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The electrochemical quartz crystal microbalance (EQCM) technique has been used to study the charge mecha-
nisms in two TiC-derived nanoporous carbons (CDC), synthesized at 800 °C and 1100 °C. These two carbons have
a similar pore size and porous volume, but the CDC prepared at 1100 °C shows a more graphitic microstructure.
The EQCM study revealed that the charge storage mechanism in the CDC-800 is mainly controlled by a counter-
ion adsorption process, while an expanded ion-exchange process was observed for the CDC-1100. Combined with

the potential of zero charge (PZC), these measurements suggest a strong interaction between the anions and
graphitic carbon. For the first time, we provide experimental evidence that the local carbon structure affects the
charge storage mechanism of the electrical double-layer capacitance in high surface area porous carbons.

1. Introduction

Electrochemical double-layer capacitors (EDLCs), also known as
supercapacitors, exhibit a high power density suitable for a broad range
of applications where high power delivery or uptake is needed [1,2]. The
charge storage mechanism in EDLCs is based on the reversible physical
adsorption of ions at the electrode/electrolyte interface of porous car-
bons with a high surface area [3,4].

Porous carbons are widely used as electrode materials for EDLCs due
to their excellent electrical conductivity and high specific surface area
(SSA) [5]. Titanium-carbide-derived carbons (TiC-CDCs) are porous
carbons with a narrow pore size distribution and a tunable pore struc-
ture and size, obtained by selective etching of Ti atoms through chlorine
treatment at a temperature > 400 °C [6,7]. Nanoporous TiC-CDCs with
pore sizes in the 0.6-1.2 nm range with a high specific surface area (up
to 1700 m?g~!) and a large pore volume (up to 1.6 cm>g™1) can be
prepared, resulting in an impressive specific capacitance, thanks to the
discovery of the confinement effect and the associated ion partial des-
olvation in the nanopores [1,2,8,9]. Since that time, tremendous efforts
have been focused on understanding the charge storage mechanisms in
porous carbon electrodes, especially the ion fluxes in confined nano-
pores [1,10,11] which affect the ion population inside the pores and the
charging rate [12,13]. Previous studies have suggested three main
charge mechanisms in EDLCs, as the result of the ion dynamics occurring
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at the electrode/electrolyte interface with (i) counter-ion adsorption, (ii)
ion exchange, and (iii) a co-ion desorption process [13,14]. However,
how the local carbon structure affects the charging mechanisms still
remains poorly understood.

Recently, we studied the electrical double-layer (EDL) charge storage
mechanism of two-dimensional (2D), singlelayer graphene (SLG) used as
a model material in both neat ionic liquid and solvated electrolyte, with
the help of the electrochemical quartz crystal microbalance (EQCM)
technique. We found that the EDL charging mechanisms are highly
dependent on the interactions between ions and carbon [15,16]. How-
ever, the situation is much more complex in 3D porous carbon, and there
has been no work about how the local structure of three-dimensional
carbon affects the charging mechanisms, apart from modeling studies
[17]. As previous work has demonstrated that the local structures of TiC-
CDCs are highly dependent on the synthesis temperature, such materials
represent a suitable platform for obtaining experimental data regarding
the influence of the local structure on the charging mechanism. TiC-
CDCs prepared at temperatures less than 700 °C mainly possess a
disordered microstructure. Short-range structural ordering starts to
appear in TiC-CDCs prepared at temperatures in the range 800-1000 °C,
while longer-range structural ordering (graphitization) occurs when the
synthesis temperature is higher than 1100 °C [18,19]. It is worth noting
that the porosities of the TiC-CDCs prepared at 800 °C (CDC-800) and
1100 °C (CDC-1100) are similar [6]. Therefore, we selected these two
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TiC-CDCs prepared at 800 °C and 1100 °C (denoted CDC-800 and CDC-
1000, respectively), with similar porous volumes and pore sizes but
different degrees of graphitization — so different local structures — to
explore ion dynamics in a non-aqueous electrolyte by EQCM. A com-
parison between these two CDCs should lead to a better understanding
of the carbon local structure-ion dynamics correlation in porous carbon.

2. Experimental

Samples of CDC-800 and CDC-1100 were prepared by chlorination of
the carbides for 3 h at temperatures of 800 °C and 1100 °C, respectively
[6]. The structure and properties of CDC-800 and CDC-1100 were
characterized by transmission electron microscopy (TEM, JEOL 2100F)
and Ar sorption measurements conducted at 77 K. The pore size distri-
bution (PSD) was calculated from adsorption isotherms using a 2D non-
local density functional theory (2D-NLDFT) model based on Saeius
software from Micromeritics Equipment. Homogenous slurries of 90 wt
% carbon material and 10 wt% polyvinylidene fluoride (PVDF) binder in
N-methyl-2-pyrrolidone (NMP) were prepared and spray-coated onto 1-
inch-diameter Au-coated AT-cut quartz crystals (AWSensors, 1.28 cm?).
The coated quartz crystals were dried overnight in a vacuum oven at
80 °C. The loading mass of TiC-CDC was maintained at around 30 to 40
pg-cm ™2 to stay within the linear region of the Sauerbrey equation (eqn.
(1)). The electrochemical cell was assembled in a glove box under argon
using the coated quartz crystal, a silver rod and a platinum foil as the
working, reference and counter electrode, respectively. EQCM electro-
chemical measurements were conducted using a Seiko QCM system
combined with a SP-200 potentiostat in 2 M 1-ethyl-3-methylimidazo-
lium bis(trifluoromethane-sulfonyl)imide (EMI-TFSI) in acetonitrile
(ACN) electrolyte. The PZC value was determined by the minimum
capacitance from cyclic voltammetry (CV) tests achieved in a three-
electrode Swagelok cell, utilizing a TiC-CDC working electrode (0.8 to
1.3 mg-cm™2), a silver rod reference electrode and an over capacitive
counter electrode carbon film (25 mg-cm~2), obtaining by mixing YP50F
activated porous carbon powder (95 wt%) and poly-tetrafluoroethylene
(5 wt%) solution. To calculate the electrode mass change during re-
actions, we used the Sauerbrey equation [20]:.

A pic
Am = — p_q”q-Af: — CpeAf 1)
2fs

where Am is electrode weight change per unit mass of carbon (ng-ng™1),
A is the piezoelectrically active area (cmz),pq is the density of quartz
(2.648 g-em™), Hq is the shear modulus of quartz (2.947 x 101
g-cm_1~s_2), fo is the fundamental resonance frequency of the quartz, C¢
is the sensitivity factor of the quartz crystal (6.69 ng-Hz 1) and Afexp is
the experimental frequency change (Hz). The frequency change was
normalized with respect to the effective mass (M., in ng), according to
eqns. (2) and (3):

Cpreiqem (F)

Me ne) = =+ (2)
fing) szc_swagelok (F'ngil )
Afex
Af = ﬂ @)
Mel'l'(ng)

where Af is the normalized frequency change (Hz-ng ');Cpsc zocm, the
capacitance measured from the EQCM cell at the PZC (F) andCy;c swageloks
the capacitance measured from the Swagelok cell at the PZC (F-ng™1).
The theoretical mass change of bare ions (m) was calculated from
Faraday’s law:.
QM IeteM,

neF  neF @

where Q is the charge passed through the electrode (C), M, is the mo-
lecular weight of ions (g~mol’1),n is the valence number of the ion (n =
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1),F is the Faraday constant (964850m01’1), Iis the current (A) and t is
the time (s). Furthermore, combining eqns. (1) and (4), the molecular
weight (M,) of the species that interacts with the electrode during the
electrochemical process is calculated from the slope of the Am —Q curve
by the following equation:

=

=
S
QI3

(5)

3. Results and discussion

Fig. 1(a) and (b) show high-resolution TEM images of the CDC-800
and CDC-1100 porous carbons, respectively. A typical microstructure
consisting of highly curved graphene planes was observed for the CDC-
800, with a few fullerenic shell-type structures present, indicating poor
short-range local ordering. When the synthesis temperature is increased
to 1100 °C, straight graphite fringes with longer-range structural
ordering are visible. This result is in agreement with previous reports
showing that TiC-CDC powders prepared at higher temperatures have a
more graphitized carbon microstructure [8,9]. Previous works based on
XRD and Raman experiments have also shown that long-range carbon
ordering (graphitization) occurs at 1100 °C [6,21]. The porosity of the
two carbons was further analyzed by Ar adsorption and the corre-
sponding isotherms are shown in Fig. 1(c). A typical type I gas isotherm
was obtained for both of these carbons [22]. The calculated NL-DFT SSA
of CDC-800 and CDC-1100 is 1479 m2.g~! and 1526 m?.g~?, respec-
tively. Although a slight hysteresis is present for the CDC-1100 sample,
showing a small mesoporous volume, both CDC-800 and CDC-1100 have
a similar narrow pore size distribution and an average pore size of about
1 nm (Table 1). The cumulative pore volume (CPV) distributions were
calculated by summing individual pore volumes and are shown in Fig. 1
(d). As expected, both carbons have a similar CPV. More specifically, the
porous volume for pore sizes below 1.1 nm was measured at 0.554
cc-.g”! and 0.397 cc-g”!, representing 79% and 63% of the total
microporous volume of the CDC-800 and CDC-1100 -carbons,
respectively.

The electrochemical characterization of these two carbon electrodes
was performed in a three-electrode cell in 2 M EMI-TFSI/ACN electro-
lyte. Fig. 2 presents the CVs of CDC-800 and CDC-1100 electrodes
recorded at a scan rate of 5 mV-s~!, from — 1 V to + 1.5 V vs. Ag wire.
Both electrodes show rectangular and symmetric CV plots characteristic
of a capacitive charge storage mechanism (double-layer charge/
discharge). The calculated gravimetric specific capacitance for CDC-800
and CDC-1100 electrodes is 100 F-g~! and 75 F-g~! at a scan rate of 5
mV~s_1, respectively. These values are similar to results obtained pre-
viously [9-11,23]. Our earlier results using CDC materials have shown
that the microporous volume below 1.1 nm is responsible for the
capacitive charge storage in CDC carbons [1,2,10,24-26]. This is
confirmed by the present results, since the capacitance of the CDC-800 is
33% higher than that of CDC-1100, as the result of a 38% increase in the
porous volume below 1.1 nm.

The potential of zero charge (PZC), that is, the potential where the
electrode net surface charge is zero, was measured as the minimum
capacitance on the CVs and further used as the origin of the charge
(Q =0 at the PZC) [27]. The PZC values for CDC-800 and CDC-1100
electrodes are about + 0.2 V vs. Ag and +0.4 V vs. Ag, respectively.
Solid evidence from nuclear magnetic resonance experiments and mo-
lecular dynamics simulations has confirmed that CDC nanoporous car-
bon pores are filled with ions and solvent molecules when immersed in
the electrolyte, even without any applied potential [13]. In the present
situation, the more positive PZC value obtained for the CDC-1100 car-
bon suggests a more negative surface charge, which may result from
specific interactions/adsorption between the anions and the carbon
surface [16,28].

EQCM is a convenient tool for monitoring mass change at the
nanogram scale during the electrochemical polarization of porous car-
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Fig. 1. High-resolution TEM images of TiC-CDC synthesized at (a) 800 °C and (b) 1100 °C. (c) Ar adsorption isotherm profile at 77 K and (d) cumulative pore volume
distributions of TiC-CDC synthesized at (black line) 800 °C and (blue line) 1100 °C.

Table 1

CDC porosity measurements obtained using the Ar gas sorption technique.
Chlorination NL-DFT Microporous Mesoporous Total
temperature SSA volume, <2 nm volume volume
0 (m*%g™)  (ccg™ (ccg™ (ccg™
800 1479 0.697 0.151 0.848
1100 1526 0.638 0.206 0.837

bon electrodes, providing direct information to help in identifying ion
fluxes [26,28,29]. Fig. 3(a) and 3(b) show the CVs and EQCM responses
of CDC-800 and CDC-1100 coated on the Au-quartz electrodes (see
experimental section), in 2 M EMI-TFSI/ACN electrolyte at a scan rate of
10 mV-s~%, where the current and frequency changes are shown by the
dashed and solid lines, respectively. Again, the CVs of both CDC-coated
quartz electrodes exhibit a rectangular box shape, which is associated
with capacitive behavior. For the CDC-800 sample, the frequency

(a
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Capacitance (F/g)
o

-100 |

-150 |
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response (Af) drastically decreases during both positive and negative
polarization vs. the PZC, in a symmetrical way. The plot exhibits a near-
flat zone within a potential range of 200 mV around the PZC. A decrease
in Af around the PZC was also observed for the CDC-1100 sample
(Fig. 3b), with two main important differences: (i) the Af flat zone was
extended within a 0.7 V potential range (shaded region) compared to the
CDC-800 sample and (ii) the Af plot was not symmetric vs. the PZC.
The motional resistance change of CDC-800 and CDC-1100 coated
Au electrodes during electrochemical charging/discharging is presented
in Fig. 3(c) and (d). In both cases, the maximum change in motional
resistance is less than 1/30th of the change in frequency, validating the
gravimetric analysis of the EQCM data [30]. Moreover, the -Af vs. AR
plots of the CDC-800 and CDC-1100 samples confirm the validity of the
gravimetric approach (see Fig. S1 in the Supplementary Information)
[31-34]. According to the Sauerbrey equation, a decrease in frequency
will produce an increase in mass. Furthermore, the Af for both carbon
electrodes almost overlaps during the forward and reverse scans,

(b)
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Fig. 2. CVs of (a) CDG-800 and (b) CDC-1100 film electrodes at a scan rate of 5 mV-s~* in 2 M EMI-TFSI/ACN electrolyte.
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Fig. 3. CV and EQCM frequency response of (a) CDC-800- and (b) CDC-1100-coated Au electrodes in 2 M EMI-TFSI/ACN electrolyte at a scan rate of 10 mV-s~'. The
corresponding motional resistance change of (c¢) CDC-800 and (d) CDC-1100. Electrode mass change versus charge during the polarization of (e) CDC-800 and (f)

CDC-1100.

indicating good reversibility of mass change.

The mass changes of the electrodes (Am) were calculated using the
Sauerbrey equation and plotted vs. the charge, with the PZC selected as
the origin of the charge (Q = 0). As shown in Fig. 3(e), the mass of the
CDC-800 electrode increased during both negative and positive polari-
zation, corresponding to a charge storage mechanism by counter-ion
adsorption,

where cations (anions) are adsorbed during negative (positive) po-
larization. The transition zone from cation to anion adsorption occurs
within a narrow potential range around the PZC (200 mV), indicating a
fast transition between the two processes. Overall, the relationship be-
tween Am and Q for the CDC-800 electrode exhibits a ‘V-shape’
behavior, with a linear change on both sides of the PZC. A conventional
counter-ion adsorption process was observed for the more graphitized
CDC-1100 electrode.

At a high negative or positive polarization (Fig. 3f), the electrode
weight change was different around the PZC. More specifically, the
electrode weight change remained small and roughly constant within

about 700 mV potential range during negative polarization; this is
consistent with an ion-exchange charge storage mechanism, where TFSI"
anions are desorbed (expelled) from the carbon surface while, at the
same time, EMI' cations are adsorbed into the carbon pores. These re-
sults are consistent with an excess of TFSI” anions on the surface of the
CDC-1100 nanopores at the open circuit potential, a result of the strong
interaction between TFSI" anions and the carbon surface for the more
graphitized CDC-1100 sample.

These results show the correlation between the PZC and the charge
storage mechanism. An increase in the local graphitization of porous
carbon results in stronger interactions between the TFSI” anions and the
carbon surface in the pore, changing the PZC. As a result, a change in ion
fluxes from counter ion adsorption (CDC-800 sample) to ion exchange
process (CDC-1100 sample) was also observed. The increased carbon/
anion interactions could be due to a more hydrophobic carbon surface
produced by increased local graphitization, but additional experiments
are needed to confirm the origin of this specific interaction.
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4. Conclusion

EQCM was used to understand the charging mechanisms in TiC-CDC
electrodes with different degrees of graphitization for capacitive charge
storage applications (supercapacitors). Two CDC carbons were prepared
by heat treatment of TiC powders under Cly atmosphere at different
temperatures: CDC-800 (800 °C synthesis temperature) and CDC-1100
(1100 °C temperature). Both carbons have a similar porous volume
and pore size distribution, but the CDC-1100 prepared at the higher
temperature (1100 °C) has a more graphitized local carbon structure.
The PZC of the CDC-1100 was found to be more positive (+0.4 V vs. Ag
wire) than the CDC-800 (+0.2 V vs. Ag wire), suggesting the presence of
a more negative charge on the carbon surface of the CDC-1100 sample at
the OCV. Electrochemical results showed a dominant ion-exchange
charge storage mechanism during negative polarization for the CDC-
1100 sample, while the CDC-800 sample showed a symmetrical
counter-ion charge storage process, as expected. A stronger interaction
between the ions and the graphitized carbon surface is proposed to
explain the above difference, which is supported by the PZC values of
the two carbons. Such a difference in the ion fluxes connected to the
change in the PZC value is important for the capacitive storage mech-
anism as it may affect the kinetics of the charge storage mechanism.
These results are also important beyond the energy storage field in areas
such as capacitive water desalination, as ion removal is maximized only
during the counter ion adsorption process but not for the ion-exchange
mechanism.
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