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ABSTRACT: Direct electrochemical reduction of carbon dioxide (CO,) capture
species, i.e., carbamate and (bi)carbonate, can be promising for CO, capture and
conversion from point-source, where the energetically demanding stripping step is
bypassed. Here, we describe a class of atomically dispersed nickel (Ni) catalysts
electrodeposited on various electrode surfaces that are shown to directly convert
captured CO, to methane (CH,). A detailed study employing X-ray photoelectron
spectroscopy (XPS) and electron microscopy (EM) indicate that highly dispersed
Ni atoms are uniquely active for converting capture species to CH,, and the
activity of single-atom Ni is confirmed using control experiments with a
molecularly defined Ni phthalocyanine catalyst supported on carbon nanotubes.
Comparing the kinetics of various capture solutions obtained from hydroxide, ammonia, primary, secondary, and tertiary amines
provide evidence that carbamate, rather than (bi)carbonate and/or dissolved CO,, is primarily responsible for CH, production. This
conclusion is supported by *C nuclear magnetic resonance (NMR) spectroscopy of capture solutions as well as control experiments
comparing reaction selectivity with and without CO, purging. These findings are understood with the help of density functional
theory (DFT) calculations showing that single-atom nickel (Ni) dispersed on gold (Au) is active for the direct reduction of
carbamate, producing CH, as the primary product. This is the first example of direct electrochemical conversion of carbamate to
CH,, and the mechanism of this process provides new insight on the potential for integrated capture and conversion of CO, directly
to hydrocarbons.
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B INTRODUCTION

Developing technologies to efficiently capture and convert

reduction of the capture solution.'’"? This integrated
approach allows for conversion of CO, and regeneration of
the capture species in a single step, completely eliminating the

carbon dioxide (CO,) to products of interest has potential to
mitigate the environmental consequences of this greenhouse
gas while also providing renewable paths to produce carbon-
based molecules, including fuels, that are currently derived
from nonrenewable, petroleum sources.' > One of the most
significant challenges associated with CO, utilization is the
need to capture and sequester this molecule from air or from
point of source production, and the energy costs associated
with CO, capture currently make this process unviable for
commercial CO, utilization.” For example, amine-based
capture solutions are highly efficient for converting CO, to
carbamate; however, the subsequent release of CO, to
regenerate the amine requires significant energy,5_7 consuming
up to one-third the total energy produced from fossil fuel
combustion.® Due to the high activation barrier associated with
electrochemical CO, reduction, additional energy is further
lost during conversion of CO, to products.” Accordingly, CO,
capture followed by electrochemical CO, conversion repre-
sents two energy intensive processes that must proceed in
sequence. One approach to improving the overall efficiency of
CO, capture and utilization (CCU) is instead to integrate the
capture and conversion processes via the direct electrochemical
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energy loss associated with the release of CO, from capture
solutions."'~'* Despite the importance of closing the carbon
(C) cycle, to date there are no examples of an electrocatalyst
capable of converting the CO, capture species, carbamate,
directly to a hydrocarbon. Understanding the mechanism of a
catalyst capable of such a process would open the door to
rational design of new material platforms capable of direct
conversion of CO, capture solutions to alternative fuels or
other value-added products.

The capture medium, usually a 30% monoethanolamine
(MEOA) saturated with CO,, can be employed as the
electrolyte for the direct electrochemical conversion of excess
CO, purged prior the electrolysis.”’ This approach was
followed by other studies where single-atom nickel (Ni)
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directly converted captured CO, to carbon monoxide (CO).>!
Additionally, coinage metals, ie. gold (Au), silver (Ag) and
copper (Cu), with nanodendrite structures have been shown to
convert CO, to formate’ also using the amine capture
medium as the electrolyte. However, the presence of amines in
the performance of the direct CO, reduction in some cases can
be detrimental. The presence of ammonium cations can block
the surface from CO, under negative bias,”® and similar to
bicarbonate may serve as a proton donor,** increasing the
competing hydrogen evolution reaction (HER).*»**~** Addi-
tionally, an increase in the catalyst corrosion and reconstruc-
tion was observed in the presence of amine-CO, capture
species.”® Therefore, the development of electrolyzers and new
catalysts to directly convert carbamate to different CO,
reduction products remains important for integrated CO,
capture and electrochemical reduction.'” Direct carbamate
conversion was studied on a copper (Cu) electrode, and 58%
FE toward CO was observed at 184 mA cm™ with
ethylenediamine (EDA) as the capture agent.30 However, in
this study the presence of carbamate was demonstrated in
absence of water, while the reactions were performed in
aqueous solution. Sargent and co-workers studied the
carbamate conversion using silver (Ag) nanoparticles sup-
ported on a sputtered Ag film catalysts, where 72% FE at 50
mA cm™2 were achieved toward CO with MEOA at 60 °C.”’
This study specifically demonstrated that tailoring the electrical
double layer (EDL) with small cations is imperative to bring
the negatively charged carbamate species to the negatively
charged surface. Contrasting studies” " using Ag film,
suggested that at 60 °C free CO, is present and may be the
source of products.

Although the concentration of capture species is often much
higher than dissolved CO,,”” in some cases it can be difficult to
determine whether the observed product is the result of
carbamate reduction or reduction of free CO, that persists in
the electrolyte due to slow equilibration.”*>~>"** Most lab-
based capture solutions are prepared by purging CO, in an
aqueous amine solution for an extended time resulting in a
distribution of free CO,, bicarbonate, carbonate, and
carbamate. In contrast, CO, capture in an industrial setting
involves a short interaction time of amine solutions with CO,
resulting in the kinetically favored carbamate product with only
small amounts of free CO,.** A number of studies have shown
that conversion of free CO, is significantly more active than
direct carbamate conversion,”***7%” and care must be taken
to differentiate between these two pathways because catalysts
that show high activity for conversion of dissolved CO, may
not be active for conversion of a capture solution containing
primarily carbamate. While a number of catalysts show activity
for reduction of an amine-based capture solu-
tion,' ¥?072H297273073235738 there are only a handful of
materials that are active for direct carbamate conversion, and
to date there are no reports of a catalyst that is capable of
producing hydrocarbons directly from carbamate.

In this study we show that a single-atom Ni catalyst
dispersed on various conductive electrode materials can reduce
an amine capture solution directly to methane (CH,). We
observe a distribution of CO and CH, as the only two C-
containing products, with certain single-atom Ni catalysts
impressively showing a higher selectivity to CH, than to CO.
Systematically comparing the results for captures solutions
based on ammonia (NH;), monoethylamine (MEA), and
diethylamine (DEA), which are capable of forming carbamate,

with triethylamine (TEA), which as a tertiary amine is not
capable of producing carbamate, we provide strong evidence
that CH, is the result of direct carbamate reduction and does
not depend on the presence of free CO,. This conclusion is
further supported by time-dependent kinetic measurements of
a molecular nickel phthalocyanine catalyst supported on
carbon nanotubes (NiPc-OMe@CNT) showing that CO
production is extremely sensitive to the concentration of
dissolved CO,, while CH, production is not. Finally, density
functional theory (DFT) calculations identify a novel reaction
mechanism for selectively breaking the C—N bond of the
carbamate intermediate on Ni single-atoms. Together these
findings represent the first report of direct carbamate
conversion to CH, and provide key mechanistic insight
necessary to guide the design of catalytic systems for integrated
CO, capture and conversion.

B RESULTS AND DISCUSSION

Figures lab and S1 show the results of electrochemical
reduction of various CO, capture solutions using a polycrystal-
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Figure 1. Reduction of CO, capture species on a polycrystalline gold
(Au) surface with no previous treatment. The kinetics experiments
were performed at —1.5 V vs silver/silver chloride reference electrode
(Ag/AgCl) for 63 min. The solutions were prepared by capturing
CO, by 0.5 M of NH; and/or 0.5 M KOH followed by N, purging
(2). Results are also compared for capture solutions of 0.5 M NH;,
MEA, DEA, or TEA each with 0.5 M KOH (b). The NMR spectra
show the species present in solution after the capture by all the
capture agents (solid line) and after the capture at pH 10 (dashed
lines) (c).

line Au electrode, and Figure Ic shows the corresponding *C
nuclear magnetic resonance (NMR) spectra of the capture
solutions. The corresponding '"H NMR of each amine capture
solution can be found in Figure S2 in the Supporting
Information. In these experiments, each solution is purged
with CO, for 30 min followed by purging with nitrogen (N,)
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for 30 min to remove the majority of dissolved CO, from
solution. Kinetic results from electrochemical reduction of
three capture solutions are shown in Figures la and Slab of
the Supporting Information: (1) potassium hydroxide (KOH)
(0.5 M), (2) NH; (0.5 M), and the combination of KOH and
NH; (0.5 M each). Note that hydroxide solutions as well as
amine solutions casp()ture free CO, yielding bicarbonate as the

. 39-50 . .
capture species as shown in the equations.

CO, + OH™ = HCO; (1)

NH; + CO, + H,0 = HCO; + NH} )

Because bicarbonate exists in equilibrium with carbonate, we
refer to this mixture of species simply as (bi)carbonate.
Additionally, CO, can react with an amine to form a
zwitterionic intermediate (eq 3) that reacts with a second

. 39-50
amine to produce carbamate (eq 4).

CO, + NH; = H;N'CO, 3)
+ - N — +
H;N"CO, + NH_ = H,NCO, + NH; @)

Considering the distribution of species that can be present in
the capture solution, Figure 1a shows the CH, yield vs time for
electrochemical reduction of the three capture solutions.
Interestingly, only the third capture solution consisting of
both KOH and NH; shows a significant amount of CH,
production, while individual solutions of only KOH or NH;
show very low CH, yield by comparison. Corresponding yields
for CO and H, are given in Figure S1. This result raises two
questions: First, what is the origin of the CH,, or in other
words, what capture species is being reduced? Second, what is
the active catalyst for this transformation, given that Au is
considered a selective catalyst for CO formation and is not
expected to produce CH,? To consider the first question, we
examine the *C NMR spectra. The solid lines in Figure 1c
show the *C spectra obtained immediately following CO, and
N, purging. First, we observe the absence of the free '*CO,
peak at 125.5 ppm in all spectra; however, as has been shown
previously, we cannot exclude that small amounts of free CO,
may still be present during reaction and contribute to the
observed reaction kinetics. Second, we observe that the
majority of captured CO, exists as (bi)carbonate. This is
evident by the peaks present between 160 and 168 ppm
representing the fast equilibrium between carbonate and
bicarbonate.*

Given the similar concentration of (bi)carbonate in each of
the three capture solutions, conversion of this species cannot
explain the relatively high yield of CH, only from the KOH +
NHj; capture solution. Rather, this behavior can be understood
by attributing the carbamate species as the active species to
produce methane. Unlike (bi)carbonate, carbamate is only
formed when an amine is present in the capture solution.
However, as described by Sargent and co-workers,>' the
negatively charged carbamate is separated from the negatively
charged surface by the large ammonium cation. Tailoring the
electric double layer (EDL) by addition of small alkaline metal
cations is required to bring the carbamate closer to the surface
to be reduced. Therefore, the results showed in Figure la are
nicely explained by the fact that the negatively charged
carbamate is only formed when NHj is present but can only be
reduced at the negatively charged surface when a small cation,
such as K*, is present in the EDL.

To evaluate whether the increased rate of CH, production in
the presence of KOH is primarily a result of the inorganic base
or is due to the presence of K" in the supporting electrolyte, we
have measured kinetics for electrolyte solutions where KCI was
added to the electrolyte instead of KOH. In this case, we
observe a similar rate for CH, production even though KClI is
not a base (see Figure S1 in the Supporting Information). This
indicates that the primary mechanism for CH, rate enhance-
ment upon addition of KOH (or KCl) is due to the presence
of an alkali cation that is able to bring carbamate to the
electrode surface as shown previously.”" Figure S1 also shows
the pH of the different capture solutions before and after CO,
purging. Although the initial values differ, each capture
solution equilibrates to a nearly identical pH of 8.2 following
CO, purging, indicating that there are no significant differences
in pH of the capture solutions during electrolysis.

Because carbamate is favored at basic pH,*~** the dashed
lines in Figure 1c show the *C NMR spectrum for each of the
capture solutions following the addition of excess KOH added
after the CO, and N, purging steps to achieve a pH close to
10. Because the additional KOH is added after purging the
solutions, this does not change the total amount of CO,
captured; rather, it only shifts the equilibrium between the
capture species. As shown in the dashed lines in Figure Ic,
increasing the pH shifts the (bi)carbonate equilibrium toward
carbamate, which is seen as a significant increase in the peak
around 166 ppm. We note that under cathodic reaction
conditions, a pH gradient is expected near the electrode
surface due to production of OH™ from the various reduction
reactions,”’ ~>* including HER shown in Figure S1. As seen in
Figure Ic, the resulting pH gradient will tend to shift the
equilibrium of the capture species toward carbamate, near the
electrode surface. This is illustrated in Figure S3, which shows
the relative speciation of (bi)carbonate and carbamate as a
function of pH obtained by solving the coupled equilibrium
equations.

To confirm whether the formation of carbamate near the
electrode surface plays a role in the observed production of
CH,, the same reaction was carried out for an additional series
of capture solutions to compare results for NH;, monoethyl-
amine (MEA), diethylamine (DEA), and triethylamine (TEA).
Each of these amines is capable of capturing CO, to
(bi)carbonate as shown in eq 2. In contrast, tertiary amines,
such as TEA, are unable to produce carbamate according to eq
4. Consequently, while carbamate will be present in NHj,
MEA, and DEA capture solutions, it will be absent from the
TEA solution. This is confirmed in Figure 1c, which shows that
while (bi)carbonate is observed in every capture solution,
carbamate is only observed in NH;, MEA, and DEA capture
solutions but is absent in TEA. Results of the electrochemical
reduction reactions for each capture solution are shown in
Figure 1b.

Using *C NMR from Figure lc, it is possible to quantify the
carbamate mole fraction defined as the ratio of carbamate:
(bi)carbonate concentrations, which increases with increasing
number of ethyl groups. TEA represents the only exception
because tertiary amines are unable to produce carbamate.
Plotting the rate of CH, production as a function of carbamate
mole fraction reveals a direct correlation indicating that CH,
production increases with increasing carbamate concentration.
This finding suggests that carbamate is primarily responsible
for production of CH,. Additional control experiments to
observe the effect of dissolved CO, on CH, yield is described
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Figure 2. Reduction of CO, capture species on a polycrystalline gold (Au) surface with and without previous treatment with EDTA, yielding CH,
(a) and CO (b). The kinetics experiments were performed at —1.5 V vs Ag/AgCl for 63 min. The solutions were prepared by capturing CO, by 0.5
M of NHj; and 0.5 M of KOH. To better visualization the obtained data was also plotted as rate of CO production (c) and rate of CH, production

().

further below. It is worth noting that '"H NMR shows no
byproducts associated with amine degradation following
reaction of the capture solution (see Figure S4 in the
Supporting Information).

However, we should first consider that the actual active site
for CH, production is unknown, and that Au is not expected to
yield hydrocarbon products from either CO, or carbamate. To
obtain insights on the catalyst active site, we note that in these
experiments on Au electrodes, the formation of CO was also
detected with significantly higher selectivity compared to CH,
as shown in Figure S1. CO is also observed when KOH and
NH; are employed alone and in the TEA capture solution,
suggesting that CO is produced primarily from the (bi)-
carbonate species. However, a strong deactivation is observed
for CO production, and after 1 h of reaction, the CO formation
is completely shut off, while CH, formation persists with no
sign of deactivation. It is known that trace transition metals
impurities will deposit on Au active sites during CO,
reduction, and this process causes rapid deactivation of CO
formation.”* ™’ Several strategies exist to prevent electro-
deposition of trace metal impurities; these include careful
electrolyte purification,” addition of chelating agents to bind
trace metals,”*****? and operating the electrocatalyst in the
presence of hydrophobic surface ligands, which hinders
electrodeposition of metal ions.”” Transition metal impurities
are commonly present in electrolyte salts, and even the purest
salts commercially available are contaminated with trace
impurities.sg’61

To study the influence of trace metals deposition on Au
electrodes on the conversion of CO, capture species,
additional experiments were performed where the capture
solution was treated with ethylenediaminetetraacetic acid

31636

(EDTA) prior to the capture and conversion reactions.
EDTA is known to efliciently chelate transition metals and
prevent their deposition on the electrode surface under a
negative bias. Figure 2a,b shows that in the presence of EDTA
the time dependent reactivity presents a reversed trend. CO
production shows a significantly reduced deactivation over 1 h
of reaction. This indicates that EDTA effectively prevents the
deposition of trace metals on the Au active sites. In contrast,
the CH, production on Au is significantly reduced and remains
close to zero throughout the 1 h reaction. These observations
can be better visualized when the rate of product formation is
plotted rather than the accumulated number of moles (Figure
2¢,d). In the absence of EDTA the rate of CO formation drops
to zero within 1 h, whereas the rate of CH, increases steeply,
reaching a maximum within 42 min. In contrast, in the
presence of EDTA, the rate of CH, remains near zero and the
rate of CO only drops slightly. These results suggest that the
deposition of trace transition metals, present as intrinsic
impurities even in high purity electrolyte salts, are responsible
for promoting the observed CH, formation. To understand the
conversion of CO, capture species to CH, it is necessary to
identify the specific metal(s) responsible for this reaction, and
investigate the role of the Au electrode, if any, to facilitate the
observed electrocatalysis.

To identify and quantify the metals deposited on the surface,
X-ray photoelectron spectroscopy (XPS) was performed to
characterize the Au electrode surface following electrochemical
reduction reactions in the presence and absence of EDTA. As
shown in Figure 2, following 42 min of reaction we observe the
maximum rate of methane production, so the characterization
of the surface at this time provides a good understanding of the
surface composition responsible for methane formation. The
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survey spectrum, as well as the high-resolution spectra of each
expected metal present in the electrolyte were measured for
both samples. The survey spectrum is shown in Figure S5 of
the Supporting Information, and Figure 3 shows the high-
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Figure 3. X-ray photoelectron spectroscopy (XPS) of the gold
electrode after the reaction performed with (dashed line) and without
(solid line) the EDTA treatment prior to the experiment.

resolution spectra for each of the metals detected. Except for
Al, all the metals present as contaminants in the KOH
electrolyte (Ensure, Sigma-Aldrich) were observed on the
electrode surface: Fe, Ni, Cu, Zn and Pb. No metals other than
these were detected in the XPS experiment, suggesting that this
is the primary source of trace metals deposited on the
electrode surface during reaction. In contrast, the character-
ization of the surface after the reaction in the presence of
EDTA showed no detectable signal for any metal other than
Au (dashed lines), indicating that the Au electrode is not
contaminated during reaction with EDTA.

The details of the calculation can be found in Section S3 of
the Supporting Information, and the obtained results are
shown in Table 1.

To determine which metal or combination of metals is
responsible for CH, production, we performed controlled,
selective deposition of each metal individually on the Au
surface starting from a purified electrolyte, and then evaluated
the electrocatalytic activity of each surface. To accomplish the
selective metal deposition, EDTA (3.2 uM) was added to the
reaction solution before the capture process, so all the metallic
contaminants from the electrolyte are chelated and prevented
from depositing on the electrode surface. After addition of

EDTA but immediately before the electrocatalytic reaction, an
excess of the desired metal salt was added (10 gM). The low
lability of the EDTA-transition metal complex prevents the
exchange of ligand among the metals in solution and assures
the selective deposition of the desired metal. Figure 4a—f
shows the XPS spectra for the selective deposition experi-
ments. As shown, in each case only the desired metal ion
deposits on the Au surface.

Electrocatalytic reduction of the carbamate-containing
capture solution was performed using the Au electrodes
prepared by selective deposition of each of the respective
transition metal ion impurities. Figure 4g,h show the formation
of CH, and CO, respectively, for these experiments. In the
presence of any of the tested metals, the CO formation is shut
off completely, showing that deposition of each of these metals
completely blocks the active sites responsible for CO
production on Au. Although each of the metals has an
influence on the CO production kinetics, only Ni shows
activity for methane production. The rate of methane
formation obtained from Ni selectively deposited on Au
(Ni@Au) was indentical to the maximum rate observed for the
untreated, impure electrolyte, although there was no initial
induction period (see Figure S6 at the Supporting
Information). This shows that at higher electrolyte concen-
tration Ni rapidly deposits on Au giving rise to greater CH,
production during the early time of the reaction although the
final rate after 1 h is nearly identical. This result demonstrates
that Ni deposited on Au (Ni@Au) is the active species for the
formation of CH, from the amine-based capture solutions.
These kinetics also suggest that after deposition of a small
amount of Ni at the surface (<5.74% of a monolayer) the
deposition of additional Ni does not further promote the
reaction indicating that highly dispersed Ni atoms on the gold
electrode are responsible for the turnover of carbamate to CH,.
Given the quantitatively measured Ni surface coverage
determined by XPS (Table 1) and the corresponding rate of
CH, formation measured at 42 min of reaction it is possible to
estimate a lower limit for the turnover frequency of the Ni@Au
catalyst. The details of the calculations can be found in Section
S3 of the Supporting Information. From this analysis we found
a turnover frequency of >38 + 1.6 mmol (CH,) mol™ (Ni)
s™L. This rate of formation was stable for more than 6 h, and
the yield of CH, was the same following 1 week of storage of
the capture solution, as shown in Figure S7 of the Supporting
Information.

To evaluate whether the gold substrate plays any role in the
production of CH, or if Ni alone is responsible for the
observed activity, the reaction was performed using Ni
selectively deposited on various electrodes in addition to Au.
Figure S compares the CO and CH, cumulative production
and the associated time-dependent rate for Ni deposited on Au
(Ni@Au), Cu (Ni@Cu), glassy carbon (Ni@GC), and a pure
Ni electrode (Ni). First, we note that the CO production is
nearly zero for all catalysts tested, with the exception only of
Ni@Au. Au is a known catalyst for CO formation, and as such
showed a brief period of CO production that completely

Table 1. Quantification of Trace Metal Deposition on Au during Electrolysis

aluminum (Al) iron (Fe) nickel (Ni) cupper (Cu) zinc (Zn) lead (Pb)
atomic fraction/% <LOD 4.76 3.78 3.74 2.71 0.45
surface coverage/% <LOD 7.23 + 0.30 574 + 0.24 5.68 + 0.24 4.12 + 0.18 0.68 + 0.03
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Figure 4. X-ray photoelectron spectroscopy (XPS) of the gold electrode after the selective deposition of each metal (a—f) and Reduction of CO,
capture species on a polycrystalline gold (Au) surface with the selective deposition of each metal CH, (g) and CO (f). The kinetics experiments

were performed at —1.5 V vs Ag/AgCl for 63 min.

deactivated within the first 7 min corresponding to Ni
deposition on the Au active sites. In contrast to CO
production, Ni deposited on each of these supports showed
similar rates for CH, formation. We note that the rate of CH,
production varies slightly depending on the electrode, where
Ni@GC displays a slower rate compared to Ni@Au. Although
these differences may be a result of changes in the coverage or
dispersion of Ni sites on the various electrodes, we cannot
exclude that electronic interactions between the Ni active site
and the electrode may also influence the reaction kinetics,
although these effects appear to be small. The fact that CH,
production is observed on each Ni catalyst regardless of the
electrode material suggests that Ni is the active species
facilitating CH, formation and that Au plays no significant role
in the reaction. Surprisingly, the reaction rate for CH,
formation was the smallest for a pure Ni electrode. Using
the surface area of the Ni electrode and the rate of CH,
formation, it is possible to calculate the TOF for pure Ni and
compare it to Ni@Au. Details of this calculation can be found
in Section S3 of the Supporting Information. These results
show that on pure Ni the reaction started with a low turnover

31638

frequency of 1.2 mmol (CH,) mol™" (Ni) s™' and increased to
4.9 mmol (CH,) mol™ (Ni) s™" by the end of the experiment.
This result was the same regardless of addition of EDTA to the
electrolyte solution, indicating that Ni alone is responsible for
this reaction. These values are much smaller than the TOF of
38 + 1.6 mmol (CH,) mol™" (Ni) s for Ni@Au, reinforcing
the hypothesis that the local structure of Ni atoms plays a more
important role than the supporting electrode for this reaction.
We also observe that highly dispersed Ni atoms on other
surfaces are more active compared to bulk Ni. Although we
cannot directly comment on the size distribution of Ni clusters
present on the electrode surface, which may be active for CH,
production, below we describe experimental and theoretical
results, which confirm that even single Ni atoms are active for
the reduction of carbamate to CH,, and that this reaction is
favored on individually dispersed Ni atoms due to the higher
energy required for ammine desorption from bulk Ni.

To better understand the morphology of the active Ni
catalyst, we performed the same reaction using Ni deposited
on a commercial carbon nanotubes (CNT) electrode. Here Ni
was selectively deposited on the CNT using the same protocol

https://doi.org/10.1021/jacs.4c09744
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as employed above for the other electrodes. Ni@CNT
displayed the highest activity for CH, production, as shown
in Figure 6a. We note that the CNT electrode has a higher
surface area compared to the planar Au, Cu, Ni, and GC
electrodes, which results in a higher overall rate of CH,
production. The corresponding XPS spectra are shown in

£ % 1078 (a) (b) Ni

Ni/CNT

CH4 / mols

881.3 868.0 8547
BE / eV

0
0 7 14 21 28 35 42 49 56 63
Time / min

Figure 6. Reduction of CO, capture species on Ni/CNT (a). X-ray
photoelectron spectra of CNT electrodes before (dashed line) and
after (solid line) Ni deposition. (b). Scanning Transmission Electron
Microscopy (STEM) with High-Angle Annular Dark-Field (HAADF)
image of selective deposited Ni on Carbon Nanotubes (CNT) (c).
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Figure 6b, which confirm the deposition of Ni on the CNTs
following reaction (solid line), while no Ni is detected from the
clean CNTs prior to reaction (dashed line). Transmission
Electron Microscopy (TEM) and Scanning Transmission
Electron Microscopy (STEM) with High-Angle Annular
Dark-Field (HAADF) detector were performed of the CNTs
before and after the Ni deposition. Figure 6¢ shows the STEM
image of the Ni@CNT catalyst following reaction. For
comparison, Figure 6d shows the STEM image of a pristine
CNT with no Ni deposited. Although Ni is readily detected in
the XPS spectrum of the Ni@CNT sample, we cannot clearly
identify the presence of Ni particles in STEM images. Figure
S8 of the Supporting Information shows the TEM images and
EDX mapping results for the same samples after Ni deposition.
None of these images show any indication of Ni particles on
the CNTs. We note that some bright spots are detected in the
high-angle annular dark-field (HAADF) images with sizes that
may correspond to single Ni atoms. However, the EDX signal
is below the detection limit for Ni, so it is not possible to
confirm the actual identity of these spots. Attempts to obtain
atomic resolution of the postdeposition samples is hindered by
the presence of the Nafion binding agent that is necessary to
prevent dissolution of the CNT's during reaction. The fact that
Ni is clearly seen in the XPS, but no Ni particles can be
observed by STEM or TEM despite the excellent resolution
suggest that Ni is highly dispersed on the CNT electrode,
likely as single Ni atoms. Single-atoms are especially
challenging to detect by STEM and TEM, and the high
energy electron beam can readily eject weakly adsorbed Ni
atoms, which are only attached by weak van der Waals forces
on the CNT surface.””*> However, the detection of bright
spots in the STEM-HAADF images, the absence of any
observable Ni particles, and the detection of Ni by XPS
supports the conclusion that highly dispersed Ni, possibly

https://doi.org/10.1021/jacs.4c09744
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single-atoms, are the catalytic active site responsible for the
electrochemical production of CH, observed here. This
conclusion is further supported by density functional theory
(DFT) calculations described below.

To further confirm that single-atom Ni can catalyze
carbamate conversion to methane, we conducted additional
experiments employing a well-defined single-atom Ni catalyst,
i.e. Ni phthalocyanine (NiPc). NiPc is first functionalized with
methoxy groups (OMe) to increase the stability, and then
molecularly dispersed on carbon nanotubes (CNT) as
described previously.”** This NiPc-Ome@CNT catalyst has
been shown to show excellent catalytic performance for CO,
reduction to CO, due to its highly active single-atom Ni
sites.”>*® Additionally, this catalyst remains stable as single-
atom molecular catalysts for longer than 40 h under
electrochemical reaction conditions making this an excellent
system to examine the activity of single-atom Ni for carbamate
to CH, conversion. In this experiment, the electrolyte is
composed of 1 M monoethanolamine (MEOA) with 0.4 M
KCl, and it was purged with CO, for 1 h, followed by N, purge
for an additional hour, to fully convert MEA to the capture
species while removing dissolved CO,.

Figure 7a shows that a significant amount of CH, is
produced from the capture solution employing this NiPc-
Ome@CNT catalyst, and the CH, TOF remains stable over 6
h. In contrast, although CO has a higher initial TOF than CH,,
the TOF drops quickly, indicating it could be produced from
the trace amount of dissolved CO, left in the solution after N,
purge. Although electrochemical kinetics can be influenced by
a variety of complex factors, the distinct time-dependent rates
of CH, and CO formation could be explained by considering
that these two products result from reduction of different
species, i.e., that that CH, is produced from carbamate, which
concentration remains stable over the entire reaction, while
CO is produced from residual dissolved CO,, which has a
much smaller concentration and is consumed during reaction.
Previous studies have shown that it can be difficult to
differentiate between reduction of carbamate compared to
trace amounts of CO,. Below we further consider these two
possibilities.

In addition to residual CO, that is not fully removed from
the electrolyte during N, purging, free CO, may also exist in
equilibrium with carbamate. However, this contribution to the
total dissolved CO, is expected to be small. For example, in the
1 M MEOA electrolyte solution employed here the
equilibrium concentration of bulk carbamate is on the order
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of 30 mM as confirmed by '*C NMR. Given the large
equilibrium constant for reaction of CO, with MEOA to form
carbamate (6.7 X 10%),”* the CO, concentration resulting from
this equilibrium will be on the order of tens of uM, and this
concentration will be even smaller near the interface due to the
basic pH gradient. In contrast the solubility of dissolved CO,
under these conditions is approximately 34 mM. Conse-
quently, if dissolved CO, were primarily responsible for CH,
production, we would expect to observe a significant increase
in CH, yield upon CO, purging, which would increase the
concentration of dissolved CO, by approximately 3 orders of
magnitude.

To evaluate this, we performed another control experiment
by introducing CO, in the middle of the electrolysis. As shown
in Figure 7b, we repeated the exact experiment of Figure 7a but
introduced CO, by purging the electrolyte for 3 min after 3 h
of electrolysis. Figure 7b shows the rates of CO and CH,
production immediately before and after CO, purging.
Interestingly, the CO TOF increases by a factor of 5
immediately after CO, purging while CH, TOF does not
change. This fact can be rationalized by assuming that CO is
produced from dissolved CO,, whose concentration recovers
after introducing external CO,, while CH, is produced
primarily from carbamate, whose concentration would not
change when adding a small amount of external CO,. While we
cannot fully exclude the possibility that dissolved CO, may
also be reduced to CH, by Ni, we find that this contribution is
minor compared to direct carbamate reduction. This can be
further seen in Figure S9, when using 1 M TEA + 0.4 M KCl as
the electrolyte, where no carbamate can form in the capture
solution due to the tertiary amine, similar to Figure lc. As
shown, in the TEA capture solution both CO and CH,
formation were detected; however, the TOF for CH, was a
factor of 10 lower than observed in MEOA. Additionally, we
observed that both CO and CH, production rates decrease
quickly over time, corresponding to the consumption of
dissolved CO, unlike in MEOA where the CH, production
rate is constant for more than 6 h. Together these results
confirm that dissolved CO, represents only a minor
contribution to CH, formation, while the source for CO
formation is due almost entirely to dissolved CO,. In summary,
these findings show that single-atom Ni catalysts, including
NiPc-OMe/CNT as well as highly dispersed Ni electro-
deposited on any conductive electrode surface, are capable of
the direct conversion of carbamate to CH,. To better
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understand the mechanism for this reaction, we turn to DFT
calculations.

DFT calculations were used to model the mechanism of
carbamate reduction on dispersed Ni atoms on Au electrodes.
We chose to model Ni dispersed on Au because it is known
that pure Au electrodes produce only CO in aqueous CO,
electroreduction.”” " We employed a Au(211) step as a
model for the electrode surface, where a single Ni atom is
substituted for one of the Au atoms on the step to represent
the dispersed Ni atoms. This surface model is denoted Ni@
Au(211). The (211) step was used for mechanistic studies
because Ni most likely deposits near the uncoordinated surface
atoms on the step; such stepped surface models are also
commonly employed in other first-principles studies of CO,
electroreduction catalysis.”’~"* The Ni dispersion on the Ni@
Au(211) model is 8.3% of the monolayer, which is
approximately equal to the experimental value measured by
XPS, as shown in Table 1. We assume that carbamate is
eventually adsorbed to Ni@Au(211) as neutral carbamic acid,
either through outer-sphere proton transfer or inner-sphere
proton-coupled electron transfer (PCET) while adsorbed to
the catalyst surface. Thus, various binding configurations of
carbamic acid to Ni@Au(211) were considered, where
different atoms in carbamic acid can bind to different
adsorption sites. The most stable binding configuration of
carbamic acid is shown in Figure 8 as H,NCOOH?*, where *
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Figure 8. Calculated free energy diagram on Ni@Au(211). The black
pathway represents carbamic acid reduction at 0 V vs RHE and the
red pathway represents the reaction pathway at —0.83 V vs RHE. The
two separate blue lines show alternate, higher energy pathways for the
formation of methanol and methylamine at 0 V vs RHE. Note that *
denotes either a surface site or an adsorbed species on the surface.
Here, gold is represented in yellow, nickel in green, hydrogen in
white, oxygen in red, carbon in black, and nitrogen in blue.

denotes that the species is adsorbed on the surface. This specie
is also marked with a red border in Figure S10. We found that
H,NCOOH?* binds through oxygen to the Ni top site.
Additional optimized H,NCOOH?* structures considered are
shown in Figure S10.

Following the adsorption of carbamic acid to Ni@Au(211),
H,NCOOH?* can subsequently be reduced through multiple
PCET reactions at the reducing potentials required for CO,
electroreduction. Because of the molecular heterogeneity of
H,NCOOH* as well as the other adsorbed reaction
intermediates, these PCET reactions can involve protonation
of either N, C, or O atoms of the adsorbate. Moreover,
adsorption may involve different atoms of the adsorbate
coordinated to the surface or alternate geometric config-

urations resulting from the successive protonation. Though
many configurations of the intermediates were considered, as
shown in Figure S10, only the most thermodynamically
favorable pathways are shown in Figure 8 for clarity.

Figure 8 shows the free energy diagram and intermediate
geometries for carbamate reduction on Ni@Au(211). We used
the computational hydrogen electrode (CHE) model to
calculate the potential-dependent free energies of reaction
intermediates. Although applied potential effects are simplified
within the CHE model compared to other approaches such as
grand-canonical DFT,”*™* we note that simplified models
using the CHE method can still be used to explore plausible
reaction mechanisms and elucidate reactivity trends as shown
in previous work.””*' ~** The calculated work functions of the
intermediates in Figure 8 suggest modest capacitive contribu-
tions to the reaction free energies (Table S2).% Usinég the
computational hydrogen electrode (CHE) model,*® the
reaction pathways are calculated at 0 and —0.83 V vs RHE
(shown in black and red, respectively). There are three general
possibilities for the first PCET reaction to adsorbed carbamic
acid, H,NCHOOH?*: protonation of the O atom to produce
H,NCO* and liberate an H,O molecule, protonation of the N
atom to produce COOH* and liberate an NH; molecule, or
protonation of the C atom to produce H,NCHOOH®*. Among
these possibilities, the protonation of the O atom to form
H,NCO* and H,0 is the most thermodynamically favorable at
0V (AG = 0.16 eV), compared to protonation of the N atom
(AG = 093 eV) or the C atom (AG = 0.56 eV). This
intermediate, formed after the first PCET step, is shown in
Figure 8. Following this general procedure, the subsequent
PCET steps were analyzed accordingly. We also considered the
dissociation of the N—C bond in H,NCO* to form CO and
NH,*. This process has a AG of 1.45 eV, whereas PCET to
form H,NCHO* is more thermodynamically favorable with a
AG of —020 eV at 0 V vs RHE. This suggests that CO
formation is thermodynamically unfavorable on Ni@Au
catalysts, in agreement with the experimental results. Initially,
the reaction intermediates are bound to Ni through oxygen. In
the third PCET step to form the intermediate H,NCHOH¥,
however, the most stable adsorbate configuration involves
binding to Ni through nitrogen. The calculations show that
subsequent intermediates in the most thermodynamically
favorable reaction pathway also bind to Ni through N. The
binding of H,NCHOH?* through nitrogen is critical for the
selective conversion of carbamate to CH, because the O and C
atoms are more accessible to transferring protons in this
binding configuration. In the fifth PCET step, for example, the
O atom is protonated, releasing H,O and leaving H,NCH,*
on the surface. In the seventh PCET step, the C atom of
H,NCH,;* is protonated, releasing the CH, product and
leaving NH,* on the surface. A subsequent PCET to NH,*
produces NH;, regenerates the active site, and closes the
catalytic cycle. The detailed geometric structures are presented
in Figure S10 and the free energies of the optimized adsorbed
species are presented in Table S2. The standard reaction free
energies at 0 V vs RHE corresponding to the elementary steps
shown in Figure 8 are tabulated in Table S1. The red pathway
in Figure 8 represents the free energy diagram at —0.83 V vs
RHE, which is equivalent to —1.5 V vs Ag/AgCl at pH 8. It is
observed that at this potential all the reaction steps are
exergonic and able to produce CH, successfully from
carbamate.
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Given the various potential protonation sites of the
adsorbates involved in the reaction, alternate reaction pathways
were also considered. Other possible reaction intermediates are
shown in Figure S10. A subset of these alternate reaction
mechanisms is shown in Figure 8, where the pathway at 0 V vs
RHE includes two alternate reaction steps marked by blue
lines. Rather than releasing H,O and forming H,NCH,* in the
fifth PCET step, there is a possibility to form CH3;OH by
protonating the carbon of H,NCH,OH*. However, the free
energy diagram at 0 V vs RHE in Figure 8 shows that O
protonation is thermodynamically favored over C protonation
to form CH;OH. This result indicates that CH;OH formation
is thermodynamically unfavorable. These computational
predictions align with the absence of CH;O0H in the NMR
spectroscopy results. Similarly, there is the possibility of
methylamine (CH;NH,) desorption in the sixth PCET step;
however, this desorption is endothermic and thus CH;NH,*
remains chemisorbed on the surface. Overall, the thermody-
namic analyses suggest that CH, should be the dominant
product formed for dispersed Ni sites on Au electrodes.

To evaluate whether C—N bond cleavage is the final step in
the formation of CH,, from carbamate as predicted by DFT, we
performed electrochemical kinetics for CO and HCOOH
reduction. These two intermediates could be formed as
alternative branching pathways during either the first or
second proton/electron transfer steps shown in Figure 6 and
subsequently reduced to CH,. For CO reduction measure-
ments, the same NH; + KOH electrolyte solution was purged
with pure CO at 1 atm, and a pure CO atmosphere was kept as
the cell headspace, which was continuously recirculated inside
the solution. For HCOOH reduction measurements, 5 mM
concentration of HCOOH was added to this electrolyte
followed by N, purging. In both cases, we observed no
detectable CH, during 1 h of electrolysis. These results are
consistent with DFT calculations, which show that for
carbamate reduction on Ni single atoms, cleavage of the C—
N bond is the final step prior to production of CH, and
recovery of the amine.

To compare the results for dispersed Ni atom reactivity to
bulk Ni, Figure 9 shows the free energy diagram for the
carbamate reduction mechanism on Ni(211). A similar
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Figure 9. Comparison of calculated free energy diagram on Ni(211)
and Ni@Au(211). The black pathway represents carbamic acid
reduction on Ni(211) at —0.83 V vs RHE and the red pathway
represents the reaction pathway on Ni@Au(211) at —0.83 V vs RHE.
Note that * denotes either a surface site or an adsorbed species on the
surface. Here, nickel is represented in green, hydrogen in white,
oxygen in red, carbon in black, and nitrogen in blue.
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procedure was used to analyze the mechanism on a clean
Ni(211) surface, as was done for Ni@Au(211) in Figure 8.
The free energy diagrams at —0.83 V vs RHE for Ni(211) and
Ni@Au(211) (red) are represented in Figure 9 in black and
red, respectively. Note that —0.83 V vs RHE is calculated to be
the thermodynamic limiting potential for carbamate reduction
on Ni@Au(211) as shown in Figure 8. The calculations
demonstrate that carbamic acid adsorption on Ni(211) is 0.16
€V less exothermic than Ni@Au(211). Moreover, the final step
of the reaction on Ni(211) is uphill at —0.83 V vs RHE,
meaning that a larger overpotential is needed to produce NH;
and close the catalytic cycle. The computational results
demonstrate a feasible route to CH, from carbamate on
Ni@Au(211) and provide thermodynamic evidence for the
enhanced reactivity over bulk Ni electrodes. These trends are
in agreement with experimental rate measurements in Figure S.
Future modeling studies are needed to further elucidate the
effects of surface charge and solvation on the kinetics of
carbamate reduction, which can aid in the development of
electrocatalytic systems to selectively convert CO, capture
solutions to desired products.

B CONCLUSIONS

This study describes for the first time the electrochemical
conversion of carbamate species to CH, A detailed study
employing XPS, STEM and control experiments involving
molecularly defined single-atom NiPc dispersed on CNT
(NiPc-OMe@CNT) demonstrate that atomically dispersed Ni
catalyst on various surfaces is uniquely active for this reaction,
making this catalyst highly selective to CH, over other C-based
products. The mechanism of this process is understood with
the aid of DFT calculations, which confirm that the conversion
of carbamate to CH, on Ni single-atoms deposited on Au
(Ni@Au) is favored over other possible products, including
CO, methylated amine and methanol. The calculations also
demonstrate that while the reaction may proceed even on bulk
Nij, it is kinetically favored on single Ni atoms due to the
kinetic barrier associated with desorption of the regenerated
amine on bulk Ni. Overall, this study identifies a new class of
catalysts capable of directly converting carbamate to CH, and
provides key mechanistic insight into guide future applications
based on the electrochemical conversion of CO, capture
species directly to hydrocarbon products.
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