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Exploring electrolyte organization in
supercapacitor electrodes with solid-state NMR
Michaël Deschamps1,2*, Edouard Gilbert3, Philippe Azais4, Encarnación Raymundo-Piñero3,
Mohammed Ramzi Ammar1,2, Patrick Simon1,2, Dominique Massiot1,2 and François Béguin5

Supercapacitors are electrochemical energy-storage devices that exploit the electrostatic interaction between high-surface-
area nanoporous electrodes and electrolyte ions. Insight into the molecular mechanisms at work inside supercapacitor carbon
electrodes is obtained with 13C and 11B ex situ magic-angle spinning nuclear magnetic resonance (MAS-NMR). In activated
carbons soaked with an electrolyte solution, two distinct adsorption sites are detected by NMR, both undergoing chemical
exchange with the free electrolyte molecules. On charging, anions are substituted by cations in the negative carbon electrode
and cations by anions in the positive electrode, and their proportions in each electrode are quantified by NMR. Moreover,
acetonitrile molecules are expelled from the adsorption sites at the negative electrode alone. Two nanoporous carbon materials
were tested, with different nanotexture orders (using Raman and 13C MAS-NMR spectroscopies), and the more disordered
carbon shows a better capacitance and a better tolerance to high voltages.

To understand supercapacitor operation and enhance
capacitance values, attention has lately been drawn to the
relative sizes of ions and their solvation sphere1, the pore size

distribution2 and the solvent nature3. The behaviour of electrolyte
molecules inside the pores is assessed from macroscopic properties
of the electrodes: their electrochemical response coupled with gas
adsorption4–6 or gravimetric measurements7,8. X-ray diffraction
and simulation experiments9 have shown an ordering of ions
and solvent molecules. Recently, molecular dynamics linked the
capacitance with the rearrangement of electrolyte species inside the
carbon nanopores10.

The NMR signals of molecules adsorbed between graphene
layers are shifted by approximately −6 ppm compared with
their freely moving counterparts, because of the diamagnetic
contributions of the ring currents in the graphene layers. This
phenomenon was used to shed some light on electrolyte molecules
in supercapacitor electrodes11, electrode ageing12 and organic
molecules adsorbed in activated carbons13–20.

We tested two nanoporous activated carbons (A and B),
both having similar gas adsorption characteristics (Supplementary
Table S1) but a slightly higher capacitance for B (111 F g−1 against
95 F g−1). 13C MAS-NMR and Raman spectroscopy showed that
carbon B is more structurally disordered than carbon A (from
13CMAS-NMR(ref. 21) andRaman22 spectroscopy, Supplementary
Fig. S3A,B). Natural abundance ex situ 13C and 11B NMR was
used to measure the proportions of acetonitrile (ACN) and
tetraethylammonium tetrafluoroborate molecules (TEA+ and BF−4 ;
Supplementary Fig. S1) inside or outside the electrodes’ nanopores
of uncharged and charged electrochemical capacitors. Although
in situ experiments would be preferable23, they are incompatible
with MAS and the associated resolution enhancement. Our
NMR results are compatible with carbon structural models and
with transmission electron microscopy or neutron diffraction
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results24–28, and unexpectedly show that TEA+ molecules tend to
have more affinity for the space between graphene layers than
BF4− molecules, with a dependence on the carbon nature. In
charged electrodes, NMR provided direct experimental evidence
of the expected rearrangements leading to the specific properties
of supercapacitors.

Carbon powders soaked with electrolyte
To understand the electrolyte behaviour inside the nanoporosity,
we recorded the NMR spectra of electrode powders soaked with
electrolyte (no charge, seeMethods) anddried under nitrogen flow.

Each 13CMAS-NMR peak is split into three (Fig. 1 and Table 1):
the free ACN and TEA+ species, that is, seemingly in the mesopores
(not between two graphene-like layers), have chemical shifts similar
to those observed in solution; species adsorbed between graphene
layers showing a−6 ppm shift (in the type I site)13,18; and a smaller
contribution detected at −3 ppm for ACN and TEA+ adsorbed in
type II sites17. In the 11BNMR spectra (Fig. 2), a fourth component,
solid BF4−, similar to the 11B pattern in the TEABF4 salt (Table 2
and Fig. 2a) is detected. It corresponds to BF4− molecules with
reduced mobility, that is, experiencing a quadrupolar interaction,
resulting in spinning sidebands. These anions are not located
between graphene layers according to their chemical shifts. No
broad peak of solid TEA+ is detected from the 13C NMR spectra,
because of the ethyl groups’ intrinsic mobility.

Two-dimensional 13C and 11B NMR exchange spectra19,29 were
recorded for soaked carbon A alone (Fig. 3), showing that the
electrolyte species can travel between each site during the exchange
delays of 5 and/or 50ms, and that the free molecules were not
expelled from the porosity by centrifugation. The ACN mobility
is greater as, after 5ms, 13CN cross-peaks between the free
state and the type I and II sites are both detected. For TEA+
(13CH2 peak) and BF4−, the diffusions of which are slower, the
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Figure 1 | Carbon-13 NMR spectra of soaked electrodes. a,b, 13C MAS-NMR spectra for carbon A (a, in blue) and B (b, in green) after the electrodes have
been soaked in an excess of electrolyte and gently dried under N2 flow of 100 ml min−1. Three resonances appear for each 13C atom, corresponding to
molecules outside the space between the graphene layers (no shift compared to the electrolyte solution, in cyan), to molecules between graphene layers
adsorbed in type I sites (shifted by−6 ppm, in dark blue), and to molecules adsorbed in type II sites (shifted by−3 ppm, purple). Each set of peaks is
labelled with the corresponding molecule, showing the spin-bearing atom giving rise to the three peaks highlighted in bold and underlined. As the 13C NMR
peaks for the ACN and TEA+ methyl groups overlap, only the peaks from the CH2 and CN groups of TEA+ and ACN are used. c–f, The fitted curve (in red)
and its decomposition for the CN (c,d) and CH2 (e,f) groups of ACN and TEA+ for carbon A (c,e) and carbon B (d,f).

Table 1 | Percentages of ACN and TEA+ species in each site
from the 13C NMR spectra presented in Fig. 1, using the CN
and the CH2 peaks for ACN and TEA+, respectively.

Free (%) Type II (%) Type I (%)

Carbon A
ACN 38.9 22.5 38.6
TEA+ 49.3 9.8 40.9
Carbon B
ACN 45.1 21.3 33.6
TEA+ 54.2 4.8 41.0

exchange cross-peaks remain very small after 5ms, and become
much larger after 50ms.

From these results, several conclusions can be drawn for
carbon A. First, no exchange is detected between the type I and
type II species; the type I � free � type II exchange indicates that
the type II sites are not located between the graphene interlayer
space and larger pores (as in type I � type II � free), but rather
correspond to sites of different natures, such as rings made with 5
or 7 carbons or adsorption sites perpendicular to graphene planes.
Second, the free TEA+ and the free and solid BF4− are relatively
close to the type I adsorption sites. However, their graphene layers
do not induce any chemical shift change for free molecules: outside
the space between two almost parallel graphene layers, the randomly
oriented neighbouring graphene layers have compensating ring

current effects23–28,30,31 (Supplementary Fig. S2). Themobility of the
freemolecules is not sufficient to explain the absence of diamagnetic
shift, as even the solid fraction of BF4− is not shifted.

Third, the interaction between the uncharged graphene layers
and the electrolyte ions is strong enough to prevent fast exchange for
NMR. Therefore, the exchange rate is smaller than 450 s−1 or occurs
on a timescale longer than 2.2ms (as the NMR lines of the free and
adsorbed species do no collapse, the exchange rate is smaller than
the distance between the resonances in hertz). However, it is not
strong enough to lock the ions between the graphene layers; indeed,
a quick rinsing of the soaked carbon with ACN removes the TEA+
and BF4− ions nearly completely (Supplementary Fig. S8).

The fits of the 13C and 11B NMR spectra (Tables 1 and 2) show a
large excess of TEA+ adsorbed between graphene layers (40.9% of
all the TEA+) and a deficit of BF4− (7.3% of all the BF4−). Hence, as
opposed to previous works9, TEA+ seems to present a larger affinity
for the type I sites (the interlayer space). Therefore, we believe a large
proportion of BF4− ions must remain within a short distance of the
TEA+ cations to restore the local electroneutrality and this fraction
may thus be identified as the solid fraction (63.5% of all the BF4−).
The excess of solid BF4−, that is, 63.5% compensating the cationic
excess: (40.9−7.3)%, must be associated with nearby free TEA+ to
maintain the overall electroneutrality.

The type II sites have equilibrated populations of TEA+ (9.8%
of all the TEA+) and BF4− (7.7%). The proportion of ACN in those
sites (22.5%) is larger, eventually indicating that these sites are likely
to accept preferentially smallermolecules. Indeed, the chemical shift
of BF4− anions in type II sites is more shifted to the right-hand
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Figure 2 | Boron-11 NMR spectra of soaked electrodes. a–e, 11B MAS-NMR
spectra of BF4

− in crystalline TEABF4 (a), in carbon A (b,d, in blue) and B
(c,e, in green) soaked with electrolyte, plotted with their fitted models in
red in a–c. These spectra have been fitted with four lines, corresponding to:
solid-like (pink, no shift) and liquid-like or free BF4

− (cyan, no shift), both
outside the space between the graphene layers; BF4

− in type I sites,
between graphene layers (shifted by−6 ppm, dark blue) and in type II sites
(purple, shifted by−5 ppm). The parameters of the 11B solid-like line have
been obtained from the spectrum of the solid TEABF4 salt (a),
characterized by a quadrupolar interaction with Cq= 24.3 kHz and η=0.

side of the spectrum (by around−5 ppm), indicating that very little
BF4− is found in environments corresponding to shifts of −3 ppm
(the type II environment for TEA+ or ACN). Solvated BF4− is
bulkier than ACN or even TEA+, which may also lose its solvation
shell more easily, confirming that the type II sites preferentially
accommodate the smaller ACN.

In soaked carbon B, a larger proportion of BF4− is found
adsorbed in type I sites (13.5% of all BF4−) and in type II
sites (13.2%) than in carbon A. It has a similar proportion of
TEA+ in type I (41%) but a lesser proportion in type II (4.8%).
Therefore, the cationic excess between graphene layers is smaller,
and, as expected, a smaller proportion of solid BF4− (48.3%,
ensuring the local electroneutrality) is found. This difference
may be explained by the disordered texture of the graphene
layers in carbon B, which may be responsible for its ability to
accommodate BF4− anions, although the exact mechanism is
still unknown.

First polarization cycle and state of electrolyte species
In a second step, the supercapacitors were charged until the
desired voltage is obtained and kept in floating conditions
for 30min. The carbon powders of each electrode were then
separated from the current collector, dried for 15min under
nitrogen and analysed by NMR. As we proved a relatively low

Table 2 | Percentages of BF4
− species in each site from the 11B

NMR spectra presented in Fig. 2.

Solid (%) Free (%) Type II (%) Type I (%)

Carbon A 63.5 21.5 7.7 7.3
Carbon B 48.3 25.1 13.2 13.5

self-discharge (see introduction in Supplementary Information),
the disequilibrium between cationic and anionic concentrations
(that is, the ionic charge) in each electrode was frozen at that stage.
Although floating at voltage values higher than 2.7 V is expected
to lead to the electrolyte degradation32, the capacitors were also
tested at 3.3 and 4.0 V, to gain insight into what happens outside
this stability window.

To understand the initial state of electrolyte molecules inside
the electrodes at 0 V, supercapacitors with carbon A and B were
prepared and the 13C and 11B NMR spectra (Fig. 4) were recorded
before polarization or after a 2.3 V/30min and 0V/30min cycle
(that is, after a charge–discharge cycle). For carbon A, the peaks’
positions are identical (Fig. 4a–d), both for 13C and 11B NMR,
and all the expected resonances are shifted by −6 ppm compared
with the spectrum of the electrolyte solution alone (Supplementary
Fig. S2), indicating that all of the species are able to enter the
graphene interlayer space after the introduction of the electrolyte.
This is expected as the amount of electrolyte was adjusted to
fill the electrode porosity. Interestingly, the 11B NMR peaks are
broader before the charge, which might indicate a greater mobility
or less disorder for the BF4− anions after a charge–discharge cycle.
This effect is not observed as markedly by 13C NMR, indicating
that it might result from changes in the mobility, which affect
the quadrupolar 11B spins and not the ethyl groups of TEA+,
rather than from structural disorder alone (resulting in a broader
distribution of chemical shifts).

Interestingly, in the more disordered carbon B, without a
charge–discharge cycle, none of the electrolyte species can be
found between graphene layers, seeming instead to be located in
type II sites (Fig. 4e,f). The type I sites of the graphene interlayer
space seem to become accessible for the electrolyte species only
after applying a voltage. Subsequent charge–discharge cycles do
not give rise to any change in NMR spectra and this opening
phenomenon seems to be irreversible. We expect the space between
graphene layers to become accessible only when a voltage is applied,
with cations and anions entering it during the first charge. When
this supercapacitor is discharged for the first time, the space
between graphene layers remains occupied by electrolyte species,
with an equal proportion of cations and anions (Fig. 4g,h). This
could be related to the electrochemical activation phenomenon,
where charging induces an irreversible increase in the accessible
nanoporosity and the associated capacitance33. In contrast, for the
nanoporous carbon electrode powders, which have been submitted
to a 10−2 mbar pressure at 120 ◦C before the soaking stage, this
phenomenon is not observed; the electrolyte species managed to
enter the nanoporosity of carbon B, highlighting also the role
that previously adsorbed gases (such as argon from the glove
box) and wettability issues may somehow have in blocking the
nanoporosity in some carbons and not in others. Hence, in the case
of non-degassed carbon B, NMR demonstrates that the electrolyte
can also enter the graphene interlayer space provided that a first
charge–discharge cycle is realized.

Although the previously mentioned opening phenomenon is
irreversible and the space between graphene layers remains filled
with electrolyte species, the reversibility of the individual adsorption
of cations or anions was checked by discharging the supercapacitor
at 0 V after polarization at+2.3 V and polarizing it again at−2.3 V:
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Figure 3 | Chemical exchange between sites observed by NMR. a–f, 11B (a,d) and 13C (b,c,e,f) two-dimensional NMR exchange spectra
(90◦-t1-90◦–τm–90◦-t2; ref. 29) of the electrolyte in carbon A, using τm= 5 ms (a–c) and 50 ms (d–f). In b,e, the peaks correspond to the CH2 group of
TEA+ and in c,f, the peaks correspond to the CN group of ACN. The presence of cross-peaks confirms that the free and adsorbed states are close to each
other. However, the interplay between NMR and molecular dynamics must be highlighted: each environment visited by the observed molecule may give
rise to a specific chemical shift. However, if the molecule visits those sites at a rate (in hertz) that is much faster than the difference (in hertz, again)
between their resonance frequencies, only the average resonance will be detected by NMR. Therefore, for 13C NMR at 75.5 MHz, an observable chemical
shift difference of 6 ppm between adsorbed and free species is compatible with exchange rates between these two environments that are also slower than
450 Hz, or occurring on a timescale longer than 2.2 ms. At room temperature, fast molecular motions inside each environment limit our capacity to better
characterize the structural complexity of the adsorption sites through the induced chemical shifts.
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Figure 4 | State of the electrolyte before and after one cycle. a–h, 13C (a,c,e,g) and 11B (b,d,f,h) MAS-NMR spectra of supercapacitor electrodes made
with carbon A (blue, a–d) and carbon B (green, e–h), before any polarization (a,b,e,f) and after being charged at 2.3 V for 30 min and discharged at 0 V for
another 30 min (c,d,g,h). The electrolyte species are in the same environment in carbon A before and after the charge–discharge cycle (type I sites),
whereas they are in type II sites before polarization in carbon B, and enter the space between graphene layers during the supercapacitor polarization.

the MAS-NMR spectra were identical to those observed after
polarization at +2.3 V, as if the electrodes had been interchanged
(Supplementary Fig. S10). However, this adsorption is rather
strong, compared with the case of the soaked carbons. For a charged
supercapacitor, one can expect the Coulombic charge carried by the
sp2 carbons to be compensated locally by strongly adsorbed counter
ions with the opposite charge. Indeed, rinsing the electrode with
ACN could not remove all of the charged species, washing away an

equal amount of cations and anions, as indicated by 13CMAS-NMR
(Supplementary Figs S8 and S9).

Increasing the maximum voltage
We charged the electrodes at maximum voltage values varying
between 1.2 and 4.0 V. In the following, the 0V state corresponds
to supercapacitors, which were charged at 2.3 V for 30min and
discharged at 0 V for another 30min (the signal integrals are
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Figure 5 | Proportions of electrolyte species and chemical shift changes in carbon A. a,b, The NMR spectra (Supplementary Fig. S10) have been used to
calculate the molar proportions of TEA+ (nTEA/nTEA+nBF4 ) and BF4

− (nBF4/nTEA+nBF4 ), as well as the relative amount of (observed after drying,
therefore adsorbed or solvating) ACN versus the total amount of electrolyte species (nACN/nACN+nTEA+nBF4 ) after polarization at 0 (that is, 2.3 V for
30 min followed by 30 min at 0 V), 1.2, 2.3, 2.7, 3.3 and 4.0 V for 30 min in the positive (a) and negative (b) electrodes of the supercapacitor made with
carbon A. c, The electronic charge Q has been estimated by integrating the charging current intensity and subtracting the contribution of self-discharge,
and is plotted versus the relative ionic charge |nTEA−nBF4 |/(nTEA+nBF4 ) measured from NMR data for the supercapacitor made with carbon A. d, The
average change1δ of all the measured chemical shifts plotted for the positive (red) and negative (black) electrodes made with carbon A.

similar to those obtained before polarization; however, to avoid
perturbations in chemical shifts resulting from the electrochemical
activation in carbon B, we consider this state as the reference state
thereafter). After charging the supercapacitors, ex situ 13C NMR
spectra of the electrolyte species inside the charged carbon
electrodes show one relatively narrow line for each type of 13C atom
(see Supplementary Fig. S10). For the highest voltages (>2.3 V), it
must be noted that the two ACN peaks always appear at the positive
electrode but are not detected at the negative electrode.

For 11B NMR, the 11B spectrum exhibits one major peak and
one smaller peak corresponding to BF4− in type II sites (with a
slightly higher chemical shift), which is not observed for TEA+. The
relative concentrations of each species in the negative and positive
electrodes can be calculated from the peak areas as a function of the
maximum voltage, between 0 and 4.0 V (Figs 5 and 6, Methods for
the calculation). To compare the areas of the 11B and 13C signals,
we reasonably assumed that after the 2.3–0V charge–discharge
cycle, the total amount of TEA+ is equal to the total amount
of BF4− in the (previously) positive and negative electrodes. No
cationic or anionic excess can be detected at 0 V in any of the

electrodes and their NMR spectra can be strictly superimposed
(Supplementary Fig. S10).

As expected on charging7,8, in the negative electrode, anions are
replaced by cations, as the NMR signal of cations increases while
the anion signal decreases (Supplementary Fig. S10). Moreover, the
solvent concentration decreases rapidly until no ACN is detected by
NMR at 2.7 V for carbon A and, even sooner, at 2.3 V for carbon B
(Fig. 6d). Consequently, the solvent molecules leave the space be-
tween graphene layers and occupy the mesopores (in the free state),
from which they evaporate after opening the supercapacitor. This
evacuation of graphene interlayer spaces is not the consequence
of drying, because the same drying process does not remove the
ACNmolecules from these spaces in ACN-soaked carbons (see Sup-
plementary Fig. S4). Inside the positive electrode, more and more
cations are replaced by anions when the voltage is increased from
0 to 2.7 V, while the amount of solvent remains nearly constant.
In fact, large TEA+ cations are progressively replaced by smaller
BF4− anions, thereby leaving some space to accommodate ACN
molecules. At the negative electrode, ACN has to be expelled, as the
incomingTEA+ cations are larger than the leaving BF4− anions.
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Figure 6 | Proportions of electrolyte species and chemical shift changes in carbon B. a,b, 13C (a) and 11B (b) MAS-NMR spectra of the 1 M TEABF4

electrolyte in ACN inside the carbon B negative (black) and positive (red) electrodes after polarization at 2.7 V for 30 min. c,d, The NMR spectra have been
used to calculate the molar proportions of TEA+ (nTEA/nTEA+nBF4 ) and BF4

− (nBF4/nTEA+nBF4 ), as well as the relative amount of (observed after drying,
therefore adsorbed or solvating) ACN versus the total amount of electrolyte species (nACN/nACN+nTEA+nBF4 ) after 2.3 V for 30 min followed by 30 min
at 0 V for the discharged supercapacitor and after polarization at 1.2, 2.3, 2.7, 3.3 and 4.0 V for 30 min, in the positive (c) and negative (d) electrodes of the
supercapacitor made with carbon B. e, The electronic charge Q has been estimated by integrating the charging current intensity and subtracting the
contribution of self-discharge, and is plotted versus the relative ionic charge |nTEA−nBF4 |/(nTEA+nBF4 ) measured from NMR data for the supercapacitor
made with carbon B. f, The average change1δ of all the measured chemical shifts plotted for the positive (red) and negative (black) electrodes made with
carbon B.

The relative counter-ion excess (the relative ionic charge, see
Methods) at each electrode (Figs 5c and 6e) can be correlated with
the electronic or Coulombic charge. In both carbons, a clear linear
correlation between the Coulombic charge and the relative ionic
charge (calculated from the peak areas) is observed between 0 and
2.7 V, as expected from previously published results9,10. However,

there is a large difference between the proportionality coefficients α
(that is, αA= 2.68±0.06×10−2 for A and αB= 1.37±0.09×10−2
for B): if one assumes that each Coulombic charge is compen-
sated by one counter-ion, one should have for each electrode:
|nTEA− nBF4 |/(nTEA+ nBF4)= αFne− (where F is the Faraday con-
stant) and |nTEA − nBF4 | = ne−, implying that (nTEA+nBF4) is
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proportional to 1/α and the concentration of ions may be smaller
in carbon A than in carbon B. Such an observation seems to be
confirmed by the comparison of the peak areas (although direct
comparison between two samples of different natures is controver-
sial), showing that the signals from carbon B are 30% more intense
in general. This would imply that the ions in carbon B are exposed
to a smaller electronic density, and this observation is corroborated
in the following paragraphs. However, there may be some other
effects (such as a change in ion concentration on charging, other
pseudo-capacitance effects, reactions with the electrolyte during the
first cycle and so on), whichwe cannot characterize at this stage.

Interestingly, the two carbon materials exhibit very different
behaviours at higher voltage (above 3.0 V, where the electrolyte
degradation usually occurs12,32). In carbon A, the large increase
in the Coulombic charge (above 3.3 V) is clearly no longer
correlated to an increase in the ionic charge (Fig. 5c), because
part of the electronic charge was used for the decomposition of
organic molecules (no trace of decomposition products and no
other peaks were detected in the 13C and 11B NMR spectra).
The system using carbon B resists electrolyte degradation much
better, as the TEA+:BF4− and BF4−:TEA+ ratios peak at 95:5 at
the negative and positive electrodes, respectively. One possible
reason for this difference may reside in carbon B’s ability
to expose the trapped electrolyte to a smaller charge density
(that is, less electron per ion, as we just mentioned), thereby
reducing degradation.

This leads us to the second observation. On charging, an
increase in chemical shifts is observed for all of the species,
around +0.5 to +1.4 ppmV−1 (Figs 5d and 6f). First, there may
be a paramagnetic contribution of the electronic charges carried
by the carbon network. This paramagnetic shift is believed to
come from the loss of aromaticity (4N+2 electrons) in favour
of antiaromaticity (4N electrons)30,31; however, the aromaticity of
graphene-like structures is a complex phenomenon34–37, which is
also different from the Knight shift38. Second, the distance between
graphene layers may increase on charging: reversible height changes
of 12% and 10% for the negative and positive electrodes were
observed by dilatometry in reduced graphite oxide and TEABF4
in ACN (refs 33,39). The ring current effects (proportional to
〈d−3〉, where d is the distance between the nuclear spin and the
conjugated ring) should therefore be reduced by−29% and−25%
at the negative and positive electrodes, respectively. Our chemical
shift changes are larger, and the positive electrode is more affected
than the negative electrode. Therefore, we expect the paramagnetic
contribution to play an important role, although the second effect
cannot be neglected.

The effect is linear up to 2.7 V, and stronger in carbon A (1.37
and 0.96 ppmV−1 at the positive and negative electrodes) than
in B (1.13 and 0.53 ppmV−1, respectively). The stronger effect in
carbon A may indicate—again—a larger electronic charge density
near the electrolyte species (that is, more electrons per ion or
per units of useful graphene layer surface), whereas in carbon B,
the electronic charge may be more evenly distributed (more
delocalized) in the graphene layers, although the link between the
carbon’s degree of ordering and the electronic charge distribution
is not clearly understood yet.

We have shown that ex situ solid-state MAS-NMR spectra of
supercapacitor electrodes can provide the relative concentrations
of anions, cations or remaining solvent molecules inside or outside
the porosity. We found that TEA+ tends to spontaneously adsorb
in excess between graphene layers. Moreover, chemical exchange
between the adsorption sites and the free state of the electrolyte
was characterized by natural abundance two-dimensional 13C
or 11B NMR exchange spectra. An electrochemical activation
phenomenon was evidenced by NMR: without prior degassing,
in one of the carbons, the porosity becomes accessible for

the electrolyte species only after a charge–discharge cycle. After
charging the supercapacitors, a progressive reorganization of the
electrolyte was directly observed and the excess of cations or
anions between the graphene layers compensates the electronic
charge carried by these layers. In one carbon, the excess of
cations or anions can reach a 95:5 ratio at a voltage of 4.0 V,
whereas capacitors with the other carbon show signs of degradation.
This shows directly that for the same electrolyte and the same
binder, the carbon nature has an influence on the electrolyte
organization and the supercapacitor’s performance. Definitively,
solid-state NMR provides critical information on the behaviour
of electrolyte species in carbon electrodes for the design of
tomorrow’s enhanced supercapacitors, with larger voltage windows
and optimized electrolytes.

Methods
The electrode powder (around 150mg) was dried overnight at 120 ◦C under
vacuum, and further introduced in a two-neck flask connected to a dropping
funnel containing 2ml of TEABF4/ACN (filled in a glove box under argon
atmosphere) and to a primary pump. The flask containing the powder was heated
at 120 ◦C in an oil bath for 4 h under 10−2 mbar pressure, and further cooled
down to room temperature for 1 h under 10−2 mbar pressure. Pumping was
switched off and the electrolyte was introduced. After soaking, the wetted powder
was dried in a horizontal quartz tube for 15min at room temperature under
100mlmin−1 nitrogen gas flow.

Electrodes (20 cm2; Bastcap) and a 35 cm2 cellulosic separator were dried under
vacuum overnight at 120◦ C in a Büchi B-585. The mass of dried active powder for
each electrode was around 150mg. The symmetric supercapacitors were assembled
with carbons A and B in heat-sealable polypropylene bags, which were hermetically
sealed inside a glove box filled with argon. The electrodes and separating membrane
were impregnated with a 1M solution of tetraethylammonium tetrafluoroborate
in ACN—TEABF4 in ACN. The supercapacitors were held at constant voltage
(so-called floating) either for 30min at 0, 1.2, 2.3 and 2.7 V or for 30min at 2.3 V
followed by discharge to 0V for 30min. Afterwards, the electrodes were carefully
disassembled in the glove box in less than 1min, and the powder recovered and
dried at ambient temperature in a horizontal quartz tube under a nitrogen flow of
100mlmin−1 for 15min.

The carbon powders were placed in a 4mm ZrO2 rotor, ensuring that the
rotors were always filled with the same volume of dried powder sample. The volume
was adjusted with the calibrated tools used for the filling of MAS-NMR rotors, and
the volume corresponded to one-half of each electrode per rotor. Using the mass
may be misleading in this case: the charged positive and negative electrodes may
have different masses, as the cations and anions do not have the same mass7. The
stability of the dried carbon samples was tested with different MAS rates and no
changes were detected in the 1H, 13C and 11B spectra over 24 h spinning at 5 kHz,
as observed previously15. Samples kept in a closed rotor in the glove box over one
week also did not show any change.

The spectra were recorded with a Bruker 7 T WB NMR spectrometer,
operating at 300MHz for 1H, 75.5MHz for 13C and 96.3MHz for 11B, using a 4mm
double-resonance 1H-X Bruker probe with a MAS rate of 5 kHz. The chemical
shifts were referenced with tetramethylsilane at 0 ppm for 13C and with boric acid
at 19.6 ppm for 11B. The longitudinal relaxation times were measured at 4 and
5 s for 11B and 13C for the electrolyte in the carbon porosity, and recycling delays
of 6 and 8 s were used, respectively. The presence of molecules with slower 13C
longitudinal relaxation was probed: 13C NMR spectra were recorded with recycling
delays of 20 and 60 s, and no change was observed in the TEA+ and ACN peaks. As
shown before (Supplementary Fig. S3), the carbon material gives rise to a broad
13C NMR peak located between 100 and 200 ppm (refs 21,40), and the electrode
PVDF (polyvinylidene difluoride) binder appears as a broad line around 120 ppm
(ref. 41). No other contribution from the electrolyte has been detected using longer
T1 or echo experiments. For each 13C and 11B spectrum, 512 and 128 transients
were recorded, respectively, with a 90◦ excitation pulse for 13C and a 15◦ excitation
for 11B, both with ν1 = 50 kHz. 1H low-power two-pulse phase modulation42

decoupling at 13 kHz was applied to remove the J-coupling multiplets during the
acquisition of the 13C free induction decay.

For the exchange spectra, the indirect dimension sweep width was set to
15 kHz for 13C and 2.5 kHz for 11B, with 150 and 256 increments recorded. The
recycling delays were set to 8 s for 13C and 4 s for 11B, and the experiments lasted
for 22 h and 5 h respectively.

The spectra were fitted with Lorentzians using the dmfit program43,
the baseline was corrected to remove the broad contributions of the carbon
materials and of the boron nitride stator, and the integrals, which are
proportional to the amount of 13C or 11B spins in the sample, were used to
calculate the following molar ratios: R1+/− = nACN(+/−)/nTEA(+/−) in each
electrode, R2 = nTEA(−)/nTEA(+) and R3 = nBF4 (+)/nBF4 (−). Assuming that
the electroneutrality is obviously respected in the separator and that the same
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amounts of electrode material are contained in each rotor, one can assume that
nBF4 (+)+nBF4 (−)=nTEA(−)+nTEA(+)=n0. Therefore:

nBF4 (−)= n0/(1+R3) nBF4 (+)= n0R3/(1+R3)

nTEA(+)= n0/(1+R2) nTEA(−)= n0R2/(1+R2)

nACN(+)=R1+n0/(1+R2) nACN(−)=R1−n0R2/(1+R2)

nBF4/(nTEA + nBF4 ), nTEA/(nTEA + nBF4 ) and nACN/(nACN + nTEA + nBF4 ),
which are plotted in Fig. 2, are therefore independent of n0. Otherwise
n0 has been considered as independent of the applied voltage. The
errors on the areas obtained with dmfit44 do not exceed 1% (11B) and
2% (13C). Therefore, the errors on each calculated ratios should not be
larger than a few percentage points and are not expected to change the
observed trends.

Received 15March 2011; accepted 9 January 2013; published online
17 February 2013
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