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1. Introduction

Exactly matched pore size for the intercalation of
electrolyte ions determined using the tunable
swelling of graphite oxide in supercapacitor
electrodesy

Jinhua Sun,? Artem lakunkov,? Anastasiia T. Rebrikova® and Alexandr V. Talyzin

The intercalation of solvent molecules and ions into sub-nanometer-sized pores is one of the most dis-
puted subjects in the electrochemical energy storage applications of porous materials. Here, we demon-
strate that the temperature- and concentration-dependent swelling of graphite oxide (GO) can be used
to determine the smallest pore size required for the intercalation of electrolyte ions into hydrophilic
pores. The structure of Brodie graphite oxide (BGO) in acetonitrile can be temperature-switched between
the ambient one-layer solvate with an interlayer distance of ~8.9 A and the two-layer solvate (~12.5 A) at
low temperature, thus providing slit pores of approximately 2.5 and 6 A. Using in situ synchrotron radiation
X-ray diffraction (XRD) and the temperature dependence of capacitance in supercapacitor devices, we
found that solvated tetraethylammonium tetrafluoroborate (TEA-BF,) ions do not penetrate into both the
2.5 and 6 A slit pores formed by BGO interlayers. However, increasing the electrolyte concentration
results in the formation of a new phase at low temperature. This phase shows a distinct interlayer distance
of ~15-16.6 A, which corresponds to the insertion of partly desolvated TEA-BF, ions. Therefore, the
remarkable ability of the GO structure to adopt variable interlayer distances allows for the determination
of pore sizes that are optimal for solvated TEA-BF, ions (about 9-10 A). The intercalation of TEA-BF, ions
into the BGO structure is also detected as an anomaly in the temperature dependence of supercapacitor
performance. The BGO structure remains to be expanded, even after the removal of acetonitrile, adopting
an interlayer distance of ~10 A.

theoretical prediction.”'° This may be related to many factors,

including the inaccessibility of small (sub-nanometer-sized)

Carbon materials are considered to be promising for appli-
cations in almost every important energy-related field. The
ultra-high surface areas of graphene-related materials (GRMs)
and composites (e.g., activated graphene) are efficient for gas
storage (e.g;, hydrogen)'” and can accommodate large
amounts of charges for electrochemical energy storage.*®
However, the theoretically predicted high performance of
graphene for energy storage has not yet been achieved experi-
mentally. For example, the application of GRMs as electrode
materials for electric double-layer capacitors (supercapacitors)
resulted in lower performance compared to the maximum
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pores. The specific capacitance of a supercapacitor is corre-
lated to the accessible surface area of the porous carbon
material."* In this regard, creating pores and tuning the pore
size are efficient strategies to increase the intrinsic surface
area and improve energy storage capacity.'”> Known high-
surface-area carbon materials have a wide variety of structures,
surface chemistries, and pore sizes (from angstrom scale to
more than several micrometers). To be useful for charge
storage, the pore size should be sufficiently large to enable ion
penetration. However, the most favorable pore size remains
unclear and is highly debated at the moment."*° In this
respect, graphite oxide (GO) provides a rare opportunity to
study the insertion of ions into slit pores that can be precisely
tuned in the sub-nanometer scale using swelling in solvents
commonly used for the preparation of electrolytes in energy
storage devices (e.g. water and acetonitrile).>' >* Moreover, the
sizes of slit pores provided by the interlayers of GO are
“flexible” as they depend on the nature of the solvent along
with the sizes of intercalated ions/molecules.>>*™®

This journal is © The Royal Society of Chemistry 2018
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Graphite/graphene oxides are commonly produced via the
strong oxidation of graphite (e.g., using the Brodie or
Hummers methods*>?°) and inherit the layered structure of
pristine graphite. The attached oxygen functional groups on
both sides of the GO sheets result in the larger separation of
graphene layers with the formation of a well-ordered structure
with interlayer distances of ~6.5 A for Brodie GO (BGO) and
~7.5 A for Hummers GO (HGO). Numerous studies have
demonstrated that the interlayer distance of BGO/HGO can be
tuned to angstrom precision via swelling in different solvents
under varying temperature and high pressure®>>%3'"33 and via
the intercalation of differently sized organic molecular
pillars.>** The swelling properties of GO strongly depend on
the oxidation method. HGO typically shows a poorly ordered
structure and gradual changes in d(001) upon the variation of
temperature and pressure.”*** In this case, the gradual shift in
d(001) should not be interpreted as a true change in the inter-
layer distance in the GO structure; it should only be seen as a
change in the average value due to the effects of interstratifica-
tion and intrastratification.>® BGO is more homogeneously oxi-
dized and exhibits a set of solvates with crystalline swelling,
which provides distinct structures for the intercalation of one,
two or more layers of intercalated solvents.”>*> The interlayer
space of BGO solvates can be then determined with angstrom
precision, while the temperature and pressure changes can be
used as stimuli to switch between the structures with solvent-
filled pores of different sizes.

The swelling of BGO in liquid polar solvents under ambient
conditions results in increase of the interlayer distance from
6.7 to 8.84 A in methanol (one layer),*® 8.99 A in acetonitrile
(one layer),** 9.24 A in ethanol (one layer),*® 9.5 A in propanol
(one layer), and 23.4 A in 1-octanol (four layers).>® Cooling
these BGO/solvent materials was found to result in phase tran-
sitions with stepwise increase of d(001) to 12.14 A in methanol,
12.45 A in acetonitrile, 13.34 A in ethanol, and 27.9 A in
1-octanol. Acetonitrile is a solvent of specific interest since it is
commonly used to prepare electrolytes for application in
electrochemical devices (supercapacitors).’” Based on the
swelling phase transition, the slit pore size of BGO can be
switched between 2.3 A (one acetonitrile layer) and ~6.5 A (two
layers of acetonitrile) by simple cooling/heating.>* The step-
wise change in the GO interlayer distance provides us with a
model system to study a broad range of scientific issues
related to the intercalation of electrolytes into sub-nanometer
sized pores. It is clear that the solvent confined within the
sub-nanometer space might have properties significantly
different compared to bulk solvent. Furthermore, ions sur-
rounded by solvation will undergo partial desolvation due to
the effects of sorption and interaction with GO layers. In fact,
the smallest size of pores available for the sorption of ions is
highly debated at the moment.'>"®'%2%%3% geveral issues
have been studied with sometimes contradictory experimental
results, including: the penetration of ions into the smallest
pores in the completely or partly de-solvated state; the relation-
ship between the size of desolvated ions and the smallest size
of pores that the ions can penetrate; and the sorption pro-
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perties of hydrophilic and hydrophobic pores with respect to
polar solvents."?

Extensive research efforts have been dedicated to under-
standing the arrangement and distribution of ions in electrode
nanopores.’®™* For example, a recently proposed charging
mechanism in supercapacitors indicates that the maximum
capacitance of porous carbon can be achieved when the
average pore size matches the size of a desolvated ion.*"*?
Therefore, many recent studies have focused on synthesizing
complex carbon materials with monodisperse pore sizes (e.g,
carbide-derived carbon) that are equal to the sizes of bare
ions.'®"® However, the lack of long-range order in the pores of
activated carbon makes structural characterization rather chal-
lenging. In this respect, BGO provides the advantage of pre-
cisely tuning and easily switching pore sizes in a relatively
well-ordered structure that can be easily characterized by XRD
methods.

The intrinsic properties of electrode materials (e.g., surface
area, pores size, conductivity, and geometry) play key roles in
the energy and power density of supercapacitors.”® However,
the practical performances of electrochemical energy storage
devices are strongly affected by external factors such as cell
configuration, temperature, and pressure.***> Supercapacitor
performance is known to decay sharply with decreasing temp-
erature due to the severe reduction in electrolyte conductivity
and sluggish diffusion of ions within the electrolytes, although
the rearrangement of ions at the electrode/electrolyte interface
is very fast during the charging/discharging process. However,
the penetration of ions into electrode pores and supercapacitor
performance are most often investigated under ambient con-
ditions; only a few temperature-dependent studies have been
reported.*®*”

Here, we present a systematic study of the temperature- and
concentration-dependent intercalation of an acetonitrile-based
electrolyte [tetraethylammonium tetrafluoroborate (TEA-BF,)]
into the interlayers of BGO. In situ synchrotron radiation XRD
and temperature-dependent electrochemical characterization
of the BGO electrode reveal the intercalation of electrolyte ions
into the BGO structure at low temperature and high TEA-BF,
concentration. BGO intercalated with electrolyte ions adapts
an interlayer distance of ~15-16 A (depending on tempera-
ture), which is distinctly different from the interlayer distances
of the common one-layered (~8.9 A) and two-layered (~12.5 A)
BGO/acetonitrile solvate structures. Once the ions are inserted
into pores at low temperature, the intercalated BGO structure
cannot be recovered, even after the complete evaporation of
acetonitrile solvent. The BGO structure remains to be inter-
calated with ions even in the solvent-free state, providing a
structure with an interlayer distance of ~10 A. The insertion of
electrolyte ions into the BGO structure is also detected as an
anomaly in the temperature dependence of electrode capaci-
tance in supercapacitor cells. The temperature- and concen-
tration-dependent intercalation of ions into sub-nanometer-
sized pores revealed in our study provides a possible way to
tune the pore size and activate impermeable sub-nanometer-
sized pores in layered electrochemical energy storage materials.

Nanoscale, 2018, 10, 21386-21395 | 21387
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2. Experimental

2.1. Synthesis of GO using the Brodie method

BGO was synthesized using a slightly modified Brodie pro-
cedure, resulting in the complete oxidation of graphite powder
in a one-step procedure. One-step oxidation results in BGO as
a dark-brown powder with C/O = 2.8 according to X-ray photo-
electron spectroscopy (XPS; Fig. S8 in ESIt) and d(001) = 6.5 A
according to XRD. As shown in our earlier studies, BGO
synthesized in one step shows swelling properties and phase
transitions similar to those of BGO synthesized using two
oxidation steps. The detailed characterization of BGO powder
is reported in our previous studies.*?

2.2. In situ XRD characterization

In situ XRD data of BGO powder immersed in 2, 1, and 0.5 M
TEA-BF,/acetonitrile upon cooling and heating were recorded
on the ID 22 beamline (1 = 0.46794 A) of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France.
BGO powders immersed in different electrolytes were sealed in
glass capillaries with diameters of 0.7 mm. It is impossible to
control the exact weight proportion between the material and
electrolyte inside of small-diameter capillaries. Typically, the
volume of solution was several times larger than the volume of
BGO powder to ensure maximal swelling and excess electrolyte
relative to the sorption capacity of the material.

Sample heating and cooling were performed using an
Oxford CryoStream system. Heating to 84 °C made one side of
the sealed glass capillary leak due to the high inner pressure
caused by the evaporation of acetonitrile. XRD scans were
recorded using a short exposure time (30-60 s), and a new spot
was selected for every scan to avoid the degradation of samples
under the X-ray beam. The temperature at each step was
allowed to stabilize for 5-10 min. Note that the swelling of
BGO in liquid acetonitrile occurs rapidly and achieves satur-
ation within 1-2 min.** Part of the XRD data was recorded
using an in-house Panalytical X'Pert Diffractometer with CuKo
radiation. Cooling and heating were performed using a
TTK450 stage with thermal equilibration being achieved for a
few minutes at each step.

2.3. Electrochemical measurements

BGO powders were used as the active materials in the working
electrode without adding any binder or conductive additives.
A Pt coil and Ag/Ag" electrode were used as the counter and
reference electrodes, respectively, in a three-electrode system.
Electrochemical measurements were performed in a sealed
cell with the same volume of electrolyte for 2, 1, and 0.5 M
TEA-BF,/acetonitrile. The sealing of the cell prevents the evap-
oration of acetonitrile and ensures that the concentration of
TEA-BF, in acetonitrile is constant. The cooling and heating of
the electrochemical cell was controlled by a cooling system
(JULABO F25, Germany) with the precision of +1 °C. The
in situ method allows us to study the working electrode at low
temperatures without disturbing the setup of the electro-
chemical cell. Electrochemical data were recorded using an
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Autolab PGSTAT204/FRA32M module. Electrochemical impe-
dance spectra (EIS) data were collected with an AC pertur-
bation of 5 mV over the frequency range of 100 kHz to
10 mHz. Capacitance was calculated according to cyclic vol-
tammetry (CV) results based on the slope of charge (Q) versus
voltage (V).”> Charge was calculated by integrating the area of
the CV curve. It should be noted that cooling 2 M TEA-BF,/
acetonitrile below —40 °C resulted in the precipitation of
TEA-BF, from the solution, as detected visually in electro-
chemical cells during preliminary tests. For saturated solu-
tions, crystallization was observed at —10 °C. Therefore, tem-
perature-dependent capacitance measurements were stopped
at —5 ©°C to prevent crystallization. The crystallization of
electrolyte at low temperatures is an undesirable effect as it
adversely affects the performances of supercapacitor devices.
Electrolyte crystallization was not observed in XRD experi-
ments, even at low temperatures, most likely due to strong
overcooling in the small-diameter capillaries.

3. Results

3.1. Temperature- and concentration-dependent intercalation
of ions into flexible slit pores of GO

The interlayer distance of air-dried BGO powder is about 6.5 A
according to XRD data (Fig. S4t). In agreement with our pre-
vious results,”® immersing BGO into acetonitrile at ambient
temperature increases d(001) to 8.9 A due to swelling
(Fig. S1t). BGO immersed in excess acetonitrile shows a phase
transition upon cooling at around —10 °C along with an
increase in interlayer distance up to 12.5 A (Fig. S1%). This
phase transition is attributed to the intercalation of an
additional layer of acetonitrile molecules. Therefore, a one-
layer solvate phase is found for BGO in acetonitrile at ambient
temperature, while a two-layered phase is present at low
temperature.*

Thanks to the phase transition, BGO provides the possi-
bility to study the insertion of electrolyte ions in two phases
with distinctly different interlayer distances. The interlayer
space of the low-temperature phase (~12.5 A) should be able to
accommodate ions with larger size compared to the ambient-
temperature phase. Therefore, we anticipated that some ions
that do not penetrate into the BGO structure at ambient temp-
erature will be inserted into the expanded interlayers of BGO
at low temperature. Moreover, the insertion of ions into the
BGO structure can be expected at modify some parameters of
the phase transition (e.g., the temperature point of the tran-
sition and interlayer distance). Therefore, we conducted temp-
erature-dependent in situ XRD characterization of BGO swell-
ing in an acetonitrile-based electrolyte commonly used in
supercapacitors (TEA-BF,). Indeed, we found that the swelling
transition of BGO is strongly affected by the concentration of
the electrolyte solution.

The BGO powder immersed in relatively diluted TEA-BF,
electrolyte (0.5 M) showed swelling properties similar to those
of BGO in pure acetonitrile at both ambient temperature and

This journal is © The Royal Society of Chemistry 2018
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upon cooling, as evidenced by the in situ XRD data (Fig. 1a
and Fig. S17). The phase transition caused by the intercalation
of a second layer of acetonitrile molecules was observed for
BGO in 0.5 M electrolyte solution almost at the same tempera-
ture as in pure acetonitrile (Fig. 1d). However, when the con-
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centration of TEA-BF, in acetonitrile was increased to 1 M, the
temperature dependence of BGO swelling changed dramati-
cally, with a new phase detected below —40 °C (Fig. 1b). The
interlayer distance of BGO in 1 M electrolyte solution at room
temperature remained similar to that in pure acetonitrile
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Fig. 1 Temperature-dependent phase transition of BGO in different concentrations of electrolyte. Synchrotron XRD (1 = 0.46794 A) patterns
recorded for BGO in (a) 0.5 M TEA-BF, electrolyte, (b) 1 M TEA-BF, electrolyte, and (c) 2 M TEA-BF, electrolyte upon cooling until the freezing of
acetonitrile. Temperature dependence of the (001) d-spacing for BGO in (d) 0.5 M TEA-BF, electrolyte, (e) 1 M TEA-BF, electrolyte, and (f) 2 M
TEA-BF,4 electrolyte. The electrolyte freezes at —70 °C, as evidenced by the appearance of new XRD reflections.
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(8.96 A), and the phase transition at —10 °C was also observed
as in pure acetonitrile. However, the pattern recorded at
—40 °C showed two (001) reflections with distinctly different
d-spacings of 12.78 A (as expected for the two-layered solvate)
and 13.36 A (new phase). The new broad peak with higher
d(001) showed a further shift upon decreasing the tempera-
ture, reaching 16.5 A at —60 °C (Fig. 1e).

As shown in Fig. 1c and f, the further increase in electrolyte
concentration to 2 M results in the formation of a two-layered
BGO-acetonitrile structure at ambient temperature. The tran-
sition from this phase into the new expanded phase with
d(001) = 16.6 A is observed below 0 °C. The structure of BGO at
low temperature is better ordered, as evidenced by a sharp
(001) diffraction peak and the appearance of higher-order
reflections from the (00!) set. The last experiment was per-
formed by cooling BGO immersed in saturated TEA-BF, aceto-
nitrile solution (Fig. S21). The transition into the expanded
BGO phase with d(001) = 16.6 A was observed at even higher
temperature (15 °C). The crystallization of electrolyte was not
observed in these XRD experiments (no additional reflections
from TEA-BF, are found in Fig. 1) performed in thin capil-
laries, likely due to the overcooling of concentrated solution.

We performed an additional experiment to check for poss-
ible kinetic effects. The new phase with d(001) = 16.6 A was not
observed at ambient temperature, even after the prolonged
soaking of BGO in concentrated electrolyte solution (Fig. S37).

The results shown in Fig. 1 provide evidence for the concen-
tration-dependence phase transition of BGO into a phase with
an interlayer distance of ~16.6 A, which exceeds the d(001) of
two-layered BGO/acetonitrile solvate by ~3.2 A (Fig. 2 and 3).

Here, we suggest that the expanded phase observed in con-
centrated electrolyte solution at low temperature is explained
by the intercalation of electrolyte ions into the interlayer space
of the BGO structure (Fig. 2). The TEA-BF, dissociates in aceto-
nitrile, providing TEA" and BF,~ ions. Assuming that the ions
are surrounded with solvation shells, their sizes should be
about 13 and 11.6 A, respectively.*® The sizes of solvated TEA*
and BF,  ions are larger than the interlayer distance of aceto-
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Fig. 2 Schematic illustration of the temperature- and concentration-
dependent intercalation of solvated TEA-BF, ions into BGO. The BGO
interlayer distance in 0.5, 1, and 2 M TEA-BF,/acetonitrile expands upon
cooling due to the temperature-dependent intercalation of acetonitrile
molecules and ions.
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Fig. 3 XRD patterns representing three different phases of BGO
immersed in electrolytes with different concentrations and character-
ized by different interlayer distances d(001). Synchrotron XRD (1 =
0.46794 A) patterns recorded for BGO in 0.5 M TEA-BF, electrolyte at
0 °C (black curve), 0.5 M TEA-BF, electrolyte at —40 °C (red curve), and
2 M TEA-BF, electrolyte at —40 °C (blue curve).

nitrile-swelled BGO at both ambient temperature (~9 A) and
temperatures above the swelling phase transition [d(001) ~
12.8 A]. However, we suggest that higher concentrations of
solution (>1 M) result in the insertion of solvated ions into the
BGO structure, resulting in the formation of a new expanded
phase with d(001) = 16.6 A. The phase transformations
observed upon cooling in solution with insufficiently high con-
centration (1 M) are then explained by the co-existence of two
BGO phases: one intercalated only with acetonitrile molecules
(~12.8 A), and a second intercalated with solvated ions
(~16.6 A; Fig. 1e and 2). The sorption of electrolyte ions from
liquid leads to a decrease in the local concentration of electro-
Iyte solution, and intercalation does not occur at low concen-
tration. Analysis of the full width at half maximum (FWHM)
and integral intensity of the (001) reflections as function of
temperature are in agreement with earlier observations
(Fig. S9t). The general trends observed in these data are an
increase in integral intensity and decrease in the FWHM
values for the low-temperature phases of BGO solvates com-
pared to higher temperature phases. The same trend was
reported for the swelling transitions of BGO in acetonitrile and
some other solvents in previous publications.>**

Alternatively, the data shown in Fig. 1e and f [phase with
d(001) ~ 16.6 A] could be explained by the insertion of a third
acetonitrile layer in highly concentrated electrolyte solutions
and the formation of a BGO solvate with three layers of solvent.
However, this alternative explanation can be ruled out based on
the results of additional experiments, as presented below.

Our previous experiments with GO immersed in a series of
pure polar solvents revealed that the lattice expansion of GO
observed upon cooling is reversible upon heating. The phase
transition occurs due to the insertion and removal of solvent

This journal is © The Royal Society of Chemistry 2018
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layers into and out of confined GO interlayer spaces.>*>*>>3°
Therefore, if the formation of a new phase with d(001) = 16.6 A
at low temperature is connected to a phase transition from a
two-layered to a three-layered solvate, the phase transition
should be reversible; thus, heating back to ambient tempera-
ture would be expected to result in the de-insertion of aceto-
nitrile solvent layers and the recovery of the pristine one-
layered solvate at ambient temperature. However, our experi-
ments reveal that the transition into the new phase with an
interlayer distance of 16.6 A at low temperature is only partly
reversible upon heating back to ambient temperature and
depends on the concentration of ions in the electrolyte
(Fig. 4a).

The interlayer distance of BGO in TEA-BF,/acetonitrile
measured after cooling followed by heating back to 25 °C
(14.5 A for a solvent concentration of 2 M) is larger than those
of the one-layered and two-layered BGO-acetonitrile solvates
(8.9 and 12.5 A, respectively; Fig. 4). This suggests that the elec-
trolyte ions absorbed by the low-temperature phase of BGO
remain trapped upon heating back to room temperature, even
when part of the solvent escapes from the interlayer space. We
then attempted to record XRD data for BGO immersed in elec-
trolytes at temperatures from ambient temperature up to the
boiling point of acetonitrile (84 °C). However, the sealed capil-
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Fig. 4 Irreversible intercalation of ions into BGO. (a) Interlayer distances
of pure BGO powder compared to those of BGO immersed in 0.5, 1, and
2 M TEA-BF4/acetonitrile at 25 °C, after cooling to —70 °C followed by
heating back to 25 °C (under excess solution), after air drying at 25 °C,
and after cooling to —70 °C and vacuum drying. (b) Schematic illustration
of the intercalation of TEA-BF, electrolyte ions into the BGO interlayer
space at low temperature and after vacuum drying or air heating, which
removes all solvent from the BGO structure.
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lary did not withstand the heating, and all the solvent evapor-
ated. Remarkably, the BGO structure remained expanded rela-
tive to precursor material even after air drying of the sample
which resulted in the decrease of the interlayer distance from
14.5 A to ~10 A. Note that the swelling of BGO in pure aceto-
nitrile is completely reversible, and the pristine structure with
d(001) = 6.5 A is recovered once acetonitrile is evaporated. Also
note that the actual concentration of 0.5 M TEA-BF,/aceto-
nitrile increases due to the evaporation of acetonitrile, result-
ing in the intercalation of ions with the same behavior as the
samples in 1 M and 2 M TEA-BF,/acetonitrile.

To ensure the complete evaporation of acetonitrile, we also
vacuum dried a BGO sample intercalated with 2 M electrolyte
solution at —70 °C and then heated back to ambient tempera-
ture. However, pristine BGO could not be recovered, even
under prolonged vacuum treatment. The d(001) value of the
vacuum-dried samples (10.5 A) is about 4 A larger than that of
the precursor BGO, which can only be explained by the interca-
lation of electrolyte ions in the desolvated state (Fig. 4a and b
and Fig. S41). Once the intercalation of ions into the BGO
structure occurs at low temperature, the ions cannot be
removed via the evaporation of solvent, as evidenced by the
XRD data. However, the intercalated TEA-BF, can be dissolved
away almost completely by repeated washing with acetonitrile
(see Fig. S4 in the ESIf file).

3.2. Effect of ion intercalation on the electrochemical
performance of a supercapacitor

Evidence supporting the intercalation of electrolyte ions into
the swelled BGO structure was found by the temperature-
dependent analysis of supercapacitor electrochemical perform-
ance. If ions do not penetrate into the interlayers of BGO, the
total accessible surface area of this material should be rather
low, with only external surface area available for the sorption
of ions. If the ions begin to penetrate between BGO sheets at
low temperatures, the accessible surface area will increase sig-
nificantly, resulting in an increase in the measured capaci-
tance. However, it should be noted that the capacitance of a
supercapacitor is adversely affected by cooling.

The in situ, low-temperature electrochemical characteriz-
ation of the BGO electrode in 0.5, 1, or 2 M TEA-BF,/aceto-
nitrile was performed using a three-electrode cell. The temp-
erature inside the cooling cell was controlled with a precision
of +1 °C without disturbing the setup of the electrochemical
cell. The CV curves of BGO electrodes recorded at ambient
temperature at scan rates of 5 and 10 mV s~' showed quasi-
rectangular shapes, indicating typical capacitive behavior
(Fig. 5 and Fig. S6t). The capacitance observed in these experi-
ments is low due to the poor conductivity of BGO and agrees
with earlier reported values for GO electrodes in super-
capacitors.>*® As expected, the capacitance gradually
decreases with decreasing temperature due to the severely
reduced ionic conductivity.

The temperature dependence of the electrochemical per-
formance of BGO was found to be significantly different in
concentrated and diluted electrolyte solutions, as shown in
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Fig. 5 Electrochemical characterization under low temperature. CV

curves of BGO electrodes in (@) 2 M, (b) 1 M, and (c) 0.5 M TEA-BF,/

acetonitrile at scanning rate of 5 mV s~%.

Fig. 6. The temperature dependence of specific capacitance
recorded using BGO electrodes in 0.5 M electrolyte solution is
almost linear. The phase transition between the one-layered
and two-layered solvates of BGO, which occurs at around
—20 °C (see Fig. 1a), has no effect on the performance of the
supercapacitor. However, the capacitance of the BGO electrode
in 1 M and 2 M TEA-BF,/acetonitrile solutions showed sharp
changes in the slope of temperature dependence at —20 °C
and 5 °C, respectively. Moreover, the change in slope is stron-
ger for solutions with higher concentration (Fig. 6).
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The change in the slope of the temperature dependence of
capacitance occurs in the same temperature region where the
new expanded BGO phase is detected by XRD [d(001) =
14.9-15.5 A]. As suggested above, this expanded phase is
formed when solvated electrolyte ions are intercalated into the
BGO structure. Once the slit pores of the BGO structure
become accessible to the electrolyte ions, a change occurs in
the electrode capacitance. Similar results were observed when
the scanning rate was increased to 10 mV s~ ' (Fig. 6b),
although the change in the slope of temperature dependence
was smaller than at the scanning rate of 5 mV s~ . This result
is related to the retarded diffusion of ions under a fast scan-
ning rate. The Nyquist plots of BGO electrodes immersed in
0.5 M, 1 M and 2 M electrolyte solutions were recorded at
different temperatures from ambient temperature down to
—40 °C; however, no anomalies specific to the phase tran-
sitions were observed between differently expanded BGO
phases (Fig. S71).

4. Discussion

Following interpretation of the data presented above is
suggested:

+ The hydrophilic slit pores formed by BGO sheets are too
small for the penetration of electrolyte ions in both the one-
layered and two-layered BGO/acetonitrile structures [d(001) =
8.9 A and d(001) = 12.5 A, respectively].

 The intercalation of ions into the BGO structure occurs at
low temperatures but only in highly concentrated TEA-BF,
solutions (1 M and 2 M). The distinct BGO structure with an
interlayer distance of ~15-16 A is formed to accommodate sol-
vated electrolyte ions.

« The ions remain to be intercalated into the BGO struc-
ture, even after the complete evaporation of acetonitrile by air
heating or vacuum treatment.

The results presented above illustrate the advantages of GO
for studying the relationship between pore size and ions with
respect to the possibility of pore filling. Most other porous
materials provide rigid pores with fixed diameters.”**° The
effect of ion size on pore filling can be estimated only by using
many ions with different sizes or testing many materials with
different pore sizes to verify the smallest pore size sufficient
for the insertion of one single type of ion. For example, this
was done by Centeno et al., who tested 28 types of porous
carbons to establish the critical size of 0.7 nm as the pene-
tration “cut-off”.> Also note that these carbon materials are
typically amorphous for XRD, and the pore size is determined
based on gas sorption isotherms. The analysis of pore size dis-
tribution using gas sorption isotherms is not trivial and
depends strongly on the selected model, which is a subject of
controversy.”>*”*” 1t is also questionable whether the results
obtained using gas sorption isotherms are valid for the ana-
lysis of pore filling with liquids and ions.

BGO provides a unique structure with “flexible” pore size
that can be easily determined using XRD and tuned to match

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Temperature- and concentration-dependent electrochemical performances of BGO electrodes. Comparison of the capacitances of BGO

electrodes in 2, 1, and 0.5 M TEA-BF4/acetonitrile recorded under different temperatures at scan rates of (a) 5 mV s~ and (b) 10 mV s™.

the sizes of specific ions (e.g.,, TEA" and BF,~ in this study). It
is not pore size that defines the size of ions that can penetrate
inside the pores, but the size of solvated ion that helps to
define the size of the “pores” provided by GO sheets. Our
results obtained using BGO are in good agreement with a
recently reported study performed using multilayered HGO
papers prepared via the vacuum filtration of Hummers GO
dispersions.?! The slow swelling of HGO papers in propylene
carbonate was demonstrated to result in peak capacitance
corresponding to an average interlayer distance of ~15 A, as
indicated by XRD. The advantage of BGO used in our study is
the existence of well-defined phases with distinct structures
and interlayer distances. HGO papers (often referred to as
membranes) tested by Galhena et al.>" are different materials,
and the gradual changes in d(001) are a result of averaging over
many layers along with the effects of interstratification and
intrastratification.”® Inhomogeneous hydration/solvation is
typical in HGO powders, and swelling with slow kinetics is
typical in GO membranes/papers due to the slow diffusion of
solvent and ions through the “labyrinth path” of densely
packed and overlapped GO flakes.>°

Considering that we used different types of GO and
different solvents, the agreement between our experiments
and results of Galhena et al®' is remarkably good. Both
studies provide identical interlayer distances optimal for the
insertion of solvated (~15 A) and desolvated (10-11 A) TEA'/
BF,” ions. This corresponds to a “pore” size of ~7.5 A being
sufficient to accommodate solvated ions and ~3.5-4.5 A
sufficient for desolvated ions.

Based on a recently proposed charge storage mechanism,
the highest capacitance of a given porous carbon is achieved
by using the electrolyte with ion size matched to the average
pore size of the electrode material."*'® Determining the favor-
able pore size is desirable since it makes it possible to syn-
thesize electrode materials with specific monodisperse pore
sizes. The anomaly in capacitance found in our experiments
near the temperature point of ion intercalation into pores con-

This journal is © The Royal Society of Chemistry 2018

1

firms that even sub-nanometer-sized pores contribute to the
overall electrode capacitance.

Further experiments are required to understand the detailed
mechanism of ion insertion into BGO interlayers (e.g., why
intercalation occurs only at specific and relatively high electro-
Iyte concentrations). It is typically assumed that increasing the
electrolyte concentration has a simple effect on supercapacitor
capacitance resulting from the increased number of ions.
However, our results indicate that smaller pores could possibly
be filled with ions at higher electrolyte concentrations.

It should be noted that developing a detailed understand-
ing of GO solvate structures remains challenging due to the
uncertain compositions, structures and relative proportions of
various functional groups in precursor GO. As a result, the
structures of GO solvates are also strongly disordered. For
example, it is not clear why only BGO shows sharp phase tran-
sitions between different solvate phases, whereas HGO shows
only gradual changes over broad temperature intervals.>'>> As
proposed in our previous publication, swollen GO-acetonitrile
can be considered as a solid solution of solvent in GO.>* In
this case, swollen BGO has to be considered as a “solid solvate
with temperature-independent composition” rather than a
“solid solution with variable composition”, as in the case of
HGO. The phase transition between two-layered and one-
layered acetonitrile BGO solvates can be then described as
incongruent melting. The amount of acetonitrile inserted into
these two BGO solvates was quantitatively estimated using the
isopiestic method and differential scanning calorimetry (DSC)
to be 0.58 and 0.25 g g~ (grams of solvent per gram of GO) for
the two-layered and one-layered solvates, respectively.>> When
electrolyte ions are introduced into the system, the phase that
forms in solution can possibly be considered as a mixed solid
solution of solvated ions and solvent in BGO. The size of sol-
vated ions is somewhat larger than thickness of two layers of
acetonitrile, which allows a distinct phase with d(001) ~ 16 A
to be observed by XRD. The solvent-free BGO phase formed
after the intercalation of TEA-BF, and evaporation of aceto-
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nitrile can be then considered as a solid solution of TEA-BF,
in GO. In principle, the amount of TEA-BF, intercalated into
BGO in equilibrium with solution could be different compared
to in solvent-free TEA-BF,/BGO if some of the ions escape the
BGO structure together with acetonitrile during solvent evapor-
ation and drying. The amount of TEA-BF, intercalated into
BGO after the evaporation of acetonitrile can be estimated
based on XRD data. The increase in the interlayer distance
from 6.5 A in precursor BGO to 12.6 A can be attributed to the
intercalation of TEA-BF, in volumetric proportion of
3(BGO) : 2(TEA-BF,). Using known densities of GO (2.0 g cm™,
measured using the gravimetric He buoyancy method) and
TEA-BF, (1.2 g cm™%),°* an approximate sorption of ~0.4 g g~
(TE-BF,/BGO) can be calculated. The TEA-BF, intercalated into
the BGO structure can be almost completely removed by
repeated washing in acetonitrile (see Fig. S4 in the ESIf file).
Thus, it can be concluded that the ions are relatively weakly
bound to GO sheets, similar to the non-covalent intercalation
of sugar alcohols observed in our earlier studies.’® The
detailed characterization of solvent-free TEA-BF,/BGO
materials is beyond the scope of this study, which focused pri-
marily on ion penetration into slit pores in the GO structure.

5. Conclusions

The interlayer distance of BGO can be tuned using swelling in
polar solvents, thus providing a rare example of flexible pores
that adapt to the sizes of electrolyte ions under certain temp-
eratures and electrolyte concentrations. The BGO structure in
TEA-BF,/acetonitrile electrolyte can be switched between three
distinctly different phases by changing the temperature and
solution concentration. Ion intercalation into the BGO struc-
ture is not observed for 0.5 M solutions in the entire tempera-
ture range of our experiments (down to —60 °C). However, a
distinctly different BGO structure is observed at low tempera-
tures when the material is immersed in highly concentrated
TEA-BF,/acetonitrile solutions. We attribute this new phase,
which has an interlayer distance of ~15-16 A, to the intercala-
tion of solvated ions into the “flexible pores” of the BGO struc-
ture. The interlayer structure corresponds to a pore size of
about 9-10 A. This pore size can be considered as the smallest
pore size sufficient for the accommodation of solvated
TEA-BF, ions.

The ions intercalated into BGO at low temperatures are not
removed when the solvent is evaporated by air heating or
vacuum drying. The desolvated BGO structure with interca-
lated TEA'/BF,” ions has an interlayer distance of ~10 A 1t
can be concluded that the smallest size of hydrophilic pore
sufficient for the insertion (intercalation) of solvated ions is
about 7.5 A, while pores with sizes of about 3.5 A are sufficient
to accommodate desolvated TEA®/BF,” ions. Our results also
indicate that the smallest sub-nanometer-sized pores might
show concentration-dependent barriers to filling.

An anomaly in the temperature dependence of electrode
capacitance was observed near the temperature point where
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BGO slit pores become filled with electrolyte ions. The change
in the slope of temperature dependence is attributed to the
intercalation of ions into the expanded interlayer space of the
BGO electrode acting against the negative effects of reduced
ionic conductivity on the charge storage performance at low
temperatures. Our findings regarding the temperature-depen-
dent intercalation of ions provide a possible way to tune the
pore size and activate impermeable sub-nanopores in layered
electrochemical energy storage materials.
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