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Abstract:

Pyrolyzing Cu(Il) precursors absorbed on carbon black gave an eletrocatalytic material for the
electroreduction of CO;. Controlled potential electrolysis and GC analysis revealed an unexpected
selectivity towards methane even in alkaline media, with a methane Faradaic efficiency as high as 42%,
a partial current density of 100 mA/cm? (at -1 V vs. RHE) and a methane/ethylene ratio of 4:1. XPS,
EXAFS, and EDX mapping results indicate a single-site Cu(I) center as the catalytically active site.
The limited size of the active sites is believed to be crucial for the preferential formation of methane

over ethylene.

KEYWORDS: CO: Electroreduction, Single-site catalysts, Copper, Methane



The atmospheric CO; concentration reached 400 ppm in the year 2016, for the first time since
recording began[1]. Global warming and resulting effects such as melting ice caps and increasingly
erratic weather patterns have been linked to the rapidly using atmospheric CO; levels.[2] Converting
CO:2 into useful molecules or materials has been proposed as a promising and potentially economically
feasible approach to reduce CO» emissions by using it as a feedstock for intermediates such as CO and
ethylene for carbon chemical and fuel production. [3, 4] The renewable electricity-driven
electroreduction of CO; could be one approach for CO; utilization, and has attracted great research
interest in recent years. However, challenges remain in seeking electrocatalysts with low cost, high
activity and desired selectivity. Depending on the catalyst used, the electroreduction of CO» produces
different combinations of C1 and C2 products, such as CO, formate, methanol, methane, ethylene,
ethanol, and acetate. [5-7] Moreover, the electroreduction CO> in aqueous media also competes with
the hydrogen evolution reaction (HER), as this reaction occurs at a similar reduction potential. The
choice of an electrode material or electrocatalyst will be crucial for producing different products,

ideally selectively.

Metallic Cu is one of the few electrode materials that prefers CO> reduction over the HER, and
the only one known to produce appreciable amounts of hydrocarbons upon CO> reduction.[8, 9]
Scientists have investigated a variety of copper-based electrocatalysts for CO2 reduction, from metallic
nanoparticles,[ 10-18] alloys and bimetallic composites,[19-27] oxides,[28-30] to molecular
complexes.[31-33] Recently, single-atom catalysts (SACs) attract great interest in electrochemical
energy conversion,[34, 35] yet not many copper-based SACs are reported. Use of bulk polycrystalline
metallic copper electrodes usually produces C2Ha,[9, 36-40] but some selectivity for methane was also
reported.[8] Changing the size,[12, 14] morphology,[15, 17, 41] or surface modification [42-44] of
metallic Cu can change product selectivity. Molecular Cu complexes tend to selectively produce CO in

non-aqueous solution,[31] yet uncommon products such as oxalate or methyl formate have been



reported as well.[32, 45] The choice of electrolyte, pH, and solvent also affects product

distribution.[39, 46]

With Cu-based electrodes or electrocatalysts, ethylene is usually the more preferred product
under alkaline conditions (high pH).[47] Despite the many reports, selective production of methane is
quite uncommon. Methane has been reported as the major product when electrolysis takes place at a
lower temperature such as 0 °C, yet its production is greatly suppressed as temperature increases.[9, 36]
Selective methane production has been reported on specific crystal faces of Cu single crystal
electrode,[48-50] a nano-Cu/glassy carbon catalyst,[11] polymer-supported Cu-Pd nanoalloys,[24] or
Cu-porphyrin complexes.[33] However, the preparation of these catalysts requires complicated steps,
making them hard to scale up. The current densities obtained were also limited due to small surface
areas of the material as well as low CO; solubility in the aqueous electrolytes used.

Herein we report a Cu-N composite catalyst embedded in a carbon matrix which is selective for
the production of methane via the electroreduction of CO». By using a gas diffusion electrode in a flow
cell setup, we achieved a partial current density of ~100 mA/cm? at -1 V vs. RHE for methane
production, which is among the highest for Cu-based electrodes and electrocatalysts.

The composite catalyst was prepared in a two-step procedure. First, copper perchlorate, 3-
amino-5-hydroxypyrazole (AHP), and carbon black (Vulcan XC72R) were mixed in a solution of
methanol and water (4:1 v:v) and stirred overnight. The mixture was then centrifuged, and then the
solid was washed, dried, and pyrolyzed at 400 or 600 °C under N> for 1 hour. Elemental analysis
revealed a weight percentage of Cu between 4.6% and 13.6% depending on the feed ratio of the Cu
source and carbon black (Table 1). PXRD analysis showed only a broad background signal associated
with graphitic carbon for the 400 °C sample, while after 600 °C pyrolysis characteristic peaks for
metallic Cu and Cu;O start to appear (Figure 1 and S1). TEM images of Cu-N-5%-400 further showed

no observable metal or metal oxide nanoparticles (Figure 1). These results indicate that no Cu metallic



or oxide particles formed during pyrolysis at 400 °C (a result strongly supported by EXAFS analysis
reported below), and that at higher temperature Cu metal starts to form.

Figure 2 shows the XPS spectra of the composites after pyrolysis. In the 400 °C material Cu-N-
5%-400, the Cu 2p12 and Cu 2p3.2 peaks appear at binding energies of 952.4 eV and 932.6 eV,
respectively, consistent with a Cu oxidation state of 0 or 1. The presence of low oxidation state Cu
species is not surprising in these composite materials due to the high temperature and inert atmosphere
during pyrolysis. Fitting the Cu 2p peaks uncovers a small contribution (17%) of Cu(Il) species, which
can be attributed to incomplete reduction or surface re-oxidation when exposed to air. The Cu LMM
Auger peaks appear at a kinetic energy of 915.5 eV that can be uniquely assigned to a Cu(I) species
(Figure S2). The unpyrolyzed precursor Cu-N-5%-RT, on the other hand, consists of a mixture of
Cu(I) and Cu(II) complexes as indicated by XPS (Table 2). The 600 °C material Cu-N-5%-600 shows
similar XPS spectra as the Cu-N-5%-400 sample. The N 1s XPS peaks of pyrolyzed samples can be
deconvoluted into two major components (Figure 2) that corresponded to pyrrolic and pyridinic
nitrogen environments, respectively.[51] Majority of nitrogen in pyrolyzed materials adopts in
pyridinic functionality. For the unpyrolyzed Cu-N-5%-RT, significant contribution from pyrrolic
nitrogen and metal-N species is observed. The XPS data thus indicates partial decomposition of AHP

ligand in the composite material.

Electrochemical reduction of CO; was carried out in a flow cell similar to that used in our
previous work.[26, 41] We used 1M KOH as the electrolyte to increase conductivity, lower
overpotential, and suppress H> evolution. An IrOz-coated carbon paper-based gas diffusion electrode
was used as the anode to accommodate high current densities. Figure 3 shows the Faradaic efficiencies
(FE) and partial current densities for different reduction products (CO, CHs4, and C2Hs). A Cu loading
as low as 0.06 mg/cm? was achieved when depositing Cu-N-5%-400 on a carbon-based gas diffusion

electrode (GDE). This sample catalyzes CO formation in the low overpotential region at ~-0.4 V vs.



RHE, and the rate increases at more negative overpotentials. However, the Faradaic efficiency for CO
production decreases at higher overpotential. At these higher overpotentials, methane and ethylene
start to be the dominant products with the total FE for hydrocarbons reaching a maximum of 45-50% at
-0.9 to -1.0 V vs. RHE. The Cu-N-5%-400 catalyst also exhibits a methane production FE up to 42%
at a partial current density of ~100 mA/cm? (corresponding to ~1660 A/g Cu), among the highest
current densities reported for Cu-based catalysts to the best of our knowledge (Table S3). The
methane/ethylene FE ratio reaches as high as 4:1. However, production of hydrogen still contributes
~20-25% to the total current even at quite negative potentials. Use of a GDE covered with the catalyst
pyrolyzed at 600 °C (Cu-N-5%-600) does not have a significant effect on production of methane, but
results in a slightly higher FE for hydrogen. Using catalysts with higher Cu weight percentage does not
have a significant effect on the total current densities. Methane is still the major product, but slightly
higher ethylene production efficiencies were observed in the potential range -0.7 ~ -0.9 V vs. RHE
(Figure S8). In long term experiment, CO> reduction activity decreased quickly and hydrogen
production became dominant even in a few hours (Figure 3h).

We compared the composite catalysts against controls such as carbon black and Cu,O. When
carbon black was deposited on a GDE without any copper precursor, the resulting cathode did not show
COz reduction activity with CO formation FEs less than 10% and a negligible amount of other C1 and
C2 products. A CuxO catalyst on a GDE, on the other hand, exhibits good CO> reduction activity with
C>Hy as the major product (Figure 3d and 3e), consistent with prior reports.[26]

We also compared the catalysts with the unpyrolyzed precursor material Cu-N-5%-RT. The
unpyrolyzed material is also a good electrocatalyst for CO» reduction but exhibits a lower current
density under similar Cu loadings, probably due to less effective electron transfer between the carbon
matrix and the Cu active site. High FEs for methane and hydrogen were also observed (Figure 3).

Selectivity for methane is quite uncommon in CO; reduction reports, especially in high pH

(alkaline) solutions. To understand the structure features of this composite catalyst that would have a



strong effect on the product selectivity, we carried out XANES and EXAFS studies on the Cu-N-5%-
400 catalyst, as this material exhibited the highest efficiency for methane production. Shown in Figure
4a, XANES analysis shows that the Cu-N-5%-400 catalyst exhibits a peak at 8982 eV corresponding to
the 1s-4s transition of Cu(I) species.[52, 53] An additional small peak at 8986 eV for Cu(Il) 1s-4s
transition shows that a small Cu(II) fraction is also present, consistent with the XPS results. Fig. 4b
reports the results of EXAFS obtained from the Cu-N-5%-400 material. Fitting the EXAFS region of
the spectrum suggests that the copper center adopts a single-site, four-coordinate environment (Figure
4). Comparing the R-space spectrum of Cu-N-5%-400 with standard samples Cu20 and Cu indicates
the absence of Cu-Cu scattering paths, suggesting that the Cu center is single site (Figure S4). We also
analyzed the post-electrolysis cathode morphology and elemental distribution of Cu-N-5%-400 by
scanning electron microscopy (SEM) and energy dispersive X-ray (EDS) mapping. The SEM images
showed no observable metallic particles either before or after electrolysis, and the copper distribution
on the post-electrolysis cathode surface was as even as the pre-electrolysis sample (Figure 5 and S6).
These results further support the single-site structure of catalytic copper centers in these catalyst
materials. However, copper concentration on cathode surface decreased from 13.2 wt% to 1.83 wt%
after electrolysis, which could account for the poor durability performance of the catalyst. Such a sharp
concentration drop could be attributed to deposition of inorganic salts (KOH or K>CO3) on the
electrode surface as well as copper leaching in highly alkaline media.

Carbon dioxide reduction pathways have been explored intensively. Theoretical and
experimental studies have suggested the reductive coupling of adsorbed CO species as the crucial step
for the production of ethylene and other C2 products.[54, 55] Given the presence of a single-site
species in the material, we propose that the C-C coupling step is strongly disfavored on the catalytic
sites, thus CoHs production is suppressed. Our result agrees with the earlier reports that shows that
limited size Cu nanoparticles prefer methane production upon the electroreduction of CO> [11, 18] and

is also consistent with predictions. [56]



While copper-based electrocatalysts have attracted the most research interest in the area of CO»
electroreduction, specifically to C2 hydrocarbons, tuning their selectivity towards a single desired
product remains challenging. In this report, we developed a single-site catalyst that produce methane
with a selectivity as high as 42% via the electroreduction of CO; with low Cu usage. Use of these C-N
materials represents a new strategy to control the product selectivity in CO2 reduction. Uncovering the
mechanistic details of this unique selectivity will undoubtedly provide insights into design and
development of other single-site electrocatalysts, which in turn may lead to improved catalytic
properties in CO; reduction and other electrochemical reactions.
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Table 1. Synthetic conditions and Cu contents of the catalysts

Sample C?éiiiﬁ?;%??ﬂfg d Pyrolysis temperature (°C) Cu wt% by ICP
Cu-N-5%-RT 0.2/0.4/100 N/A 4.1%
Cu-N-5%-400 0.2/0.4/100 400 4.6%
Cu-N-5%-600 0.2/0.4/100 600 4.8%
Cu-N-8%-400 0.4/0.8/100 400 8.3%

Cu-N-13%-400 0.4/0.8/50 400 13.6%

Table 2. Summary of XPS analysis results for Cu-N catalysts.

Material Cu-N-5%-RT Cu-N-5%-400 Cu-N-5%-600
Cu (IT) 2p BE (eV) 954.4/934.5 954.6/934.4 954.2/934.0
Cu (I) 2p BE (eV) 952.3/932.5 952.4/932.6 952.3/932.5
Cu LMM Auger KE 916.1 915.5 915.3

(eV)

Cu (II) percentage 58% 17% 24%

N 1s BE (eV) 400.4 /399.4 400.7 / 398.9 401.1/398.9
pyridinic N percentage  67%*" 88% 80%

pyrrolic N percentage  33% 12% 20%

4 Metal-N functionality
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Figure 2. Cu2p (a, c, e) and N 1s (b, d, f) XPS spectra of the Cu-N catalysts.
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Figure 3. Total current densities (a), Faradaic efficiencies (b, d, f) and partial current densities (c, e, g)
for different CO> reduction products (methane — b, c; and ethylene — d, e; CO — f, g) when using the
different Cu-N catalyst and controls. (h) Long term electrolysis performance of Cu-N-5%-400 at-1.0 V
vs. RHE. Electrolysis was conducted in a flow cell with 1M KOH (aq) as the electrolyte. The flow rates
were 7 sc mL/min for CO; and 0.5 mL/min for catholyte and anolyte, respectively. Catalyst loading
was 1.2 mg/cm? for total weight and 0.06-0.16 mg/cm? for copper depending on copper weight

percentage.
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Figure 4. XANES (left) and EXAFS (right) spectra of the Cu-N-5%-400 catalyst.
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