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Abstract

Exposing anion exchange membrane (AEM) fuel cells to ambient air is known to
decrease fuel cell efficiency significantly due to the presence of CO,. In this combined
theoretical and experimental study, we examine the hydration conditions that promote reactions
between CO, and hydroxide ions in nano-confined AEMs, and we explore the effect of the
carbonation process on the solvation structure and diffusion of hydroxide ions. Using fully
atomistic ab initio molecular dynamics (AIMD) simulations, we find that increasing hydration
can delay the carbonation reaction between OH- and CO,. Once reacted, HCO5 ions exist along
the simulation, which significantly reduce the diffusion of the hydroxide ions. We confirm these
results using 'H- and 3C-pulsed field gradient nuclear magnetic resonance. AIMD simulations
further reveal that the HCOj3 actively “blocks” the diffusion path of hydroxide ions along the
simulation cell. We expect that elucidating the key design principles underlying the atomistic
effects of carbonate ions on hydroxide ions diffusion mechanisms in model AEMs will provide
useful guidelines for the synthesis and experimental characterization of novel highly conductive

AEMs fuel cell technologies in the presence of CO, containing air.



Journal of Materials Chemistry A

TOC:

co,
Diffusion “Blocking”

s o, Sy
e
L[]

1. Introduction

In recent years, anion-exchange membrane fuel cells (AEMFCs) have received
significant attention, as this technology allows for the removal of expensive Pt catalysts from
their structure, ultimately promising affordable fuel cells for massive energy conversion
applications.!-!> However, one significant challenge that currently prevents this technology from
successful commercialization is the chemical stability of the polymer electrolyte. It has been
shown that cation instability in anion-exchange membranes (AEMs) stems mainly from the
chemical degradation of the cationic functional groups.'3-> A second major challenge, which
has received less attention thus far, concerns the carbonation process that occurs when AEMFCs
operate with ambient (CO, containing) air.!¢ It has recently been shown that when the system is
exposed to ambient air, the hydroxide ion conductivity in AEMs decreases significantly because

of the carbonation reactions between OH- and CO,: 17-23

OH" + CO, 5 HCO; (1)
OH" + HCO; s COF + H,0 )

As the carbonation reaction reduces the hydroxide ion conductivity over time, this
process is expected to cause significant reductions in the AEMFC performance and efficiency.
Most theoretical and experimental studies in this area focus on identifying the conditions
required to prevent the carbonate reaction and to reduce the amount of the three carbon-

containing species CO,, HCO; and CO?% in the membrane. Nevertheless, very little is known

about the effect of these molecules on the solvation structures and interactions of the hydroxide
ions with the functional groups. Such effects are expected to be more pronounced in low-
hydration conditions, as there are insufficient water molecules to fully solvate the hydroxide
ions.?>?42> Studying the effect of the three carbon-containing species on the hydroxide ion

solvation shells will provide critical information on the reactivity and diffusivity of the
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hydroxide ions in a mixed environment of hydroxide and carbonate ions, which simulates real

ambient air-fed AEMFC environments.

The experimental investigations of CO, in AEMs include the effect of the three carbon-
containing species (i.e., CO,, HCO; and CO?) on the hydroxide ion diffusion. At present, most

of the theoretical studies in this field are forced to study the effect of only one of the three
carbon-containing species on the hydroxide solvation structure and diffusion??, as they are
based on fixed-charge empirical force fields, which are not reactive and cannot describe many-
body polarization effects. This approximation makes it difficult for molecular dynamics (MD)
simulations to describe chemical bond-breaking and forming events, which are crucial for
exploring chemical reactivity. Hence, empirical force-field studies force the system to stay at a
specific equilibrium, which does not necessarily represent realistic conditions the system might
be expected to reach. To the best of our knowledge, a deeper atomistic understanding as part of
the dynamic process is still missing. 4b initio Molecular Dynamics (AIMD) methods 2627 offer
the ability to explore ion dynamics driven by electronic structure calculations performed “on the

fly,” thereby overcoming the difficulties of MD simulations.

Recently, nano-confined environments have been used to investigate cost-effective and
reliable polymer architectures for use in electrochemical devices.?®3¥ In our previous studies,
we employed tailored nano-confined structures to mimic certain features of ion-conducting
polymer membranes with the aim of uncovering key influences on hydroxide diffusivity in
AEMSs.3% These investigations showed that water molecules exhibit unusual structures that
depend on the system size and water density. The hydroxide diffusion mechanism, which has
been widely studied and well-characterized in bulk aqueous basic solution*¢-%!, was strongly

dependent on the intriguing water structure under confinement. 3%-43

In this work, we report a combined theoretical and experimental investigation of the
effect of the carbonation process on the diffusivity of hydroxide ions and water molecules in
architecturally distinct AEMs with trimethyl-alkyl ammonium ions (TMA) at different
hydration levels. Additionally, we explore the conditions that promote reactions (1) and (2) in
nano-confined environments, under low-hydration conditions. The theoretical component,
performed in a nano-confined region between two graphane sheets to which TMA ionic

functional groups are attached with a simple linker, employed fully atomistic AIMD
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simulations.?%27 In an attempt to capture the experimental picture and to fully explore the effect
of the three carbon-containing species on the hydroxide ion diffusion, we designed six different
model AEMs; five systems represent the initial condition of the forward path of reaction (1),
and the sixth system represents the initial conditions of the backward path of reaction (2). For
each model, we analyze the water structure and the hydroxide ion diffusion using the protocol
described in our previous studies. 3°-4

The experimental study includes a measurement of the diffusivity of the
water/hydroxide and carbon species in polysulfone (PSU)-TMA-based AEMs, at two different
hydration conditions, using 'H- and '3C-Pulsed Field Gradient (PFG) Nuclear Magnetic
Resonance (NMR).6>-64 Results are qualitatively compared to those obtained by AIMD

simulations.

2. Description of Systems

Previous coarse-grained studies of TMA-tethered triblock copolymers suggested a
lamellar morphology for this type of membrane.®> Following our previous work 34, we
designed six idealized models of AEM environments. As a mimic of the PSU backbone used in
this study, our theoretical model employs a graphane bilayer (GB) with a variable number of
TMA cations tethered inside by short carbon chains. 70 The remaining free volume between
the graphane layers is filled with water to a desired hydration level (defined as A, the number of
water molecules per cation) and a variable number of hydroxide ions (with oxygen atoms
denoted as O*; and O*,). The cations are attached to fixed points on one side of the GB but are
otherwise free to move in the aqueous environment. Figure 1 shows the distance between the
attachment points, which defines the polymer electrolyte cation spacing in the x and y
directions. As a result, the simulation cell is partitioned into an open region, which we refer to
as center of the cell region (CCR), and constricted regions between the cations, which we refer

to as bottleneck regions (BR). 40:42-44

The five representative systems (C1, C2, C3, C4, C10; C indicating the presence of CO,
in the initial structures and the number representing the hydration value A) contain two TMA
cations, two hydroxide ions, and one CO,; the sixth system (3T3C; 3T indicating the number of

cations, 3 representing the hydration value, and C denoting the presence of one CO3 in the
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initial structure) contains three TMA cations, one hydroxide ion, and one CO_%' ion. The tunable
parameters used to generate the systems are: (i) the hydration level, chosen to be 1, 2, 3, 4 and
10 (see SI for further explanation regarding the choice of A); (ii) the distance between the two
carbon sheets, Az, chosen to achieve the highest water density possible (see Refs. [39-45] and
Supporting Information (SI) for rationale); and (iii) the polymer electrolyte cation spacing in the
x and y directions (Ax and Ay), in which Ax is fixed at 10 A and Ay is fixed at 6.6 A, for all
systems. The six architecturally distinct cells in this study were designed to obtain significantly
different water distributions. Systems C2, C3, C4, and C10 will be compared to similar,
previously studied systems without the presence of CO, in the initial structures (see Refs.

[39,40]).

b .
V"’v ‘L.‘u %’
® v
.y o -
. é Ay = 6.6A

Ax = 10A
»
C [*F1 e (74 & d
g § Vg Exb Bottleneck . W&
e * ‘s % Regions (BR)
.@é g o Lﬁ Center of the
s k Cell Region BR
““ el e (CCR) Py
[N y
=y g“ %&

Ly

Figure 1: (a) A side perspective of the atomistic graphane bilayer (GB) systems each consisting of two
graphane sheets, two TMA cations, two hydroxide ions, one CO,, and enough water molecules to reach
the required value of A, representing the initial structure of systems C1, C2, C3, C4, and C10. (b) The
view of a typical cell from a z-perspective for systems C1, C2, C3, C4, and C10, after reaction (1)

occurred, consisting of one hydroxide ion and one HCO3. (¢) The initial structure of model 3T3C from a

z-perspective, consisting of three TMA cations, one hydroxide ion, and one CO%’. (d) The view of a cell
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from a z-perspective, containing only TMA cations. The blue and orange areas indicate the bottleneck
regions (BR) and the center of the cell region (CCR), respectively. The graphane bilayer atoms (C and H
atoms) were removed from figures (b), (¢) and (d) to better show the cation structures. The GB systems
are fully hydrogenated except for the attachment points of the cations. The blue rectangles show the
primitive simulation cell of the system. The turquoise arrows demonstrate the polymer electrolyte cation
spacing along the x, y, and z directions (Ax, Ay, and Az). The red, white, turquoise, and blue spheres
represent O, H, C, and N atoms, respectively. Yellow and green spheres represent the hydroxide and

HCO; ions.
3. Method Section

3.1. Computational Method

After obtaining the desired starting structures, AIMD simulations 2%?7 were run using the
CPMD code. 277! Each system was equilibrated at room temperature using a massive Nosé-
Hoover chain thermostat 72, followed by 15-20 ps of canonical (NVT) dynamics, also using a
Nosé-Hoover chain thermostat, and finally ~80 ps of microcanonical (NVE) dynamics.
Dispersion forces were included via the Dispersion-Corrected Atomic Core Pseudopotentials
(DCACP) scheme within the Kohn-Sham formulation of Density Functional Theory and the B-
LYP exchange-correlation functional. 7374 The performance B-LYP+DCACP has previously
been shown to provide satisfactory results for water-acene interactions 7° and for liquid water. 76
All radial distribution functions (RDFs) and coordination numbers (CNs) were calculated using
both the NVT and NVE trajectories, while all dynamical properties were obtained using only
the NVE trajectories. A detailed description of the computational method can be found in the SI

and in our previous work. 3%-43
3.2. Experimental Method

PSU-TMA AEMs were synthesized based on the same chemistry (Figure 2). The AEMs
were converted into their hydroxide, HCO3, and mixed forms by exchanging their counter-ions
to OH", HCO3, and mixed OH/ HCO;, respectively (Figure S6). The synthesis and procedure
are briefly discussed in the SI. "TH- PFG NMR #* was used to measure the diffusivity of water
and ionic species through the AEMs in their three ionic forms. To study the effect of hydration,

the diffusivity measurements were carried out on the AEMs at two different hydration levels (A

Page 6 of 30



Page 7 of 30

Journal of Materials Chemistry A

= 4, 10). The 'H-NMR signal is large and comprises all the 'H-nuclei present in the system;
therefore, the diffusivity measurement reflects the behavior of all H-containing species, e.g.,
H,0, OH™ and HCOs;. To distinguish between the diffusivity of hydroxide and HCOj anions, for
the case of AEM in its mixed OH/ HCO3 form, '3C- PFG NMR was used to measure the
diffusivity of the C-containing species, e.g., HCO3, making a comparison between experimental
and theoretical results possible.

Full details concerning membrane synthesis and NMR

experiments are described in the SI and in Refs. [44,77].

O

CHj
TO S O —
CHj,

i H2C O Jn
II\I® X
C “CH
CH3

O

Figure 2: Chemical structure of the PSU-TMA AEM used for the NMR diffusivity measurements. AEM
samples were converted into their OH", HCOj3, and mixed forms by converting the counter-ions (X )

into OH", HCO;3, and mixed OH/ HCO3, respectively.
4. Results

4.1 Effect of Hydration on Reactions (1) and (2)

Previous studies have shown that the reaction barrier along the forward path of reaction
(1), i.e., OH + CO, —» HCOs3, in bulk aqueous solution involves bringing OH™ into the first
solvation shell of CO,, followed by bending of CO,. 7832 This is achieved by decreasing the
number of water molecules solvating the hydroxide ions from 4 to 2.5, thus additionally
decreasing the coordination number (CN) of the CO,, which leads to a distortion of the O-C-O
angle. For the reverse reaction, i.e., HCO3;—-OH + CO,, the activation free energy is

significantly larger than that of the forward reaction, as the dominant part of the activation



Journal of Materials Chemistry A

energy must break the strong C-O bond. For reaction (2), (i.e., OH + HCO3 5 CO_%' + H,0),
previous studies have shown that the backward path is preferable when CO%™ does not reach
complete solvation. -3¢ This suggests that the reaction barrier for the forward path of reaction

(1) and the backward path of reaction (2) will be reduced under low-hydration conditions,

which results in the creation of HCOj3.

In order to shed light on the energy barrier of these two reactions in nano-confined
environments under low-hydration conditions, we follow the number of hydroxide ions in each
model AEM along the AIMD trajectory (see Figure 3). For systems C1, C2, C3, C4, and C10,
two hydroxide ions correspond to the presence of CO; (i.e., the initial structure), one hydroxide

ion corresponds to the presence of HCO3 (i.e., the forward path of reaction (1) occurred), and
zero hydroxide ions correspond to the presence of CO3 (i.e., both the forward path of reactions

(1) and (2) occurred). For system 3T3C, one hydroxide ion corresponds to the presence of CO3"
(i.e., the initial structure), while two hydroxide ions correspond to the presence of HCOj (i.e.,
the backward path of reaction (2) occurred). For the least hydrated system C1, we find that both
the forward path of reactions (1) and (2) occurred, and that reaction (2) is in equilibrium for
most of the simulation time (see Figure 3). As hydration increases (i.e., systems C2, C3, C4),
the preferable state of the system includes one hydroxide ion and one HCO; (i.e., the forward
path of reaction (1) occurred). For the most hydrated system, C10, the forward path of reaction
(1) did not occur as there are two hydroxide ions along the entire simulations. For system 3T3C
(with only one hydroxide ion in the initial state) the number of hydroxide ions increases to two
for ~80% of the simulation time (i.e., the backward path of reaction (2) occurred) and reaction

(2) is in equilibrium for most of the simulation time.
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Figure 3: Number of hydroxide ions as a function of time for systems C1, C2, C3, C4, C10, and 3T3C.

In order to estimate the effect of hydration on the kinetics of reaction (1), Figure 4
presents the time required for the forward path of the 1 reaction to occur (OH + CO, — HCO;3
) for systems C1, C2, C3, and C4, as a function of A, which shows that the reaction is delayed

by an increase in hydration (the inset presents the time it took for the 15t and 2™ reactions to

occur for all systems).

Figures 3 and 4 show that, for low to moderate hydration values (4 < 10), exposing
nano-confined AEMs to ambient air results in production of HCO53 in the system. However,
keeping the system hydrated (4 > 10) can delay the carbonation reactions between OH- and

CO,, hence delaying the effect of the carbonation process on AEM performance.
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Figure 4: The time (in ps) required for the forward path of the 1% reaction to occur (
OH + CO, — HCOj3) for systems C1, C2, C3, and C4, as a function of A. Inset: The time (in ps)
required for the 1%t and 2™ reactions to occur for all systems. To ensure the above results, we present in

the SI Table S4 similar results at different initial conditions.

Figure 5 shows snapshots from the trajectory of system C4 and describes the steps of the
reaction OH™ + CO, — HCO3 in the nano-confined model AEM environment. First, the
hydroxide is solvated with four water molecules (Figure 5a). Next, the CN of the hydroxide ion

is reduced to three, in which there are no water molecules between the hydroxide ion and CO,
(Figure 5b), which allows the hydroxide ion to penetrate into the first solvation shell of CO,,
followed by a bend in the O-C-O angle (Figure 5c). Finally, a bond is formed between OH™ and
CO, to create HCO;3 (Figure 5d). Combining the results from Figures 3 through 5, we conclude

that, when compared to bulk solution, the hydroxide is more likely to penetrate into the first

solvation shell of CO, at low-A AEMs, which results in the following reaction:
OH" + CO, = HCO;5. These results validate the hypothesis that the reaction barrier for the

forward path of reaction (1) will be reduced under low-hydration conditions.
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Figure 5: Representative configurations showing the proposed reaction path of OH™ + CO, — HCO3 for

low hydrated model AEM, including important water molecules from the first and second solvation
shells of the hydroxide ion (figures taken from the trajectory of system C4). See main text for further

explanation.

4.2 Solvation Structures

4.2.1 Water Structure

In previous studies of AEM at low hydration levels (~4 < 8), we found that the water
distribution in AEM is not-uniform. 4043 All water molecules in these systems can be regarded
as interfacial, i.e., in contact with some part of the “membrane” and are inhomogeneously
distributed throughout the system. Unlike in bulk solution, in which the water oxygen has an
average of a fourfold-tetrahedral coordination pattern 447, the non-uniform water distribution
results in a first solvation shell of either zero, one, or two for the water oxygens. Additionally,
the non-uniform water distribution refers to the formation of spatially separated (by ~4 A) water
clusters in the vicinity of each ion. As a result, void areas are formed in the simulation cell. The
specific patterns formed in these clusters influence the solvation structure and diffusion
mechanisms of the hydroxide and carbonate ions as will be discussed next. The OO and NO,
RDFs and CN values for the six systems are shown in the SI, to demonstrate the water oxygens
solvation shells.

4.2.2 CO, /HCO; / CO% Structure

In order to gain a better understanding of the solvation structures of the carbon-
containing species, we show, in Figures 6a and 6b, the CO RDFs and CNs, in which C
represents the carbon atoms of either CO,, HCO3 and CO?%", and O represents all oxygens in the

system. The first solvation shell peak is located at 1.3 A for all systems, in which the shoulder

11
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seen for systems C1, C2, C3, and C4 at 1.4 A represents the transition between CO, to HCO;.
The CN of the first solvation shell reflects the most common carbonate species found along the
simulation for each of the systems. Hence, in agreement with the results presented in Figure 3,
we find that the CN for systems C1, C2, and C3 is 3, thus corresponding to the appearance of
HCO;3 for nearly the entire simulation; for system C4 the CN is 2.8, which corresponds to the
appearance of HCO3 for ~70% of the simulation time; for system C10 it is 2, which corresponds
to the appearance of CO, for the entire simulation; for system 3T3C, the CN is 3, which
corresponds to the appearance of HICO3; and CO3™ for the entire simulation. The CN of the
second solvation shell is 5.7, 6.0, 6.1, 6.5, 7.4, and 11.2 for systems C1, C2, C3, 3T3C, C4, and
C10, respectively. For systems C2, C3, C4, and 3T3C, in which the carbon atom represents
HCO3, the CN value for the second solvation shell is considered low when compared to bulk
solution, where it was found to be 9.9. 7832 Inspecting the configurations from the NVE
trajectory reveals that HCO3, which is considered to be a larger anion than OH-, occupies a
much larger space than the hydroxide ion in the simulation cell. Due to this geometric
restriction, the TMA cations interrupt the water molecules from penetrating into the HCO3 first
and second solvation shells, which explains the low CN values found for HCOj3 (e.g., see inset

of Figures 6a and 6b).

22» L \IL T i T 22’b T T T
L a L
?g; " #  # —CI %g;
L & .,‘t Ty _C2 L
16 yx, ° ,{ e C3 16
14 - | 2y 2 14 -
012_ " "'6.,- - 012_
Swp || # Y | Buf
B | . 8
6F . 6F
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2... ‘.‘-' = 2...
0 Wi E | 0’
0 1 2 5 0 1
r (A)

Figure 6: CO RDFs of systems (a) C1, C2, C3 and (b) C4, C10, and 3T3C (represented by black, red,
green, blue, orange and purple curves, respectively). Colored dotted lines show the coordination numbers

(CNs) for each system. Inset: an example for the HCOj structure taken from the trajectory of (a) system

C3 and (b) system C4.
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4.2.3 OH" Structure

Figure 7A presents the O*O RDFs and CNs of systems C2, C3, C4, C10, and 3T3C
(system C1 is not presented as there are no hydroxide ions in the system for most of the
simulation). For systems C2, C3, C4, and C10, we compare the results for previous systems
studied without the presence of CO; in the initial structure (taken from Refs. [39,40,44]). For all
systems, with and without the presence of the carbon-containing species, the first solvation shell
of the hydroxide oxygen is located at 2.7 A, as reported for bulk solution. 46-55 The effect of the
three carbon-containing species on the hydroxide solvation structure is noticeably pronounced
in the CN of the first and second solvation shells (see Figure 7B), as we find that adding CO, to
the initial structure increases the number of water oxygens surrounding the hydroxide ions for
systems C2, C3, C4. For system 3T3C, we find a high CN value as found for systems C3 and
C4. However, for system C10, which does not count as a low-hydrated system, we find that
adding CO; to the system did not change the hydroxide ions solvation shells (see SI for exact
CN values).

13



Journal of Materials Chemistry A Page 14 of 30

T T T 12
A “Ha C3
12+ 10
1(); 8k
S 8f 8 ol
C g o
ol
47— withCo,
2 —NoCoO, 220
05 i % 1
12 ‘ ‘ ‘ ‘ 16 ;
10-C4 10_C10 14/ 3T3C
8 ) Y 12F
r 1 10F
S 6 S 6l S s
& 5 o
af ol 6F
2+ 4
2r 2t
05 3 % ; % 1
T 4 B with CO, 5 10
. 5]
(2 7 Without CO, c 8
g 3 ‘8
E S 6
3 2 @
& g 4
> 1 4
0 0
C2 C3 C4 C10 C2 C3 C4 C10

Figure 7: (A) O*O,, RDFs of systems C2, C3, C4, C10, and 3T3C, with and without CO, in the initial
structure (black and red curves, respectively). Colored dotted lines show the CNs for each system. (B)
Summarized CNs of water molecules in the first and second solvation shells around hydroxide ions for
systems C2, C3, C4, and C10, with and without CO, in the initial structure. Data for systems without

carbon-containing species were taken from Refs. [39,40,44].

In order to shed additional light on the high hydration around the hydroxide ions, we
turn back to Figures 3 and 6 and to the NVE trajectory. As discussed in Figure 3, systems C2,
C3, and C4, has one OH™ and one HCO3 in the system, unlike two hydroxide ions for systems
without carbon-containing species in Refs. [39,40,44]. As shown in Figure 6, as a result of the
large size of HCOj3 and the geometric constrictions of the TMA cations, the solvation shell of

HCO; is restricted. Hence, the water molecules in the systems are divided between one OH- and

14
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one HCO3, in which HCO3 cannot achieve a full solvation shell. As a result, the water

molecules are drawn towards the hydroxide ion and less towards HCOj3.

The effect of the high hydration around the hydroxide ions is seen in the NO* RDFs and
CNs shown in Figure 8, where we compare the results for previous systems studied without the
presence of the three carbon-containing species (taken from Refs. [39,40,44]). For systems C2
and C3, we find that the hydroxide ions are located further from the cations in the presence of
carbonate anion. Additionally, for systems C2, C3 and C4, we find a decrease in the CN of the
first solvation shell, in the presence of carbonate anion. These results suggest there is an
increase in the shielding between the hydroxide ions and the TMA functional group, pushing
the hydroxide further away from the TMA cations, which, in turn, can decrease the degradation

process, as was recently reported in Ref. [22].

4 T T T T 2 T T T 2 s ; . |
3- 4 K | |
ZZ— 1+ 1
1+ —WithCO, | A '\ .
— No CO,
OU 1 2 3 4 5 6 T OU 1 2 00 ‘l i

r(A) r(A) r(A)

Figure 8: NO" RDFs of systems C2, C3, and C4, with and without CO, in the initial structure (black and
red curves, respectively). Colored dotted lines show the CNs for each system. Data for systems without
CO, in the initial structure were taken from Refs. [39,40,44]. See SI for NO* RDFs CNs for all systems,

and for a more detailed description on the RDFs and CNs results.

4.3 Dynamical Results

Next, we explore the effect of CO, , HCO;3,and CO% on hydroxide ion diffusion. The
picture of the dynamics emerges from a calculation of the average diffusion coefficient of the
hydroxide ions, water molecules, and the three carbon-containing species in each of the model
AEMs. Table 1 compares the diffusion constants of the hydroxide ions and water molecules to

systems without the presence of CO, in the initial structure, as found in Refs. [39,40,44].
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Table 1: Diffusion constants obtained from the slope of the mean square displacement in units of
10 em?/s (i.e., A%ps). *Results taken from Refs. [39,40,44]. See SI for diffusion coefficients along

each of the axes separately.

Dou- | Duyo | Dco,/cot/uco;

C1 W CO, 0.00 | 0.10 0.00
W CO, 0.04 | 0.02 0.00

C2
*WO CO, | 0.01 | 0.04 0.00
W CO, 0.03 | 0.05 0.00

C3
*WO CO, | 0.15 | 0.09 0.00
W CO, 0.06 | 0.07 0.02

C4
*WO CO, | 0.17 | 0.06 0.00
W CO, 0.06 | 0.04 0.00

C10
*WO CO, | 0.12 | 0.01 0.00
T3C3 | WCO3 | 0.02 | 0.03 0.00

As stated above, we find that the hydroxide ions are more hydrated in systems C2, C3,
C4, and 3T3C, which suggests that these systems have the potential to increase their
conductivity. However, for systems C2, C3, C4, and C10, where there is a comparison with
systems without the presence of carbon-containing species, we find that the hydroxide ions
diffusion is reduced more than twofold for systems C3, C4, and C10, and remains non-diffusive
with a diffusion coefficient lower than 0.1 A2/ps for system C2 (see Refs. [39,40,44] for a
detailed definition of a non-diffusive hydroxide ion). Additionally, we find that the water
diffusivity remains low for all systems. As expected, we find that the three carbon-containing
species are non-diffusive for all systems, as these species are considered to be larger and less
mobile than the hydroxide ions. 8’ To demonstrate the low diffusion of both the hydroxide and
carbonate ions in these systems in greater detail, we plot the coordinates of the hydroxide

oxygen atoms and the carbonate atoms as a function of time in the SI.
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The non-diffusivity of the carbonate ions, and the low diffusivity of the hydroxide ions
in the presence of carbonate ions, have been confirmed by experimental NMR measurements in
PSU-TMA-based AEMs for systems under A = 4 and 10 (details concerning membrane
synthesis and NMR experiments are described in the SI). Diffusivity values measured in the
synthesized AEMs in their hydroxide and HCOj3 form (Figure 9) show that, in both A = 4,10
levels, the total diffusivity of all species, measured by 'H NMR, are significantly higher in the
AEMs where the hydroxides are the only ionic species present (OH™ form), as compared to the
AEMs in which the carbonate are the only ions present (HCO3 form). For instance, the
diffusivity measured in OH~ form and HCO3 form were 2 to 5 times higher and 3 to 10 times
higher, at A = 4 and A = 10, respectively. Interestingly, at high hydration levels of A = 10, the
effect of the carbonate ions onto the diffusivity in the AEM is significantly more pronounced.
This is consistent with experimental results recently reported, where the effect of the CO, onto
the overall performance in the AEMFC was significantly more pronounced (higher CO,-related
overpotential losses) with AEMs with higher hydroxide conductivity (higher hydration levels).??
In addition, diffusivity measurements of AEMs in their mixed OH /HCOj3; were also added for
comparison (Figure 9). As expected, the diffusivity values of the species in the AEM in their
mixed ionic form falls in between those of ‘pure’ hydroxide and carbonate forms, confirming
the effect of the carbonate ions onto the diffusivity of the species, as found in the AIMD
simulations described above. For the mixed ionic form of the membrane, we also measured the
diffusion of the *C (Figure 9c¢). In this way we differentiate the diffusivity of the carbonate
from the diffusivity of the hydroxide and water. As was predicted by our AIMD simulations, the
diffusivity of the carbonate was lower than that measured for the hydroxide and water ("H).
Interestingly, the difference between the diffusivity of carbonate and that of the hydroxide/water

is larger at lower temperatures.

(a) (b) (€) HB3CO;/OH form
0% 10° 10
A=4 TH-diff A=10 TH-diff ® =10 (H-diff) »=4 (H-diff)
i ¢ . < 2=10 ("C-diff) 1=4 (PC-diffy
e OH form .
o ®  HCO;/OH . L b B g m d =
= 4 HCO; form - N o _ T I
g 7y . 10 i 100 . g
) by £ H - i . 0
=) 4 a e ® OH form
g w F . ® ) A HCO,/OH
' ® HCO; form
7 107 y ' - T T
’ & &P eSS ) P P R
T(K) T (K) T (K)
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Figure 9: Self-diffusion coefficients of hydroxide ions and HCO;confined in water swelled

AEMs in their OH", HCO3, and OH/HCOj; mixed forms, measured at hydration levels of (a) A =4, (b) A
=10, and (¢) A =4 and 10, in their OH/H'?>CO; mixed forms measured on both 13C and 'H.

Inspection of the configurations from the AIMD trajectories reveals that the low
diffusivity of the hydroxide ions in the presence of carbonate ions in model AEMs derives from
the non-diffusivity of the carbonate ions, as it is actively “blocking” the hydroxide ions from
diffusing along the simulation cell and in particular to diffuse along the BR. Figure 10
demonstrates the HCO3 “blocking” mechanism of the hydroxide diffusion at these low hydrated

conditions. As shown, the hydroxide ions are located at the BR in a stable threefold structure
(Figure 10a). 340 Once the first solvation shell of the hydroxide is reduced to one, and it is

located in the first solvation shell of HCO3, a hydrogen bond (HB) is formed between the
hydroxide ion and HCO3 (Figure 10b). Next, a proton transfer (PT) event occurs between the
hydroxide ion and HCO3, according to the reaction: OH + HCO; — CO3 + H,O (Figure 10c).
As a result, there are no hydroxide ions in the system. After a few picoseconds, a HB is formed
between CO3 and a nearby water molecule (Figure 10d). Next, a PT occurs between CO?% and
a water molecule, creating HCO3; and a hydroxide ion, according to the backward path of
reaction (2): CO3 + H,O — OH" + HCO; (Figure 10e). The hydroxide ion continues to diffuse
back into the CCR, where it was originally located (Figure 10f). Figures 10g and 10h present an

ideal water structure in the BR with and without a hydroxide ion.

18

Page 18 of 30



Page 19 of 30 Journal of Materials Chemistry A

‘r‘u“!.' ok , 7 »“9'9
e FY g P | B

¢
‘&. U’O Ideal Water Structure +
o OH- without CO,

So
S—“

a L C 4 . |& 7
L - I S
b

h

d
¥ .
v r - 3
%éu\t‘a ‘“gg I"W‘ j ﬁ’;%pﬂ, -ggg g&

&_

“%‘
-
T
g
c I
e
L 3

“*é?

Ideal Water Structure
without CO,

L

o’
‘o

q
)

Figure 10: Representative configurations showing the proposed “HCOj blocking” of the hydroxide ion
diffusion, taken from the trajectory of system C4, including important water molecules from the first and
second solvation shells of the hydroxide ion. (a) The hydroxide ion is entering the BR in a stable
threefold structure. (b) The hydroxide ion is located in the BR with only one water molecule in the first
solvation shell, and it is part of the first solvation shell of HCOj;. A hydrogen bond (HB) is formed
between the hydroxide ion and HCO3. (¢) a proton transfer (PT) event occurs between the hydroxide ion
and HCO;3, creating CO%' and a water molecule (i.e., the forward path of reaction (2)). Yellow and green
spheres represent previously hydroxide oxygen. (d) a HB is formed between CO?' and a nearby water
molecule. (e) a PT occurred between CO3™ and the water molecule, creating HCO3 and a hydroxide ion
(i.e., the backward path of reaction (2)). Green sphere represents the newly formed hydroxide ion. (f)
The hydroxide ion is back into the BR in a threefold stable structure. (g) A typical stable OH-(H20);s
structure formed in the BR, similar to the structure shown in Figure a. (h) A typical water structure
formed in the BR without the presence of a hydroxide ion. The red, white, turquoise, and blue spheres
represent O, H, C, and N atoms, respectively. The yellow and green spheres represent the instantaneous
hydroxide oxygens, HCO; and CO3". The yellow and green arrows demonstrate the green and yellow

hydroxide ion spheres diffusion path, respectively.
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5. Discussion and Conclusions

In this combined theoretical and experimental study, we explored the carbonation
process in AEMs and the effect of carbonate ions on the hydroxide ion solvation structure and
diffusion. From fully atomistic AIMD simulations of idealized nano-confined AEMs that
contains CO, in their initial structure, we found that the hydroxide ions were more likely to
react with CO, in low-hydration conditions. This is due to the main reaction barrier for the
reaction OH™ + CO, — HCO3 bringing the OH™ into the first solvation shell of CO,, which is
significantly reduced in low-hydration conditions. For moderate hydration values (1 = 10), we
did not observe any reaction between the hydroxide ion and CO,. Additionally, once the initial
condition contained CO3, the backward path of reaction (2) was preferred in low-hydration
conditions. For all systems, OH- and HCO3; were the most common species to exist along the
simulation. Hence, we conclude that exposing low-hydrated systems under confined
environments to ambient air appears to result in the creation of HCO3. However, keeping the
system at moderate to high hydration values may postpone the reaction between the hydroxide

ion and CO,, thus extending AEM lifetime.

Exploring the solvation structures of the ions in the systems revealed that as a result of
the larger size of HCOj3 and the geometrical constrains of the TMA cations, the HCO3 are less
hydrated than in a bulk solution. As there are less hydroxide ions in the system, the water
molecules are divided between HCO3 and OH . Thus, the water uptake in the first and second
solvation shells of the hydroxide ion increases in low-hydrated AEMs. As the hydroxides are
more hydrated in the presence of carbonate ions, the shielding between the hydroxide ion and
cationic group is higher, which, in turn, can decrease the degradation process, as was recently

reported in Ref. [22].

While the increase in CN of the first and second solvation shells of the hydroxide ions
suggest an improved ionic conductivity, we discovered, both theoretically and experimentally,
that the hydroxide ion diffusivity is significantly reduced in the presence of carbonate ions.
Additionally, water molecules and the three carbon-containing species exhibited a non-diffusive
behavior. Exploration of the AIMD trajectories revealed that the non-diffusive carbonate ions
are “blocking” the hydroxide ions from flowing along the simulation cell. In our previous work

on low hydrated AEMs we discovered that the region between each pair of cations create a BR
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for hydroxide diffusion, as only specific solvation structures are diffusive, leading to a
suppression of hydroxide ion mobility. 404243 In the current simulations, we identified that even
in cases in which the hydroxide achieved the structures allowing them to cross the BR, the
carbonate ions are “blocking them from diffusing into the CCR, and are driving them back into
the BR. To overcome this obstacle, we suggest expanding the BR in future work, in order to
reduce the “blocking area”, as this should allow the hydroxide ions to diffuse along the BR and
into the next CCR.

To the best of our knowledge, this work is the first to provide atomistic insights and a
preliminary fundamental understanding on the carbonation process in AEMs and its effects on
hydroxide ion solvation structure and diffusion. We believe our results enable us to suggest
novel design strategies to improve hydroxide ion conductivity in high-performance AEMFCs in

the presence of CO, containing air.

Supplementary Information

The following additional data are presented in the Supplementary Information (SI): (i)
Computational methods, system parameters, and the choice of hydration values; (ii) OO, NOy
and NO* RDFs and CNss; (iii) MSD explanation; (iv) diffusion coefficients along each of the
axes separately; (v) O*O CN values for 1t and 2" solvation shells; (vi) hydroxide ions and
carbonate anions coordinates as a function of time; (vii) additional results to Figure 4, at

different initial conditions; and (viii) experimental details.
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