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Abstract

Electrochemical double-layer capacitors, or ‘supercapacitors’ are attracting increasing attention as
high-power energy storage devices for a wide range of technological applications. These devices
store charge through electrostatic interactions between liquid electrolyte ions and the surfaces of
porous carbon electrodes. However, many aspects of the fundamental mechanism of
supercapacitance are still not well understood, and there is a lack of experimental techniques
which are capable of studying working devices. Recently, solid-state NMR has emerged as a
powerful tool for studying the local environments and behaviour of electrolyte ions in
supercapacitor electrodes. In this Trends article, we review these recent developments and
applications. We first discuss the basic principles underlying the mechanism of supercapacitance,
as well as the key NMR observables that are relevant to the study of supercapacitor electrodes.
We then review some practical aspects of the study of working devices using ex situ and in situ
methodologies and explain the key advances that these techniques have allowed on the study of
supercapacitor charging mechanisms. NMR experiments have revealed that the pores of the
carbon electrodes contain a significant number of electrolyte ions in the absence of any charging
potential. This has important implications for the molecular mechanisms of supercapacitance, as
charge can be stored by different ion adsorption/desorption processes. Crucially, we show how in
situ NMR experiments can be used to quantitatively study and characterise the charging
mechanism, with the experiments providing the most detailed picture of charge storage to date,
offering the opportunity to design enhanced devices. Finally, an outlook for future directions for

solid-state NMR in supercapacitor research is offered.



1. Introduction

The development of efficient energy storage devices is essential to support our growing reliance on
portable electronics, green transportation and renewable energy sources. While lithium-ion
batteries have met a large proportion of our energy storage needs over the past 20 years,
electrochemical capacitors, also known as supercapacitors, are currently receiving renewed
interest as an alternative or complementary technology.' Supercapacitors store energy through the
formation of an electrical double-layer at the interface between ions in a liquid electrolyte and a
microporous carbon electrode surface. This non-faradaic charge storage mechanism allows rapid
charge and discharge rates with essentially unlimited cycle lives, making supercapacitors well-
suited to high-power and/or fast-repeat applications such as electric buses, subway trains and

cranes.?

While supercapacitors display many favourable properties, current gravimetric energy densities
remain at least an order of magnitude lower than lithium ion batteries.® This makes them currently
unsuitable as a sole power source for many applications e.g., electric cars. One of the ongoing
challenges in the development of supercapacitors is therefore to increase the device energy
density while retaining high power performance. Of critical importance is the characterization of the
local environments and behaviour of adsorbed ions at the electrode-electrolyte interface, and to
understand how this changes during charging. However, this information is very challenging to
obtain experimentally. Supercapacitor electrodes are highly disordered and dynamic on the
molecular level, and adsorbed species can be difficult to distinguish from free electrolyte species.
Many forms of spectroscopy are unable to penetrate far into the porous network and conventional
scattering techniques provide only limited information owing to the disorder and dynamics that are
present. In this regard, solid-state NMR spectroscopy stands out as one of the few experimental
techniques that can provide atomic-scale information about the local environments of adsorbed
species. The fact that NMR is sensitive to local effects and has no requirement for crystallinity or
long-range ordering means that adsorbed species can be observed within the highly complex
porous structure, and those close to the electrode surface can be distinguished from free species
in the bulk electrolyte. The highly selective nature of NMR means that experiments can be
designed to observe only a single molecular, ionic or solvent species independently from the rest
of the system. Furthermore, the ability of NMR to provide information on dynamics over a large
range of timescales means that the behavior of adsorbed species can be monitored and linked to

the structure and properties of the electrode.
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Figure 1. Schematic representation of the mechanism of supercapacitance. In the uncharged state (a), the
supercapacitor consists of two conducting electrodes separated by a liquid electrolyte containing mobile ions. During
charging (b), electronic charge accumulated on the electrode surface and is balanced by ionic charge that adsorbs on
the electrode surface.

The unique capabilities of NMR spectroscopy for studying supercapacitors have contributed to a
number of recent breakthroughs that challenge longstanding assumptions about the
supercapacitance phenomenon, and show that the behaviour of electrolyte ions within microporous
electrodes is more complex than previously thought. In particular, NMR experiments have proved
that significant numbers of electrolyte ions exist within the micropores prior to charging. This has
important implications for the mechanism of charge storage, which has traditionally been thought of
as a purely adsorptive process. Indeed, recent NMR studies have also shown that ion desorption
also plays an important role and the exact mechanism depends on the properties of the electrolyte
ions used. In this Trends article, we review recent developments and applications of solid-state
NMR spectroscopy for the study of supercapacitors and show how these important conclusions
have been drawn from experimental observations. We begin with an overview of the basic
principles of supercapacitors and the materials used in devices. This is followed by an explanation
of key NMR observables that enable the identification of adsorbed species and an overview of how
solid-state NMR has been used to study ion adsorption and local structure in supercapacitor
electrodes in the recent literature. Finally, we present a discussion of the recent development of
solid-state NMR methods for the study of charging mechanisms in working supercapacitor devices,

and an outlook for future directions

2. Background to Supercapacitors

2.1 Basic principles

There are two main families of supercapacitors. The first is electrochemical double-layer capacitors
which, as described in the introduction, store charge through the formation of an electrical double
layer at the interface between a liquid electrolyte and a porous carbon electrode surface. Another
emerging family is so-called pseudocapacitors, where the mechanism of energy storage is based
upon redox reactions between electrolyte ions and (typically) the surface of an oxide electrode.*
Pseudocapacitors show considerable promise as energy storage devices, since the faradaic

component of the charge storage mechanism can significantly increase the total amount of energy
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stored. Fundamental mechanistic studies of pseudocapacitors remain scarce and the details of the
complex charge transfer mechanisms are only just beginning to be understood.> We do not cover
pseudocapacitors in detail in this Trends article, and instead use the term ‘supercapacitor’ to refer

specifically to electrochemical double-layer capacitors.

Supercapacitors typically consist of two porous carbon electrodes separated by liquid electrolyte
containing mobile ions.?,” The basic operation of a supercapacitor is shown schematically in
Figures 1a and b. Upon charging, electronic and ionic charges accumulate at the electrode-
electrolyte interface to form an electrical double layer. The capacitance, C, of such a “parallel plate”
electrical double layer can be described by:

A
=54 (1)

where g is the relative permittivity of the electrolyte, g is the permittivity of free space, A is the
interfacial area and d is the distance between charges in the electrical double layer.® The energy
stored, E, is given by

E=1cv? (2)

NI

where Vs the cell voltage. The energy stored is therefore dependent on two basic parameters: the
capacitance (which in turn depends upon the structure and properties of the electrode-electrolyte
interface) and the voltage across the electrode-electrolyte interface. Optimisation of both of these

parameters is key to maximizing the energy storage properties of supercapacitors.

2.2 Supercapacitor electrolytes

Supercapacitors typically use organic electrolytes, such as tetraethylammonium tetrafluoroborate
(NEt,-BF,) salt dissolved in a solvent such as acetonitrile (ACN) or propylene carbonate.',? These
electrolytes are favoured owing to their moderate breakdown voltage (~2.7 V) and high ionic
conductivities. Aqueous electrolytes can also be used - these have the advantages of being
cheaper and less toxic;? however, the decomposition of water at voltages above 1.2 V significantly
reduces the amount of energy that can be stored. Recently, room-temperature ionic liquids (RTILS)
have gained attention as alternatives to organic electrolytes.’®,’''?'®* RTILs have a number of
attractive properties including low vapour pressure, nonflammability, and good chemical and
thermal stabilities. Most importantly, they have significantly wider electrochemical stability windows

of up to 5 V.2 However, their widespread use as supercapacitor electrolytes has so far been



limited due to their high viscosities which limit the power capabilities of devices, although current

research is attempting to address this problem.’ ',

2.3 Supercapacitor electrode materials

Supercapacitor electrode materials need to be highly conductive to allow transport of electronic
charge to the electrode-electrolyte interface, and high surface areas are required to maximize the
capacitance according to Eg. 1. For these reasons, electrodes are typically constructed from
porous carbon.",®," While many forms of porous carbon exist and continue to be developed,
microporous carbons (with pore widths less than 2 nm) are favoured owing to the high surface
areas that these materials can exhibit. In particular, activated carbons derived from organic
precursors such as coconut shells and wood are widely used in commercial devices owing to their
high conductivity, high surface area (up to 2000 m*g™') and low cost. These carbons are
predominantly microporous, although they also exhibit a range of pore diameters in the
mesoporous (2-50 nm) and macroporous (>50 nm) regimes which can significantly aid the

movement of electrolyte species through the porous network.

Microporous carbon materials are generally non-crystalline, with highly disordered or amorphous
structures that are difficult to characterize. While some templated carbon materials can exhibit
highly ordered pore structures, these also generally lack long-range ordering of carbon atoms. One
of the key techniques that has been used to gain structural insight into microporous carbons is
transmission electron microscopy (TEM). TEM images generally show relatively open structures
comprising voids that are surrounded by curved and twisted carbon sheets.’® The structures are
isotropic with no overall alignment of the carbon sheets (in contrast to graphitic materials where the
sheets pack along a preferred orientation). While microporous carbons appear fully amorphous by
conventional scattering techniques, pair-distribution function (PDF) analysis has shown that they
can exhibit a high degree of local structural order, whereby carbon atoms are predominantly
hexagonally arranged in sp®-hybridised six-membered rings.'®,°, The curvature of the carbon
sheets is thought to be related to the presence of small numbers of non-hexagonal five- and
seven-membered rings which have been observed in experimental studies and predicted by
modeling techniques.?®,*',** There has been considerable debate over the presence of sp’-
hybridised carbon atoms in microporous carbon materials. However, experimental studies based
on neutron diffraction,”® Raman spectroscopy®* and '°C solid-state NMR®,? indicate that most

microporous carbon materials consist of carbon predominantly in sp®-hybridised environments.

Overall, the structural characterization of microporous carbons is challenging and remains an

active area of research. Experimental and theoretical research to date points towards a general
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structural picture that comprises curved and defective graphene- and fullerene-like fragments.'®
The high porosity is formed by the voids and spaces between the carbon sheets. Several
experimental and theoretical studies indicate that the average size of the sheets is linked to the
synthesis conditions, with higher temperatures leading to larger, more ordered fragments in a more
continuous network.?” % 2

2.4 Pore size effects on capacitance

The use of microporous carbon electrodes has important implications for the fundamental
mechanism of supercapacitance. In many materials, the majority of pore widths are less than 2
nm, making them comparable to the diameters of solvated electrolyte ions. In this case, adsorbed
ions can no longer be treated as being adsorbed against a single interface (as in Figure 1b), but
are instead better described as being confined between two surfaces. Interest in understanding the
relationship between capacitance and relative poref/ion sizes was prompted by a key study by
Chmiola et al., who reported that the capacitance of titanium carbide-derived carbons (TiC-CDCs)
dramatically increased when the average size of carbon micropores was less than the size of the
solvated electrolyte ions (typically less than 1.5 nm).*° It was hypothesized that ion desolvation
allowed a closer approach of charge centers at the electrode—electrolyte interface, thereby
reducing the separation of charges within the electrical double layer (parameterized by d in Eq.
1).%' %2 Since then, a large number of theoretical studies have shown that the charge storage
mechanism in microporous electrodes may be more complex, with factors such as charge

33 34 35

screening,®®, * ionic rearrangement and confinement,® %’

and pore surface properties® also

having significant effects on the capacitance and charging dynamics.

The effects of relative pore/ion size on the capacitance, and the solvation states of ions in charged
micropores are still under debate. Much of the current picture of supercapacitor charging has come
from theoretical studies which, owing to the high complexity of the system, necessarily involve
assumptions and simplifications. Experimental insight is difficult to obtain due to the inherent
difficulty in distinguishing electrolyte species taking part in charge storage from those in the bulk
electrolyte, and a lack of techniques which can provide molecular-level information for working
devices. However, as is described in the following sections, solid-state NMR spectroscopy is well-
suited to study these problems, and has recently emerged as an important tool for gaining

structural and mechanistic insight into supercapacitor charging mechanisms.



3. Background to solid-state NMR spectroscopy for the study of supercapacitors

The great utility of NMR spectroscopy for the study of supercapacitors lies in the high sensitivity of
nuclear spin precession frequencies to the local chemical and structural environment. By
performing NMR experiments on the nuclear spins present in electrolyte species, they can be
made to serve as valuable probes or “reporter molecules”, providing valuable information about the
electrode structure, electrolyte behavior and charging mechanisms. In this section we briefly
introduce some of the key experimental techniques used to carry out NMR experiments on
supercapacitor materials, as well as the nuclear spin properties of commonly-studied nuclei. We
then discuss in more how NMR can be used to distinguish adsorbed species from those in the bulk

electrolyte.

3.1 Commonly-used techniques for the study of supercapacitors by solid-state NMR

Magic-angle spinning. Nuclear spins are subject to a variety of magnetic interactions with the
local electron distribution and other nearby nuclear spins. In general, nuclear spin interactions are
anisotropic with respect to the applied magnetic field direction, and for complex and disordered
materials such as supercapacitor electrodes, this leads to broadening of the resonances in the
NMR spectrum, and a loss of resolution. To mitigate this problem, magic-angle spinning (MAS) can
be employed, whereby the sample (e.g., activated carbon soaked with electrolyte, electrodes from
disassembled supercapacitor cells etc.) is rapidly spun around an axis at the “magic” angle of
54.736° to the applied magnetic field. Providing the rotation is sufficiently rapid, the resulting
modulation of the NMR signal enables removal of anisotropic interactions such as the chemical
shift anisotropy, dipolar couplings and isotropic magnetic susceptibility effects (i.e., those which
have an orientation dependence proportional to the second-order Legendre polynomial P,(cos8) =
1/2(3c0s®0 — 1). For spin / = 1/2 nuclei, in many cases MAS results in the observation of “isotropic”
spectra, containing sharp resonances at the isotropic chemical shift, which are surrounded by
spinning sidebands which are equally spaced at integer multiples of the rotation frequency from the
isotropic resonance. In many cases, it is desirable to perform NMR experiments at a MAS rate that
is larger than the magnitude of the anisotropic interaction so that the signal intensity is “focused”
into a single isotropic resonance, thereby maximising sensitivity. However, in practice MAS
experiments on supercapacitor electrodes are performed at relatively low MAS rates (a few kHz) in
order to minimize leakage of the liquid electrolyte from the sample due to centrifugal forces,*® and
consequent damage to the NMR equipment. We note that for NMR studies of supercapacitor
electrolyte species, the mobility of the electrolyte species is often sufficient to partially average the
anisotropic interactions that are present, and good resolution can be obtained in the absence of
MAS (i.e., in “static’ NMR measurements). However, for electrolytes with reduced mobility (e.g.,

ionic liquids which have higher viscosities), the molecular motion at ambient temperatures is not

8



sufficient to yield well-resolved spectra and MAS is usually necessary in order to obtain detailed

information.

Cross polarisation. The simultaneous application of radiofrequency irradiation to two different
types of nuclear spin can result in polarisation transfer via the dipole-dipole coupling interaction.
This approach, referred to as cross polarisation (CP), is widely used in solid-state NMR to achieve
polarisation enhancement of low sensitivity nuclei, as the transfer process also results in a
polarisation enhancement equal to the ratio of the gyromagnetic ratios of the two nuclei. However,
since the transfer process is mediated via the through-space dipolar coupling interaction, CP also
provides a powerful technique for correlating spins that are close in space. Since the dipolar
coupling interaction is inversely proportional to the cube of the nuclear spin separation distance,
CP generally acts over relatively short distances, on the order of a few angstroms in most
materials. CP can therefore be used to identify which pairs of heteronuclei are close together in
space (or bonded), and also to edit NMR spectra by removing signals from spins that have no
nearby heteronuclei. Generally CP is most effective for studying solid materials, as in liquids
molecular tumbling and rotation average the dipolar couplings to zero. In solids with considerable
molecular motion (or indeed liquids which are confined or immobilised) CP can still be achieved in
many cases, and the dynamics of the polarisation transfer can be used as a probe of molecular

motion.*

Magnetic resonance imaging. Magnetic resonance imaging (MRI) encodes spatial resolution into
the NMR measurement through the application of magnetic field gradients across the sample.
While this technique is widely established in medical diagnostics, it is seeing increasing application
to energy materials including batteries, fuel cells and supercapacitors. In conventional MRI, two-
dimensional slices or three-dimensional visualisations of the sample are built up, often through the
measurement of differences in nuclear spin relaxation properties between the different components
of the sample. More specific chemical information can be obtained through the application of
chemical shift imaging (CSIl). This approach spatially encodes chemical shift information in one or
two dimensions so that it can be correlated with different regions of the sample. Chemical shift
images therefore offer the possibility to obtain detailed chemical information about distinct
components within a supercapacitor without the need for disassembly or special design of the
device. However, owing to the typically longer durations of MRI experiments as compared to
conventional NMR experiments, nuclear spin relaxation can be significant and it is therefore not

always possible to obtain fully quantitative information.



3.2 Commonly studied nuclei in supercapacitors

'H. "H is in principle a very favourable nucleus for study by NMR as it has an almost 100% natural
abundance, high sensitivity, and is present in many supercapacitor electrolyte and solvent species.
However, 'H also has a relatively small chemical shift range, with most commonly encountered 'H
environments giving resonances within a range of ~15 ppm or less. In practice, this can lead to
resonance overlap if more than one chemically-distinct species is present in the sample (e.g., CH»
and CHj; groups in alkylammonium electrolyte salts). Another problem associated with the study of
supercapacitors by '"H NMR is that 'H is present in many supercapacitor components (e.g., the
separator or cell casing materials used for in situ measurements), and strong background signals
from these can hinder the observation and interpretation of resonances corresponding to the
electrolyte species. That said, the high sensitivity of 'H still makes it a highly valuable probe,

especially if the aforementioned challenges can be overcome.

“F, ¥Fisa highly sensitive nucleus with a 100% natural abundance making it highly favourable for
NMR studies of supercapacitors. '°F has a large chemical shift range (~200 ppm) meaning that
different chemical species are well resolved and easily distinguished. Furthermore, in many
electrolyte systems 'F is present in a high molar ratio (e.g., in BF, or CFs groups), which also
increases the sensitivity. The use of PTFE of PVDF polymer binders in supercapacitor electrodes
can lead to broad background signals in the NMR spectrum; however, these usually have much
shorter relaxation times than the electrolyte species, and the background signals can be effectively

removed using spin-echo or common background suppression NMR pulse sequences.

"B. The "'B nucleus has a nuclear spin / = 3/2 and is therefore subject to quadrupolar interactions
which can potentially lead to broadening of spectral resonances for non-symmetric local
environments. However, in supercapacitor electrolytes the ''B is usually encountered in BF,
anions which have a high degree of structural symmetry. In addition to this, the fast isotropic
motion of the BF,~ anions at ambient temperatures is also sufficient to average any residual local
structural asymmetry. Compared to 'H and '°F, ''B has a lower sensitivity owing to a lower natural
abundance (80%) and lower gyromagnetic ratio, and longitudinal relaxation times can be relatively
long in some systems (tens of seconds or minutes) meaning that quantitative NMR data takes

longer to acquire.

p, 3'P is also a favourable nucleus for the study of supercapacitor electrodes as, like '°F, it has a
100% natural abundance and a large chemical shift range, and has a nuclear spin / = 1/2. In
addition, it is not present in typical supercapacitor components, meaning that background signals

are generally not observed. As described in Section 5.5, *'P NMR provides a valuable probe of
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cation environments in phosphonium-based electrolytes, enabling the fully quantitative study of

supercapacitor electrolyte ions.

3C. '3C is present in most organic electrolytes, solvents, and ionic liquids, and '*C NMR can in
principle provide valuable chemical information owing to the large chemical shift range (200 ppm).
However, the main practical challenge associated with 8C NMR is the low sensitivity, which is
primarily due to the low natural abundance of '*C (1.1 %). Despite this, °C ex situ MAS NMR has
been used for the study of organic electrolyte and solvent environments in supercapacitor
electrodes®’ (as described in section 5.3). Furthermore, the use of materials that are isotopically
enriched in °C can facilitate spectral acquisition by increasing the sensitivity, and also create new
possibilities for selective experiments that are not possible at natural abundance (as described in

section 6).

2H. The low natural abundance of 2H (0.0156%) means that means that NMR studies are generally
restricted to materials that have been isotopically enriched. However, as for '*C, this can enable
the selective observation of specific chemical groups or molecular species. In particular,
deuterated solvents are relatively inexpensive, and if used in supercapacitor electrolytes can be
observed independently from the rest of the species in the system by ?H NMR. Another advantage
of ?H NMR is that it can in principle provide detailed information about solid-state molecular motion
over wide range of timescales;* this could be useful for studying molecular dynamics for confined

species in supercapacitor electrodes.

%Na. #Na is a favourable nucleus for study by NMR owing to its 100% natural abundance and high
sensitivity. Like ''B, it has a nuclear spin / = 3/2 meaning that it is subject to quadrupolar
interactions in non-symmetric environments. However, the quadrupole moment (which scales the
quadrupolar interaction) is relatively small and when present in (e.g., aqueous) supercapacitor
electrolytes, ionic motion is usually sufficient to average any local structural asymmetry so that

resonances are resolved and distinct environments can be observed.

3.3. Identifying adsorbed species in microporous carbon

One of the key capabilities of NMR spectroscopy for the study of supercapacitors is the ability to
distinguish electrolyte species adsorbed to the carbon surfaces inside the micropores (referred to
as ‘in-pore’) from those in larger voids and spaces outside of the carbon particles (referred to as
ex-pore). In-pore and ex-pore species can be identified in a simple adsorption experiment, as
illustrated in Figure 2a. In this example, '°F static NMR spectra are shown for model activated

carbon electrodes loaded with different amounts of 1.5 M NEt,-BF, / ACN electrolyte.*® For the
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Figure 2. (a) 9F static NMR spectra of YP-50F activated carbon electrode films loaded with different amounts of NEt,-
BF, / ACN electrolyte [Reproduced from Ref.*® with permission from The Royal Society of Chemistry.]. (b) Schematic
illustration of the ring current-induced magnetic field, Bi,q, associated with delocalized m-electrons in a six-membered
carbon ring within an applied magnetic field By. (¢) A cartoon showing in-pore ions located close to carbon surfaces
inside the porous structure [Image reproduced from Ref. 16 with permission from Taylor & Francis Ltd,
http://www.tandfonline.com]. (d) SEM image showing voids between carbon particles in an electrode film where ex-pore
electrolyte ions reside.

lowest loading volume of 2 uL, a single resonance is observed at —155 ppm. As more electrolyte is
added, the intensity of this resonance increases but then saturates around a loading volume of 5
pL. Simultaneously, a second resonance is observed at —150 ppm which continues to grow in

intensity as the electrolyte volume is increased.

The two resonances can be interpreted on the basis of their changes in intensity as a function of
loading volume. The appearance, growth and saturation in intensity of the resonance at —155 ppm
suggests the preferential occupation of in-pore adsorption sites within micropores by BF, anions,
where the adsorption sites become fully saturated at a loading volume of ~5 pyL. The subsequent
appearance and growth of the resonance at —150 ppm is consistent with ex-pore BF, anions
occupying sites outside of the micropores in intergranular voids between the carbon particles.

Indeed, this ex-pore resonance has an almost identical chemical shift to that of the pure liquid
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electrolyte. As more electrolyte is added, the ex-pore resonance at —150 ppm continues to grow

because the extra-particulate space is effectively unlimited.

These observations are consistent with a number of early NMR studies of microporous carbon
adsorbents which found that resonances corresponding to adsorbed species were shifted to low
frequency by several ppm as compared to free species.*,***°,*’ *® Similar observations have also
been reported for species adsorbed within carbon nanotubes.”®,*® The origin of the pronounced
NMR frequency shift for in-pore species lies in the so-called “ring current” effect that arises due to
the presence of delocalized electrons in the sp*-hybridised carbon surface.”’ Application of the
external magnetic field, By, induces electron circulation within the delocalized r-orbitals, resulting in
a secondary local magnetic field above the carbon surface that opposes the main field (as
represented in Figure 2b). Nuclear species located nearby the delocalized electron system will
therefore experience a locally altered magnetic field, and will therefore exhibit a resonance
frequency shift in the NMR spectrum. Ring current-induced local magnetic fields can be
diamagnetic or paramagnetic depending on the electronic structure of the delocalized electron
system. Since microporous carbons are predominantly composed of six-membered rings with
paired electrons, the ring current-induced local magnetic field is in general diamagnetic, meaning
that species near the carbon surface are shielded and shifted to lower frequency in the NMR

spectrum.

The magnitude of the ring current shift near an sp*-hybridised carbon surface can be estimated
using a phenomenological model taking into account the magnetic susceptibility.® This will also
have a dependence on the orientation of the carbon surface with respect to the applied magnetic
field Bo; however, for a gas or liquid adsorbate, molecular kinetics are in general fast enough that
adsorbed species should experience many surface orientations on a timescale that is fast
compared to the associated variations in NMR parameters. On this basis, Anderson et al., derived

a relationship for the averaged chemical shift change, §, given by*?

= —(n-x1)5 )

where %, and y, are the respective molar magnetic susceptibilities of the surface parallel and
perpendicular to the applied field, and z is the distance above the carbon surface. Taking known
values for graphite of ;= =3.2 x 10° and y, =-7.5 x 107" m®mol™" at room temperature,*® a value
of & = —10.2 ppm is obtained at a distance of 3 A from the carbon surface. This value is in good
agreement with shieldings of between —5 and —10 ppm typically observed for in-pore species in

microporous carbons.
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Ring current effects therefore provide a very useful tool for the study of adsorbed species in
supercapacitor electrodes. The shift in NMR frequency of nuclei in in-pore species close to the
carbon surface (Figure 2c) is sufficient that in many cases adsorbed species are resolved from free
species in the bulk electrolyte that reside outside of the micropores or between carbon particles
(Figure 2d). Importantly, the intensities of in-pore resonances can be used to provide a quantitative
measure of the number of species adsorbed inside the micropores. Furthermore, assuming there is
no direct chemical interaction between the adsorbate species and the carbon surface, the ring
current effect is nucleus independent to first approximation; i.e., the chemical shift of any nucleus
will be shifted by a fixed amount which depends only on its location with respect to the carbon
surface. In this way, it is also possible to separately study the different species present near the
carbon surface (i.e., cations, anions and solvent molecules), something which is very challenging

by other experimental methods.
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4. lon behaviour in supercapacitor electrodes

4.1 Understanding pore size effects on electrolyte adsorption

In order to characterize charging mechanisms in supercapacitors it is essential to have a detailed
picture of how electrolyte ions are adsorbed in an uncharged electrode as this provides the starting
point for understanding the changes that take place during charging. In particular, it is important to
understand how relative poref/ion sizes affect how ions are adsorbed, and whether ions are
adsorbed in their solvated or desolvated states. TiC-CDCs offer a convenient model system for
studying pore-size effects on adsorption behaviour. TiC-CDCs are synthetic microporous carbons
produced by chlorine treatment of titanium carbide and are known to exhibit relatively uniform pore
size distributions.>*,**** Moreover, control of the chlorination temperature during synthesis allows
fine-tuning of the average pore size in the range 0.6 to 1.1 nm, with higher temperatures resulting
in a larger average pore size.** Comparison of adsorption behaviour for TiC-CDCs produced at

different temperatures therefore allows pore-size effects to be investigated.

"B NMR has been used to study electrolyte adsorption in TiC-CDCs chlorinated at 600, 800 and
1000 °C, with average pore sizes 0.81, 0.92 and 0.93 nm, respectively.’® Static NMR experiments
were performed on plastic bag samples containing pieces of TiC-CDC electrode film loaded with
different volumes of NEt,-BF, / ACN electrolyte. The results (Figure 3) show characteristic
adsorption behaviour for each sample, whereby BF, anions preferentially occupy sites close to the
carbon surface (as indicated by ''B ring current shifts of around =5 ppm). However, saturation of
the in-pore environment is reached at lower loading volumes for samples with smaller pore sizes,
with complete saturation of the in-pore environment for TiC-CDC-600 at the lowest loading volume
of 2 pL. This was rationalized by comparing the average and maximum pore diameters for each
TiC-CDC sample with the solvated and desolvated anion diameters. TiC-CDC-600 is the only
material for which both the maximum and average pore sizes are smaller than the solvated BF,
anion diameter of 1.16 nm. The fact that TiC-CDC-600 does not show a high adsorption capacity
suggests that spontaneous electrolyte adsorption in uncharged TiC-CDC electrodes involves ions
in at least a partially solvated state. Since the majority of micropores in TiC-CDC-600 are smaller
than the solvated ion size, adsorption is restricted and the surface becomes saturated at a low

electrolyte loading volume.
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Figure 3. ''B static NMR spectra of (a) TiC-CDC-1000, (b) TiC-CDC-800 and (c) TiC-CDC-600 electrode films loaded
with different amounts of NEt,-BF, / ACN electrolyte. (d) Comparison of average pore sizes, dsy, and maximum pore
sizes, dgs, of TiC-CDCs with desolvated and solvated BF, anion sizes.” [Adapted from Ref.%® with permission from the
PCCP Owner Societies].

In addition to the adsorption behaviour, the magnitude of the ring current shift can also be used to
gain insight into the local environments and behaviour of in-pore electrolyte species. This has been
demonstrated using ''B, 'H and "®*C MAS NMR for the case of NEt,-BF, / ACN electrolyte adsorbed
on porous carbons with a wider range of pore sizes from 0.6 to 4.5 nm (Figure 4a).°” The results
reveal an inverse relationship between the magnitude of the ring current shift and the pore
diameter for all electrolyte species, consistent with a previous 'H NMR study of H, gas adsorption
in activated carbons.®® This effect was interpreted in terms of a spherical pore model (Figure 4b),
where the measured ring current shift corresponds to the weighted averaged of species near the
pore wall and in the centre of the pore.”” In larger pores, more of the ions are located further away
from the pore walls, and so the averaged ring current shift is smaller. This model gives good
agreement with the experimental observations and shows that in-pore species are highly mobile
within the pores, such that the variation in ring current shift at different distances from the pore wall
is averaged on the timescale of the NMR experiment. This is also true for a CDC with a bimodal
pore size distribution, for which only a single in-pore resonance is observed, showing that the fast
exchange takes place between different pore systems. The one exception to the trend is TiC-CDC-

600 with an average pore size of 0.6 nm, for which a number of studies have shown that adsorbed
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Figure 4. (a) "B MAS NMR spectra of porous carbon materials with well defined pore-sizes loaded with NEt,-BF, / ACN
electrolyte. Spectra are referenced relative to the neat electrolyte (top). (b) lllustration of the spherical pore model used to
rationalize the variation in chemical shift with the pore radius, R. € denotes the minimum distance for adsorption of an
electrolyte species against a pore wall, with larger ring current shifts denoted by darker grey shading. [Adapted from
Ref.*” with permission from the PCCP Owner Societies].

electrolyte species exhibit smaller than expected ring current shifts.>’,?°,°® However, 'H MAS NMR
experiments on the unloaded carbon indicate the presence of a significant amount of hydrogen in
the material. This is indicative of a more fragmented structure in which the sp®-hybridisation is
reduced by the extensive termination of bonds by hydrogen. Indeed, quenched molecular
dynamics simulations predict highly disordered and discontinuous structures for CDCs produced at
low chlorination temperatures.28 In such materials, the reduced electron delocalization would be

expected to result in a reduced ring current shift for in-pore species.

The solvation state of adsorbed ions has also been investigated by comparing °C and ''B MAS

t.%” For

NMR spectra for electrolyte-loaded carbons before and after evacuation of the ACN solven
a mesoporous carbon with a pore diameter of 4.5 nm, the results show an increase in the
diamagnetic ring current shift for in-pore ions after removal of the solvent. This is consistent with
the in-pore species becoming closer on average to the pore walls due to loss of their solvation
shells. However, this behaviour is not observed for TiC-CDC-1000 with an average pore width of
0.8 nm, where the ring current shift for in-pore BF, anions reduces upon solvent removal. This may
indicate that in-pore species are partially desolvated in small micropores, and that solvent removal
reduces the confinement of in-pore BF, anions. It could also indicate that removal of the solvent
simultaneously removes BF, anions from the smallest micropores, although further experiments

would be needed to prove this.
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4.2 Solid-state NMR of adsorbed species as a probe of electrode structure

While the adsorption behaviour and ring current shifts can be linked to the local environments of
adsorbed species through empirical trends for a set of well-defined materials, it can be difficult to
separate pore size effects from other more complex structural parameters such as the degree of
structural ordering and local curvature in the microporous carbon. One way to gain fundamental
insight is through density functional theory (DFT) calculations, where NMR observables can be
directly related to a known structural model. For studying ring current effects, this is most
commonly done through calculation of the nucleus-independent chemical shift (NICS).*® In the
NICS approach, DFT calculations are performed to determine chemical shielding tensors and their
isotropic values (0io) at arbitrary positions in space close to a n-bonded structure. The isotropic
NICS at that position, s ° is then given by —(0i, — Oiei), Where the reference shielding, Oy, is
zero in the NICS approach. This approach therefore provides a measure of the ring current-
induced chemical shift change that is expected at a point in space due to a nearby sp*-hybridised
carbon surface or structure. This contrasts more conventional DFT methods which calculate NMR
parameters at specific nuclear sites. The advantage of the NICS approach is that it is possible to
separate chemical effects on the NMR parameters (e.g., due to physisorption or structural
distortions of adsorbed species) from purely magnetic effects associated with the ring currents in

the nearby delocalized electron system.

The NICS approach has been used to explore ring current shielding effects on species confined
within well-defined carbon nanostructures such as nanotubes®,*',*? and fullerenes.® These studies
show that chemical shifts of confined species can be strongly influenced by the chemical and
electronic structure of the surrounding carbon surface, and are only weakly affected by chemical
interaction with the carbon surface. The NICS approach has recently been applied specifically to
gain insight into ring current shifts for adsorbed species within microporous carbon.?® Carbon
fragments within the microporous structure were modelled by simple coronene-based units of
different diameters. For the smallest unit (coronene), the calculations predict a value of 8> = —
4.5 ppm at 3 A from the surface, but this reduces in magnitude significantly with increasing
distance, reaching values of close to 0 ppm at 15 A from the surface (Figure 5a). This shows that
the ring current effect is highly dependent on the proximity to the carbon surface and confirms that
significant shifts should only be observed for species residing at distances relevant to molecular
adsorption. However, proximity to the carbon surface is not the only factor that influences the ring
current shift. Increasing the size of the carbon domain also increases the magnitude of the NICS at
a given distance from the surface by several ppm (Figures 5b,c). These results show that the
magnitude of the ring current shift can also be used to probe the ordering of the carbon structure.

Local curvature also has a significant effect on the magnitude of the NICS; calculations for a bowl-
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Figure 5. Calculated isotropic NICS values at distances between 3 and 15 A from the surface of (a) coronene, (b)
circumcoronene and (c) dicircumcoronene model carbon fragments. Isotropic NICS values were calculated vertically
above the centre of each model carbon fragment. [Adapted with permission from Ref.?®. Copyright 2014 American

Chemical Society].

shaped corannulene unit predict increased NICS values near the concave face, but reduced NICS
values near the convex face. Pore-size effects were modelled by creating a slit pore from two
parallel circumcoronene sheets. The results show that the distance dependence of the NICS within
such a slit pore is additive, being essentially equal to the sum of the NICS from both surfaces. For
narrow slit pores, this leads to overlap of the shielding effects from both pore walls, resulting in

much larger NICS values. It is also important to account for the effects of dynamics, since in real
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carbon micropores adsorbed species are expected to undergo fast exchange between different
positions within the pore, resulting in averaging of the NICS. Taking this into account, an average
iso'° value of —8.2 ppm was determined for a 1 nm pore width, and a value of —3.7 ppm for a 2
nm pore width. This shows that while the ring current shift reduces with increasing pore width,
measurable effects can still be expected even for species adsorbed within relatively large

micropores and small mesopores.

The NICS calculations show that multiple factors are expected to contribute to the measured ring
current shift. In real systems, it can be difficult to separate the different contributions without prior
knowledge of the complex carbon structure. However, TiC-CDCs again provide a convenient
model system for which structural properties such as the average pore size are well constrained.
The insight gained from the NICS calculations has been used to interpret ring current shifts
measured for adsorbed species in a set of TiC-CDCs prepared at chlorination temperatures of 600,
800 and 1000 °C, with respective average pore diameters of 0.82, 0.91 and 0.93 nm.?® The
magnitude of the experimental ring current shift for adsorbed BF, anions (as measured by '°F MAS
NMR) increases with increasing pore size. This trend is opposite to what is expected based on the
pore-size effect; instead the results suggest that the measured ring current shift is primarily
influenced by the sizes and ordering of the carbon domains within the structure. This is consistent
with experimental studies based on Raman® and X-ray spectroscopies® and measurements of the
magnetic and conductive properties,?” which indicate that more extended and continuous carbon

domains are present in carbons which have been treated at higher temperatures.

NICS calculations on model slit pores provide key insights into the origin of ring current shifts,
allowing experimental results for carbons with well-defined pore sizes to be interpreted in terms of
the local structure of the carbon. However, many microporous carbons exhibit additional levels of
structural complexity that are not captured by NICS calculations on model carbon fragments. In
particular, it is difficult to fully account for the effects of a distribution of pore sizes and the dynamic
exchange of electrolyte species between different pores. To study this requires structural models
that are currently too large to be feasible by DFT. To address this problem, Merlet et al. have
combined the NICS approach with dynamic information obtained from molecular dynamics
simulations in a lattice simulation method.®® In this approach, the free energy profile for molecular
adsorption on a carbon surface is obtained from molecular dynamics simulations and combined
with ring current shifts determined from DFT-NICS calculations. It is then possible to account for
ion dynamics within the slit pore as well as exchange dynamics between multiple pores of different
widths. The inclusion of a realistic adsorption free energy profile, as opposed to assuming a flat

free energy profile, led to measurable changes of the chemical shifts for species confined inside slit
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pores. Interestingly, the spatial distribution of slit-pores of different sizes within a carbon particle
was shown to affect the lineshapes for confined species. The validity and utility of the lattice
simulation-DFT approach has subsequently been demonstrated for the structural study of
microporous carbons with different pore and domain sizes.® Through comparison of the
experimental and simulated ring current shifts for adsorbed BF, anions, approximate domain sizes
were determined in absolute terms for a set of TiC-CDCs subjected to different high-temperature
heat treatments. For TiC-CDC-600, the average domain size determined in this way is smaller than
the size of a coronene molecule (7.5 A diameter), whereas for TiC-CDC-1000, the average domain
size is intermediate between coronene and circumcoronene (12.4 A diameter). High-temperature
vacuum treatment significantly increases the average domain size to be comparable with

dicircumcoronene (17.3 A diameter).
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5. Insight into Supercapacitor Charging Mechanisms

5.1 Relating in-pore resonance intensities to the charging mechanism

The integrated intensity of the in-pore resonance provides a quantitative measure of the number of
in-pore species in the supercapacitor electrode. NMR measurements on charged supercapacitor
electrodes can therefore offer a unique insight into the one of the key questions regarding the
fundamental mechanism of supercapacitance: how do in-pore ion populations change in order to
balance the electronic charge that is developed on the electrode surface? The traditional
assumption is that counter-ions (ions of opposite charge to the electrode surface) are absorbed
into the micropores to balance the electronic charge that accumulates in the electrode surface.
However, in reality the charge storage process is more complex and a number of different
mechanisms are possible.” Importantly, the NMR adsorption studies described in the previous
section clearly show that a significant number of ions are already present inside micropores even
in uncharged electrodes. This means there are a number of possible mechanisms that can lead to
the build up of ionic charge inside the micropores, as illustrated in Figure 6. Counter-ions can be
adsorbed to balance each unit of electronic charge on the electrode surface (Figure 6a) resulting in
an overall increase in the in-pore ion population. However, it is also possible to swap in-pore co-
ions (ions of the same charge as the electrode surface) for ex-pore counter-ions, as shown in
Figure 6b. In this case, each ion swap balances two units of electronic charge on the electrode
surface and the total population of in-pore ions does not change. A further possible mechanism is
for co-ions to desorb and be expelled from the pores, leaving a surplus of in-pore counter-ions as
shown in Figure 6¢. In this case, one in-pore co-ion is expelled for each unit of charge on the
electrode surface and the total in-pore ion population reduced. In principle it is also possible for
combinations of these charging mechanisms to take place, or for different charging mechanisms to

take place in different electrodes.

The different possible charging mechanisms can be distinguished through quantitative analysis of
the in-pore resonance intensities. An increase in the in-pore resonance intensity during charging
shows that the studied ions are adsorbed into the micropores, whereas a decrease indicates ion
expulsion. A constant in-pore resonance intensity during charging shows that the population of in-
pore ions under study remains constant, and would imply that the population of the other type of
ionic species must be changing (either through adsorption or desorption) in order to balance the
charge on the electrode surface. By studying both ions simultaneously (by recording e.g., *C NMR
spectra to observe NEt, cations and ''B NMR spectra to observe BF, anions) it is possible to
construct a full picture of the charging mechanism and to determine the total ionic charge inside

the micropores. By studying nuclei present in the solvent species it is also possible to observe
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Figure 6. Schematic illustrations of possible charge storage mechanisms within a micropore that contains anions and
cations prior to charging. If the electrode surface is positively polarised, an equal negative ionic charge can arise through
either (a) adsorption of ex-pore anions into the pores, (bz exchange of ex-pore cations for in-pore anions or (c) the
expulsion of cations from the pores. [Reproduced from Ref. % with permission from The Royal Society of Chemistry.].

changes in the in-pore solvent population which can then be correlated with the charging

mechanism determined by the in-pore ion populations.

5.2 In-pore chemical shift changes during charging

In addition to changes in the in-pore resonance intensity, NMR spectra of supercapacitor
electrodes generally exhibit a second phenomenon whereby the in-pore resonance is observed to
move to higher chemical shift by several ppm during charging. While it may appear counter-
intuitive, this effect is not primarily due to changes in the proximity of the ions to the carbon
surface. Indeed, the proximity to the carbon surface does affect the magnitude of the ring current
shift, yet DFT calculations have shown that small displacements relevant the movement of ions
closer to or further from the carbon surface within a micropore cannot account for the magnitudes
of the chemical shift changes that are typically observed.®® Furthermore, the in-pore resonance
frequency changes are generally in the same direction regardless of polarization of the electrode
surface or the nucleus studied, and are approximately equal for anions, cations and even solvent
species. Instead, this phenomenon is due to the changes in the electronic structure of the carbon
surface as the electrode is charged. As explained in Section 3, the exact magnitude and sign of the
ring current shift depend precisely on the electronic structure of the carbon. During charging,
electrons or holes accumulate on the electrode surface and are balanced by the ionic charge

developed in the electrolyte. The unpaired electrons and holes result in an increasingly
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Figure 7. Molar proportions of in-pore NEt,-BF, / ACN electrolyte species determined from ex situ NMR experiments on
charged electrodes. [Figure reproduced with permission from Ref.*'. Reprinted by permission from Macmillan Publishers
Ltd.: Nature Materials, copyright (2013)].

paramagnetic contribution to the ring current as the electrode is charged, causing resonances
species near the carbon surface to move higher chemical shift in the NMR spectrum. This has
been qualitatively confirmed by DFT calculations which show that the ring current associated with a
small carbon fragment changes sign from diamagnetic to strongly paramagnetic when either a
positive or negative charge is applied. This mirrors experimental observations for [18]annulene,
where the "H chemical shifts of the interior protons changed from -3.0 ppm to 28.1 and 29.5 ppm
following two electron reduction.®” The change in chemical shift observed for in-pore species
therefore does not provide direct information about the behaviour and rearrangment of ions inside
the micropores, but instead can be related to the amount and distribution of the electronic charge

on the carbon surface.

5.3 Ex situ solid-state NMR methods for studying supercapacitor electrodes

The selective yet quantitative nature of solid-state NMR makes it an ideal probe to study in-pore
ion populations in supercapacitor electrodes, which can then be used to distinguish between the
different possible charging mechanisms. However, unlike adsorption studies where samples can
be prepared by pre-soaking the microporous carbon sample with electrolyte, NMR experiments to
probe the charging mechanism must be performed on charged electrodes. One way to do this is by
ex situ NMR, where supercapacitor test cells (e.g., coin cells) are charged to a specified voltage,
and then disassembled to obtain the electrode for study by NMR. The advantage of ex situ NMR is
that the electrode can be studied by conventional MAS techniques, which provide high resolution
and in principle enable complex experiments such as correlations and exchange experiments.
However, ex sifu NMR also involves practical challenges; the extraction of the electrodes from

charged supercapacitor cells must done very carefully in an inert environment (inside a glove box)
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to avoid discharging the capacitor or introducing water into the sample, and evaporation of the
solvent during cell disassembly can result in solidification of the electrolyte salt, potentially altering

the local environments of the in-pore species.

Ex situ MAS NMR has been used to study the behaviour of NEt,-BF, / ACN electrolyte ions and
solvent molecules in activated carbon supercapacitor electrodes.*’ For uncharged electrodes, '°C
MAS NMR spectra reveal two distinct environments for the in-pore NEt, cations and ACN solvent
molecules. Two-dimensional exchange experiments show that species in both adsorption sites
undergo millisecond-timescale exchange with the free electrolyte, but do not exchange with each
other. The exact nature of the two adsorption sites was not conclusively identified from these
observations but may be related to structural heterogeneity of the activated carbon electrode
materials resulting in a range of different adsorption sites. For electrodes extracted from charged
cells, ®C and "B MAS NMR spectra show clear changes in the intensities of the in-pore
resonances, thereby providing an insight into how the in-pore ion populations change during
charging (Figure 7). In positively polarized electrodes, the in-pore BF4 anion population increases,
while the in-pore NEt, cation population decreases; in the negative electrode, the opposite
behaviour is observed. These observations are consistent with an ion swapping charging
mechanism whereby co-ions are expelled from the pores while counter-ions are simultaneously
absorbed. In addition to following changes in the ionic populations within the micropores, *C MAS
NMR was also used to observe changes in the in-pore solvent molecule populations. Interestingly,
these show different behaviour in positively- and negatively-polarised electrodes; the in-pore
solvent population remains approximately constant under positive polarisation, whereas it
decreases under negative polarisation. This could be taken to indicate ion desolvation in the
negative electrode; however, the drying procedure that was employed prior to the NMR

measurement in this study may have also affected the in-pore solvent population.

“F and 'H ex situ MAS NMR experiments have been used to study the factors affecting ionic
mobility and the charge storage mechanism in supercapacitors containing the RTIL electrolytes 1-
methyl-1-propylpyrrolidinium  bis(trifluoromethanesulfonyl)imide  (Pyris-TFSI), and 1-ethyl-3-
methylimidazolium  bis(trifluoromethanesulfonyl)imide (EMI-TFSI).®® As mentioned in the
introduction, while RTIL electrolytes can increase the energy stored due to their higher breakdown
voltages, one of the key drawbacks is their increased viscosity and lower power capabilities. The
increased viscosity of RTILs also presents challenges from the point of view of NMR spectroscopy;
indeed for both electrolytes, the MAS NMR spectra show substantial broadening of the in-pore
resonances due to the lower ionic mobility within the micropores. Despite this, the observation of

in-pore electrolyte species in uncharged electrodes demonstrates unambiguously that the ionic
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Figure 8. Variable-temperature F MAS NMR spectra of YP-50F activated carbon supercapacitor electrodes loaded with
(a) Pyr3-TFSI and (b) EMI-TFSI RTIL electrolytes. Relative populations of in-pore (c) TFSI anions and (d) Pyr;5 cations
in electrodes taken from dissembled supercapacitor are shown as a function of the cell voltage. [Adapted with permission
from Ref.%. Copyright 2015 American Chemical Society].

liquids spontaneously wet the pores in the absence of an applied potential, in agreement with
molecular dynamics simulations.*® However, through deconvolution and integration of the in-pore
resonance, the results show that only 40 % of the total pore volume (as measured by N, sorption)
is accessed by the electrolyte ions, indicating that RTILs are not able to fully penetrate the porous
network. Variable-temperature 'F NMR spectra (Figures 8a,b) show significant narrowing of the
in-pore resonances for both electrolytes with increasing temperature. This can be interpreted in
terms of increased exchange rate of the TFSI anions between different adsorption sites within the
porous network. At the maximum temperature of 344 K, no motional broadening of the ex-pore
resonances is observed, confirming that exchange between the in-pore and ex-pore environments
takes place on a much slower timescale. The in-pore linewidths are consistently narrower for the
EMI-TFSI sample, showing that the in-pore TFSI anions are much more mobile in this RTIL. This
helps to explain the better power performance of supercapacitors using EMI-TFSI as opposed to

Pry.3-TFSI. Further experiments showed that the addition of ACN solvent to the electrolyte reduces
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the in-pore ion population and significantly increases the mobility of in-pore ions as evidenced by a
reduction in the in-pore linewidth. This is also accompanied by slight increases in the fraction of the
microporous carbon network accessed by the electrolytes, although this volume is now shared
between RTIL and solvent molecules. The faster in-pore ionic motion following the addition of ACN

helps to explain the observed improvement of power performance in supercapacitor cells.

Quantitative insight into the charge storage mechanism was obtained by studying electrodes
extracted from charged Pyrq3-TFSI supercapacitors. Deconvoluted in-pore resonance intensities in
'H and "°F MAS NMR spectra enabled the relative proportions of in-pore anions and cations to be
quantified independently (Figures 8c,d). Similar to the NEt;-BF,; / ACN electrolyte studied
previously, ion swapping is the predominant mechanism for both positive and negative charging.
However, the relative change in the in-pore anion population is larger than that of the in-pore cation
population, meaning there is a small net adsorption of anions and therefore an increase in the total
population of in-pore ions in the positive electrode. The additional volume required to
accommodate these ions may come from the electrolyte accessing areas of the microporous
network that were previously not wetted before charging, or through ordering of the ions within the
electrolyte species. Indeed, recent X-ray diffraction experiments have indicated vertical ordering of

solvent molecules in small micropores during charging.®

5.4 In situ NMR of supercapacitors: Experimental considerations

Some of the practical issues associated with ex situ NMR can be addressed by performing in situ
NMR experiments on working devices. This approach is very similar to in situ NMR of batteries,”
whereby a specially-designed supercapacitor test cell is placed inside the coil of a static NMR
probe and connected to an external electrochemical cycler. In situ NMR has the advantage that the
supercapacitor can be studied directly under a range of charging conditions with no risk of
discharge or loss of solvent during cell disassembly. In principle this should provide a more
accurate picture since potentially short-lived and/or dynamic states within the electrode can be
studied without disturbing them during cell disassembly. The first in situ NMR study of
supercapacitors was carried out by Wang et al., who used "B NMR to observe changes in the
environments of BF, anions in a supercapacitor comprising NEt,-BF, / ACN electrolyte and
activated carbon electrodes.”’ This study highlighted the importance of the supercapacitor cell
design for in situ NMR experiments. Unlike in sifu NMR studies of batteries, where the two
electrodes generally comprise different materials and can be easily distinguished in the NMR
spectrum, supercapacitor electrodes are essentially chemically identical and the in-pore
resonances associated with the anode and the cathode are therefore unresolved. Wang et al.

introduced a solution to this problem with a ‘shifted’ bag cell design (Figures 9a,b).”" In this design,
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Figure 9. Schematic representations of in situ supercapacitor bag cells with (a) conventional and (b) ‘shifted’ designs.
[Adapted with permission from Ref.”". Copyright 2011 American Chemical Society]. Horizontal and vertical cell
orientations are shown in (c), with the corresponding NMR spectra shown in (d). [Reprinted from Ref.*® with permission
from the PCCP Owner Societies].

the cell is constructed from flat pieces of electrode film pressed onto a mesh current collector. A
small strip of porous polymer membrane separator is placed between the two electrodes and the
whole assembly is heated-sealed inside a plastic bag. Before making the final seal, electrolyte is
added to the supercapacitor using a microsyringe. Importantly, in the shifted-cell design, the two
electrodes are displaced laterally so that a single electrode can be placed within the NMR coil.
Using this setup, it was possible to study changes in the total BF, anion populations in a single
electrode under positive and negative polarization between cell voltages of +2 V. Comparison of
the total spectral integrated intensities revealed an overall decrease in the BF, anion population for
negative electrode polarisation, and an overall increase for positive electrode polarization. This
qualitatively agrees with the picture from ex situ NMR whereby co-ions are desorbed and counter-

ions are adsorbed during charging.*’

Since the initial demonstration of in situ NMR for the study of supercapacitors, the approach has
been further developed and optimized by taking into account various aspects of the cell design and
experimental methodology. One important consideration in in situ NMR of supercapacitors is the
reduction in resolution as compared to ex situ MAS NMR, since experiments are necessarily
performed under static conditions. Furthermore, for highly anisotropic sample geometries such as
the supercapacitor bag cells typically used, the shifts and lineshapes of the observed resonances
can be strongly affected by bulk magnetic susceptibility (BMS) effects which depend upon the
shape and orientation of the sample. However, for the study of supercapacitor electrodes, these
BMS effects can actually be exploited to increase the resolution. Indeed, Forse et al. have shown
that for bag cells containing flat rectangular electrodes, BMS effects for ex-pore and in-pore

species have slightly different orientation dependences with respect to the applied magnetic field.*®
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For vertical cell orientations, the shift difference between ex-pore and in-pore resonances is larger
than for horizontal orientations (as illustrated in Figures 9c¢,d). This means for the study of flat
supercapacitor bag cells, resolution can be maximised by performing in situ NMR experiments with

the cell oriented vertically.

Other improvements have also been made to the cell design. While the shifted cell allows in situ
NMR spectra to be obtained independently for the two electrodes, it also significantly increases
resistance within the device leading to reduced electrochemical performance, particularly at high
charge and discharge rates. This problem has been addressed by ‘overlaying’ the current
collectors in order to maximize the electric field near the electrodes.®® Direct electrical contact
between the electrodes is still prevented by positioning the separator over and under the
electrodes on either side of the device. The ‘overlaid’ design gives improved electrochemical
performance in cyclic voltammetry experiments where the cell voltage is swept across a defined
range at a specified rate. For the ‘overlaid’ design, much higher currents are obtained for the same

voltage sweep rate, indicating reduced resistance within the cell.

In addition to dealing with the practical issues associated with in situ NMR of supercapacitors, the
choice of experimental NMR methodology can also affect the information that is obtained. While
initial studies of the NEt,-BF, / ACN electrolyte system focused on ''B NMR for the study of the BF,
anions, Wang et al. have shown that '°F NMR can actually be a better choice.®® Owing to its higher
gyromagnetic ratio and natural abundance, °F is an intrinsically more sensitive nucleus than ''B.
Furthermore, for the study of BF, anions, the molar fraction of fluorine atoms is a factor of four
higher than that of ''B, meaning the relative sensitivity is further increased. Together, these factors
significantly reduce the experimental time meaning that in situ NMR spectra can be acquired in a
matter of minutes. The main drawback associated with '°F in situ NMR of supercapacitor
electrodes is that there can be a significant background signal both within the sample from the
PTFE binder used in the electrode film, and externally from commonly-used PTFE probehead
components. However, since these contributions typically have much shorter T, relaxation times,
and/or different nutation behaviour, they can be effectively removed through the use of the ‘depth’

background suppression pulse sequence.”

5.5 In situ NMR of supercapacitors: Insight into the charging mechanism

Combining the optimized cell design and experimental methodology, Wang et al. performed a more
detailed in situ NMR study of a supercapacitor comprising activated carbon electrodes and NEt,-
BF, / ACN electrolyte.®® Changes in the in-pore anion populations during charging were monitored

by recording '°F in situ NMR spectra with the cell held at fixed voltages. The results show that for
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negative electrode polarization, the in-pore anion population decreases slightly upon charging to —
0.5V, after which larger decreases are observed up to —1.25 V. For positive electrode polarization,
the in-pore anion population remains approximately constant between 0 — 0.75 V before
increasing. From this it can be indirectly inferred that charge storage at low polarisations is
achieved through adsorption/desorption of the NEt, cations, since the in-pore BF, anion population
remains approximately constant. For larger polarisations adsorption and desorption of the BF,
anions from the micropores starts to play a more important role in charge storage. This transition
between different charging regimes was not previously observed by ex situ MAS NMR. However,
the observations are consistent with other work based on in situ electrochemical quartz-crystal
microbalance (EQCM) measurements on a similar system, which indicate anion-cation mixing
inside the micropores at low electrode polarisations, and increasing contributions from counter-ion

adsorption at high electrode polarisations.”

In addition to the study of in-pore anion populations at fixed voltages, Wang et al. also
demonstrated an additional in situ NMR approach whereby spectra are recorded for a
supercapacitor cell undergoing simultaneous cyclic voltammetry.®® This approach provides insight
into the behaviour of ions under dynamic charging conditions where the cell voltage is constantly
changing. Since the duration of each 'F in situ NMR experiment was very short (2 % of the
duration of the whole voltage cycle), each spectrum can be considered as a ‘snapshot’ at that
particular point in the cycle. Although no longer fully quantitative due to the reduced recycle interval
used, the behaviour of the in-pore resonance under dynamic charging conditions is qualitatively
similar to that at fixed voltages; both positive and negative electrode polarisations result in
movement of the resonance to higher chemical shift and changes in the resonance intensity.
Stacking the consecutive NMR spectra over multiple cycles to form a pseudo-2D plot (Figure 10)
reveals this behaviour to be highly repeatable and perfectly synchronized with the applied cell
voltage. However, charging at higher rates results in a slight lag between the chemical shift and the
cell voltage. This lag corresponds exactly to the lag between the voltage cycle and the direction of
the current flow within the device, confirming that the chemical shift of the in-pore resonance
reflects the charge state of the carbon surface, and not the applied cell voltage. The '°F in situ

NMR approach is not limited to the study of the NEt,-BF, / ACN electrolyte.

Griffin et al. have studied supercapacitors comprising activated carbon electrodes and a range of
fluorine-containing electrolytes in order to gain insight into the effects of relative cation/anion
sizes.*® For a tetrabutylammonium (NBu4)-BF, / ACN electrolyte, the results show a significant
decrease in the in-pore anion population during negative electrode polarization, contrasting the

NEt;-BF, / ACN electrolyte where smaller changes have been observed, especially for low
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Figure 10. Contour plots showing stacked F in situ NMR spectra for a YP-50F activated carbon supercapacitor with
NEt,-BF4 / ACN electrolyte undergoing cyclic voltammetry at rates of (a) 0.5 and (b) 5 mV - s™'. For the lower cycling
rate, the oscillation of the in-pore resonance between high and low chemical shift is synchronized with the cell voltage;
for the high cycling rate a lag is observed. [Adapted with permission from Ref.%. Copyright 2013 American Chemical
Society].

electrode polarisations. This indicates that the larger size of the NBu, cation (with an estimated
desolvated diameter of 1.1 nm) means it cannot access a larger fraction of the micropores, and so
the BF, anions are forced to contribute more to the charge storage mechanism. Interestingly, Li-
TFSI / ACN and Na-TFSI / ACN electrolytes also show large changes in the in-pore anion
populations for both positive and negative polarization — as was also observed for RTILs with the
TFSI anions.® Unlike the tetraalkylammonium electrolytes, in the TFSl-based electrolytes the
anion is significantly bigger than the cation (although the cations may be strongly solvated thereby
increasing their effective radius). These results indicate that other factors such as the ionic charge
density and ion-carbon interaction energies may also play a role in determining the charging

mechanism.

While the '°F in situ NMR approach provides quantitative insight into the in-pore anion population
during charging of supercapacitor electrodes, to obtain a full picture of the charging mechanism it
is also necessary to quantify the in-pore cation population under the same conditions.
Unfortunately, this proves to be a significant challenge due to the nature of the NMR-active species
present in common electrolyte cations. For the NEt,-BF, / ACN electrolyte, the study of '¥'*N or °C
NMR is precluded owing to the low sensitivity of these nuclei. The most feasible nucleus is 'H;

however, 'H in situ NMR spectra are complicated by the fact that there are two chemically-distinct
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Figure 11. (a, b) %P and "°F in situ NMR spectra of a supercapacitor containing PEt,-BF, / ACN electrolyte. (c) In-pore
ion populations as a function of cell voltage revealing an ion exchange mechanism for positive electrode polarization and
counter-ion adsorption for negative electrode polarization. (d) A comparison of the total ionic and electronic charge in the
electrode as a function of cell voltage, showing that the two quantities are approximately equal. [Figure reproduced with
permission from Ref.”, Reprinted by permission from Macmillan Publishers Ltd.: Nature Materials, copyright (2015)].

'H environments (the CH; and CH, groups in the ethyl chains), and also because the polymer bag
cell contributes an intense background signal to the NMR spectrum which cannot be removed even
through the use of background suppression pulse sequences. This problem was recently
circumvented by Griffin et al. who substituted NEt,-BF, for a very similar salt,
tetraethylphosphonium (PEt,)-BF4.”* By choosing a cation containing phosphorous instead of
nitrogen, the relatively high sensitivity ®'P nucleus can be studied by in situ NMR in order to
monitor the in-pore cation population, while '°F in situ NMR can still be used to observe the in-pore
anions. Using supercapacitors comprising activated carbon electrodes and three PEt4-BF, / ACN
electrolytes with different concentrations, in situ NMR spectra of both the cations and anions were
recorded at fixed cell voltages between +1.5 V (Figures 11a,b). The in-pore ion populations were
quantified in absolute terms through comparison of the integrated in-pore resonance intensities
with reference spectra recorded for samples with known volumes of electrolyte (Figure 11c¢). At 0

V, the results show approximately equal in-pore anion and cation populations for concentrations of
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0.5 M, 0.75 M and 1.5 M, confirming that electroneutrality is preserved inside the micropores in
uncharged electrodes. For the highest electrolyte concentration, the total electrolyte ion volume
estimated on the basis of the solvated ionic radii slightly exceeds the total pore volume as
measured by gas sorption. This indicates that even at 0 V the ions in high concentration
electrolytes are densely packed within the micropores, with partial desolvation or overlap of the
solvation shells. During charging under fixed voltage conditions, the combined *'P / °F in situ NMR
approach reveals different charging mechanisms for positive and negative electrode polarizations.
For positive polarization, charging proceeds by exchange of the in-pore cations for anions,
whereas for negative polarization, cation adsorption is the dominant mechanism and the population
of in-pore anions remains approximately constant. This behaviour is independent of the electrolyte
concentration, indicating that other factors such as the asymmetry in ion sizes/shapes, charge
density and screening, and possible differences in ionic mobility may affect the charging
mechanism. Importantly, the total ionic charge, as determined from the sum of the in-pore anion
and cation populations, was found to be in good agreement with the electronic charge stored in the
supercapacitor (Figure 11d), confirming that the charge stored on the electrode surface is balanced

by the charge associated with the ionic species inside the micropores.

In addition to experiments on ‘shifted’ cells, other cell designs and in situ experimental NMR
methodologies have also been developed. Luo et al. developed an ingenious method whereby a
copper shield surrounds one of the supercapacitor electrodes.” Radiofrequency radiation cannot
reach the shielded electrode, and the other (unshielded) other electrode is then studied in the NMR
experiments. This approach was recently used to study supercapacitors with activated carbon
electrodes and aqueous electrolytes.”® First, an activated carbon with relatively small pores
(average width 0.58 nm) was studied with the electrolyte Na-F (0.8 mol kg™"). Interestingly no in-
pore ion resonances were detected in the absence of an applied potential, despite the presence of
in-pore water. This shows that ions were unable to access the small micropores of the studied
material in the absence of an applied potential. Further experiments on a second carbon material
with larger pores (average width 1.58 nm) revealed in-pore ion resonances at 0 V, confirming that
the lack of in-pore ions in the small pore carbon is due to a steric effect. Charging experiments on
supercapacitors with the small pore-size carbon revealed that F~ and Na* ions were able to enter
the electrode pores when voltages of above ~ 0.4 V were applied. Charging then occurred by
counter-ion adsorption. These findings suggest that the electrostatic interactions between the ions
and the carbon surface can overcome the steric effects associated with the small carbon pores.
Interestingly, a large (negative) in-pore chemical shift change was observed in the 'F NMR
spectra at voltages above ~0.8 V. This was explained by suggesting the F~ ions are dehydrated at

these potentials.
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Figure 12. (a) 'H and (b) ''B NMR spectra extracted from slices through the (c) 'H and (d) ''B CSls of a supercapacitor
cell comprising YP-50F activated carbon electrodes and NEt,-BF, / ACN electrolyte. NMR spectra of the neat electrolyte
are superimposed in (a) and (b). The in situ MRI cell design is illustrated in (e). [Figure reproduced with permission from
Ref.”’. Reprinted by permission from Macmillan Publishers Ltd.: Nature Communications, copyright (2014)].

lliot et al. have exploited the spatial resolution provided by magnetic resonance imaging (MRI)
experiments to enable independent yet simultaneous observation of both electrodes.”” Using in situ
MRI, the electrodes can be studied individually in the standard ‘parallel plate’ geometry, without the
need for the shifted cell design. By using a specially-designed PTFE cell and deuterated solvent,
the cations and anions in NEt,-BF, / ACN electrolyte can be studied separately by 'H and "'B in
situ NMR. Conventional NMR spectra for each electrode can be obtained by extracting slices
through chemical shift images (CSls) for the individual electrodes. Although not fully quantitative
due to T, dephasing during echo delays used in the experiments, 'H and ''B CSI slices obtained
with the cell held at constant voltages above 0.5 V show qualitative increases in the cation
population in the negative electrode and in the anion population in the positive electrode, indicating
that counter-ions are adsorbed onto the carbon surface in both electrodes. Experiments were also
performed while a pristine cell was subjected to cyclic voltammetry in order to investigate the
charge/discharge dynamics. In the negative electrode, the CH; chemical shift of the NEt, cation
changed reversibly during charge and discharge. However, in the positive electrode a significant
hysteresis was observed, although the chemical shift returned to its original value at 0 V. This
should be compared with the '°F in situ NMR study of the same system by Wang et al., where the
F chemical shift of in-pore BF, anions in the positive and negative electrodes differed by

approximately 1 ppm at 0 V. In this case the supercapacitor had been ‘pre-cycled’ by cyclic
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voltammetry five times prior to the NMR measurement. lllot et al. postulated that the hysteresis
observed in the in situ MRI experiments suggests that ion rearrangement during discharge takes
place differently in the two electrodes. This could result in irreversible ordering of the ions inside
the micropores over multiple cycles, leading to a small amount of charge build up on the electrode

surface, which in turn could contribute to ageing of the cell.

6. Summary and Outlook

In summary, solid-state NMR has emerged as a powerful tool in the characterization of
supercapacitor electrodes and for understanding the charging mechanism. The success of the
NMR approach stems from the unique ability to separately observe in-pore ions and solvent
molecules from those in bulk electrolyte. These species are subject to ring current effects from
carbon surfaces that indiscriminately shield the resonances arising from electrolyte cations, anions
and solvent molecules, which allows for their separate observation and quantification. The
development of in situ NMR methods whereby working supercapacitors are studied during
charging and discharging allow the in-pore populations to be quantified at different charging states,
and these measurements have revealed new insights into the molecular mechanisms of charge
storage. In particular, solid-state NMR experiments have provided rare experimental proof of the

following key points:

1. In general, the pores of the microporous carbon electrodes contain a significant number of

electrolyte ions prior to charging.

2. The charging mechanism is not purely absorptive, as has been traditionally assumed, but in
most cases involves ion exchange with simultaneous counter-ion adsorption and co-ion

desorption from the electrode surface.

Until now, these insights have not been readily available by other experimental techniques, and
have important implications for understanding the supercapacitance mechanism. The fact that co-
ions remain inside the micropores during charging means that some of the ionic charge is
effectively screened and does not contribute to the capacitance. If future electrode materials could
be designed to either favour adsorption of counter-ions or facilitate the ejection of co-ions from the

pores during charging, improvements in the energy capacity could be made.

While the NMR approaches that have been developed have already provided lots of new

information about supercapacitors, there are many directions for the their future application in the
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Figure 13. 'H static NMR spectra of a '3C-enriched TiC-CDC-1000 electrode film loaded with NEt,-BF4 / ACN electrolyte.
The spectrum shown by the black line was recorded using a standard single pulse excitation experiment, and the
spectrum shown by the blue line was recorded using '°C — 'H cross polarization (CP). Only the in-pore resonance is
observed in the '*C — '"H CP NMR spectrum. [Reprinted from Ref.® with permission from the PCCP Owner Societies].

study of charging mechanisms. Further studies on a wider range of electrolytes are required to
gain a more precise understanding of how factors such as relative anion/cation sizes, charge
densities and pore size effects influence the charging mechanism. Furthermore, NMR studies that
specifically target the solvent molecules are needed to understand the role that the solvent plays in
the charge storage process, and to more accurately determine the extent of desolvation inside
micropores. While NMR experiments have started to reveal information about ion dynamics in
supercapacitor electrodes, more work must be done to understand how the nature of the
electrolyte and the structure of the carbon electrodes impact in-pore ionic transport and thus
charging/discharging times. Diffusion and relaxation measurements may offer interesting insights

here.

There are also opportunities for the development and application of new NMR techniques for the
study of supercapacitors. One promising experimental technique is the use of cross polarization
(CP) to correlate in-pore species with the carbon surface. Preliminary experiments performed by
Forse et al., have already shown it is possible to transfer magnetization from a '*C-enriched TiC-
CDC carbon surface to protons in NEt, cations within the micropores (Figure 12). This approach
can be used as a spectral editing tool to ‘filter out’ the often intense free electrolyte signal, thereby
enabling more precise measurements on the in-pore species. The distance dependence of the CP
transfer also means that the analysis of CP build-up curves and T;p relaxation times stands to offer
important insight into the proximities of electrolyte species to the carbon surface and the dynamics

that they undergo inside the micropores.

Further work is also required to better understand the structures of microporous carbons, such that
the structures can be correlated with performance in supercapacitors. These materials are
challenging to study directly by solid-state NMR, partly owing to the low sensitivity of '*C and other

probable defect species such as '’O or '°N. However, the ongoing development and increasing
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availability of dynamic nuclear polarization (DNP) hardware for signal enhancement in NMR may
offer the possibility to study these nuclei directly. Indeed, DNP has already been demonstrated to
be a powerful probe of other porous materials due to the fact that the polarization transfer process
usually favours observation of solid surfaces rather than the bulk interior. The ability to observe
and quantify surface species in microporous carbons using DNP would provide new structural

insights into these challenging and complex materials.
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