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The influence of exogenous amines on
the electrochemical CO2 reduction activity
of a cobalt–pyridyldiimine catalyst†

Piyush Kumar Verma a and Charles C. L. McCrory *ab

Studying the interactions between CO2 sorbents and electrocata-

lysts for the electrochemical CO2 reduction reaction (e-CO2RR) can

offer viable strategies to advance the development of the Reactive

Capture of CO2 (RCC). In this report we studied the effect of amines

on the performance of the [Co(PDI-Py)] catalyst for the e-CO2RR.

The presence of amines shifts the onset potential for the e-CO2RR

more positive and increases the catalytic activity while maintaining

the high Faradaic efficiency (Z90%) for CO production.

CO2 capture from dilute sources such as flue gas and its
fixation for later use is an important strategy in decarbonizing
industry to minimize the net release of CO2 into atmosphere.1

In this carbon capture and utilization (CCU) process, CO2 is
captured by sorbents in the form of sorbent–CO2 complexes
and is used at later stages by reversing the capturing process
upon thermal application. In essence, CCU enables the reuse or
recycling of waste CO2 to its higher value forms such as CO,
HCOOH and MeOH. However, a major limitation of this
strategy is that thermal release and concentration of CO2 from
sorbent–CO2 adducts is an energy intensive process that limits
the overall viability of CCU for achieving net zero carbon
emissions.2

In contrast, the reactive capture of CO2 (RCC) bypasses the
need for CO2 release by reducing the CO2 while it is still
adsorbed to the sorbent in its captured form, e.g. as a sor-
bent–CO2 adduct. Hence, RCC is considered as a more energy
efficient strategy compared to CCU.3,4 RCC can describe three
distinct processes: (a) the direct reduction of CO2 in its sorbent-
bound form into various products; (b) the in situ desorption
and subsequent reduction of proximal CO2 at the catalyst, and
(c) the direct reduction of CO2 from dilute (o1 atm) streams.

Several catalytic systems have been explored within this broad RCC
framework in all areas of catalysis: thermal,5,6 photocatalytic,7,8 and
electrocatalytic RCC.9,10 State-of-the-art homogeneous RCC processes
are thermal processes where in situ generated transition-metal
hydrides reduce captured-CO2 by amines/alkanolamines under an
H2 atmosphere.5

Electrocatalytic RCC (e-RCC) is a promising alternative to
thermal RCC because e-RCC allows for the reduction of cap-
tured CO2 under ambient conditions without high pressure H2.
However, the implementation of e-RCC with molecular electro-
catalysts remains relatively underexplored. A notable example
of homogeneous e-RCC was reported using an iron–phosphine
complex that is reported to reduce CO2 to methanol in the
presence of diethylamine as co-catalyst.11 The diethylamine is
reported to react with CO2 to form diethylammonium carba-
mate which is then electrochemically reduced to methanol with
68% Faradaic efficiency by the molecular catalyst. In another
report, a Re–bipyridine complex is reported to reduce 1% CO2

gas to CO with 85% Faradaic efficiency in the presence of
triethanolamine. The triethanolamine is reported to react with
CO2 to form aminoethylcarbonate which coordinates to the Re-
center and is subsequently reduced to generate CO.12 Other
insightful studies on the interactive effects of amines, phenol,
and ionic liquids on catalyst systems for the electrochemical
CO2 reduction reaction (e-CO2RR) underline the mechanisms
through which the sorbents can affect the course of reaction
either by acting as a ligand or by affecting the kinetics of the
protonation steps involved in the catalysis.13–16

In this work, we report a new system for e-RCC based on a
cobalt pyridyldiimine complex [Co(PDI-Py)] (Scheme 1a). We
have shown previously that [Co(PDI-Py)] is active and selective
for the e-CO2RR to CO in CO2-saturated acetonitrile (MeCN)
solutions containing H2O as a proton source.17 Herein, we show
that the e-CO2RR activity of [Co(PDI-Py)] is enhanced when
various aliphatic amines are added into the electrolyte solution
(Scheme 1a). Specifically, adding primary or secondary alipha-
tic amines to a CO2-saturated MeCN electrolyte solutions
containing [Co(PDI-Py)] results in a favorable positive shift in
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the e-CO2RR catalytic onset potential and an increase in the
magnitude of the electrocatalytic current while maintaining
high Faradaic efficiencies for CO production of FE(CO) Z 90%.
The amines react with CO2 in solution to form different CO2

adducts that exist in equilibrium, including alkylammonium
carbamate salts (Scheme 1b). However, attempts to directly
reduce carbamate salts in the absence of added CO2 result in
a lower Faradaic efficiency of FE(CO) E 16%, possibly because
the equilibration of carbamate salt results in the lower effective
concentration of carbamate and substantial concentration of
free amine which can suppress the overall catalytic activity. Our
results offer crucial insights for the development of effective
e-RCC catalytic systems based on amines, which are promi-
nently used industrial sorbent.

Cyclic voltammograms (CVs) of [Co(PDI-Py)] in Ar-sparged
MeCN electrolyte show four reversible redox features assigned
to two metal-based reductions (Co3+/2+ and Co2+/+) followed by
two ligand-based reductions (PDI-Py/PDI-Py�� and PDI��/PDI-
Py2�) (Fig. S4 and Table S1, ESI†). When the electrolyte is
sparged with CO2 and 11 M H2O is added, the reductive current
increases, indicative of a catalytic process with a catalytic onset
near the PDI-Py/PDI-Py�� couple (Fig. 1). Presence of H2O
enhances the catalytic rate for CO2RR and stability of the catalyst
as we observed in our previous studies of [Co(PDI-Py)].17 After the
amine NBA is added to the CO2-saturated electrolyte solution
containing [Co(PDI-Py)] and 11 M H2O, we observe an increase in
the magnitude of the catalytic current (ic,amine/ic = 1.78) and a
B0.18 V positive shift in the catalytic onset potential (Fig. 1). Similar
responses were also observed for the e-CO2RR by Co(PDI-Py) in
presence of other amines (Fig. S5–S10, ESI†). The catalytic onset
potential (Eonset) and ratio of the catalytic CO2RR peak current with
amine present and without amine present (ic,amine/ic) are summar-
ized in Table 1. The presence of amines resulted in a positive shift in
Eonset by B0.18–0.14 V, and varying degrees of electrocatalytic
enhancement from a high of ic,amine/ic = 1.78 for NBA to the lowest
enhancement of ic,amine/ic = 1.23 for MEA.

Note that the addition of NBA to the CO2-saturated solution
with [Co(PDI-Py)] and 11 M H2O also results in a �0.39 V shift
in the Co3+/2+ couple, but no observable shift in the Co2+/+

couple as seen in the Fig. 1, inset for NBA, and for all amines in
Fig. S5–S10 (ESI†). The resulting E1/2 for the Co3+/2+ couples and
the unchanged Co2+/+ couple in the CO2-saturated solutions
with 11 M H2O are summarized in Table 1. These results
suggest coordination of the carbamate species to the charged
Co(III)-complex, but that the extent of coordination may not be
as significant in the Co(II)-complex. Note that noncatalytic CVs
of [Co(PDI-Py)] conducted in Ar-sparged CH3CN electrolytes
showed no significant change in peak heights or peak poten-
tials upon the addition of amines (Fig. S11–S15 and Table S2,
ESI†), suggesting that the coordination to the Co-complex
observed in the CO2-saturated solution is from the carbamate
formed from the reaction of CO2 and amine, and not from the
free amine.

Scheme 1 (a) Amines studied in this work and (b) amine-CO2 equilibrium.

Fig. 1 Representative CVs of 0.3 mM Co(PDI-Py) in MeCN with 0.1 M
nBu4NPF6 at a scan rate of 0.05 V s�1. CVs were taken in Ar-sparged
solution (gray line), CO2-saturated solution containing 11 M H2O (red line),
and CO2-saturated solution containing 11 M H2O and 0.2 M NBA (blue
line). The inset is a zoom in of the region in the dashed orange box
showing the Co3+/2+ and Co2+/+ peaks.

Table 1 Effect of Amines on the Redox Potentials and CO2RR activity of
[Co(PDI-Py)] in CO2-sparged solutions with 11 M H2Oa

Added amine
E1/2(Co3+/2+)/
V vs. Fc+/0

E1/2(Co2+/1+)/
V vs. Fc+/0

Eonset/
V vs. Fc+/0

Ic,amine/
ic

No amine �0.07 �0.85 �1.61 —
NBA �0.46 �0.85 �1.43 1.78
MEA �0.39 �0.85 �1.46 1.23
DMA �0.43 �0.87 �1.47 1.69
DIA �0.41 �0.85 �1.47 1.62
TPDA �0.36 �0.86 �1.46 1.34
Aniline �0.09 �0.85 �1.61 1.0

a CV experiments were performed with 0.3 mM [Co(PDI-Py)] in CO2-
saturated solution of 0.1 M nBu4NPF6 and 11 M H2O in MeCN with a
scan rate of 0.05 V s�1. For experiments with amines, the concentration
of the amine was 0.2 M.
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The tolerance of an electrocatalyst to higher concentration
of sorbent is an important prerequisite for the practicality of an
e-RCC system. It is expected that increasing the concentration
of sorbent in solution should proportionally increase the
partitioning of CO2 into the solution, therefore increasing the
activity of the catalytic system. We investigated the e-CO2RR
activity for [Co(PDI-Py)] in CO2-saturated MeCN electrolyte
solutions as a function of NBA concentration (Fig. 2). Most
noticeably, there is a proportional increase in the magnitude of
the catalytic peak for competitive HER at B�2.4 V vs. Fc+/0.
When we zoom into the catalytic peak for the CO2RR at
B�1.6 V vs. Fc+/0, we observe a decrease in activity with
increasing NBA concentration (Fig. 2, inset). We observe a
similar trend of decreasing CO2RR activity with increas-
ing amine concentration for the other amines investigated
(Fig. S16–S19, ESI†). We attribute this decrease in CO2RR
activity to the possible coordination of free amines in solution
to [Co(PDI-Py)].

To confirm that the catalytic peak at B�1.6 V vs. Fc+/0 is due
to the e-CO2RR to CO, we conducted controlled potential
electrolysis (CPE) experiments at �1.69 V vs. Fc+/0 in previously
described gastight, two-chamber H-cells (ESI,† Experimental
methods).17 Representative current vs. time plots of the CPE
experiments in the presence of 0.05 M of each amine studied
are shown in Fig. S20–S25 (ESI†), and the results from the CPE
experiments are summarized in Table 2. The Faradaic effi-
ciency for CO production is FECO Z 95% regardless of the
nature of the amine present. The highest activity is observed in
the presence of NBA based on the charge passed during the
CPE (Table 2) and the ic, amine/ic ratio (Table 1). However, there
is no clear trend between the size of the added amine and the
measured CO2RR activity. For comparison, CPEs conducted of
[Co(PDI-Py)] in CO2-saturated solutions with 11 M H2O but no
amine present also showed only CO production with FECO Z

90%, but with much less charge passed during the electrolyses.
Post-CPE analysis of the working electrode by SEM-EDS

experiments showed little precipitation of cobalt onto the
electrode surface, suggesting there is minimal catalyst decom-
position during the CPE experiments (Table 2, Fig. S26–S31,
ESI†). Note that CPEs conducted at the more negative potential
of �2.34 V vs. Fc+/0 in identically prepared CO2-saturated solutions
with 11 M H2O, 0.05 M NBA, and 0.03 M [Co(PDI- Py)] show
primarily H2 production with FEH2 B84% and FECO B12%
(Fig. S32 and Table S3, ESI†), consistent with our previous
studies.17

To understand the CO2-reactive species and its interaction
with the Co-catalyst, we performed a series of spectroscopic
studies. To determine whether this coordination persists for
more reduced complexes, we studied the interaction of carba-
mates with the [Co(PDI-Py)]2+ complex by UV-Vis experiments.
In our electrocatalytic experiments, the Co(III) complex [Co(PDI-
Py)]3+ is first reduced to the Co(II) complex [Co(PDI-Py)]2+ in situ
to enter the catalytic cycle.17 The UV-Vis spectra of indepen-
dently prepared [Co(PDI-Py)Br2] complex in N2-sparged electro-
lyte solution (Fig. 3, blue line) shows three absorption features
at 550 nm, 465 nm, 365 nm. Upon saturating this solution
with CO2, there is no change in the absorption peaks from the
N2-sparged solution, confirming that CO2 does not coordinates
with [Co(PDI-Py)Br2] (Fig. 3, purple line). We next collected a
UV-Vis spectrum of the [Co(PDI-Py)Br2] complex in a N2-sparged
solution containing NBA (Fig. 3, red line). We observe a blue
shift in the absorption spectrum compared to the parent
system without NBA present, and we interpret this shift as a
result of coordination of NBA to the [Co(PDI-Py)]2+ complex.
Sparging the NBA-containing solution with CO2 results in a
noticeable change in the UV-Vis spectrum, with a disappear-
ance of the absorption peak at B480 nm and the emergence of
a new absorption peak at B350 nm (Fig. 3, green line). We
interpret this change in the spectrum to indicate that CO2

is reacting with NBA in solution forming n-butylcarbamate
(NBA-CO2), and this NBA-CO2 is then coordinating to the
[Co(PDI-Py)]2+ active catalyst (Fig. S33, ESI†). The formation of
NBA-CO2 in CO2-sparged MeCN containing NBA was confirmed
through NMR and FTIR studies (Fig. S34 and S35, ESI†). The
key result from these studies is that the carbamate formed

Fig. 2 Representative CVs of 0.3 mM Co(PDI-Py) in MeCN with
0.1 M nBu4NPF6 and 11 M H2O at scan rate of 0.05 V s�1 with varying
concentrations of NBA. The inset is the zoomed in region in the dashed
orange box showing the e-CO2RR catalytic response.

Table 2 Summary of CPE results for the CO2RR by [Co(PDI-Py)] in
CO2-saturated solutions with 11 M H2Oa

Amine Charge/C FE(CO)/% FE(H2)/% Cobalt weight %

No amine �2.6 � 0.2 90 � 11 Trace 0.13 � 0.06
NBA �8.2 � 0.4 99 � 12 2.9 � 0.9 0.17 � 0.06
MEA �5.8 � 0.6 98 � 3 1.7 � 0.5 0.07 � 0.06
DMA �5.2 � 0.7 98 � 7 1.6 � 0.4 0.20 � 0.20
DIA �5.5 � 0.4 97 � 2 1.4 � 0.2 0.33 � 0.06
TMPDA �4.9 � 0.8 95 � 6 2.8 � 1.6 0.03 � 0.05

a All CPE experiments were conducted at �1.69 V vs. Fc+/0 for 30 min in
a gas-tight, two-chamber H-cell. The working compartment contained
the working electrode and reference electrode submerged in a CO2-
saturated solution containing 0.3 mM of [Co(PDI-Py)], 0.1 M nBu4NPF6,
and 11 M H2O in MeCN. For experiments with added amines, the
concentration of the amine was 0.05 M. The auxiliary compartment
contained the auxiliary electrode submerged in the same solution but
with 5 mM Fc added as a sacrificial reductant.
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in situ coordinates to the [Co(PDI-Py)]2+ complex, something
that was not observable from the CVs.

Motivated by our spectroscopy results, we conducted CPE
experiments of [Co(PDI)Py] in Ar-sparged MeCN electrolyte
solution with 11 M H2O containing the commercially-
available carbamate salt dimethylammonium dimethylcarba-
mate (DMA-CO2) as our sole CO2 source. Under these conditions,
we observed lower selectivity and activity for CO formation:
FECO E 16% with only 1.9 C of charge passed (Table S4, ESI†).
This lower activity for the carbamate compared to the CO2-
saturated amine solution could be a consequence of the equili-
bria processes in Scheme 1b: without additional CO2 present in
the system, the added carbamate may dissociate to form free
DMA and the corresponding bicarbonate compound.

Because of inferior activity for CO production using DMA-CO2 as
the sole CO2 source, we wanted to determine whether the in situ
formation of a carbamate is important for the observed catalytic
activity. We studied the electrocatalytic activity for CO production by
[Co(PDI-Py)] in CO2 saturated solutions with 11 M H2O using aniline
as the amine source. Aniline does not form stable carbamate species
upon reaction with CO2 due to aniline’s comparatively low
nucleophilicity.18 CVs of [Co(PDI-Py)] in the presence of 0.02 M
aniline and CO2 saturated electrolyte solution show no shift in redox
potentials for the Co3+/2+ and Co2+/+ compared to CVs of [Co(PDI-Py)]
in aniline-free solvent (Fig. S10, ESI† and Table 1). Similarly, Eonset is
the same in the absence or presence of aniline, and no increase in
catalytic activity was observed (ic,amine/ic = 1). Overall, these results
suggest that in situ carbamate production by amine-CO2 reaction
plays an important role in enhancing catalytic activity for the
e-CO2RR by [Co(PDI-Py)] catalyst. The carbamate species is likely
acting as an active substrate for CO2RR to CO.12,19,20 However, we
cannot entirely rule out the possibility that CO2 is the active species
for reduction to CO, and that the in situ formed carbamate is acting
as a delivery mechanism for CO2 to the catalyst.21

In conclusion, we have shown that adding amines to CO2-
saturated MeCN solutions containing the catalyst [Co(PDI-Py)] and

11 M H2O as a proton source leads to an increase in the e-CO2RR
activity for CO production. CO2 reacts with the amines in solution,
generating in situ alkyl-carbamate species. UV-Vis and electrochemi-
cal studies suggest that this carbamate species interacts with the
[Co(PDI-Py)] complex, and is likely the active substrate for CO
production. Aniline which cannot form carbamate salts, doesn’t
enhance the catalytic activity. Overall, these findings can be a useful
starting point for the development of efficient electrocatalytic sys-
tems for electrochemical reactive capture of CO2.

This work was supported as part of the Center for Closing
the Carbon Cycle, an Energy Frontier Research Center funded
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