure with
poly(acrylamide), the above mentioned effects may also play a role in enhancing kinetics of
ethylene formation. But with poly(acrylic acid), the -OH group is deprotonated (pK, = 4.5)
hence the stabilization effect from hydrogen-bonding interactions is absent. The proposed

mechanism for enhanced catalytic kinetics presented here contrasts from previous work by
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Xie et al. on amino acid (monomer) modified copper, where -NH3™ species were consid-
ered as the active functional group stabilizing COs reduction intermediates via ‘a strong
hydrogen-bond like interaction’. Given that the surface of the copper electrode during COq
electrolysis is expected to be in the pH region of 9.8-10.8 (depending on current density),
the amine group on glycine with a pK, of 9.6 is unlikely to be protonated. This work also
differs as polymers were studied instead of monomers, further work needs to be carried out

to understand the effect of polymer chain length.

4 Conclusions

In summary, modification of the copper foam surface with poly(acrylamide) doubles the
faradaic yield of ethylene with high geometric partial current density for hydrocarbons

(>20 mAcm™). Poly(acrylic acid) also shows a similar effect that is short lived, whereas

Page 24 of 36

poly(allylamine) completely inhibits CO, reduction. DFT calculations reveal that poly(acrylamide)

adsorbs on copper via the oxygen on the carbonyl groups, and enhances the efficiency of ethy-
lene formation by i) charge donation to the copper surface that activates CO for dimerization,
ii) chemical stabilization of the CO dimer (a key intermediate for Cy products) by hydrogen-
bond interactions with the -NHy group, and iii) facilitating the adsorption of CO molecules
near the polymer, increasing local surface coverage. Further enhancement of ethylene for-
mation should be achievable with porous copper catalysts rich in Cu (100) crystals, high
CO4 mass transport in the pore structure, and modification with poly(acrylamide). Due to
fundamental limits with optimizing multi-step electron transfer reactions on catalysts with
non-optimal ‘scaling relations’ between reaction intermediates, it is envisioned that the next
generation of heterogeneous CO, reduction catalysts will host multi-point binding sites as
ubiquitously found in nature (i.e. enzymes with 3D active sites). Poly(acrylamide) modified

copper demonstrates such a case, where the adsorbed polymer activates and stabilize reac-
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tion intermediates through novel mechanisms proposed in this study.
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