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ABSTRACT: The activity of aqueous-based carbon dioxide
reduction (COzR) reactions is often limited by the solubility
of COz. The addition of amines can increase the total dis-
solved carbon (TDC) in water through the formation of bi-
carbonate and carbamate species, which has been used to
great effect to capture COz from dilute streams. In this study
we explore the effect of 12 primary and secondary amines
of varying Brgnsted basicity, steric profile, and hydrogen-
bonding capabilities on the aqueous CO2R to CO activity of a
molecular Ni(cyclam)Clz catalyst with a Hg electrode. Addi-
tion of some of the amines results in greater activity and se-
lectivity for CO production compared to equivalent aqueous
solutions without added amines. Under optimal conditions
(0.4 M 3-amino-propionitrile), there is an over five-fold in-
crease in current density compared to equivalent condi-
tions with no amine. Interestingly, the increase in activity
did not correlate to any single property of the amines. To
elucidate the effect of the amine additives on catalysis, we
used vapor-liquid equilibrium modeling (VLE), 3C NMR
spectroscopy, and computational analysis to determine the
carbon speciation of the solutions. These results indicate
that for amines without ethylalcohol functionalities, COz2R
activity correlates with carbamate concentration, which is
in turn governed by amine basicity and steric effects. How-
ever, this correlation does not persist for amines with eth-
ylalcohol functionalities, which can form more stable carba-
mates through intramolecular-hydrogen bonding. These
studies demonstrate that amine additives can enhance
aqueous COzR activity and selectivity, and describe key
amine properties that lead to these higher performance
metrics.

Introduction

The electrolytic reduction of carbon dioxide to replace
fossil carbon is a highly sought after goal to reduce green-
house gas emissions and progress towards a circular carbon
economy.! Electrocatalytic COz reduction (COzR) is often
limited by the poor solubility of CO2 in aqueous solvents un-
der mild conditions (0.034 M at pH 7).2° A few strategies
have been pursued to resolve this limitation. One approach
is to increase the amount of total dissolved carbon (TDC) in
the form of bicarbonate and carbonate by operating at more
alkaline conditions (1.18 M at pH 14). However, these sys-
tems are limited by the slow release of CO2 at bipolar mem-
branes, requiring large voltages to achieve appreciable cur-
rent densities.1% 11 Another approach is to use gas diffusion
electrodes, although flooding from the electrolyte due to
pressure imbalances and accumulation of bicarbonate and
carbonate salts currently limits lifetimes.” 1213

In this study, we investigated the use of amines in aque-
ous reaction solvent to increase the total dissolved carbon
(TDC). Aqueous amine solutions can absorb high concentra-
tions of dissolved carbon in the form of bicarbonate, car-
bonate, and carbamate. As an example, aqueous solutions
with 2.5 - 2.6 M amines can achieve TDCs of 3 - 4 M at near
neutral pH conditions.!* 15 The high affinity of CO2 towards
amines, particularly under aqueous conditions, has been
leveraged extensively for capturing CO: from dilute
streams, followed by thermal release of concentrated CO2.1¢-
18 There has been increasing interest in integrated COz cap-
ture and conversion, which skips the thermal release and
CO:2 concentration step by directly reducing COz:-loaded
aqueous amine solutions. An integrated process has the po-
tential to be significantly more energy efficient and less cap-
ital intensive.19-21



Chart 1. Structure of Ni(cyclam)Clz and amines and their abbreviations.
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However, there are few examples of using COz-amine
solutions in electrocatalytic reduction.?2-3t While a few re-
port high Faradaic efficiencies (FE, >85%) for carbon-based
products,3® 32 the addition of amines generally leads to
lower FEs compared to the corresponding solution without
an amine.?2-30.33,34 The loss of selectivity for CO is typically
accompanied by higher activity towards the hydrogen evo-
lution reaction (HER).22-30. 33 34 Additionally, many of the
metallic catalysts suffer from corrosion under reducing po-
tentials, inhibiting activity and reducing overall stability.?3

To further understand the electrocatalytic reduction of
COz-loaded aqueous amine solutions, we investigated CO2R
activity with the molecular catalyst Ni(cyclam)Clz (Chart 1)
with a Hg electrode. Ni(cyclam)Clz on Hg has previously
been studied as an electrocatalyst for the selective reduc-
tion of CO2 to CO.3>45 We further sought to understand how
amine properties such as Brgnsted basicity and structure
impact COz2R. Twelve different primary and secondary
amines with varying Bronsted basicity, steric profiles, and
with and without alcohol functionalities were tested (Chart
1). Our results indicate that amine identity plays a signifi-
cant role in CO2R activity. Compared to solutions with no
added amine, some amines have minimal impact on cataly-
sis while other amines lead to improved current density and
selectivity for CO. Notably, we observe no evidence of cata-
lyst poisoning, inhibition, or degradation with any of the
amines.

COz-loaded aqueous amine solutions contain dissolved
COgz, bicarbonate, carbonate, and carbamate in varying con-
centrations that all contribute to the total dissolved carbon
(TDC). The speciation of these solutions has been shown to
impact COzR activity for heterogeneous catalysts.?* 25 29 46,
47 The solution speciation is highly dependent on multiple
amine properties. To understand the solution composition,
vapor-liquid equilibrium (VLE) modeling, theoretical calcu-
lations, and 13C NMR spectroscopy were used to understand
how speciation impacts catalysis.

Most prior studies on CO2-loaded aqueous amine solu-
tions have focused on identifying amines that optimize ab-
sorption (capture) of COz from dilute streams and facile
thermal release of CO2.16-18 In this study, we find that differ-
ent properties are more important for their use in enhanc-
ing CO:R electrocatalysis. Additionally, our correlative
study provides information on physical parameters for se-
lecting amine sorbents for the dual purpose of optimizing

capture and subsequent electrocatalytic conversion in an
integrated process.

Results

Cyclic voltammetry. Cyclic voltammetry (CV) experiments
were performed in aqueous solution using a BASi Con-
trolled Growth Mercury Electrode (CGME), which produces
hanging mercury (Hg) drop electrode (HMDE) with a repro-
ducible surface area of 0.0384 cm?2.4% 50 Prior studies with
Ni(cyclam)Cl: for aqueous CO2z reduction noted electrocata-
lytic activity and selectivity for CO was enhanced with Hg
working electrodes because it adsorbs onto the Hg surface
at cathodic potentials to form the active catalyst.35 39-42,51,52
Consistent with prior studies,*? the CV trace of 1 mM
Ni(cyclam)Clz in aqueous phosphate buffer (0.05 M) at pH 7
(Figure 1, red trace) did not exhibit any significant reductive
features. Addition of 1 atm of CO: leads an increase in cur-
rent at -1.17 V vs Ag/AgCl (sat.), which is attributed to the
Ni(II/I) reduction.*? Prior studies have shown
Ni(cyclam)Clz with a Hg working electrode reduces CO: to
CO with quantitative Faradaic efficiency under acidic condi-
tions (pH ~ 4), with a loss of selectivity for carbon based
products at pH 10.6.4

The 12 amines selected for study and their abbrevia-
tions are shown in Chart 1 and Table 1. Aqueous solutions
at pH 7 were prepared with 0.05 M phosphate buffer. Addi-
tion of the respective amines to make a 0.1 M solution re-
sulted in an increase in pH to between 7.26 to 11.1 depend-
ing on the Brgnsted basicity of the amine (see Table S1 for
pH values after the addition of each amine). 1 atm of CO:
was then sparged through the solution for 15 minutes, re-
sulting in a lowering of the pH to 6.1 - 6.8 (Table S1). The
solution was then sparged with Nz for 5 minutes to mini-
mize the amount of free CO: in the solution and headspace,
leading to final pH values in the range of 6.8 - 8.1, which re-
mained stable over 30 minutes (Table 1 and S1).

Cyclic voltammetry for the CO2-loaded amine solution
with 1 mM Ni(cyclam)Cl2 and HMDE exhibits an increased
current at -1.17 vs Ag/AgCl, the same onset potential ob-
served with CO; reduction under aqueous conditions and
attributed to the Ni(II/I) reduction. Ni(cyclam)Cl adsorp-
tion onto the Hg electrode surface was previously verified
by the lack of increase in catalytic current with increasing
catalyst concentration.*® We performed a similar study for
COz-loaded solutions of the amines monoethanolamine
(MEA), 3-amino-propionitrile (APN), or n-propylamine
(nPA) solution as representatives of the 12 amines, as they
span amines of varying pKa: (APN and nPA), and one with



an ethanol functionality (MEA). The catalytic current in-
creased from 0.5 mM to 1 mM of Ni(cyclam)Clz, but did not
increase at higher concentrations (1.5 and 2 mM), indicat-
ing the surface is saturated with the adsorbed species (Fig-
ures S2 to S4). All subsequent studies were performed with
1 mM Ni(cyclam)Clz. The maximum concentration-inde-
pendent peak current and surface area of the HMDE (0.0384
cm?) was used to calculate the total current density (Figure
S1, Table S3).

Controlled Potential Electrolysis (CPE). A Hg pool elec-
trode was used for controlled potential electrolysis in an H-
cell to determine the products of reduction and the Faradaic
efficiency. The amine solutions were prepared using the
same method used in the CV experiments. As in the prior
CO2 reduction studies, electrolysis was performed at -1.40
V vs Ag/AgCl (sat.). Representative charge vs time potential
traces are shown in Figure S7 and total charge passed listed
in Table S2. The headspace was analyzed and products were
quantified by gas chromatography (GC); only Hz2 and CO
were observed. No formate was detected by 'H NMR spec-
troscopy. Calibration curves for the GC and a representative
GC trace from the CPE are shown in Figures S8 and S9, re-
spectively. Equivalent studies on buffered solutions at pH 7
and 8 with no amine were performed to establish baseline
activity. Faradaic efficiencies for CO from solutions with no
amine at pH 7 and 8 were 44% * 2.63 and 19% * 2.07, re-
spectively (Table 1). The lower FE values are consistent
with the loss of selectivity and CO production at higher pH
values previously described.*! The Faradaic efficiencies for
CO and peak currents in the cyclic voltammetry were used
to calculate its partial current density value under the vary-
ing conditions, which is shown in Figure 2 for each amine
studied. The CO partial current density for ANI, TFEA, and
APN are best compared to the pH 7 solution with amine, as
their solutions were at pH 6.9, 6.8, and 7.2, respectively (Ta-
ble 1). PGA and DEtA had an intermediate pH value of 7.5,
while the rest of the amines resulted in pH values between
7.7 - 8.1 (Table 1). From this data, the addition of some
amines results in increased current densities for CO. How-
ever, the activity or selectivity does not correlate directly
with the pH of the solution (Figure S10) or amine Brgnsted
basicity (Figure 2), primary vs secondary amines, or steric
effects. To rationalize the trends in CO current density, we
investigated the carbon-based speciation in the different
amine solutions.

Speciation of CO: in aqueous amine solutions. COz, H20,
and amines can all engage in acid-base reactivity. As a re-
sult, the speciation of aqueous amine solutions with carbon
dioxide can be complex and is strongly dependent on the
amine properties, which has been extensively studied be-
cause of their importance in CO2 capture.'®!%55 [n aqueous
solution, the two most common initial reactions between
amines and COz are shown in eq 1 and 2.58

Kcem

(1) 2R{R,NH + CO, R4R,;NCO, + RyRoNH,*

(2) R1R,NH + H,0 + CO, HCO; + RqRoNH,*

Khvp

(3) RiRzNCO;, + H,0 HCO3; + R{RyNH,y*

In eq 1, two equivalents of amine react with COz to form the
corresponding ammonium carbamate (Kcsm in Table 1).58
Alternatively, sufficiently basic amines can deprotonate wa-
ter to form hydroxide, which can react with CO: to form bi-
carbonate.>® The extent of this reactivity is dependent on
the amine Brgnsted basicity. The reactivity of COz to form
carbamate (eq 1) is kinetically favored over the formation
of bicarbonate (eq 2).58¢0 However, unstable carbamates
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Figure 2. Partial current density for CO for 0.05 M phosphate
solutions with no amine at pH 7 and 8 and with 0.1 M amine
solutions prepared with COz and Nz as described in the text
with 1 mM Ni(cyclam)Clz on a Hg electrode. Numerical data is
listed in Table SX

formed through eq 1 can also hydrolyze (Kuyp, eq 3), result-
ing in the same products as eq 2.8 Thus, carbamate stability
is reflected in both the formation constant (high Kcsm, eq 1)
and whether it is prone to hydrolysis (low Kuyp, eq 3).

At the pH values used in electrolytic studies (6.8 - 8.1),
the potential carbon-based species in solution are CO2 and
bicarbonate (HCOs3’), as well as the respective amine
(R1R2NH), ammonium (R:RzNHz*), and carbamate (R1R2COz
) derivatives. Several methods were applied to understand
the speciation of these solutions. Vapor-Liquid Equilibrium
(VLE) modeling provides the pH-dependent concentrations
at varying CO: partial pressures, but requires experimen-
tally derived equilibrium constants, which were only avail-
able for 7 of the 12 amines studied.’” 3 To complement the
VLE modeling, 13C NMR spectroscopy and computational
modeling was also applied. Combined with correlations de-
rived from prior aqueous amine studies, these methods pro-
vide a more complete picture of how carbon speciation var-
ies among the different COz-loaded aqueous amine solu-
tions.



Vapor-Liquid Equilibrium (VLE) Modeling. The use of
well parameterized VLE models have been shown to accu-
rately reproduce product speciation in amine-based aque-
ous capture of COz applications.?? The equilibrium species
concentration is a function of temperature, pressure, pH,
and CO: loading. Accurate VLE modeling requires experi-
mentally derived values for Kcsm and Kuyp, which were only
available for ANI,58 nPA,58 DEtA,58 DiSPA,8 DEA,58 MEA,58
and AMP57 (Table 2). A modified Kent-Eisenberg modeling
approach was used to model the chemical speciation of the
different primary and secondary amines used in this study.
Kent-Eisenberg is the simplest of thermodynamic models as
it assumes an ideal gas and solution with all the non-ideali-
ties included in the temperature dependent equilibrium
constant for the formation of the different species. The mod-
eling approach used has previously been described in the
work of Banerjee et al. and further discussion on the devel-
opment of the model has been included in the SI.4¢ The equi-
librium constants used for each amine (Kcsm and Kuyp) in the
model and the calculated concentration of the different spe-
cies along with the total dissolved carbon (TDC) is listed in
Table 1.

Computational studies. Two pKa values are relevant to
describe the acid-base properties of the amines, shown in
eq4and 5.

(4) R{RoNH,* 2

R4RoNH + H*

(5) R4RyNH R{RoN™ + H*

The pKa1 value represents the acidity of the protonated
amine (ammonium cation), or Brgnsted basicity of the
amine. pKa1 is more easily measured and aqueous values are
readily available for most amines from the literature.’ 6>-%
Because the reaction of amines and CO: result in the for-
mation of ammonium (eq 1 - 3), pKa1 plays an important
role in the speciation of aqueous-CO: solutions.

The acidity of primary and secondary amines is repre-
sented by pKaz. This value is more challenging to measure
and few experimental values have been reported. However,
pKaz tends to correlate more strongly with calculated CO:
binding in the absence of steric or other secondary effects.65
To obtain these values, pKaz for the amines in this study
were calculated using density functional theory (DFT) (Ta-
ble 2 and S4, methods in SI). From our computational re-
sults, we find that pKaz values correlate more closely with
pKcoz than pKa1 as previously described (Figures S22 and
S23).65

13C NMR Spectroscopy. The aqueous COz-amine solu-
tions were also analyzed by 13C NMR spectroscopy. In order
to obtain sufficient signal, 1 M amine solutions were used.
The solutions were otherwise prepared the same as those
used for CV and CPE experiments by purging with CO: fol-
lowed by Na. 13C NMR spectra were collected from 0.55 mL
of amine solutions with additional 0.1 mL of deuterated sol-
vent (D20, 99.9%) for locking. A 600 MHz NMR spectrome-
ter with a single pulse program (zgig) inverse gated proton
decoupled technique was used, with a D1 (delay time) of 15
sand 100 scans.
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Figure 3. 3C NMR spectra for CO2-loaded amine solutions. So-
lutions were prepared by purging 1 M amine solutions with CO2
for 15 minutes followed by N> for 5 minutes. The carbamate re-
gion is enclosed in the dashed red box, while the bicarbonate
resonance is in the dashed blue box.

While this experimental data is not quantitative,®¢ it
provides experimental evidence for the presence or
absence of carbamate and/or bicarbonate species in
solution (Figure 3). This data is consistent with the data
obtained using VLE modeling, including the absence of
carbamate and bicarbonate in both ANI and TFEA, the
absence of carbamate with appreciable bicarbonate with
DiSPA and AMP, and the presence of both carbamate and
bicarbonate with nPA, DEA, and MEA. The only variance is
observed with DEtA. For DEtA, the corresponding
carbamate is expected to be present at the lowest
concentration of the carbamate forming amines (2.26 x 10-5
M, Table 1). From this data, we assume a lower limit of ~10-
4 M is required for detection of carbamate by 13C NMR
spectroscopy under these conditions. Based on this data, we
expect the corresponding carbamate concentration for the
TFEA solutions is < 10 M (Table 1).

Discussion

Aqueous amine speciation with COz involves a conflu-
ence of properties, including their type (primary versus sec-
ondary), basicity, steric properties, and the presence of an
alcohol functionality. We did not find direct correlations be-
tween CO partial current density and pKa1 (Figure 2), pKaz




Table 1. The pH, FE% (CO), and FE%(H>) is experimental data from this study. Experimental pKai values are from ref. 42, 47-
49. pKa2 values were calculated in this study. Kcem and Knvp values are from ref. 44, except for the Kcem for AMP, which is
from ref. 58. The greyed boxes indicate these values are not available in the literature. The concentations of carbamate
[RiR2NCOz], bicarbonate [HCOs7], and total dissolved carbon were calculated from the VLE model using Kcem and Knyp, and
were not determined for amines without these values (grayed out) except for TFEA, where *C NMR spectroscopy indicate the
ahsence of apnreciable amounts of carbamate and bicarbonate.

Amine pH FE% (CO) FE% (H2) pKa1 Kecem Kuyp [R{R;NCO,] [HCO;] [TDC]
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(Figure S11). For amines in which data is available, we also trends in CO partial current density by comparing 1)
did not find correlations between the concentration of aliphatic primary amines of varying pKa and minimal steric
carbamate (Figure S12), bicarbonate (Figure S13), or total interactions, 2) secondary amines of varying steric sizes,

dissolved carbon (TDC, Figure S14). We rationalize the



and 3) primary and secondary amines with ethylalcohol
functionalities and their speciation.

Primary Amines without Ethylalcohol Functionalities.
To characterize the impact of the Brgnsted basicity of the
amine (pKa1), we first considered primary amines with
minimal steric effects and without ethanol functionalities
(ANI, TFEA, APN, PGA, and nPA), which are shown as orange
circles in Figure 2. Both steric effects and ethanol
functionalities are known to impact carbamate formation
(vide infra).

Amines with pKa1 values below 6 are insufficiently basic
to either form carbamate (eq 1) or deprotonate water to
capture CO: as bicarbonate (eq 2).5¢ As a result, aniline
(ANI) and TFEA, with a pKa values of 4.6 and 5.37,
respectively, are not expected to have significant impacts on
COz absorption or speciation. (ANI has a reported Kcsm = 8.1
x 103, Table 1, indicating minimal carbamate formation).>8
Consistent with this expectation, there is no signal for either
carbamate or bicarbonate species in the 13C NMR spectra
(Figure 3) for the CO2-loaded ANI or TFEA solutions. Thus,
these amines have minimal impact on CO2 absorption and
total dissolved carbon (TDC). Our experimental data shows
that the COz-loaded ANI solution (pH = 6.9) has comparable
selectivity and current density compared to the pH 7
solution without an amine. The COz-loaded TFEA solution
(pH = 6.8) exhibits higher activity towards the hydrogen
evolution reaction (HER) and correspondingly lower
activity and selectivity for CO compared to the ANI solution
and pH 7 solution without an amine (Table S2). The source
of the higher HER with TFEA difference is not clear; it may
be that TFEA may have other properties that favor
hydrogen evolution. Neither solution demonstrates any
significant enhanced current density or selectivity towards
CO production compared to the aqueous solutions at a
similar pH of 7 without an amine present.

Prior work on aqueous amine-based CO2 capture has
shown that in the absence of steric effects or hydrogen-
bonding functionalities, carbamate formation is primarily
dependent on the amine basicity (pKa1). For amines with a
pKa1 above 6, we expect the formation of carbamate to
increase with amine Brgnsted basicity until equation 2
becomes more favorable, which occurs at a pKa1 of about 9.56
Although a Kcys has not been measured for APN (pKa1 = 7.8),
the pH-dependent concentration of its carbamate was
quantified by Gallant and co-workers by NMR
spectroscopy.?? They found that the concentration of the
carbamate species reaches a maximum around pH 7.2, the
pH at which our experiments are performed, with a
concentration of ~0.8 M carbamate with ~0.3 M HCO3.2° We
note that because their measurements were made under
different conditions (1 atm CO:2), the concentration of
carbamate and bicarbonate are likely lower in our solutions.
However, APN is expected to have the highest concentration
of carbamate of any of these amines because it is close to the
ideal pKa1 (7 - 8) for carbamate formation. As the pKa:

increases for PGA and nPA, the concentration of carbamate
also decreases while more of the TDC is in the form of
bicarbonate, although both species remain present (Figure
3). Because the latter effect is quantitatively larger, the TDC
increases with more basic amines.*¢ This trend in speciation
is confirmed by the VLE modeling (Figure S21 and Table 1).
A decreasing carbamate concentration coupled with
increasing  bicarbonate  concentration was  also
experimentally confirmed by Gallant and co-workers when
comparing APN and n-butylamine (nBA).2° Although n-BA
was not used in this study, it has a similar pK. (10.8) and
steric profile compared to n-propylamine (nPA 10.71) used
herein. Thus, the highest CO:R activity is found with the
amine that generates the highest concentration of
carbamate, APN.

The use of all three primary amines, APN, PGA, and nPA,
results in greater activity and selectivity for CO compared to
aqueous solutions with no amine. The partial current
density for CO does not correlate with the TDC, but instead
is the highest for the solution with the highest concentration
of carbamate (APN), while decreasing for PGA and nPA.
However, the selectivity for CO improves with more basic
amines (higher pKa1) with no Hz detected with nPA. The
protonated ammonium cations are present in solution
under these conditions, and could potentially serve as facile
proton donors for HER. Although the pH of the solutions is
similar, we believe the more basic ammoniums may
suppress HER, leading to higher selectivity for CO.

From these results, there is a relationship between
amine Brgnsted basicity with overall CO2R activity for CO
using the primary amines ANI, TFEA, APN, PGA, and nPA.
The amines with lower pKa: values, ANI and TFEA, do not
form carbamate or bicarbonate in appreciate
concentrations and their COzR activity is comparable or
lower than solutions with no amine added. APN has both the
highest activity and highest concentration of carbamate.
The carbamate concentration then decreases with the
amines with higher pKai1 values, leading to lower activity for
COzR as more of the TDC is present as bicarbonate.

Secondary Amines Without Ethylalcohol
Functionalities. Two secondary amines without
ethylalcohol functionalities were also tested (DEtA and
DiSPA). Secondary amines are known to generate
carbamates with lower relative stability compared to
unhindered primary amines of similar Brgnsted basicity
due to their larger steric properties.>¢

A good illustration of this effect is the comparison of
primary amine nPA and secondary amine DEtA. Both have
alkyl functionalities that minimize steric effects and similar
pKa1 values (10.71 for nPA and 10.98 for DEtA). nPA has a
significantly higher carbamate formation constant
compared to DEtA, with Kem of 1.5x10¢ vs 7.4x104,
respectively (Table 2). nPA also has a lower hydrolysis
constant compared to DEtA (Kuyp of 1.3x10-2 vs 2.4x10-,
respectively), indicating greater stability towards
hydrolysis. These differences are evident in the VLE data,



where nPA has a carbamate concentration of 9.2 x 10-* M vs
2.26 x 105 for DEtA. In our catalytic studies, DEtA exhibits
about half the partial current density for CO compared to
nPA, similar to solutions with no amine, which we attribute
to the lower concentration of carbamate for DEtA due to the
increased steric pressure in the latter.

To further explore the impact of carbamate
concentration, we also tested DiSPA, which is only slightly
more basic than DEtA (pKa of 11.07 versus 10.98).
However, DiSPA is even more sterically hindered, resulting
in no appreciable carbamate formation upon addition of CO:
(Kesm < 1 with negligible carbamate formation).5 The
partial current density DiSPA for CO is about half of what is
observed for DEtA. Thus, for the three amines with similar
pKa1 values but decreasing carbamate formation due to
steric effects, nPa, DEtA, and DiSPA, we see the partial
current density again trend with carbamate concentration.
The selectivity for CO in this series is also lower than the
primary amines without ethylalcohol functionalities. The
lower selectivity compared to nPA, which has a similar pKa:
value, may relate to the lower carbamate concentrations in
DEtA and DiSPA. However, it is difficult to draw firm
conclusions as the correlation is less robust.

Amines with Ethylalcohol Functionalities.

Five amines with alcohol functionalities were studied,
including three primary amines (DGA, MEA, and AMP) and
two secondary amines (DEA and MAE). These derivatives
did not follow the same correlation between carbamate
concentration and CO partial current density as the amines
without ethylalcohol functionalities discussed above, and
are thus discussed separately.

MEA is one of the most heavily studied amines in CO:
capture because it has a high propensity for carbamate
formation. Among the amines with reported Kcsm values, it

concentration of carbamate based on the VLE modeling.
Only APN, which does not have reported Kcsm values, was
shown experimentally to have higher concentrations of
carbamate than MEA at these pH values.?° Despite the fact
that MEA and DEA have higher carbamate concentrations
(2.2x103Mand 1.0 x 103 M, respectively) compared to nPa
(9.3x10*M) and DEtA (2.26 x 10-5 M), it has alower current
density for CO. Thus, these amines with ethylalcohol
functionalities are less active for CO2R to CO despite having
higher carbamate concentrations compared to similar
alkylamines.

In this group of amines, aminomethylpropanol (AMP)
is unusual because it is a primary amine with significant
steric hinderance due to the dimethylfunctionalities on the
a-carbon. Like DiSPA, the steric properties of AMP inhibit
the formation of the corresponding carbamate, leading to a
Keev of < 1 (Table 1), or negligible carbamate
concentrations.5” 61 67. 68 Thus, the TDC of these solutions
will be predominantly bicarbonate (~4 M at pH 7.5),!
which is corroborated by the VLE analysis (Table 1 and
Figure S11) and 13C NMR spectroscopic studies (Figure 3).

As noted with their higher carbamate concentrations,
amines functionalized with ethylalcohol groups typically
exhibit higher CO: uptake compared to their non-
functionalized counterparts. Computational and
experimental studies indicate that alcohols can stabilize the
respective carbamate through an intramolecular hydrogen-
bonding interaction, with the greatest stabilization by
ethylalcohol functionalities.®®73 A computational analysis
was performed with the amines in this study to quantify this
effect. The results indicate intramolecular hydrogen-
bonding interactions with the alcohol can lead to

Carbon (grey), hydrogen (white), nitrogen (blue), oxygen (red).

Table 2. Structures of the corresponding carbamates from DGA, MEA, DEA, and MAE used for calculating free energies in the linear
form and cyclic form. The cyclic forms have lower free energies due to intramolecular hydrogen-bonding between the ethanol function-
ality and the carbamate. The difference in free energy between the linear and cyclic form, or stabilization energy, is given in kcal/mol.

Parent Amine DGA

MEA DEA MAE

Linear carbamate

)

Cyclic carbamate

Net stabilization en- 3.72 kcal/mol

ergy of cyclic form

5.08 kcal/mol

9.49 kcal/mol 5.24 kcal/mol

is expected, along with DEA, to form the highest

stabilization of the carbamate compared to the linear



conformation (Table 2). The carbamates from four amines
(DGA, MEA, DEA, and MAE) were computationally
investigated. AMP was not studied as it does not form a
stable carbamate with CO2. The results indicate that for
these four amines, the cyclic form with an intramolecular-
bond is more stable than the linear form, with DEA the most
stabilized (9.49 kcal/mol), followed by MAE (5.24
kcal/mol), MEA (5.08 kcal/mol), and DGA (3.72 kcal/mol).

We believe that for amines with alcohol functionalities,
with the exception of AMP which does not form a
carbamate, the intramolecular hydrogen-bonding to the
carbamate limits the reactivity of the latter. Thus, despite
higher carbamate concentrations, their activity is lower
than expected compared to their unfunctionalized
counterparts. It is unclear from our studies whether
carbamate is directly reduced or serving as a buffer for free
COz. In either scenario, stabilization of the carbamate would
lead to the lower activity shown by experiment.

Speciation and COzR Activity.

By comparing the CO2R activity from the solutions with and
without amines (Figure 2), it is apparent that addition of
certain amines can enhance overall activity and selectivity
for CO. However, their effects vary greatly depending on the
identity of the amine.

From the data we have collected from these 12 amines,
we have drawn some correlations about CO2 speciation and
CO2R activity. Based on the aggregate data, the overall
activity does not correlate with total dissolved carbon
(TDC) or bicarbonate concentration. For primary and
secondary amines without ethylalcohol functionalities, the
CO2R activity correlates with carbamate formation.
Carbamate formation requires a minimum Brgnsted
basicity (pKa1 > 6). When minimal steric interactions are
present, as they are for ANI, TFEA, APN, PGA, and nPA,
carbamate formation increases with pKa1 values above 6
until it is above 9, at which deprotonation of water becomes
a larger factor The latter tilts the speciation towards
bicarbonate over carbamate. The two competing effects are
evident in the partial current density for CO, which reaches
a maximum with APN for our set of amines with a pKa1 of
7.8, and also has the highest carbamate concentration.

Steric interactions result in lower concentrations of
carbamate. For sufficiently basic amines, steric effects also
result in greater speciation towards bicarbonate and higher
TDC values. A good illustration of this effect is shown with
nPA, DEtA, and DiSPA, which all have similar pKa: values
(10.71, 10.98, and 11.07, respectively) but decrease in
carbamate concentration across the series due to their
increasing steric interactions. The partial current density
for CO trends accordingly, with decreasing values from nPA,
DEtA, and DiSPA.

Lastly, amines with ethylalcohol functionalities do not
follow the trend of CO2R activity correlating to carbamate
concentration. These amines tend to generate a higher
concentration of carbamate compared to unfunctionalized

amines with similar pKai. Despite higher carbamate
concentrations, the overall activity with these amines is
lower. We hypothesize this divergent behavior is due to
stabilization of the carbamate through intramolecular
hydrogen-bonding with the ethylalcohol functionality. Our
free energy calculations comparing the linear carbamate
and its cyclic, hydrogen-bonded isomer show that this
interaction can stabilize the carbamate by 3.72 (DGA) up to
9.49 (DEA) kcal/mol.

For the amines that lead to an increased CO current
density, it is challenging to determine the exact source of
increased activity. Either CO2, HCOs, or the carbamate could
be reduced and it is not facile to experimentally determine
which species is the substrate as they are in equilibrium
with each other. One possibility is that the HCO3- or the
carbamate could be serving as buffers for CO2. The
experimental evidence suggests that HCO3- is not a carbon
source for catalysis, either through direct reduction or as a
buffer, as CO:R activity does not depend on its
concentration. Other studies with this catalyst noted that
higher pH conditions led to a loss of activity and selectivity
for CO,*! which is consistent with our conclusion that HCOs-
isnot a carbon source. Most studies interrogating the use of
amines for CO: capture indicate that carbamates are
unlikely to be the species being reduced.?? 34 46.47 Carbamate
is also expected to be more challenging to reduce because of
the enthalpy associated with forming the N-C bond. CO:
activation at Ni(cyclam)* is also expected to occur through
a Ni-C interaction to form CO,37. 38 40, 74, 75 which is not
possible with a carbamate species. For these reasons, we
believe the carbamate is not the substrate. However, the
equilibrium between ammonium carbamate derivatives
and CO: is achieved much faster than that between
bicarbonate and CO2.5% % Thus, it can serve as an effective
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Figure 4: Faradaic efficiencies for CO (orange) and H:
(green) are shown with the left y-axis at varying concen-
trations of 2-amino-propionitrile (APN). The correspond-
ing partial current density for CO (black squares) and Hz
(red squares) is shown with the right y-axis. The numeri-
cal data with APN is in Table S4 and at pH 7 with no amine
in Table S2.




buffer to increase the amount of available CO2 in solution.
This possibility would explain the beneficial effect that
amines have on CO:R activity and the activity correlation
with carbamate concentration for the non-ethylalcohol
functionalized amines. For the ethylalcohol functionalized
amines the intramolecular hydrogen-bond stabilization,
which results in increased carbamate concentrations, may
also reduce its effectiveness as buffer by slowing down its
equilibria with free COz.

APN demonstrated the highest activity among all of the
amines under our standardized 0.1 M conditions. If the
amine is enhancing activity by serving as a buffer with rapid
equilibria for dissolved CO2, higher concentrations could
lead to greater activity. We tested the correlation between
COzR activity and concentration of APN. The current density
for CO increases to ~3.5 mA/cm? at 0.4 M APN compared to
2 mA/cm? at 0.1 M (Figure 4) while maintaining >80% FE
for CO. The current does not increase significantly over 0.4
M up to 0.7 M APN.

Conclusions

This study investigated the impact of 12 different amines on
the reduction of CO:-loaded aqueous solutions by
Ni(cyclam)Clz with an Hg electrode, with some amines
resulting in greater COzR activity and selectivity to CO
compared to equivalent solutions without amines present.

Interestingly, the increase in CO:zR activity did not
correspond to any single property of the amines. The use of
VLE modeling, computational analysis, and 3C NMR
spectroscopy was used to identify the important amine
properties for enhanced activity. From our analysis, it
appears that carbamate formation without secondary
interactions is the most important descriptor for CO
reduction activity. Thus, activity is optimized for primary
amines without steric interactions or hydrogen-bonding
functionalities with optimal pKa: values to favor carbamate
formation. In our study, this optimal amine corresponded to
3-amino-propionitrile. With 0.4 M APN, the current density
for CO production is increased by at least 5-fold with a
Faradaic efficiency for CO of >80% compared to equivalent
conditions ~44% without amine.

These results are important as they demonstrate
amines can be used to increase COzR activity in water, which
is often restricted by the limited solubility for COs.
Additionally, the amine properties that are important for
CO2R do not align uniformly with those used to select
amines for CO2 capture and thermal release. The area of
integrated CO2 capture and conversion is rapidly growing.
Amines are the most heavily studied liquid-phase sorbent
for COz capture. Thus, our conclusions will guide selection
of optimal amines for both capture and subsequent catalytic
conversion.
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