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Abstract: The development of energy storage devices with better performance relies on the use of
innovative materials and electrolytes, aiming to reduce the carbon footprint through the screening
of low toxicity electrolytes and solvent-free electrode design protocols. The application of nanos-
tructured carbon materials with high specific surface area, to prepare composite electrodes, is being
considered as a promising starting point towards improving the power and energy efficiency of
energy storage devices. Non-aqueous electrolytes synthesized using greener approaches with lower
environmental impact make deep eutectic solvents (DES) promising alternatives for electrochemical
energy storage and conversion applications. Accordingly, this work proposes a systematic study
on the effect of the composition of DES containing a diol and an amide as HBD (hydrogen bond
donor: 1,2-propylene glycol and urea), on the electrochemical performance of graphene and graphite
composite electrodes/DES electrolyte interface. Glassy carbon (GC) was selected as the bare electrode
material substrate to prepare the composite formulations since it provides an electrochemically repro-
ducible surface. Gravimetric capacitance was measured for commercial graphene and commercial
graphite/GC composite electrodes in contact with choline chloride, complexed with 1,2-propylene
glycol, and urea as the HBD in 1:2 molar ratio. The electrochemical stability was followed by assessing
the charge/discharge curves at 1,2, and 4 A g~!. For comparison purposes, a parallel study was
performed using commercial graphite. A four-fold increase in gravimetric capacitance was obtained
when replacing commercial graphite (1.70 F g_l) by commercial graphene (6.19 F g_l) in contact with
1,2-propylene glycol-based DES. When using urea based DES no significant change in gravimetric
capacitance was observed when commercial graphite is replaced by commercial graphene.

Keywords: deep eutectic solvent; hydrogen bond donor; graphene; graphite; specific surface area

1. Introduction

Carbon-based materials are excellent candidates as electrode materials for energy
storage applications due to their physicochemical properties such as their low atomic
number, making them lightweight, with long term stability, low residual current, and broad
potential range. Carbon nanomaterials, such as graphene and graphite, present remarkable
physical, chemical, and mechanical properties [1] which have attracted considerable inter-
est for a large diversity of applications, ranging from energy conversion (solar and fuel
cells) [2—4], to energy storage (supercapacitors and batteries) [5-7], and to environmental
remediation (removal of heavy metals from water and soils) [8,9].

Carbon materials selected as electrodes for supercapacitors are characterized by a
certain degree of porosity that can be suitable for aqueous or organic solvents, but their
capacitance can be significantly influenced by the size of ions present in the electrolytes
which can be critical when DES or ILs are used [10]. The electrochemistry of graphene has
been massively studied in conventional aqueous and non-aqueous electrolytes [11-18]. Up
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to this point, DES/graphene interfaces have been mainly studied through computational
methods [19-22] and only a few experimental reports are available [23,24].

The energy storage mechanism is determined by the electrical double-layer structure
(EDL) which in turn relies on the potential dependency of the electrolyte ions charges
distribution through the electrode/electrolyte interface [25]. The anatomy of the IL EDL
structure is shaped by the nature of the electrode surface and electrolyte composition
which significantly influences the charge storage and ion dynamics, and consequently,
the arrangement of the ions at the electrified surface [26]. In the differential capacity
assessment of a DES based on choline chloride and glycerol/solid electrodes interfaces,
C(E) curves were potential-dependent and sensitive to the electrode material, presenting
higher capacitance for Au than for Pt or GC [27]. Dean et al. [28] assessed the electrode—
electrolyte interfaces of DES containing ChCl and ethylene glycol, thus highlighting distinct
capacitive behavior depending on the electrode material (GC, Pt, and Au). The authors
interpreted the EDL model within the framework of a modified Gouy-Chapman model,
with the size of the ions playing a relevant role in the definition of the inner layer at the
electrode surface. More recently, Wu et al. [29] assessed the HBD effect in describing
electrochemical interfaces of choline chloride-based DES complexed with ethylene glycol
and lactic acid using anodic dissolution and the passivation of Au electrode in the EDL
region. The authors notice the relevant effect of the ClI" adsorption in the formation of
coordination compounds during Au surface reconstruction. It is common knowledge that
electrode nature strongly conditions the electrochemical system’s behavior, therefore in
the pursuit of better-performing electrochemical interfaces, Costa et al. [30] assessed the
electrochemical behavior of carbon allotropes composite electrodes immersed in 1-butyl-
3-methylimidazolium (tris(pentafluoroethyl) trifluorophosphate) ((C4AMIM][FAP]) IL, in
which a 100-fold increase in the capacitive current was reported for reduced graphene oxide.
Recently, Brandao et al. [24] studied the electrochemical behavior of commercial graphene
and commercial graphite in ethaline (eutectic mixture formed by choline chloride and
ethylene glycol), showing a specific capacitance of 5.45 + 0.96 F g~ and 4.27 - 0.85 F g~ !,
respectively. The authors demonstrated the possibility to successfully use composite carbon
allotropes electrodes immersed in DES electrolytes as promising electrochemical interfaces
for advanced energy storage devices applications (e.g., supercapacitors).

It has been proposed that porous carbons present a significant proportion of narrow
micropores inaccessible to the electrolyte ions (or molecules), and due to that, the overall
surface is not being used for charge accumulation processes [31,32]. It has been suggested
that the capacitance corresponds to separate contributions from the surface of the micropore
walls and the external surface [33,34]. Pores with sizes matching the ion dimensions result
in more effective charge storage, maximizing the capacitance normalized to the surface area
(in F m~2) [35,36]. To determine the specific role of the carbon porosity in the mechanism
of the electrical double-layer structure formation it is crucial to collect experimental data
on the specific surface area and pore size and assess possible existing correlation with
capacitance.

In this work, the electrochemical study of commercial graphene and graphite, with
well-defined surface area and pore size was studied by varying the composition of the
DES constituted by choline chloride complexed with the HBD diol (1,2-propeline) and
amide (urea). This work demonstrates the importance of correlating the surface area and
porosity of the carbon materials with the electrochemical behavior of the carbon composite
electrodes/DES interfaces (e.g., size and structure of the DES constituting ions).

2. Materials and Methods
2.1. Chemicals and Solvents

Choline chloride (Sigma Aldrich, 99% (Merck KGaA, Darmstadt, Germany)) was dried in
the oven overnight, at 60 °C, before use; commercial graphene (platelets, 99.5%, Iolitec Nano-
materials (IoLiTec—Ionic Liquids Technologies GmbH, Heilbronn, Germany)), commercial
graphite (powder, Sigma Aldrich (Merck KGaA, Darmstadt, Germany)), 1,2-propylene glycol,
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urea (Sigma Aldrich, 99% (Merck KGaA, Darmstadt, Germany)), Nafion TM 117 (Sigma
Aldrich, 99% (Merck KGaA, Darmstadt, Germany)), and N, N-Dimethylformamide (Sigma
Aldrich, 99% (Merck KGaA, Darmstadt, Germany)) were used as received.

The eutectic mixture was formed by stirring the two selected components at 60 °C
(detailed proportions used are displayed in Table 1) until a homogeneous and colorless
liquid was created. Before the electrochemical experiments, the DES was de-aerated with
nitrogen, and the cell was always kept under a nitrogen atmosphere.

Table 1. Composition and commercial designation of the DES used.

DES

Composition Molar Ratio Choline Chloride HBD

1,2-Propeline
(12P)

reline 200 *
(R200)

Choline chloride (ChCl) +
1,2-propylene glycol (1,2-PG)

Choline chloride (ChCl) + Urea (U) 1 (ChCl):2U {/N’\/\OH

1 (ChCl): 2 (1,2-PG)

|
HO

~ou
cr )J\

|
/

* Trade name.

2.2. Physicochemical Characterization
2.2.1. Viscosity

The dynamic viscosity of the DES was measured using the automated Anton Paar
DMA™ 4500 M micro viscometer (Anton Paar GmbH, Graz, Austria), from 30 to 60 °C.

2.2.2. Water Content

The water content was measured for each eutectic mixture before each measurement
to make sure that all the electrochemical studies were performed under the same conditions.
The water content results are presented in Table 2. Water content (wt.%) was determined
using a Karl Fischer titrator (831 KF Coulometer, Methrom), before the electrochemical
studies. The sample solution was manually mixed to homogenize before titrating. Then,
1.00 mL of sample was added to the dry methanol solvent (HYDRANAL™, max 0.01 wt.%
water, Riedel—de—Haén (Honeywell Specialty Chemicals Seelze GmbH Charlotte, EUA))
and titrated with HYDRANAL™ Composite 5 Reagent (4.5-5.5 mg mL~! water equivalent,
Riedel-de—Haén (Honeywell Specialty Chemicals Seelze GmbH Charlotte, EUA)) for
moisture determination. Measurements were performed in triplicate.

Table 2. Water content, dynamic viscosity and ionic conductivity for 1,2—propeline and reline 200.

DES

Water Content **/wt.% T/°C Viscosity ***/mPa s Ionic Conductivity/mS cm—1

1,2-Propeline *

reline 200 *
(R200)

30°C 71.1+£09 3.11 £ 0.09
40 °C 56.8 £ 1.1 4.09 £ 0.05
50 °C 40.8 £0.8 4.78 £ 0.09
60 °C 31.5£1.0 54£0.1

30°C 350.3 £4.3 0.34 + 0.01
40 °C 3222 +19 0.76 + 0.03
50 °C 257.1 £ 6.0 1.21 +0.09
60 °C 203.7 £9.6 1.96 £ 0.07

69+1.1

55+04

* Trade name; ** measured at room temperature, right after the DES preparation; *** measured between 30-60 °C,
right after the DES preparation.

2.2.3. Ionic Conductivity

The ionic conductivity of 1,2-propeline and R200 were measured with Mettler Toledo
Conductivity meter F30. An aqueous solution of KCl was used as a calibration standard.
The temperature was stabilized with a thermostat for both calibration and experimental
measurement.
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2.3. Electrochemical Measurements

A three-electrode electrochemical cell consisting of a glassy carbon (GC) electrode
(Methrom (Herisau, Switzerland), area 0.0721 cm?), a GC rod (Thermo Fisher (Kandel)
GmbH, Germany) counter electrode, and a silver wire (Thermo Fisher (Kandel) GmbH,
Germany) pseudo-reference electrode were used.

The preparation of the working electrode (polishing and electrochemical cleaning) is
described elsewhere [30,37,38].

The immobilization of the carbon material followed the description presented by
Brandao et al. [24,38], using N, N-Dimethylformamide (DMF) as dispersant media and
Nafion as a binder. Briefly, the immobilization of the carbon/composite material was
achieved by preparing a dispersion of 5 mg of carbon in 950 L of DMF and 10 uL Nafion®
117 solutions. To keep the dispersion restricted to the electrode’s active surface, avoiding
the Teflon surrounding part, several small amounts of the suspension were dropped on the
glassy carbon electrode surface using a micropipette. The amount of the carbon coated on
the GC electrode was obtained as an average of three measurements. The area density of
the carbon material for the subsequent studies was calculated taking into consideration
that the material and Nafion dispersion in DMF is homogeneous. The value of the area
density was estimated to be ~6.67 x 1073 g cm 2.

Electrochemical impedance spectroscopy spectra (EIS, Metrohm (Herisau, Switzer-
land)) were collected in the range of 20 kHz to 1 Hz with frequencies logarithmically
distributed with a sinusoidal signal of 10 mV (rms) superimposed over a dc potential. EIS
measurements were made at 20 mV intervals. The differential capacitance was obtained
from the EIS measurements, and the impedance data were fitted to an equivalent circuit
using Nova 2.1.5. software version.

The capacitance extraction from the impedance data is described by Silva et al. [39].
The EIS spectra were fitted to a simple R-CPE circuit, and the quality of the fitting was
judged by the value of x? (<1073).

Galvanostatic charge/discharge curves were collected at current densities of 1, 2 and
4 A g~1. The specific capacitance in three-electrode configuration was calculated from the
galvanostatic discharge curves using the Equation (1) proposed by Stoller et al. [40]:

IAt
- 1
S mAV )
where I is the discharge current (A), At is the discharge time (s), AV is the potential window
(V), and m is the weight of the carbon material in the electrode.

2.4. Carbon Material Characterization

Surface analysis was carried out using scanning electron microscopy FEI Quanta
400 FEG/EDAX Genesis X4 M at CEMUP (FEI company, Hillsboro, OR, USA). The surface
area and pore parameters were determined by Brunauer-Emmett-Teller (BET) nitrogen
adsorption analyzer (TriStar Plus, Micromeritics, Norcross, GA, USA).

3. Results and Discussion

The HBD nature is known to be of extreme importance to establish carbon structure-
liquid property relationships in DESs. Type III DESs class, including 1,2-propanediol
polyalcohol, and the amide urea, as HBDs, complexed with choline chloride, will be used to
evaluate the effect of the nature of the HBD on the interfacial capacitance of the composite
carbon film.

3.1. Deep Eutectic Solvent Characterization

The water content, viscosity and ionic conductivity of the two studied DES are pre-
sented in Table 2. R200, composed of urea as HBD, present higher values of viscosity, lower
water content and lower values of ionic conductivity, compared with 1,2-propeline, which
is in agreement with the work published by Salomé et al. [37].
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0.48 nm

0.29 nm

Choline Chloride

According to Table 2, with increasing temperature there is a decrease in viscosity
and consequently an increase in the ionic conductivity, which is in agreement with sev-
eral papers already published [41-46]. Shahbaz et al. [47] found that the type of salt and
HBD along with the mole ratio of both compounds had a significant effect on increas-
ing /decreasing the viscosity and ionic conductivity of the DES. The viscosity of the DES
decreases with increasing temperature, and there is a clear dependence on the chain length
of the HBD, as presented by Cotroneo-Figueroa et al. [48], being also consistent with the
results presented by Garcia et al. [49] about the density decay due to a longer alkyl chain
for organics acids.

The sizes of the HBDs (1,2-propylene glycol and urea) and the HBA (choline chloride)
are presented in Figure 1 [22,50].

0.41 nm 0.45 nm

0.28 nm

0.30 nm
o
0.42 nm

Urea 1,2-Propylene glycol

Figure 1. Approximate dimensions of DES components (choline chloride and HBDs). Atoms: C (gray),
N (blue), O (red), and H (white). Molecules were drawn in ChemDraw19 software. Dimensions
reported in [22,50].

3.2. Carbon Materials Characterization

The characterization of the graphene and graphite carbon materials was accessed by
SEM and BET analysis. SEM images, presented in Figure 2, present well-defined graphene
sheets (a) and the disorganized graphite (b). In Figure 2a, a slight wrinkled and transparent
structure is visible, which is typically observed in graphene sheets, and can be a result
of the deformation that occurred during the exfoliation process [51]. On the other hand,
the difference reported in Figure 2b, wherein graphite is presented, is not visible in the
well-defined flakes described as in graphene.

The results estimated from the BET analysis are presented in Table 3, and it shows
a specific surface area of 45.14 m? g~! for graphene and 10.74 m? g~! for graphite. The
determination of the pore volume was also accessed, showing a value of 0.00461 cm? g1
for graphene, 16 times higher than graphite (0.00028 cm?® g~!). The nitrogen adsorption—
desorption isotherms of both graphene and graphite are presented in Figure S1, in Sup-
porting Information (SI). The obtained value for graphene is significantly lower than the
theoretical surface area of 2630 m? g~! for individual graphene sheets [52]. This discrep-
ancy can be the consequence of a large amount of surface area that is not accessible to the
nitrogen adsorption, due to overlapping or/and by the agglomeration of the exfoliated
graphene layers, which may result from the van der Waals interactions occurring between
the adjacent graphene sheets [52,53].
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(b)

Figure 2. SEM pictures of the G_REF (a) and commercial graphite (b), at 5000x magnification.

Table 3. Surface area, pore volume and average pore size of commercial graphene and graphite materials.

SgpT/m? g1 Pore Volume/cm?3 g1  Average Pore Width/nm
Commercial Graphene 4514 +£0.43 0.00461 =4 0.00012 0.9049
Commercial Graphite 10.74 £ 0.12 0.00028 £ 0.00009 0.9251

3.3. Electrochemical Characterization
3.3.1. Glassy Carbon/DES Interface

In the case of DES, the potential window is dependent on the potential at which the
cation goes through reduction and the anion goes through oxidation. The electrochemical
potential window of the DESs prepared in this work have been defined between 0 V and
1 V. Figure 3 presents the cyclic voltammetry (a) and differential capacitance curve (b) in
the bare GC/DES interface, without the presence of the carbon allotrope materials.

40 45

GC electrode GC electrode
30 30°C 40 30°C
20 35 -
30
n,lE 10 1 o
%- 0 g 254
T [T
2 220 -
-10- ©
15 S~—— B
-20 104
-30 R200 54 — R200
—— 1,2 - Propeline — 1,2 - Propeline
-40 T i T i T T T T T T T 0 T ' T T T i T T T T T
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0
E/NV vs Ag EN vs Ag
(a) (b)

Figure 3. Cyclic voltammetry (scan rate of 50 mV s~ 1) (a) and differential capacitance curve (EIS)
(b) measured at GC/DES interface at 30 °C.

From the analysis of Figure 3, the CVs measured at the electrode/DES interface show
that keeping the same electrochemical window and temperature, the current intensity is
dependent on the nature of the HBD, presenting a higher cathodic current for 1,2-propeline.
The anodic current does not present a significant change for both DES.
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The differential capacitance curves (Figure 3b) as a function of the applied potential
can give information regarding the structural changes in the EDL structure. In typical ionic
liquids, the electrode/ILs interface presents various shapes, where these differences can be
explained due to the influence of the ionic nature of the ions present in the IL [30,39,54,55].
Regarding DES, there is still a large lack of knowledge regarding the relationship between
the DES composition, electrode surface, electrode’s coating, and temperature on the shape
of the capacitance curves [27,56]. The results displayed in Figure 3b show flattened and
asymmetric U-shape curves, revealing a reduced sensitivity to the electrode potential, with
1,2-propeline system presenting higher capacitance, when compared to the R200 eutectic
mixture. Figueiredo et al. [27] present a similar capacitance curve shape in GC/glyceline
interface, in the [0 V, 0.8 V] interval, however, presents lower capacitance values compared
to the results obtained in this work, which may be attributed to the viscosity of the eutectic
mixture, since glyceline presents higher values (423 cP at 25 °C [57]).

Salomé et al. [48] studied the effect of the viscosity of the same DES studied in this
work and showed that 1,2-propeline presents a viscosity value of 20 cP, and R200 shows
a viscosity that is around eight times higher (167 cP) at 75 °C. The viscosity of the DES
studied in this work is presented in Table 2, for temperatures ranging from 30 °C to 60 °C,
showing similar values when compared with those reported in the literature [43].

3.3.2. Graphene and Graphite/ DES Interface

A systematic study was carried out using a three-electrode electrochemical cell and a
working electrode modified with commercial graphene, and commercial graphite. Figure 4
presents the electrochemical study (cyclic voltammetry, EIS, and charge-discharge) for
the graphene and graphite/DES interface, comparing both studied HBDs. The extensive
study of commercial graphene and graphite on both DES is presented in SI (Figures 52-S5)).
The capacitance values obtained for the different temperatures, 30 °C to 60 °C, shows
an increase with increase in temperature. These results are strictly associated with the
decrease in viscosity and increase in conductivity with increase in temperature, as presented
in Table 2. Several authors presented the same conclusions [58-61]. On the other hand,
Galek et al. [62], recently concluded that increase in the electrolyte viscosity does not
significantly reduce the mobility of the ions (conductivity). However, the increased viscosity
of the electrolyte reduces the wettability phenomenon, which is a main concern in terms of
energy storage applications.

From the analysis of Figure 4, it is clear that the presence of both carbon materials
enhances the electrochemical performance of the GC electrode, namely an increase in the
capacitance of the charging/discharging process. Furthermore, the HBDs strongly affect
the capacitance retention of the carbon materials’ composite electrodes, which impact is
more noticeable for graphene composite electrodes.

Figure 4a,b presents the cyclic voltammetry of graphene and graphite, with both scales
of the current in uF cm~2 and in A g™, to be able to observe the increase in current when
compared to the bare GC electrode. Taking into consideration the results obtained with the
bare GC electrode, there is an increase up to 8 x and 2 x, when the interface is constituted by
graphene/1,2-Propeline and graphene/R200, respectively. The increase is not so intensively
verified when graphite is being used as carbon composite electrode. The cyclic voltammetry
represented in Figure 4a,b show that 1,2-propeline presents the highest anodic and cathodic
currents, in contact with graphene. 1,2-propeline presents an increased rectangular shape
in the cyclic voltammetric profile, showing an increase in the ideal capacitance behavior,
when compared to R200. R200 electrolyte presents a small redox peak around +0.40 V and
+0.60 V, for graphene and graphite materials, respectively, which is not observed in the
bulk eutectic mixture (Figure 3a). A possible explanation for the existence of this redox
peak may be associated with this liquid’s pseudocapacitance contribution to the overall
capacitance [63] or the presence of small amounts of impurities. According to the scan
rate study performed for both graphene and graphite/R200 interface (Tables S2 and 54, in
supporting information), it is possible to observe that at 5 mV s~!, the peak is not visible,
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but only up to 10 mV s~!. The same cannot be said regarding graphite/R200 interface,
presenting the peak regardless of the scan rate. With the increase in scan rate there is a shift
of the peak potential towards anodic potentials.
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Figure 4. Electrochemical testing of graphene and graphite at 30 °C (a,b)—cyclic voltammetry; (c,d)—
capacitance-potential curve; (e f)—charge/discharge at 1 A g~!; (g,h)—gravimetric capacitance for
1000 cycles.
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Figure 4c,d presents the differential capacitance curves for both graphene and graphite,
respectively. Taking into consideration the differential capacitance values of the bare GC
electrode, there is an increase up to 4 times when adding graphene, and up to 2 times when
adding graphite, both in 1,2-propeline and R200 electrolytes. Sillars et al. [64] concluded
that for highest capacitance the lowest viscosity and smallest ion size should be achieved.

From the assessment of Figure 4ef, it is possible to determine the ohmic drop values
(IR), from the galvanostatic charge-discharge graphs. Table 4 shows the electrochemical
results (specific capacitance, capacitance retention and IR drop) of graphene and graphite in
both eutectic mixtures, at 30 °C. The ohmic drop (IR) is strongly affected by the conductivity
and viscosity of the electrolytes, thus R200 presents the highest variation, as noticed in
Figure S6 and Table S1, in SI. Comparing the two studied carbons, graphite presents the
highest IR variation, showing that the micropore structure presents a great effect on the
electrochemical performance [65].

Table 4. Electrochemical parameters for both graphene and graphite in 1,2-propeline and R200
eutectic mixtures at 30 °C.

Specific Capacitance/  Capacitance Retention

DES Fg1 after 1000 Cycles/% IR/V

. 1,2-Propeline 6.19 59.78 0.0064
Commercial Graphene R200 1.06 79.71 0.0278
. . 1,2-Propeline 1.70 65.47 0.0104
Commercial Graphite R200 1.34 79.55 0.0289

Figure 4g,h present the capacitance for both graphene and graphite estimated by
considering 1000 cycles in both DES. The capacitance retention after 1000 cycles is ~80%
in R200 for both graphene and graphite, followed by 60% in graphene/1,2-propeline and
65% in graphite/1,2-propeline. The highest capacitance retention is reported for the R200
electrolyte in both carbon allotrope materials (30 °C). A possible explanation may be offered
based on the higher viscosity presented by the R200 eutectic mixture, which may promote a
lower deterioration of the carbon composite film established on the bare electrode’s surface,
for a three-electrode system.

Tables S2 and S3, in SI, present the temperature effect on capacitance for graphene and
graphite, in both DES, in the 1st and 1000th cycles, respectively. For all systems there is an
increase in capacitance with an increase in temperature and a decrease in capacitance from
the 1st cycle to the 1000th cycle.

Brandao et al. [24] reported similar electrochemical studies for both commercial
graphene and graphite composite electrodes, using ethaline as electrolyte, at 30 °C. The
CV and gravimetric capacitance—potential curves reported in the previous study, present
comparable behavior as described in Figure 4; in particular, the rectangular shape asso-
ciated to the CV and U-shape of the gravimetric capacitance—potential curves in both
carbon materials and electrolytes. The specific capacitance for ethaline presented a value
of 5.45 4 0.96 F g~! (capacitance retention ~70% after 1000 cycles) and 4.27 = 0.85 F g~!
(capacitance retention ~66% after 1000 cycles), for graphene and graphite, respectively [24].
Taking these results into consideration, 1,2-propeline presents slightly higher capacitance
for graphene compared to ethaline, with both eutectic mixtures presenting similar values
of viscosity at 30 °C (a slightly higher value for 1,2-propeline, 71.1 mPa s, against 64.3 mPa
S for ethaline [24]).

The size/length of the HBD molecule considered for the electrolytes formulation
(ethylene glycol molecule is ~0.36 nm [66], which is smaller than the 1,2-propylene glycol
(~0.45 nm) and urea (~0.41 nm) molecules as noticed in the dimensions of HBD represented
in Figure 1). The Sggr and pore volume of the carbon materials can be strictly correlated with
the specific capacitance estimated at the electrode/electrolyte interfaces. This may be one of
the reasons for the decrease in the capacitance measured at commercial graphene/ethaline
interface, compared to 1,2-propeline-based DES [24]. Similar behavior is not observed for
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commercial graphite/ethaline interface, thus presenting 4 x higher capacitance, compared
to commercial graphite/1,2-propeline interface.

The length of the HBD 1,2-propylene glycol molecule is slightly larger than urea,
followed by ethylene glycol, creating in the 1,2-propylene glycol a more organized car-
bon/DES interface. This may result from the decrease of the “free-space” established
between the ions of the electrolyte that occupy the active surface area of the carbon ma-
terial on the electrode surface, leading, consequently, to an increase in the capacitance
measured at commercial graphene/1,2-propeline electrolyte interface. The lower values
of Sgpr and pore volume of commercial graphite, allows ethaline (which presents the
smallest HBD molecules) to present higher capacitance when compared to 1,2-propeline,
and consequently R200 electrolyte.

It is known that the size of electrolyte ions is correlated with the match of the carbon
allotrope pore size, i.e., carbon materials with bigger pore size require bulkier electrolyte
ions for optimizing the ion-pore match [67]. The higher capacitance obtained for graphene
over graphite, in all electrolytes, may be due to the overlapping and agglomeration of
graphite layers, not allowing the electrolyte to fill all the pores present on the carbon
surface [52]. For this assumption, it is necessary to always take into consideration the
contribution of the electrode nature and the electrolyte composition.

The correlation established between the electrochemical performance and the elec-
trolyte composition also needs to address the relevant contribution of the physicochemical
parameter of the electrolyte (e.g., viscosity, wettability). This assumption finds support in
the results obtained for the commercial graphene immersed in R200. The viscosity obtained
for R200 is 4.92 x higher than the viscosity obtained for 1,2-propeline, thus resulting in the
decrease of the electrochemical performance of 5.83 x. This correlation is strictly dependent
on the carbon composite electrode since this trend was not established in the commercial
graphite composite electrode, highlighting that other properties, such as wettability, should
contribute to the overall performance of the electrochemical interface.

4. Conclusions

In this work, it was demonstrated that the electrolyte can be a key factor for the opti-
mization of the electrochemical performance of the carbon materials” composite electrodes.
The analysis of two carbon materials, graphene and graphite (from commercial sources,
without any treatment), with a surface area of 45.15 and 10.74 m? g ! and average pore size
of 0.9049 and 0.9251 nm, respectively, was performed. By comparison to the bare glassy
carbon electrode, it was shown that the nature of the studied carbons critically impacts the
electrochemical behavior of the electrode/DES interface. 1,2-propeline eutectic mixture
presents higher specific capacitance in both graphene and graphite, with lower IR drop.
Improved capacitance retention (after 1000 cycles) was achieved when using urea eutectic
mixtures. This result is in-line with previous results reported by the authors for the use of
ethylene glycol-based DES (ethaline) and seems to reflect the important role of -OH groups
of the glycol moiety, when compared with the amine or carbonyl groups in urea, to the
storage of surface charges.

This study showed that, although electrochemical performance of graphite composite
electrodes is inferior to that of graphene equivalents, both graphene and graphite mate-
rials present merit to be used as electrode materials for the application in energy storage
devices. Focus solely on the electrode material can be counterproductive since we clearly
demonstrate here that the nature of the electrolyte has an important role on the specific
capacitance and capacitance retention of the electrochemical devices. Therefore further
studies have to be made, since existing studies only have explored a reduced number of
DES systems, and from the existing data it is not possible to infer the role of the DES’s
functional groups or if/which physicochemical property of the DES is responsible for the
capacitance enhancement.

Further, the modification and increase of surface area of the studied carbon materials
may also be a new route to obtain higher capacitance systems. It is also important to start
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testing the performance of composite nanostructured electrodes/DES using coin-cell setup
since new challenges will have to be overcome and is the natural step to prove the value of
the proposed electrochemical systems.
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trochemical testing of graphene in R200 electrolyte at 30 °C. (a) galvanostatic charge—discharge
curves recorded with current density 1, 2 and 4 A g~!. (b) CV curves recorded at scan rates 5,
10, 20, 50, 100 and 200 mV s~ !, temperature effect at 30, 40, 50 and 60 °C: (c) cyclic voltammetry;
(d) capacitance—potential curve; (e) discharge gravimetric capacitance for 1000 cycles; (f) capacitance
retention; Figure S3: Electrochemical testing of graphene in 1,2-propeline electrolyte at 30 °C. (a) gal-
vanostatic charge-discharge curves recorded with current density 1,2 and 4 A g~ 1. (b) CV curves
recorded at scan rates 5, 10, 20, 50, 100 and 200 mV s 1, temperature effect at 30, 40, 50 and 60 °C:
(c) cyclic voltammetry; (d) capacitance —potential curve; (e) discharge gravimetric capacitance for
1000 cycles; (f) capacitance retention; Figure S4: Electrochemical testing of graphite in R200 electrolyte
at 30 °C. (a) galvanostatic charge-discharge curves recorded with current density 1,2 and 4 A g~ 1.
(b) CV curves recorded at scan rates 5, 10, 20, 50, 100 and 200 mV s L temperature effect at 30,
40, 50 and 60 °C: (c) cyclic voltammetry; (d) capacitance—potential curve; (e) discharge gravimetric
capacitance for 1000 cycles; (f) capacitance retention; Figure S5: Electrochemical testing of graphite in
1,2-propeline electrolyte at 30 °C. (a) galvanostatic charge—discharge curves recorded with current
density 1,2 and 4 A gfl. (b) CV curves recorded at scan rates 5, 10, 20, 50, 100 and 200 mV s~ L,
temperature effect at 30, 40, 50 and 60 °C: (c) cyclic voltammetry; (d) capacitance—potential curve;
(e) discharge gravimetric capacitance for 1000 cycles; (f) capacitance retention; Figure S6: IR drop
for both carbon materials and eutectic mixtures at temperatures between 30 and 60 °C; Table S1:
Temperature effect on IR drop for graphene and graphite in both eutectic mixtures, at 1 A g~1;
Table S2: Temperature effect on capacitance (1st cycle) for graphene and graphite in both eutectic
mixtures; Table S3: Temperature effect on capacitance (1000th cycle) for graphene and graphite in
both eutectic mixtures.
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