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lon adsorption and dynamics in porous carbons is crucial for many technologies such as energy storage
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and desalination. Nuclear Magnetic Resonance (NMR) spectroscopy is a key method to investigate

such systems thanks to the possibility to distinguish adsorbed (in-pore) and bulk (ex-pore) species in

the spectra. However, the large variety of magnetic environments experienced by the ions adsorbed

in the particles and the existence of dynamic exchange between the inside of the particles and the

bulk renders the intepretation of the NMR experiments very complex.

In this work, we optimise

and apply a mesoscopic model to simulate NMR spectra of ions in systems where carbon particles

of different sizes can be considered. We demonstrate that even for monodisperse systems, complex

NMR spectra, with broad and narrow peaks, can be observed. We then show that the inclusion of

polydispersity is essential to recover some experimentally observed features, such as the co-existence

of peaks assigned to in-pore, exchange and bulk. Indeed, the variety of exchange rates between

in-pore and ex-pore environments, present in experiments but not taken into account in analytical

models, is necessary to reproduce the complexity of experimental NMR spectra.

1 Introduction

Ion dynamics in porous carbon materials play a critical role in
several technological areas, such as energy storage and desali-
nation systems.1™ In particular, in electrochemical double layer
capacitors, the energy is stored through ion adsorption at the in-
terface between the electrode and the electrolyte. The high power
density of these systems, largely related with the speed of ion ad-
sorption/desorption, is one their main advantages. Therefore, it
is crucial to have a fundamental understanding of how different
ions behave under confinement in order to accurately assess the
performance of porous carbons for specific uses.

Several experimental methods can be employed to investigate
the adsorption and diffusion of ions in electrolytes at the inter-
face with porous materials, such as in situ X-ray scattering>",
quasi-elastic neutron scattering®19, electrochemical quartz crys-
tal microbalance 13 and Nuclear Magnetic Resonance (NMR)
spectroscopy.1® These methods can provide information regard-
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ing the quantity of adsorbed ions, ion fluxes and ion dynamics to
some extent.

NMR is particularly valuable for studying the properties of con-
fined species because of its nucleus sensitivity and non-invasive
nature. NMR is quantitative, which means that it can be used
to accurately determine the quantities of adsorbed ions and sol-
vent molecules, regardless of whether they are charged or neu-
trall®1Z The primary factor that enables this distinction is the
different chemical shift experienced by bulk (“ex-pore") and ad-
sorbed (“in-pore") species. Indeed, in the presence of a mag-
netic field, the circulation of delocalised 7 electrons in the sp?-
hybridised carbon leads to a ring-current effectl® which shifts
the feature produced by adsorbed ions to lower frequencies in
the spectrum.12°23/ The shift value depends on various factors
such as the degree of graphitization and the pore size of the car-
bon2124125 A5 3 first approximation the shift is nucleus inde-
pendent and can be estimated through Density Functional The-
ory (DFT) calculations on different sp?-hybridized carbon struc-
tures. Such calculations of the nucleus-independent chemical
shift (NICS) have provided valuable information about the mea-
sured spectra,24126529]

Regarding the shape of the NMR spectra, the presence of differ-
ent magnetic environments in porous carbons typically leads to a
variety of linewidths for the in-pore peak. The specific linewidth
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depends on the similarity between these environments, which
is often related to the distribution of pore sizes, as well as the
motion dynamics between these different environments.2%31 The
change in linewidth with different electrolytes and temperatures
can be used as a qualitative indicator of the dynamics of the ad-
sorbed species. Forse et al.®? have for example shown a corre-
lation between a decrease in temperature and an increase in the
linewidth for pure ionic liquids adsorbed in an activated carbon.
This increase in linewidth was attributed to the reduced mobility
of the ions. Nevertheless, predicting the linewidths is challenging
due to the wide variety of magnetic environments and diffusion
coefficients coexisting in the complex porous carbons..

It is possible to realise NMR experiments more specifically fo-
cused on ion dynamics, such as pulsed-field gradient (PFG) and
two-dimensional exchange spectroscopy (EXSY) experiments.
Such experiments allow for the determination of diffusion coef-
ficients and exchange rates.2435 Previous PFG-NMR studies have
shown that a reduction in the average pore size induces a large
decrease in the mobility of confined species in different porous
carbons. 2939 In addition, it is known that the tortuosity of porous
materials and the variation in ion concentration due to the appli-
cation of an electric potential on the carbon have an effect on
diffusion.32:40

2D EXSY experiments are helpful to get information on the
exchange of species between different environments.  Grif-
fin et al. 12 Deschamps et al.%3, and Fulik et al. %Y all show an in-
pore/ex-pore exchange happening on the millisecond timescale in
activated carbons filled with organic electrolytes. The in-pore/ex-
pore exchange process was proposed to be composed of two com-
ponents: a “slow" component, which was attributed to the ex-
change between species that were present in the “deep" interior
region of the carbon and the bulk, and a “fast" component, which
was attributed to the exchange between species that were present
at the “surface" region of the carbon, close to the bulk, and the
bulk.

The existence of dynamical processes occurring at different
timescales suggests a possible effect of the particle size on NMR
spectra. Studies on particles of few micrometers in size re-
vealed a chemical shift averaging and a consequent change in
the linewidth?4 which was not observed in experiments that used
large particles?2, Few studies have systematically examined the
impact of particle size on NMR spectra. In studies on particles of
two sizes, Cervini et al.#3 found an exchange peak in the ex-pore
environment. Such an exchange peak, resulting from the coales-
cence of the initial peaks and observed at an intermediate posi-
tion between bulk and in-pore, is observed when the exchange
rate between these environments is fast in comparison with the
difference between the corresponding resonance frequencies. In
the case described by Cervini et al., the exchange processes for
large particles have lower rate constants than for small particles,
as seen by the larger peak for smaller particles. Smaller particles
have shorter diffusion pathways from the inside to the exterior, re-
sulting in a faster exchange. Recently, Lyu et al.4¥ reported spec-
tra of aqueous solutions in contact with a porous carbon showing
three main features: an ex-pore peak, an in-pore peak and an
exchange peak. The variable temperature experiments are con-
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sistent with the assignment the authors proposé.

Theoretically, several analytical models have been employed to
describe the exchange between two sites with different chemi-
cal shifts#46. However, their applicability is still limited to ex-
plain the sometimes complex shape of experimentally measured
NMR spectra. In previous works, a mesoscopic model, based
on a lattice-gas dynamics, was developed to enable the predic-
tion of NMR spectra for different species diffusing in a porous
carbon structure.®! This model uses microscopic properties from
molecular dynamics simulations and DFT calculations to include
electrolyte-carbon interactions and resonance frequencies of var-
ious magnetic environments. Following its initial conception,
the model has been improved to investigate in situ NMR#Z and
more recently the particle size effect.48 In the latter case, the
in-pore/ex-pore exchange can be studied by integrating a ‘bulk
region’ and a ‘particle region’ in the system. This study revealed
the importance of representing a diversity of exchange rates to
explain the spectral features observed experimentally. Includ-
ing a suitable range of exchange rates is indeed not possible in
analytical models. Nevertheless, experimentally, the situation is
even more complex with in-pore/ex-pore exchanges occurring be-
tween the bulk and particles of various sizes.42 The inclusion of
polydispersity is essential to recover specific features, such as the
coexistence of ex-pore, in-pore and exchange peaks in the NMR
spectra. 44

In this work, after reminding the basic methodology of the
mesoscopic model, we explain how we introduce the possibility
of having multiple particles with different sizes to investigate the
effect of the polydispersity on NMR spectra. Particles of three dif-
ferent sizes and two different chemical shifts for in-pore species
are considered.

2 Methods

2.1 Overview of the mesoscopic lattice model

We used the previously developed mesoscopic model, based on
the lattice-gas method,21#47°50 to investigate how the particle
size distribution affects the NMR spectra of species diffusing
through, and in and out of porous carbons.
ing that this requires simulating a relatively large lattice (here,
1 million sites), to include many particles, which was not pos-
sible with a reasonable computational time and memory us-
age in the implementation realised so far. The model was
re-implemented using pystencils®®>2 allowing for the present
study. Indeed, each calculation, run on a single core on a lap-
top, would take months with the initial implementation. The
same calculation now takes less than an hour on two or four
cores of the same laptop. The software, still undergoing op-
timisation, will be published separately. The initial version of
the software, along with a user manual and example input files,
is available at https://github.com/cmerlet/LPC3D. The new ver-
sion will be made available at https://www.multixscale.eu/ and
https://github.com/cmerlet.

It is worth not-

In the mesoscopic model, each lattice site is either a pore or a
volume of liquid for which several values need to be defined: i)
the pore size (or size of the volume of liquid), ii) the quantity of
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ions in the pore, iii) the resonance frequency of the ions in this
pore. In principle, these values can be parameterised from molec-
ular dynamics simulations, for the quantities of ions, and from
DFT, for the resonance frequencies, but in the present work, a
simplified model with values consistent with experiments is cho-
sen.

The diffusion of electrolyte species through lattice sites is de-
termined through an acceptance rule by which a transition from
site i to site j follows the probability:

—(E;—E;) .
Py { o (k]fgiT> if £ > E; o
1 ifE; <E;

where E; is the energy assigned to site i, kg is the Boltzmann con-
stant and 7 is temperature of the system. A transition from a site
i, characterized by a higher energy level, to a site j, characterized
by a lower energy level, will always take place. The probability
of the reverse transition decreases as the difference between the
energies of the two sites, E; — E; , increases.

The transition probability can be reduced by a factor «;; to
slow down diffusion. This factor is defined as o;; = exp (%(T”)),
where E,(ij) is the energy barrier that determines the transitions
between lattice sites i and j. While this will be used in future
works to include different dynamics in the bulk and in the parti-
cles, we set ¢;; to 1 for all transitions to facilitate the interpreta-
tion of the results for this first study.

While electrolyte species diffuse in the lattice, they experi-
ence different magnetic environments, described by different res-
onance frequencies ; in the model. It is possible to follow the
trajectories of the electrolyte species over time and calculate the
NMR signal as:

G(l‘) _ <eif(; 2ﬂwi(t').dt’> 2)

where (...) denotes an average over all spins. Once the NMR
signal is determined, the NMR spectrum is simply obtained via
Fourier transformation, as is done experimentally.

In the simulations conducted here, the lattice sites are assigned
as bulk / ex-pore or particle / in-pore based on their positions in
the system. The particles are considered spherical and are dis-
tributed randomly across the lattice. All sites that are within
the radius of a given particle are particle sites. All other sites
are considered to be bulk electrolyte. Figure [1|illustrates the lat-
tice representation of a single carbon particle surrounded by bulk
electrolyte.

For this first investigation, all lattice sites have the same size
and contain the same quantity of ions. As a result, the ions dif-
fuse homogeneously across the entire lattice. To determine the
effect of in-pore/ex-pore exchange on the NMR spectra, different
resonance frequencies are assigned to the particle and bulk sites.
Since, as a first approximation, the chemical shifts observed are
independent of the nucleus considered, the important quantity is
the difference between the bulk and in-pore chemical shifts, Aw.
The chemical shift of the bulk sites, @y, is chosen to be 0 ppm
while the chemical shift of the particle sites, ®pq, is either -5 ppm
or -10 ppm.

In experimental works,>3 the chemical shifts observed for a
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Fig. 1 Scheme of the single carbon particle mesoscopic model. A carbon
particle with a radius equal to 7 lattice units (in blue) is surrounded by
the bulk electrolyte (in green) for a 30x30x30 lattice. Note that the
actual lattice size used in this work is 100x100x100.

range of electrolytes and carbons are between -2 and -11 ppm,
with most values around -5 ppm. The two values chosen here
correspond to a value quite close to the average and one close to
the extreme which allow us to probe the influence of the distance
between the bulk and in-pore magnetic environments on the NMR
spectra. It is worth noting that in real systems a distribution of
environments would exist. Including such a distribution is out of
scope of the current work but will be explored in the future.

The NMR spectra calculations are done considering the Larmor
frequency of '°F with a 300 MHz spectrometer, i.e. 282 MHz.
Indeed, '°F NMR is often used to probe electrolyte ions such as
BF, or PF,. In the remainder of this article, we will use the
words “jons" and “species" interchangeably as the calculations re-
alised here do not correspond to specific carbon materials and
electrolytes.

2.2 Specific systems studied
In this work, for a lattice size of 100x100x100, two types of
configurations have been considered.

* In the “same-size" configuration (see Figure [2h), the carbon
particles all have the same size. The radii chosen for this
configuration are 4, 9 and 15 lattice units.

¢ In the “different-size" configuration(see Figure [2b), the par-
ticles have two different sizes. The combinations used are
[4-15] and [9-15] lattice units.

We note that in all systems the particles occupy 27% of the total
volume. The exact numbers of particles considered for all sys-
tems are provided in Table [1} XYZ files of the lattices are avail-
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able in the Zenodo repository with the identifier 10.5281/zen-
0d0.11320999.

a) Same-size configuration

b) Different-size configuration

suk [

Carbon particles -

Exchange region -

Fig. 2 Illustration of the systems studied for a) the same-size and b) the
different-size configurations. Carbon particles are represented in blue,
the bulk electrolyte in green, and in-pore/ex-pore exchange regions in
purple. The real numbers of particles are given in TabIeEl

Table 1 Numbers of particles considered for all systems studied.

System | Size 4 | Size 9 | Size 15
4 1000 - -
9 - 88 -
15 - - 19
4-15 315 - 13
9-15 - 28 13

All simulations reported have been performed using 50,000
steps with a timestep of 5 us, these settings are adequate to see
a complete decay of the free induction decay signal®14749 o
modify the ion dynamics, we modify the correlation time, i.e. the
residence time of ions in a given site. We investigate values of ©
equal to 5 ms, 2.5 ms, 1.67 ms, 1.25 ms and 1 ms.

3 Results and discussion

3.1 NMR spectra for monodisperse systems

We first focus on monodisperse systems to explore the effect of
particle size and exchange dynamics on the NMR spectra. Fig-
ure 3| shows the spectra obtained for the three different particle
sizes when the chemical shift of in-pore species is -5 ppm. Peaks at
this position are indeed often seen in experimental NMR spectra
of various electrolytes in contact with porous carbon materials.>

It is very clear from Figure [3] that, as expected, both the parti-
cle size and ion dynamics have a large effect on the NMR spectra.

4 Journal Name, [year], [vol.], 1@
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Size 15

e—T_ ! . 1 .

8 4

Size 9

Fig. 3 NMR spectra calculated for the “same-size" configuration, for
an in-pore chemical shift of -5 ppm for all particle sizes and correlation
times.

In all spectra, either one or two peaks are observed. When there
are two peaks, the position of the peak assigned to the bulk elec-
trolyte is almost unchanged in all spectra.

For the smallest particle size, equal to 4 lattice units, the spec-
tra show a single peak located at approximately -1.3 ppm. This is
consistent with the fact that this system is in the fast regime, i.e.
the effective exchange rate between in-pore and ex-pore species is
faster than 2rAw/2+/2 which means that the in-pore and ex-pore
peaks are coalesced. It is worth noting that -1.3 ppm is close to
the -1.35 ppm value expected from the fact that particles occupy
27% of the lattice volume. Indeed, in the fast regime, an ex-
change peak at position @Wexc = fpart @part + foutk Opuik, Where fpq:
(respectively fp,) is the fraction of particle sites (respectively
bulk sites), is expected.

For the largest particle of size 15, when the species diffuse
slowly enough, for correlation times larger than 2.5 ms, an in-
pore peak can be clearly identified. For faster ion dynamics, the
peak shifts towards larger frequencies and is partially hidden un-
der the bulk electrolyte peak. It is worth noting that the linewidth
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of the bulk electrolyte peak increases when ion diffusion is faster,
in agreement with the system getting closer to a full coalescence.

For the intermediate particle size, equal to 9, there are always
two peaks in the spectra but the position of the peak which does
not correspond to the bulk species changes dramatically between
the cases where 7 equals 5.00 ms and 2.50 ms. For correlation
times smaller than 2.50 ms, the position of the peak at smaller
frequencies is approximately -1.8 ppm. This value is closer to
the -1.35 ppm, expected for a system in the fast regime, than to
-5.00 ppm which would be observed in the slow exchange regime.

These first observations with monodisperse systems already
show the complexity of predicting the NMR spectra for a system
with several particles. Indeed, in this precise case, while the in-
pore chemical shift is always -5 ppm and the in-pore sites always
occupy 27% of the volume, the shape of the NMR spectra differ
importantly. Moreover, in the case of relatively small particles,
the existence of two peaks in the spectra could lead to a wrong
assignment where the “exchange" peak is thought to be an “in-
pore" peak.

Figure [4]shows the spectra obtained for the three different par-
ticle sizes when the chemical shift of in-pore species is -10 ppm.
Peaks at this position are not often seen in experimental NMR
spectra but correspond to some of the largest values reported=3
and allow us to probe the effect of Aw on the spectra.

For the smallest particle size 4, the spectra again show only a
single peak. However, in contrast with the case with Aw equal to
-5 ppm, the position and linewidth of this peak is varying more
dramatically with the correlation time. This indicates that the
system is closer to the coalescence point, in agreement with a
larger coalescence exchange rate when Aw increases by a factor
of 2.

For the largest particle size 15, while the linewidth becomes
quite large for correlation times smaller than 2.50 ms, the posi-
tion of the peak at small frequencies is always closer to -10 ppm
than to -2.7 ppm expected for a fully coalesced system.

For the intermediate particle size 9, the two-peak spectra again
show a dramatic shift of the position of the peak at lower frequen-
cies indicating that the assignment of this peak should change
from in-pore to exchange peak when the ion dynamics increase.

Overall, apart from the case of the largest particle size, the
qualitative features observed between the spectra obtained with
Aw equal to -5 ppm and -10 ppm are not very different. Figure
shows the peak positions observed for the non-bulk peak. This
figure confirms that the spectra show a similar behaviour for the
two values of Aw and that the non-bulk should sometimes be as-
signed to an exchange peak rather than an in-pore peak.

Interestingly, even with monodisperse systems and without fo-
cusing on a specific carbon / electrolyte system, the resulting
spectra are consistent with published data2342:44153154
showing co-existing broad and narrow peaks.

sometimes

3.2 Effect of polydispersity on NMR spectra

We now turn to the case of polydisperse systems in which particles
of two different sizes are included. Figures[f|and[7]show the NMR
spectra obtained for the 4-15 and 9-15 systems with different Aw
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Fig. 4 NMR spectra calculated for the “same-size" configuration, for an
in-pore chemical shift of -10 ppm for all particle sizes and correlation
times.

and correlation times. Similarly to the case of monodisperse sys-
tems, the value of Aw does not change fundamentally the peaks
observed in the spectra calculated.

Very interestingly, in the case of the 4-15 system, it is possible
to observe three peaks in the simulated spectrum. This had been
observed experimentally®24 but, to the best of our knowledge,
it is the first time that this has been simulated through a model
of ion diffusion in carbon particles. In this system, the large dif-
ference in size between the small and the large particles allow
for a clear distinction between the in-pore and exchange peaks.
Indeed, the effective exchange rate for small particles is much
higher than the ones for large particles leading to a fast exchange
and slow exchange regime co-existing.

In the case of the 9-15 system, the spectra sometimes show
very broad peaks which can be hard to fit experimentally. In this
system, the smaller difference in size between the two types of
particles leads to a different behaviour.

It is worth noting that while the peaks observed are similar
between the spectra with in-pore chemical shifts of -5 ppm and
-10 ppm, the precise shape of the spectra can differ. In particular,

Journal Name, [year], [vol.], 1 |5
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Fig. 5 Peak positions of the non-bulk component of the NMR spectra
for the “same-size" systems for a particle chemical shift of a) -5 ppm and
b) -10 ppm for all particle sizes and correlation times.

the relative heights and linewidths of the peaks can change dra-
matically. This leads to spectra where broad and narrow peaks

can co-exist, as is observed experimentally, 23424453154

4 Conclusions

In this work, we have used a mesoscopic model to simulate ion
diffusion in carbon particles, and between the particles and the
bulk electrolyte, and investigate the effect of polydispersity on
NMR spectra of such adsorbed species.

We have shown that for monodisperse systems, NMR spectra
can show one or two peaks depending on the regime, fast - in-
termediate - slow, in which the system is. Interestingly, there is a
sharp contrast between the simplicity of the model and the com-
plexity of the NMR spectra calculated. Indeed, while the model
considered is quite simple with a single frequency assigned to in-
pore lattice sites and a constant fraction of particle sites compared
to bulk sites, the NMR spectra show a variety of broad and narrow
peaks at different positions.

For polydisperse systems, NMR spectra show between one and
three peaks, in agreement with some previously published experi-
mental results. The co-existence of large exchange rates for small
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Fig. 6 NMR spectra calculated for the “different-size" configuration, for
an in-pore chemical shift of -5 ppm for all particle sizes and correlation
times.

particles and small exchange rates for large particles allows for
the existence of in-pore, exchange and bulk peaks in the same
spectrum. This feature is, to the best of our knowledge, not ob-
servable with simpler analytical models as it results from a dis-
tribution of exchange rates inherently present in the mesoscopic
model.

This work underlines the complexity of interpreting experimen-
tal NMR spectra indicating that one has to be cautious when as-
signing a peak to in-pore or exchange for example. The possibility
to include several particles sizes in the model opens the door for
a wide range of studies where various distributions of pore sizes,
particle sizes and chemical shifts can be considered. The next
step will be to move towards more realistic pore size and particle
size distributions. These could be obtained for example from ad-
sorption isotherm experiments and tomographic imaging. Such
avenues of research will be explored in the future.
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