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Grazing Incidence X-Ray Diffraction: Identifying the Dominant
Facet in Copper Foams that Electrocatalyze the Reduction of
Carbon Dioxide to Formate

Steven T. Ahn,? Sujat Sen,2¢ and G. Tayhas R. Palmore®b*

Copper foams have been shown to electrocatalyze the carbon dioxide reduction reaction (CO,RR) to formate (HCOO~) with
significant faradaic efficiency (FE) at low overpotentials. Unlike the CO,RR electrocatalyzed at copper foils, the CO,RR
electrocatalyzed at porous copper foams selects for HCOO™ essentially to the exclusion of hydrocarbon products. Formate
is an environmentally friendly organic acid with many applications such as food preservation, textile processing, de-icing,
and fuel in fuel cells. Thus, HCOO- is an attractive product from the CO,RR if it is produced at an overpotential lower than
that at other electrocatalysts. In this study, grazing incidence X-ray diffraction (GIXRD) was used to identify the dominant
surface facet of porous copper foams that accounts for its selectivity for HCOO™ during the CO,RR. Included are data from
the CO,RR at different temperatures using copper foams as the electrocatalyst. Under optimal reaction conditions at 2°C,
the FE for converting CO, to HCOO- at Cu foams approaches 50% while the FE for hydrogen gas (H,) falls below 40%, a
significant departure from that obtained at polycrystalline Cu foils. Computational studies by others have proposed (200)
and (111) facets of Cu foils thermodynamically favour methane and other hydrocarbons, CO, HCOO- from the CO,RR. Results
from the GIXRD studies indicate Cu foams are dominated by the (111) facet, which accounts for the selectivity of Cu foams

toward HCOO- regardless of temperature used for the CO,RR.

Introduction

Electrochemical conversion of CO, into higher value products
such as liquid fuels (e.g., formic acid) or chemical intermediates
(e.g., CO, CH,CH,)* 2 for integration with downstream chemical
reactions is an attractive approach to CO, utilization in carbon
capture, utilization, and storage (CCUS).3-> Formic acid (HCOOH)
is an appealing target because of its many applications including
its use in direct formic acid fuel cells (DFAFCs).> 7 Sustainable
production of HCOOH is a key obstacle to the development of
DFAFCs. DFAFC technology coupled with direct air-capture and
electrochemical conversion of CO, to HCOO™ has the potential
to establish a carbon neutral cycle where renewable energy is
stored via the CO,RR and released via reverse reaction.®

Hori et al. screened the CO,RR at several planar polycrystalline
metals at 18.5(5)°C.° Copper (Cu) was found to produce
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hydrocarbons such as ethylene (C,H4) and methane (CH,) while
all other metals produced almost exclusively HCOOH and CO
along with H, from the reduction of water — all two-electron
reduction products. Azuma et al. compared product selectivity
of CO,RR on several metals at two temperatures: 0°C and
20°C.10 Faradaic efficiencies for formate (HCOO-) generally
increased with lower temperature regardless of product
selectivity observed at room temperature (RT). Polycrystalline
Cu however, exhibited a shift in FE from C,H; and HCOO~to CH,4
and CO at lower temperatures. Hori et al. also observed a similar
shift in product selectivity!! and this shift was confirmed in a
recent study.!?

One of the earliest mechanistic studies on the electroreduction
of CO, at Cu confirmed that the HCOO* intermediate is favored
on the Cu (111) facet.?® Further supporting these conclusions is
the more recent study in which the authors concluded that on
Cu(111) “the Eley-Rideal reaction via proton-electron transfer
may be more favorable during initial CO, electroreduction into
CO through intermediate COOH, whereas chemisorbed CO,
reacting with a surface-adsorbed H into HCOO- via Langmuir-
Hinshelwood mechanical is more facile to occur.”** Importantly,
HCOO- is kinetically favored (lower transition state energies)
over CO formation.

Nanostructured metals often exhibit unique electrocatalytic
properties compared to their corresponding bulk form.»> We
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have reported studies on the CO,RR at both nanostructured Cu
foams?® and nanostructured foils Cu.” Compared to Cu foils, the
selectivity for HCOO~ was enhanced at Cu foams while the FE
for CO, CH4, and C,H4 was suppressed. We proposed the CO,RR
at Cu foams followed a mechanistic pathway that proceeded
through an adsorbed formate (HCOO*) while the mechanistic
pathway through an adsorbed carboxyl (*COOH) and
subsequent adsorbed CO (*CO) was suppressed.

In this study, grazing incidence X-ray diffraction (GIXRD) is
shown to be a valuable method for identifying the dominant
facet present in three-dimensional porous structure such as a
Cu foam. By identifying the dominant facet in these porous
electrocatalysts, we can confirm that HCOO™ is produced at Cu
foams via an adsorbed formate (HCOO*) pathway to the
exclusion of C,, products such as CH; and C,H, even at different
temperatures. We show that GIXRD is a reliable method for
probing surface faceting of as-prepared electrodes that
eliminates signal from any underlying substrate such as
polycrystalline Cu, Cu cubes?® or current collector (e.g., carbon-
supported Cu nanoparticles).?®

Experimental
Chemicals and Equipment

Copper sulfate pentahydrate (CuSO, ® 5H,0, 99.98%, Fisher
Scientific), sulfuric acid (H,SO4, 98%, Fisher Scientific),
potassium bicarbonate (KHCOs;, 2>99.95%, Sigma Aldrich),
carbon dioxide (CO,, 99.995% laser grade, Praxair), and nitrogen
gas (N,, 99.999%, Corp Brothers) were used as received.
Electrodes were fabricated from copper foil (0.25 mm thickness,
99.9%, Goodfellow). Deionized water (18.2 MQ, Milli-Q water
purification system) was used for all solutions and pH was
measured using a Fisher Scientific Accumet Basic AB15 pH
meter equipped with a pH/ATC electrode. Contact angle was
measured on a Ramé-hart 100-25-M goniometer. 1D 'H nuclear
magnetic resonance (NMR) spectra were recorded on a Bruker
Avance DRX400 (400 MHz) spectrometer. Gaseous products
were analysed using a Buck Scientific 910 gas chromatograph
(GC) in the Multiple Gas #3 configuration with automated
sample loop. Copper foam electrodes were prepared as
previously described!® 20 using an electrodeposition time of 10
seconds unless otherwise indicated.

Structural Characterization

Copper foam electrodes were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). Powder and grazing incidence XRD
(GIXRD) were performed on a Bruker D8 Discover
diffractometer using monochromatic Cu-Ka radiation at 40 kV
and 40 mA. Powder XRD experiments utilized a LYNXEYE
detector and were performed at 26 steps of 0.01° and
acquisition time of 0.40 s per step. GIXRD experiments utilized
a scintillation counter and were performed at 26 steps of 0.01°
and acquisition time of 0.80 s per step. A LEO 1530 scanning
electron microscope (SEM) coupled with energy-dispersive
spectroscopy (EDS) was used to determine stoichiometry of the
Cu foams. High-resolution TEM (HRTEM) and selected area
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electron diffraction (SAED) were performed on a JEOL 2100F
transmission electron microscope also coupled with EDS.

Electrochemical Experiments

Electrochemical impedance spectroscopy (EIS), cyclic voltammetry
(CV), and controlled potential electrolysis experiments were
performed on a Princeton Applied Research VersaSTAT4-500
potentiostat. A Nafion 117 proton-exchange membrane separated
the two compartments of a gas-tight H-cell. The three-electrode
configuration included a working electrode of copper foam
electrodeposited onto a copper substrate, a counter electrode of
platinum gauze (99.9%, Alfa Aesar), and a leak-proof Ag/AgCl
reference electrode (+197 mV vs. SHE). All potentials are reported vs.
Ag/AgCl unless otherwise indicated. Catholyte and anolyte volumes
were 8 mL each and the headspace volume was ca. 24 mL (note:
minimizing headspace volume was not necessary as the cell was
connected directly to the sample loop of the GC and adequately
degassed (vide infra)). The electrolyte solution was 0.1 M
KHCO3/H,0, which was saturated with CO, at a flow rate of 30 mL
min~! for a minimum of 30 min prior to any experiments or
measurements. The absence of ambient air was confirmed prior to
any electrochemical experiments by monitoring the O, peak in the
thermal conductivity detector (TCD) channel of the GC (vide infra).

Product Analysis

Liquid products were analysed by 1D 'H NMR spectroscopy to
circumvent the need to remove electrolyte salts (KHCO3). Each 0.50
mL sample of catholyte was mixed with 25 pL of a D,0 solution
containing 10 mM dimethyl sulfoxide (DMSO) and 50 mM phenol
used as internal standards. A modified version of the WET procedure
(Bruker) allowed for suppression of the H,O solvent peak at ca. &
4.70.2* The WET procedure (modified or unmodified) is particularly
useful for measuring NMR spectra of samples in mixtures of D,0 and
H,0. The same acquisition parameters were chosen for all NMR
spectra, notably 64 scans for a clearer distinction between resonance
peaks and baseline noise.

Gaseous products were analysed on a GC equipped with both a flame
ionization detector (FID) and a thermal conductivity detector (TCD).
The headspace of the electrochemical cell was connected to the GC
sample loop, using CO; as the eluent stream carrier at 30 ccm. Before
arrival at the detectors, hydrogen (H,), carbon monoxide (CO), and
methane (CH,) were separated by a Molecular Sieve 13x column, and
all other C1-C6 compounds were separated by a Hayesep-D column.
Hydrogen was quantified on the TCD, while all the other species (CO,
CH,;, CyH; etc.) were passed through a methanizer before
quantification via the FID. A bubbler was then connected to the back
end of the loop to guarantee a gas-tight system. Gaseous products
were analysed after at least 60 min from the start of CO, saturation
to ensure adequate degassing of connections and at least three times
at random time points during electrolysis.

Temperature Control

The temperature of the electrolytic cell was controlled using a
circulating water bath (VWR 1160) taking care to prevent
contamination of the electrochemical cell. A jacketed beaker filled
with deionized H,0 was connected to the circulating water bath. The
electrolytic cell was sealed prior to immersion into the water-filled
beaker. The temperature inside the cell was confirmed against the
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temperature setting of the water bath using an ISO 17025 calibrated
probe thermometer (accuracy + 0.1 °C, Robo Traceable, Fisher
Scientific). This confirmation was done prior to any experiments or
measurements and after at least 30 min of saturation with CO,.

pH Measurements

The pH of a solution is temperature dependent. Although the
buffering capacity of the electrolyte minimizes any increase in pH, it
should be considered when calculating energetic efficiency (EE, see
supporting information). A combination pH/ATC electrode was used
to measure pH instead of a typical glass pH electrode because the
calculation of EE relies on accurate values of pH.

The standard Gibbs free energies of formation (AG®;) of CO,(g) and
HCOO~(aq) are -394.39 kJ mol~! and -351.00 kJ mol™%, respectively.??
Using these values, the standard potential of the reaction CO,(g) +
H*(aq) + 2e” - HCOO~(aq) is -0.22 V (vs. SHE) at pH 0 and 25°C?3 and
-0.63 V (vs. SHE) at pH 6.8 and 25°C. Potentials reported in this study
are referenced to the Ag/AgCl electrode (+197 mV vs. SHE), therefore
standard potentials and EE were calculated as follows:

Epgjagar=E°—1.98 x10™*-T-pH —0.197 (1)

Eag/ager” FE

EE = 5 vvsag/ag (2)

where E corresponds to the applied electrolysis potential (vs.
Ag/AgCl) and pH and temperature are measured values.

iR Compensation

Potentiostatic EIS was performed to determine solution resistance
(Rs).2% 25 Initially, EIS was measured from 1 MHz to 0.1 Hz at both
open circuit voltage and at -1.6 V (vs. Ag/AgCl) to determine a
frequency within the ionic and dipolar relaxation regime (ca. 10* to
107 Hz). For the system studied this value was 10 kHz.?®
Subsequently, the potentiostat was set to compensate for 100% of
R, and was monitored closely for system instability and/or
oscillations.2®

Results and discussion

Industrial-scale CO, conversion requires electrocatalysts that
are highly selective (i.e., achieve FEs close to 100%), produce
products that are self-separating (e.g., HCOO™ in solution phase
and H, in gaseous phase), and operate at high current densities
(ss. high production rates) at low overpotentials. The product
distribution and product selectivity for the CO,RR at dendritic
Cu foams (Figure 1) differ from planar polycrystalline Cu foils
notably with FEs shifting away from C,, hydrocarbons such as

CH,4 and C,H, at Cu foils towards HCOO™ at Cu foams (Table 1).16
18, 27-29
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Figure 1. SEM images of a Cu-foam electrode: (a) porous nature of
electrocatalyst, (b) dendritic structures within the pores, (c) cross-
sectional view that reveals the thickness of the electrodeposited foam.
TEM images of (d) a dendritic structure and (e) HR-TEM image of
multiple grains with arrow indicating a grain boundary (SAPD inset).

This journal is © The Royal Society of Chemistry 2022

The mechanistic pathway for CO, electroreduction initiates via
adsorbed intermediates HCOO* or *COOH and changes with
metal used (e.g., Cu vs. Sn) as well as the specific crystal facet
available (e.g., Cu(100) vs. Cu(110) vs. Cu(111) vs. stepped
Cu(211)). For example, the Cu(200) facet has been attributed to
the increase in HCOO~ production observed at Cu foams.'® On
oxide-derived Cu foams, Cu(200) and Cu(220) peaks are
prominent in the post-mortem XRD patterns.3° The intensity of
the Cu(200) peak was reported to be ca. 2.33 times greater (i.e.,
normalized intensity ratio 0.35/0.15) than that of the Cu(220)
peak. Several studies of the CO,RR on Cu cubes however, have
proposed instead that Cu(100) (an equivalent 200 facet)
preferentially yields C,H;, not HCOO-.'% 31 Electrodes were
examined by XRD before and after CO2RR at reducing potentials
Under these conditions,
formation of Cu,0 was not observed (i.e., Figure S1 is
representative of the Cu foams before and after CO2RR)

in aqueous electrolyte. in situ

GIXRD experiments

Conventional 620 (i.e., Bragg-Brentano) geometry for XRD
experiments has limited use on thin films of metal foams
because it is difficult to differentiate the contribution to peak
intensity by the metal foam from the underlying metal
substrate. Because the contribution of the underlying Cu
substrate to the XRD of Cu foams was not determined
previously,® 30 grazing incidence XRD (GIXRD)32-34 was used to
characterize unequivocally the dominant surface facets of Cu
foams (Figure 2 and Figure S2).

Detector counts (i.e., peak intensity) are shown on the left
ordinates of Figure 2a through Figure 2c to highlight the
differences between 8-206 XRD and GIXRD diffractograms. In the
GIXRD diffractograms, a small incidence angle (e.g., 1.0° or 0.5°)
limits the penetration depth of the X-ray beam and therefore
Bragg reflections come only from the surface of the sample,
which in this study is the Cu foam excluding the Cu substrate.
The intensity of the incoming beam however is increasingly lost
at smaller angles with corresponding decrease in detector
counts. Most of the incoming beam strikes the stage or
bypasses the sample. Detector counts for the GIXRD

Nanoscale, 2022, xx, x-x | 3



Pleasedo kT

ARTICLE

experiments correspondingly decreased as the incidence angle
decreased from 8.0° to 0.5° (Figure 2 and S2).*

The Cu(200) peak at 26 = 50.3° dominates the 6-26 XRD of the
polycrystalline Cu substrate (Figure 2a) whereas the Cu(111)
peak at 20 = 43.3° dominates the GIXRD of the Cu foam (Figure
2b and 2c). The ratio of Cu(200)/Cu(111) decreases from 3.78
(Figure 2a) to 0.33 (Figure 2b). The Cu(111) peak dominates the
diffractogram of the Cu foam even more in the 0.5° GIXRD
where the ratio of Cu(200)/Cu(111) decreases further to 0.23
(Figure 2c).

Because the Cu foam and Cu substrate have peaks at identical
locations in the XRD, the degree to which peaks from the
underlying substrate contribute to the total detector count in
the GIXRD is indeterminate. Consequently, molybdenum and
platinum were chosen as underlying substrates to Cu foams to
aid in the GI-XRD analysis. These two metals are poor catalysts

st margins
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for CO2RR,3°37 thus insuring that CO2RR only occurs at the Cu
foam layer when deposited on Mo or Pt substrates. Cu foams
were electrodeposited onto molybdenum (Mo) (Figure 3 and
S3) and platinum (Pt) (Figure 4 and S4) substrates to confirm
that peak counts in the GIXRD are due to the Cu foam
exclusively. Moreover, Mo and Pt substrates were chosen to
rule out the possibility of substrate-influenced epitaxial growth
of the Cu foam. Identical GIXRD were obtained regardless of
substrate, confirming that Cu foams electrodeposited on
different metals including Cu foils with other dominant
textures® 30 js the result of non-epitaxial growth. Results from
the GIXRD studies of Cu foams on different substrates
demonstrate that GIXRD can distinguish the contribution to the
total detector count from Cu foams and an underlying metallic
substrate.

Table 1. Conditions and results for electroreduction of CO, to HCOO- at Cu- and Cu,0-based electrocatalysts.

HCOO™ metrics

cathode . 7 N.B. reference
E (Vvs. Ag/AgCl) FE (%) EE (%) Joverall (MA cm™“)  Jpartial (MA cm’ ) T (°C)
Cu foam -1.3V 48(2) 29(1) -2.0 -1.0 2.0(1) this work
P4VP/Cu -1.3V 40(3) 19(1) ca.-0.7 ca.-0.3 NR? hybrid system 18
Cu cubes ca.-1.3V ca. 17 ca. 11 NR NR NR* optimized for C2Ha 9
Cu foam -13Vto-1.5V  34(6)to 37(2) 20(4)to 18.7(9) ca.-24toca.-40 ca.-08toca.-1.5 NR? see ESI
Cu flower -1.6V ca. 50 ca. 18 ca.-18 ca.-9.0 10 19
Air-annealed Cu 09V 33 249 ca.-2.7 ca. 0.9 NR“ FE for CO ca. 40% 20
“ NR = not reported, assumed 22 °C or room temperature (RT)
(a) 236 5 (b) 440 125 (c) 300 125
Polycrystalline Cu Cu foam on Cu foil Cu foam on Cu foil
Bragg-Brentano ——GIXRD 1.0° ——GIXRD 0.5°
la 41.00 11.00
27+ z 330 z 225 z
{3 g Jors g J0.75 S_
= 18} 5 o 220t B o« 150 2
2 2a 5 os0 a2 5 050 o
g Te B 172 3 1™ 2
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[Cu(111) Cu(200) Cu(220) Cu(31 !; Cu(111) Cu(200) Cu(220) Cu(EHJ- 0.00 [Cu(111)Cu(200) Cu(220) Cu(&ﬂ:- 0.00
40 50 60 70 80 90 40 50 60 70 80 20 40 50 60 70 80 90
20 (degrees) 20 (degrees) 20 (degrees)

Figure 2. (a) 6-20 (i.e., Bragg-Brentano) XRD pattern of a Cu substrate, (b) and (c) GIXRD patterns of Cu foams electrodeposited onto a Cu substrate,

with right ordinates normalized to intensity of the Cu(111) peak. Red labels identify the peaks for polycrystalline Cu (JCPDS 00-004-0836).

(a) 104 — . . 8 (b)y 72— ; r 8 (c) 620 r + : 1.25
Polycrystalline Mo Cu foam on Mo foil Cu foam on Mo foil
Bragg-Brentano —— Bragg-Brentano —— GIXRD 2.0° 00
78+ 6 Z 54t 16 z 465 -
9 9 ]
: ) Jo7s 8
X s2f 4§ X 36t Ja § & 310 o
£ g = 8 3 1050 3
o < o < O <
O 26f 22 O 18 {2 2 155 Z
2 2 l {025 £
o oy o
l B L s I o R W
Mo{110) Mo{200) Moi211) Mo(310) Mo(110) Ma(200) Mo(211) Mo(310) Cu(111) Cu(200) Cuf220) Cu(311) Cu(222) | "
40 50 80 70 80 90 100 40 50 60 70 80 90 100 40 50 60 70 80 90 100

20 (degrees) 20 (degrees) 20 (degrees)

Figure 3. (a) 6-20 (i.e., Bragg-Brentano) XRD pattern of a Mo substrate, (b) 6-26 (i.e., Bragg-Brentano) XRD pattern of Cu foams electrodeposited
onto a Mo substrate, and (c) GIXRD patterns for 8 = 2.0° of Cu foams electrodeposited onto a Mo substrate, with right ordinates normalized to
intensity of the Cu(111) peak wherever possible. Red labels identify the peaks for polycrystalline Cu (JCPDS 00-004-0836) and polycrystalline Mo

(JCPDS 00-004-0809).
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Figure 4. (a) 6-206 (i.e., Bragg-Brentano) XRD pattern of a Pt substrate, (b) 6-20 (i.e., Bragg-Brentano) XRD pattern of Cu foams electrodeposited

onto a Pt substrate, and (c) GIXRD patterns for 6 = 2.0° of Cu foams electrodeposited onto a Pt substrate, with right ordinates normalized to

intensity of the Cu(111) peak wherever possible. Red labels identify the peaks for polycrystalline Cu (JCPDS 00-004-0836) and polycrystalline Pt

(JCPDS 00-004-0802).

The diffractograms (8-26 XRD) of Mo and Pt substrates are
shown in Figure 3a and 4a, respectively. Diffractograms of Cu
foams electrodeposited onto Mo (Figure 3b) and Pt substrates
(Figure 4b) include the peaks corresponding to the respective
underlying substrates, which is expected for such a porous
material (Figure 1). Regardless of substrate used, peaks due to
the substrate disappear when the incidence angle is < 2.0°
(Figure 3c and 4c, Figure S3 and S4). For comparison, Figure 2b
and c show diffraction patterns of Cu foams deposited on Cu
substrates from GIXRD experiments performed at 1.0° or 0.5°
respectively, both of which exclude any contribution from the
underlying substrate to peak intensity.

Hori et al. observed that the FE for HCOO~ increased in the
transition from a Cu(100) surface to a Cu(111) surface via Cu(S)-
[n(100) x (111)] in step notation.3® Moreover, several
computational studies indicate that the most positive limiting
potential for the formation of HCOO~ on Cu electrodes occurs
on the Cu(111) facet via the HCOO* intermediate.3® 40 Thus,
GIXRD data of Cu foams indicates that preferential production
of HCOO™ at Cu foams is due to a surface dominated by Cu(111),
which favours the adsorbed HCOO* intermediate.

Crystallite size and porosity of Cu foams

Even though Cu(111) dominates the surface of Cu foams, the
size of Cu(111) and other crystallites is important to consider
because of the role of grain boundaries on the CO,RR.*!
Particularly relevant for Cu foams is the size of the crystallites
relative to the size of the dendrites and whether grain
boundaries are expected to affect product distribution and
product selectivity of the CO,RR. Crystallite size was estimated
from peak broadeningin the 1° and 0.5° GIXRD experiments and

the Debye-Scherrer equation:
KA
thl = Bpyicos 6

(3)
where Dy is the distance in the hkl direction, K depends on
crystallite shape (in this case, K=0.9), A is the wavelength of the
X-ray beam, By is the peak width at half height, and ¢ is the
Bragg angle. Based on the Cu(111) and Cu(200) peaks in Figure
2¢, the respective diameters were 39.8(9) nm and 28.4(9) nm,
both of which are smaller than the size of the dendrites within

the pores.

This journal is © The Royal Society of Chemistry 2022

Because the contribution to peak broadening from the
instrument is generally higher for the GIXRD vs. 8-26 XRD
geometry (e.g., due to a larger beam footprint),3* GIXRD data
has been argued to be unsuitable for use with the Debye-
Scherrer equation or Williamson-Hall analysis*? Crystallite size
was therefore confirmed from peak broadening in the 6-26 XRD
experiments of Cu foams electrodeposited onto Mo and Pt foils.
For the Cu(111) peak, the diameter of crystallites on the Mo
substrate was 41.3 nm and on the Pt substrate was 38.2 nm; for
the Cu(200) peak, the diameters were respectively 32.6 nm and
23.6 nm. The branch size is on the order of 100 nm (Figure 1d)
and therefore each branch comprises several crystallites (Figure
le).

A secondary benefit of using GIXRD to analyse Cu foams is being
able to determine the overall porosity of Cu foams vs. the
hierarchical porosity reported earlier.’® The attenuated
intensity shown in a diffraction pattern can be estimated by the
following equation:32

pu-d
f =1- exp sin a] (4)
where f is the attenuated intensity normalized to the beam
intensity, u is the linear absorption coefficient of the material, d
is thickness to be determined, and «a is the incidence angle in
radians. Based on an approximation that the contribution of the
metallic substrate to a GIXRD spectrum disappears when
attenuated intensity becomes 1/e of the beam intensity (i.e., f
= 1/e) 33 and using both an incidence angle of 2.0° and linear
absorption coefficient for Cu of 42 cm™ (at 40 keV) (vide
supra),*> 44 the thickness of a Cu foam is ca. 8.3 um (based on a
dense non-porous thin film). Because the Cu foams possess
hierarchical porosity where most of the volume is void space,
the actual thickness is ca. 56 um (see Figure 1c). The estimated
porosity therefore is ca. 85% (i.e., (56 um - 8.3 um)/56 um),
which is consistent with a packing efficiency of 91% for close-
packed pores in 2-dimensional space.

CO,RR at Cu foams vs. temperature and applied potential

Clathrate hydrates are a promising medium for CO, capture at
lower temperatures®> while amines are commonly used for CO,
capture at ambient temperatures. While an industrial process
for CCUS technologies might first release CO, via temperature
and/or pressure swing to ambient conditions before

Nanoscale, 2022, xx, x-x | 5
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electroreduction, examining the effect of electrolyte
temperature on product distribution and product selectivity can
inform optimal operating conditions for such a process.
Therefore, the CO,RR was performed at Cu foams at
temperatures ranging from 2°C (near maximum temperatures
for maintaining clathrate hydrates)*® to 42°C (near minimum
temperatures studied for CO, capture via
monoethanolamine).*”> 48 |n addition, because the limiting
potential for the HER on Cu(111) (-0.20 V vs. RHE) is slightly
more negative than the equilibrium potential for the
electroreduction of CO, to HCOO~ (-0.17 V vs. RHE),3° a working
potential of -1.30 V vs. Ag/AgCl (-0.71 V vs. RHE) was used to
optimize formic acid production relative to the HER (Figure 5).
Moreover, the current density (ss. reaction rate) at this
potential was more than two-fold higher than that at -1.2 V at
22.0(1)°C (Figure S5d).

The FE and EE for HCOO~ increased with decreasing
temperature (Figures 5a and 5b) and FE shifted away from H,

15t margins
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towards HCOO~. With the exception of polycrystalline Cu, this
shift in FE is consistent with the general trend observed on
various metals.’® While the FE for HCOO- is highest at 2°C
(Figure 5a), its rate of production (Figure 5d) is highest at 22°C.
At 22°C, the FE for HCOO™ at Cu foams was 28(1)% at -1.3 V
(Figure 5a and Figure S5c) and 37(4)% at -1.2 V (Figure S5c).
Other major products (i.e., those produced at > 5% FE) include
CO and H,. The amount of H, produced reflects the extent of
the competing hydrogen evolution reaction (HER). This product
distribution (i.e., HCOO-, CO, and H,) was consistent across the
temperature range studied. It is surprising that CH; and C,H, are
not produced at Cu foams at different temperatures (Table 2)
given these compounds as well as HCOO~, CO, and H, are
produced as major products at Cu foils under a variety of
reaction conditions.® 10, 25, 49-51
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Figure 5. Experimental data from electrocatalytic reduction of CO, at Cu foams at -1.30 V over a temperature range of 2.0(1) to 42.0(1)°C: (a) FE of
major products, (b) EE of HCOO-, (c) chronoamperograms vs. temperature, and (d) rates of production of major products.

Table 2. Faradaic efficiencies for major and minor products from controlled potential electrolysis at -1.3 V (vs. Ag/AgCl) at Cu foam electrodes.

o
Temperature (°C) pH _— o o6
20+0.1 6.58(1) 99.73+0.55 39.69+1.87 585+0.79
12.0+0.1 6.61(1) 10030+ 1.42 41.61+023 8.47+2.06
22.0+0.1 6.71(2) 101.37+£025 5477+1.92 595+0.63
32.0+0.1 6.82(2) 10041 £0.52 6225+444 534+1.68
42.0+0.1 6.92(0) 9839+0.28 80.73+0.64 3.01+1.19

Faradaic efficiency (%)

CHa C2Ha C2He HCOO CHsOH  n-C3sH7OH
trace” 057+042 1.05+0.52 4836+1.50 142+0.07 0.73+0.60
trace” 1.17+£0.08  131+024 4442+051 049+040 0.76+0.62
trace” 306+1.87 0.89+0.73 2841+0.74 249+0.14 159+1.59
trace” 228+0.66 556+1.03 1805+4.89 238+030 248049
trace” 050+0.11 235+047 753+0.00 1374018 0.62+0.50

¢ "Trace" denotes products that were quantified but consistently accounted for < 1% FE; values are omitted for clarity and to minimize over-

interpreting minor products
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Figure 6. (a) Cyclic voltammograms of five different Cu foam electrodes taken at different temperatures. Included in the legend are measured pH

values that are used in the conversion of potential vs. Ag/AgCl to RHE and to calculate EE (cf., Figure 5b). Experimental conditions were: 0.1 M

KHCO3/H,0 electrolyte saturated with CO,, 50 mV s~' scan rate, iR-compensated. (b) Arrhenius plot of In kycoo- vs. 1/T for determining the activation

energy for the formation of HCOO~ at -1.3 V vs. Ag/AgCl at Cu foam electrodes.

Small amounts (i.e., < 5 % FE) of C,, products such as ethane,
ethanol, and propanol form at Cu foams (Table 2), which has
been attributed to the retention of CO,RR intermediates within
the hierarchical porosity of  the nanostructured
electrocatalyst.2® 30 The absence of CH, product was surprising
given the highly roughened surfaces of Cu foams. The formation
of CH, is predicted to be more facile thermodynamically at a
stepped Cu(211) facet, which is used to model stepped, kinked,
and otherwise highly-roughened Cu surfaces.*® 52 Contrary to
other studies using roughened or nanostructured Cu,® 3053 the
surface of Cu foams is dominated by the Cu(111) facet, which
preferentially produces HCOO- (vide infra). The different
product distributions on Cu foams vs. Cu foils®* indicates that
not only electroactive area but also catalytic properties are
altered by the nanostructured pores of the Cu foams.

Notably, the rate of production HCOO~ on Cu foams competes
with the rate of production of H, below RT. This observation is
important because FE alone is an incomplete metric of an
electrocatalyzed reaction. For example, the electrocatalytic
reduction of CO, to CH,4 requires the transfer of eight electrons
and protons. In contrast, the electrocatalytic conversion of
protons from the electrolyte to H, requires the transfer of only
two electrons. Consequently, H, is produced four times faster
than CH4; on a per molecule basis for the same FE. Therefore,
the FE of CH; must be four times greater than the FE of H, for
these two production rates to compete equivalently during
electrocatalysis. The FE for CO remained < 10% across the
temperature range studied, which indicates < 10% of the
reaction follows the mechanistic pathway through adsorbed
*COOH (the pathway that leads to CO).>? This observation
further supports that the formation of HCOO~ at Cu foams
predominantly follows the mechanistic pathway that passes
through adsorbed HCOO*.

The onset potential for electrocatalysis shifts more negatively
as the temperature is decreased (Figure 6a). For example, the
onset potential shifted from ca. -0.95 V at 42°Cto ca. -1.21V at
2°C when measured at a current density of -2 mA cm=2. The
potential at ca. -0.95 V more likely reflects the onset potential
for the HER than the CO,RR because at higher temperatures the
HER dominates FE (Figure 5a) and the concentration of CO,
decreases in H,0 (e.g., 73 mM at 2°C vs. 21 mM at 42°C).>> %6

This journal is © The Royal Society of Chemistry 2022

The difference in concentration of CO, in H,O and in 0.1 M
KHCO3/H,0 is not trivial, notably that [CO,] in KHCOs/H,0
decreases with increasing bicarbonate salt concentration.>” As
expected, a parabolic trend in the rate of production of HCOO~
(Figure 5d) complicated a typical determination of temperature
dependence. However, when considering only rates of
production (i.e., reaction rates) below 25°C before the HER
dominates,>® the rate constants approximated the Arrhenius
relationship (Figure 6b). The activation energy for HCOO~ at -1.3
V was 35 kJ mol or 0.36 eV (compared to 50 kJ mol or 0.52
eV for H,). The formation of HCOO™ at the Cu(111) facet via the
HCOO* intermediate thermodynamically requires 0.33 eV.%0
The computational hydrogen electrode (CHE) model however,
is purely thermodynamic and assumes kinetic barriers of uphill
steps are minimal.>%> >° An experimental kinetic barrier is
therefore expected to be greater than the computational
thermodynamic requirement via the CHE model.

4 Conclusions

Developing electrochemical systems for use with carbon
capture, utilization, and storage requires that the
electrocatalysts deployed in these systems are highly selective,
capable of being fabricated at scale, and low cost. The product
distribution and product selectivity of the CO,RR at
nanostructured Cu foams differs from that obtained at
polycrystalline Cu foils, notably significant FEs for HCOO™ at low
overpotential with little to no CH4; or C,H,; produced. Grazing
incidence X-ray diffraction was used to determine the dominant
surface facet of Cu foams. Parameters for GIXRD experiments
typically performed on non-porous, thin films were adapted to
Cu foams to isolate its XRD pattern from that of the underlying
Cu substrate. The dominant facet on the surface of Cu foams
was determined to be Cu(111). Lower FEs for CO and a surface
dominated by Cu(111) facets support the formation of HCOO-
via the HCOO* intermediate at Cu foams.

The CO,RR at Cu foams was studied over a range of
temperatures (2°C to 42°C) chosen to reflect the operating
temperatures for current and promising CO, capture media.
Unlike that observed at polycrystalline Cu foils, the product
distribution at Cu foams was consistently HCOO~, CO, and H, at

Nanoscale, 2022, xx, x-x | 7
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all temperatures. The rate constants to produce HCOO™ at
electrolyte temperatures below the standard temperature
followed the Arrhenius relationship. The experimental
activation energy was ca. 0.36 eV, which is consistent with a
computational thermodynamic requirement of ca. 0.33 eV at
Cu(111) facets via the HCOO* intermediate. While the FE for
HCOO~ approached 50% at 2°C, the production rate, which
includes both FE and current density, was highest at 22°C.
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