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ABSTRACT

A new series of nanofluids based on graphene dispersed in 2-hydroxyethylammonium lactate (ML) ionic
liquid was developed. Concentrations of 0.1, 0.5 and 1 wt% of graphene were studied and these disper-
sions were stable after 2 months. Raman spectra showed a strong interaction between ML and graphene.
The effect of the concentration of graphene and temperature on the viscoelastic behaviour and conduc-
tivity of the nanofluids was studied. An unexpected decrease in the viscosity was found with a low con-
centration of graphene due to the suppression of hydrogen bonding of the ionic liquid. Shear thinning
effects appeared with higher concentrations of graphene and Ostwald and Herschel-Bulkley equations
were used to describe the steady-state viscosity results. Creep-recovery tests were also performed, and
the data were fitted to a complex Burgers model for the nanofluid with 1 wt% of graphene, with a
47 % of elastic response. The complexity of the model was related to the presence of different molecular
arrangements in the nanofluid. An enhancement of the conductivity was observed with increasing values
of the graphene concentration. The effect of temperature on viscosity and electrical conductivity was suc-
cessfully modelled by using both Vogel-Fulcher-Tammann and Power Law equations. Electrochemical
characterisation at room temperature was also carried out, finding an irreversible oxidation at 1 V only
for the highest concentration (1 wt%). The concentration of percolation was estimated in the range of 0.5
to 1 wt¥% of graphene.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction

either organic or inorganic. ILs are commonly divided into two cat-
egories: protic (PILs) and aprotic (AILs). PILs are the product of a

Since graphene (G) was isolated in 2004 by Geim and Novoselov
[1], this carbon allotrope has attracted the interest of the scientific
community due to its unique properties [2-5]. Graphene is a one-
atom-thick planar sheet, composed of carbon atoms displayed into
a honeycomb lattice. Graphenic structures consist of multi-layered
sheets, and it is considered that G can be found in different
arrangements, such as graphene monolayers, graphene nanosheets
and graphene nanoplatelets [6]. This nanomaterial and its deriva-
tives present applications in many different technological fields
such as energy storage [7], biomedicine [8], sensors [9] and coat-
ings [10], among others.

In recent years, the development and design of new ionic lig-
uids (ILs) has raised due to their increasing technical and scientific
purposes [11-13]. Ionic liquids are molten salts at room tempera-
ture composed of an organic cation and an anion which can be
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Brgnsted acid-base reaction [14,15]. Therefore, PILs are easily syn-
thesized in a one-pot reaction without the formation of by-
products, i.e., in a more economical and environmentally sustain-
able method. The multiple combinations of the different types of
cations and anions give rise to an enormous amount of tunable
properties and applications. One of these applications is the usage
as dispersant media for different types of nanomaterials [16,17]. In
the case of graphene, ionic liquids have proven to form stable
nanofluids owing to the strong van der Waals interactions and to
the hindrance of self-assembly of the plates [18,19]. The advan-
tages of using ILs as the continuous phase of the nanodispersion
are wider operating temperature ranges, higher thermal and chem-
ical stability, and negligible vapour pressure, among others [20-
24].

The rheological properties of nanofluids exhibit a complex per-
formance [25,26]. Transitions from ordered to disordered states are
the most common explanation for their non-Newtonian behaviour.
The rheological experimental data along with in silico studies allow
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Nomenclature

A pre-exponential factor in Ostwald-de-Waale and
Herschel-Bulkley models

A pre-exponential factor in VTF model for viscosity and
conductivity

D strength index

Exv elastic element in Kelvin-Voigt model

Em elastic element in Maxwell model

K; thermal sensitivity of viscosity and conductivity

n exponential power in Ostwald-de-Waale and Herschel-
Bulkley models

T, theoretical temperature at which the fluid starts to flow

Ty threshold temperature

r exponent in power law

No viscosity asymptote value

M viscous element in Maxwell model
Nkv viscous element in Kelvin-Voigt model
A retardation time

Ho relaxation time

Co conductivity asymptote value

To yield stress

the exploration of interactions prevailing in the nanofluid systems
[27]. Ionic liquids are able to stabilize filler nanoparticles by ionic
solvation of the surface and, therefore, these structural changes
are reflected in their rheological properties [28]. By increasing
the concentration of nanoparticles in the nanofluids, the non-
Newtonian behaviour becomes stronger and the optimum weight
fraction of the nanomaterials can be evaluated from the rheological
data [29]. Consequently, rheology is a powerful tool to understand
the influence of various physical and chemical factors and applica-
tions of nanofluids [30-32] such as lubrication [33] or energy stor-
age [34].

In this work, we have studied the rheological behaviour of a
nanofluid composed of graphene dispersed in PIL 2-
hydroxyethylammonium lactate (ML) salt synthesized by acid-
base neutralization. This ionic liquid is known for its biodegrad-
ability and low toxicity [35] in order to use eco-friendly nanofluids.
Raman and FT-IR spectroscopy have been utilised to evaluate
structural changes in graphene when it is dispersed in ML. Concen-
trations of 0.1, 0.5 and 1 wt¥% of graphene were used in this study.
The influence of the concentration of graphene on the viscosity of
ML has been explored, and Ostwald and Herschel-Bulkley models
have been applied to assess the non-Newtonian behaviour of the
nanofluids. A creep-recovery test has been carried out and the data
have been fitted to a complex Burgers model, firstly used for this
kind of graphene-ionic liquid nanofluids. The temperature effect
on the viscosity and conductivity has been also evaluated by means
of the Vogel-Fulcher-Tammann and Power Law equations to eval-
uate the strengthening effect of graphene. Finally, cyclic voltam-
mograms have been carried out in order to evaluate the
electrochemical response. To the best of our knowledge, this cyclic
voltammetry has not been previously conducted with this kind of
graphene-PIL nanofluid. Combining the electrochemical and vis-
coelastic studies, we were able to estimate the concentration of
percolation.

2. Materials and methods
2.1. Materials

2-hydroxyethylamine was purchased from Sigma-Aldrich, with
99 % purity, while lactic acid was obtained from Sigma-Aldrich,
with purity greater than 85 %. These components were used as
received. The reaction is a simple Brensted acid-base neutraliza-
tion, producing a 2-hydroxyethylammonium lactate salt as it is
depicted in Scheme 1. The product was prepared following the
methodology described in previous works [36,37].

Graphene was purchased from Iolitec GmbH, Germany (1-10
layers; purity > 99 wt%). Full characterisation of the nanomaterial
was previously carried out in our earlier works [26,38,39]. The dis-

persions of graphene in ML were prepared by addition of 0.1, 0.5,
and 1 wt¥% proportions of graphene to the ionic liquid. These values
were chosen in order to observe remarkable effects on the physic-
ochemical properties [40,41]. The materials were weighed (ap-
proximately 3 g of mixture) and mixed in an agate mortar and
manually blended for 10 min and then sonicated with a Labsonic
M from Sartorius (probe with a diameter of 0.5 mm) for 30 min
under 1 cycle and a power of 100 W. This sonication was per-
formed in double boiler at 30 °C as it is described in our previous
works [42,43]. The resulting dispersions are shown in Fig. 1a and
1b. No phase separation was seen after more than 2 months of
observation (Fig. 1b).

3. Methods

The structural characterisation of the samples was carried out
using a Fourier Transform Infrared (FTIR) spectrometer Thermo
Nicolet 5700 and a Confocal Raman Microscope Witec Alpha
3000. Viscosity measurements of pure ML and its dispersions with
graphene were performed with an AR-G2 rotational rheometer
from TA Instruments (New Castle, Delaware, USA). A plate-plate
configuration was used with a rotational plate of 40 mm. The tem-
perature was controlled by a Peltier system with an accuracy of
0.1 °C. Three different kinds of tests were carried out to investigate
the effect of different concentrations of graphene on the viscoelas-
tic behaviour of ML. Firstly, a study of the steady-state viscosity by
increasing the shear rate to 500 s~ at a constant temperature set
to 25 °C. Secondly, the temperature dependence of the samples
was examined in the range of 20-120 °C executing temperature
ramps at a constant shear rate of 50 s~'. The linear viscoelastic
region was determined with values in the range of 0.1 to 3 Pa.
Creep-recovery tests were also accomplished under linear vis-
coelastic conditions. The applied stress was set to 1 Pa and the
creep and recovery times were 5 min in both cases. All the tests
were carried out at least 3 times and data are presented as average
values with error bars calculated from the standard deviation. Elec-
trical conductivity measurements were performed with Cyberscan
COND600 conductivity meter from Eutech Instruments in combi-
nation with a refrigerated heating circulating bath LT Ecocool from
Grant Instruments (United Kingdom). Using Labwise control soft-
ware, 4 consecutive heating and cooling cycles between 20 and
90 °C at a rate of 2 °C/min were performed acquiring the electrical
conductivity value every degree. The electrical conductivity values
shown are the average of these 4 cycles. Cyclic voltammetry tests
were carried out using a Biologic SP-300 potentiostat. Platinum
electrodes were used as working, counter and reference electrodes.
This pseudoreference electrode was selected because it avoids any
water contamination. Potential sweeps have been performed from
—1Vto4V at asweep speed of 10 mVs~'.
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Scheme 1. Synthesis of 2-hydroxyethylammonium lactate (ML) from 2-hydroxyethylamine and lactic acid.

0.5 wt. %

1wt. %

0.1 wt. %

0.1 wt. % 0.5 wt. % 1wt. %

Fig. 1. Graphene-ML dispersions with 0.1 wt%, 0.5 wt% and 1 wt% graphene. a) Freshly prepared and b) after 2 months.

4. Results and discussion
4.1. Raman and FT-IR spectroscopy

The Raman and FT-IR spectra of the newly synthesized ionic lig-
uid are shown in Fig. 2a, and these data are collected in Table 1
with the corresponding assignments. According to previous litera-
ture [44], we assigned the Raman peaks at 550, 859, 1473 and the

FT-IR spectra

Intensity (arb. units)

Raman spectra

3000 2500 2000 1500 1000 500

Wave number (cm™)

band at circa 3000 cm™! to the ®COO", vC-COO~, 5CH; and vCH3/
VCH of the lactate, respectively. In the case of the 2-
hydroxylammonium cation, the modes of 3CH,, vCN were seen at
865 cm™!, 5CH at 1473 cm™!, 5NH at 1642 cm™~', and the bands
from 2900 to 3000 cm™~' are in agreement with vCH,, UNH, [45].
Thus, an overlapping of some bands of the anion and the cation
was observed and the assignment was uncertain. A similar situa-
tion appeared in the FT-IR spectra. According to Simijonovic et al.

b) — ML
Graphene
ML+1wt. %G

Intensity (arb. units)

500 1000 1500 2000 2500 3000

Wave number (cm™)

Fig. 2. a) Raman and FT-IR spectra of ML. b) Comparison of the Raman spectra for pure ML and graphene with the 1 wt% dispersion.
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Table 1

Raman and FT-IR assignments for ML.
Raman peak (cm~!) Assignment FT-IR peak (cm™!) Assignment
550 ®CO0” 1410 vCOO~
859 vC-COO" 1450 SN-H
865 3CH», LCN 1560 vCOO~
1052 vC-CH3 2930 vCH
1080 vCo 2970 vCH
1288, 1336 3CH
1368 5CH3
1423 vCO0~
1473 8CH3, 3CH
1642 SNH
2899 LCH3, VCH,, VCH
2948 vCH3, vCH,, VCH
2983 LCH3, VCH, LNH,

[46] and Hossain et al. [47], the mode vCOO™ was assigned to the
bands at 1410 and 1560 cm~', 8N-H at 1450 cm~', and vCH at
2930 and 2970 cm ™.

A comparison of the Raman spectra of ML, graphene and the
1 wt% dispersion can be seen in Fig. 2b. The Raman spectrum of
the dispersion is a combination of those of neat ML and graphene.
The peaks observed by the presence of the ionic liquid remain sim-
ilar to those of neat ML. However, there are interesting differences
in graphene. Graphene presents three peaks at 1350, 1580 and
2690 cm ! [48], which correspond to D, G and 2D bands, respec-
tively. When graphene was dispersed in ML, some considerable
changes were found. The Ip/IG ratio is 1.08 for neat graphene and
1.42 for dispersion. The intensity of the D band is related to the
presence of structural defects in graphene, which is a representa-
tion of the formation of different types of bonding. Such an
increase implies a weakening in the graphene structure, i.e., a
higher interaction with the ionic liquid enhanced by intercalation
processes [49]. Thus, the stability of the dispersion can be
explained by the interaction of ML with the surface of graphene.

5. Rheology

The addition of graphene to ML showed a remarkable effect on
viscosity. In this study, we used concentration values of 0.1, 0.5 and
1 wt% to explore the concentration effect on the viscoelastic beha-
viour of this ionic liquid. Steady-state tests under increasing shear
stress were conducted at a constant temperature of 25 °C.

ML presents a slight shear thinning effect [50], and this beha-
viour continues when a low concentration of graphene of 0.1 wt
% was added. As can be seen in Fig. 3a, the viscosity values of pure
ML and the dispersion with the lowest concentration of graphene
nearly overlap, but some differences were found when a deeper
analysis of the data was made, as we discuss below. However,
when larger amounts of graphene were added a different scenario
emerges. The resulting dispersions (0.5 and 1 wt%) presented
higher values of viscosity than ML and a strong shear-thinning
effect. Larger quantities of graphene motivate higher values of vis-
cosity. This observation can be ascribed to two possible effects: the
addition of the nanophase leads to more ordered structures [51],
and/or particle-particle interactions provoke large aggregates
[52], although both situations can be simultaneous and not com-
peting. When high values of shear rate were applied, a drop in
the viscosity was seen and a shear-thinning effect was appreciated.
Since the final viscosity of these dispersions did not reach the ML
constant values, it is more likely that graphene-graphene interac-
tions were not completely suppressed.

Fig. 3b depicts the values of applied stress with increasing shear
rate. ML and the dispersion with 0.1 wt% of graphene are Newto-
nian fluids, showing a linear dependence. Meanwhile, a non-
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Newtonian behaviour is seen for the dispersions with a higher con-
centration of graphene. These data were fitted to the Ostwald-de-
Waele model (Equation (1)) and the results are collected in Table 2.
This effect is of great importance for the performance of the
nanofluids in tribological or heat and mass transfer applications.
ML and the 0.1 wt% dispersion presented a value of n close to 1,
as was expected for Newtonian fluids. It is interesting to point
out that this dispersion with a very low quantity of graphene pre-
sents lightly lower values of viscosity than neat ML. Although the
difference is not very high, the effect is more obvious in the values
of A shown in Table 2. ML is composed of two small ions and its
structure might be similar to ionic clusters [53], with hydrogen
bonding as the dominant interactions over electrostatic forces. A
weakening of hydrogen bonds in the structure of the ionic liquid
due to the presence of small quantities of graphene could be the
explanation for this viscosity decrease. On the other hand, the dis-
persion with 0.5 wt% G showed a value of n equal to 0.762, typical
in pseudoplastic fluids. In the case of the dispersion with 1 wt%, the
quality of the fitting was poorer (R? = 0.9185). The existence of a
yield stress value can be recognized in Fig. 3b, and the data were
satisfactorily fitted to a Herschel-Bulkley model (Equation (2)).
Therefore, we can model this dispersion with a value of yield stress
of 19 Pa and a deviation from the Newtonian behaviour with an n
parameter of 0.672.

T=A.p" (1)

T=T,+A " 2)

The presence of yield stress in nanofluids based on ionic liquids
is commonly ascribed to an increase in the particle-particle inter-
action with increasing concentrations [52] and the percolation
concentration is reached at some point between 0.5 and 1 wt% of
graphene [54]. This effect is suppressed at high shear rates due
to the disruption of the three-dimensional framework of the parti-
cles. Thus, the viscoelasticity of the dispersion is governed by the
rheological behaviour of the neat ionic liquid.

We evaluated the viscoelastic behaviour by means of a creep-
recovery test at room temperature. Several tests were attempted
with all the samples, but only the nanofluid with 1 wt% showed
a recovering behaviour. This is due to the low viscosity values of
the rest of the samples and the lack of a three-dimensional struc-
ture with elastic recovery. In this test, constant shear stress of
1 Pa was applied for 5 min. The recovery of the samples was also
recorded during 5 min. The creep and recovery curve can be seen
in Fig. 4a, using the normalized strain versus time. We have calcu-
lated the elastic deformation, Yo, and the reversible deformation,
Yr, as it is explained by Amann et al. [54]. In this case, the elastic
deformation is 0.81, i.e., there is a recovery of 81 % when the stress
is suppressed, and the reversible deformation is 0.47. Therefore,
this nanofluid presents a high reversible deformation when low
shear stress is applied.

In order to set a mechanical model for this nanofluid, both the
elastic and viscous moduli must be taken into account. In this case,
it was found that the data of both creep and recovery were success-
fully fitted to a unique complex Burgers model depicted in
Scheme 2 [55]. The Maxwell element is composed of one ideal
spring (EM) followed by one hydraulic damper (ny), describing
the instantaneous deformation in soft solids. On the other hand,
the Kelvin-Voigt element is represented by the same elements
but arranged in parallel (Exy and nky) and is related to the creep
of the sample. In scheme 2, it is seen how the Maxwell and
Kelvin-Voigt elements are placed, with a damper followed by
two Kelvin-Voigt elements. The model is mathematically described
by Equations (3) (creep) and (4) (recovery) and the fitting line can
be observed in Fig. 4b. This model was able to describe both creep
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Fig. 3. a) Shear rate dependence on viscosity and b) applied stress of ML with 0, 0.1, 0.5 and 1 wt% of graphene.

Table 2
Ostwald-de Waele parameters values calculated for the samples with 0, 0.1 and 0.5 wt% graphene, and Herschel-Bulkley parameters fitted for the sample with 1 wt% of graphene.
Graphene wt.% Ostwald-de Waele
A (Pa-s) n R2
0 2.18 £ 0.02 0.951 + 0.002 0.9997
0.1 1.99 £ 0.02 0.948 + 0.003 0.9997
0.5 7.3 +0.2 0.762 + 0.008 0.9954
Graphene wt.% Herschel-Bulkley
1, (Pa) A (Pa-s) n R?
1 19+3 24 +1 0.672 + 0.009 0.9984
12
a)
0.030 +
0.025 +
£
s £
o £ 0.020 4
g 7
N -
© = 0015
E c
o 2
=
0.010
0.005
0.0 T Y Y ¥ T Y 0.000 r v Y v ¥ ¥
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)

Fig. 4. a) Creep-recovery test of the nanofluid with 1 wt% G and b) fitting to the complex Burgers model.
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Scheme 2. Maxwell and Kelvin-Voigt elements distribution in the complex Burgers
model.

Table 3
Fitting parameters of the complex Burgers model for the creep and recovery of the ML
dispersion with 1 wt% of graphene.

Element Property Creep Recovery
Maxwell Enm (Pa) 510 £ 30 -
Nu (Pa-s) 44000 + 1000 19700 * 100
Mo (S) 44000 + 1000 19700 + 100
First Kelvin-Voigt Exvi (Pa) 110+ 2 2305
Nkvi (Pa-s) 2300 + 100 21000 + 1000
2 () 21 91
Second Kelvin-Voigt Exvz (Pa) 90 +2 146 + 3
Nkv2 (Pa-s) 115+8 210+ 10
ha (s) 13 14

and recovery behaviour of the dispersion with 1 wt% of graphene.
The constants of these fittings are collected in Table 3, and the
coefficient of determination (R?) were 0.9971 for the creep and
0.9842 for the recovery.

o, o o _EKVl_t)
S(t,O'O):E—0+—O.t+_O.(1_enKVl +

M NMm KV1
-E
o, o —Egvi.
e(t,0,) = —- (t — tcg) + —— - (1 — e TkV1
MM Exv1

—EKv2 (t—tcr)

—Egva2
+ %o . (1 — e MKV2 CR).e KV2
Egva

Additionally, we can define the relaxation time for each ele-
ment. For the Maxwell element, the relaxation time (LL,) is the ratio
MM/ O, and in the case of the Kelvin-Voigt elements, the retardation
time (1) is defined as the ratio Ngvi/ Exvi.

The complexity of the model reflects the intricate rheological
performance of this dispersion. The lack of uniformity in the fluid
might be the reason for the anomalous viscosity behaviour. The
presence of two Kelvin-Voigt elements could be related to two dif-
ferent retardation processes and different domains with distinct
molecular arrangements. This behaviour could be related to the
presence of domains with completely dispersed graphene sheets
with faster relaxation (A;), and domains containing agglomerates
of graphene in ML with larger values of retardation time (A;). If
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these two domains are sufficiently different, the response to a
physical perturbation could be different as well [56].

The effect of temperature on the viscosity was evaluated in the
range of 20 to 110 °C with a linear increase of 3 °C/min at a con-
stant shear rate of 50 s~!. All samples showed a similar trend,
and a decrease in viscosity with increasing temperature is
observed in Fig. 5a. The drop in viscosity at room temperature,
when 0.1 wt% of graphene is added, seen in the steady state viscos-
ity is now more obvious when the temperature effect is taken into
account, as it is observed in Fig. 5a. When the temperature is
raised, the weakening of the interactions of the ionic liquid are
suppressed and the reinforcing effect of the addition of graphene
is dissipated. However, this dissipation was less pronounced when
1 wt% of graphene was added, and a pseudo-asymptotic behaviour
was found.The data were satisfactorily fitted to different Vogel-
Fulcher-Tammann (VFT) model [57-59] (Equation (5)).

Ky
n=AerT (5)

Model VFT was conceived for glass materials, but it has been
previously used to describe the thermal behaviour of different
ionic liquids and dispersions [43,60]. In this model, the parameter
Ay, represents the viscosity when the temperature tends to infinite;
ky, is a measure of the thermal sensitivity of the fluid and T, is the
theoretical temperature at which the sample begins to flow. We
have also calculated the strength index D as ky/ T,. These data
are summarized in Table 4 with similar values compared to other
PILs found in the literature [61,62]. As expected, Ay, and T, increase
with the addition of graphene, and k;, decreased. Thus, this nano-
phase not only increases the viscosity but also the thermal stability
of the nanofluid. Large concentrations of graphene in ML imply a
lower influence of the temperature on the flow behaviour. On the

—Egva.
%_ (1 omeit) G)

KV?2

-E
fCR) —KVL.(t—tcR)

. e Nkv1 +

other hand, D decreased with the addition of graphene. According
to the literature [63,64], ML presents a high value of the strength
index compared to other ionic liquids. Fluids with large values of
D are soft materials with directional intermolecular bonding
[50,65]. Therefore, the decrease of D when graphene was added
could be explained by stronger interactions on the nanofluid with
non-directional bonds, i.e., the dispersion presents a stronger
three-dimensional structure.

Further information was obtained when the viscosity data were
fitted to the temperature Power Law model (Equation (6)).

=", (T }XT*) K (6)
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Fig. 5. a) Temperature dependence of viscosity at 50 s~ and b) master curves for ML and ML-G dispersions.

Table 4

VFT and Power Law fitting parameters for the ML nanofluids with 0, 0.1, 0.5 and 1 wt% of graphene. The coefficients of determination are available in Table S1 in the Supporting
Information.

wt. % of graphene Vogel-Fulcher-Tammann Power Law
A, 10% (Pa's) Ky, (K) T, (K) D 1,-10% (Pa s) Ty (K) %
0.020 + 0.007 2300 + 100 136 £ 4 16.9 £ 0.9 212 222+2 6.6+0.2
0.1 0.53 £ 0.08 1280 + 40 174 £2 7.4%02 17.0 £ 0.2 242 £ 1 470 £ 0.09
0.5 6.0 £0.7 920 + 30 19122 48102 55+ 1 2511 3.84 + 0.08
1 290 + 30 510 % 20 215+2 24+01 680 * 30 263+ 1 2.62 +0.07
102 1.6
1.4 A
. 1.2
‘e 10" - '
(8}
. 1.0 A
(/7]
E 0.8 -
> 100 - o
2 0.6 -
)
(%)
S 0.4
c
A1
8 10 S Ot % 0.2 o 0wt%
—o— 0.1 wt. % 304 Wt
o— 0.5wt. % 0.0 O 0.5wt. %
o— 1wt % . O 1wt %
10-2 T T T T T T T T
20 40 60 80 100 08 12 16 20 24 238
(]
Temperature (°C) T,

Fig. 6. a) Temperature dependence of electrical conductivity and b) master curves for ML and ML-G dispersions.
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Table 5

Journal of Molecular Liquids 367 (2022) 120446

VFT and Power Law fitting parameters using electrical conductivity data for the ML nanofluids with 0, 0.1, 0.5 and 1 wt% graphene. The coefficients of determination are available

in Table S1 in the Supporting Information.

wt. % of graphene Vogel-Fulcher-Tammann Power Law

As-10% (mS/cm) ks (K) T, (K) D 6,-10% (mS/cm) Ty (K) %

45+ 4 1820 + 20 136 £ 4 13405 0.311 £ 0.002 284303 241+ 0.01
0.1 89+0.7 1150 £ 10 174 +2 6.6 £+ 0.1 0.320 + 0.08 291.2 + 0.7 1.98 + 0.03
0.5 1.0+ 0.7 651 £ 7 1912 3.41 % 0.07 0.06 + 0.03 200 + 10 42 +04
1 0.074 + 0.002 175+3 215+2 0.81 £0.02 0.009 + 0.004 150 + 10 25+02

In this model, 1, represents the asymptote value, Ty is a thresh-
old temperature at which the sample becomes fragile and v is the
parameter that modulates the effect of the temperature on the vis-
cosity. In agreement with the VFT model, the addition of graphene
provokes an increase in viscosity and a decrease in the thermal
sensitivity of the nanofluid. This model also allowed us to construct
a master curve using the relative viscosity, N, and relative temper-
ature, T,, described by Equations (7) and (8).

_1/y
=t (7)
T <770>
T
Tr=1 (8)

The master curves are shown in Fig. 5b. According to [50], this
kind of representation has been satisfactorily used in ionic liquids.
However, the effect of the addition of nanomaterials has not been
tested yet, to the best of our knowledge. In the case of pure ML, we
found a good agreement with the model, as expected. It is clearly
seen that the addition of graphene causes a deviation in the model,
which is in agreement with the viscosity results previously shown.
Since graphene reduces the effect of temperature on the viscosity
of the nanofluid, this deviation of the master curves occurred when
the temperature was raised. This effect was more evident when
larger concentrations of graphene were considered.

6. Electrical conductivity

Fig. 6a shows the evolution of the electrical conductivity values for
the pure ionic liquid and the dispersions with different amounts of
graphene. As expected, the conductivity values increase with tem-
perature and with the amount of graphene added to the dispersion.
At 20 °C, the conductivity of the dispersion with only 0.1 wt% is 0.1
mS/cm, very similar to that of the pure ionic liquid (0.24 mS/cm).
However, the dispersion with 0.5 wt% has a conductivity value of
2.7 mS/cm and the 1 wt% dispersion reaches 9.4 mS/cm, which is a
severe increase for the small amount of graphene added. The distance
between the graphene sheets decreases in the more concentrated
dispersions and they form an efficient conductive pathway in the IL
matrix, which contributes to increasing the electrical conductivity.

As in the case of the viscosity data, the electrical conductivity
data have been fitted using the VFT model shown in Equation (9).

-k

-1 9
o=Ae )

From the fitting of the experimental data to this semi-
phenomenological equation, we will extract the parameter As
which represents the conductivity when the temperature tends
to infinite and ks is a measure of the thermal sensitivity of the
fluid, i.e., the activation energy for conduction. T, has an analogous
meaning as in the viscosity data [66,67] resembled the glass tran-
sition temperature [68]. In this study, the same values have been
used as those obtained in the viscosity section [69].

We also calculated the strength index D as kgs/ T,. In Table 5, it
can be seen that the values of Ag, ks and D decreased with the

addition of graphene. As in the case of viscosity, large concentra-
tions of graphene in ML imply also a lower influence of the temper-
ature on the conductivity. The conductivity data could also be
fitted using the Power Law model analogously to the viscosity data,
as can be observed in Table 5. To the best of our knowledge, this
model has never been used to describe the behaviour of the con-
ductivity in nanofluids. In this case &, represents the conductivity
asymptote value and Ty and y maintain the same meaning as in the
viscosity section. Ty and o, values decrease with increasing gra-
phene content. Fig. 6b shows the master curves that could be
obtained, presenting a linear trend. o, was calculated according
to Equation (10). The data for the pure ionic liquid and the disper-
sion with the lowest amount of graphene overlap due to the rela-
tively similar conductivity values. In the case of the addition of 0.5
and 1 wt% graphene, the conductivity master curves do not over-
lap. This is due to the large difference in their conductivity values,
as seen in Fig. 6a.

o = (O_E) N (10)

7. Electrochemical characterisation

Electrochemical characterisation of the ionic liquid and disper-
sions has also been carried out by cyclic voltammetry as shown in
Fig. 7. As can be observed, the behaviour of the neat ionic liquid
and the dispersions with 0.1 and 0.5 % graphene are very similar.
When the potentials are shifted towards more positive values, irre-
versible oxidation is observed at 2 V, probably due to the irre-
versible oxidation of water content of the ionic liquid. The
forward and reverse curves nearly overlap. The oxidation of the
ionic liquid seems to start circa 4 V. Conversely, the behaviour of
the dispersion with 1 % graphene is very different because the per-
colated state is reached in agreement with the rheological data. In
this case, an intense oxidation is observed at lower potentials,
around 1 V. This would indicate that for this dispersion there is sig-

1.5 4
1.0 1
g 0.5 1
£
g 0.0
S
© 0wt % forward
——————— 0wt % reverse
-0.5 1 0.1 wt % forward
—_—— = 0.1 Wt % reverse
0.5 wt. % forward
i i 0.5 Wt. % reverse
1.0 4 1wt % forward
——————— 1Wt % reverse

-1 ] 1 2 3 4
Potential (V)

Fig. 7. Cyclic voltammograms of ML nanofluids with 0, 0.1, 0.5 and 1 wt% of
graphene at 10 mVs~ 1.
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nificant oxidation of the graphene present in the dispersion, which
is not observed at lower concentrations.

8. Conclusions

2-hydroxyethylammonium lactate ionic liquid was utilised to
disperse graphene, using concentrations of 0.1, 0.5 and 1 wt%.
The dispersion of graphene in ML was confirmed by FT-IR and
Raman spectroscopies, and the dispersions were stable for, at least,
2 months of observation.

The steady-state viscosity measurements showed that ML is a
Newtonian fluid and the addition of 0.1 wt% of graphene does not
significantly change this behaviour. However, there is a drop in the
viscosity values ascribed to the suppression of hydrogen bonding
of the ionic liquid. When the concentration is increased, a non-
Newtonian behaviour is observed. The dispersion with 0.5 wt% of
graphene was fitted to a typical Ostwald model, but when 1 wt% of
graphene was added, a yield stress was observed due to the increase
of the particle-particle interactions. Creep-recovery tests at room
temperature were conducted for the nanofluid with 1 wt% of gra-
phene. The data were adequately fitted to a complex Burgers model
and a reversible deformation of 47 % was found, showing a strong
viscoelastic response in agreement with the previous rheological
results. The complexity of the rheological performance of this dis-
persion could be ascribed to different structural arrangements in
the nanofluid, such as domains with highly dispersed nanomaterial
with few layers of graphene showing a faster relaxation, and regions
with larger nanoparticles with a slower viscoelastic response.

The temperature dependence of the viscosity and conductivity
were also evaluated and VFT model was used to describe the ther-
mal response. The temperature dependence on the fitting parame-
ters is suppressed by the increasing addition of graphene.
According to the rheological analysis, ML behaves as a soft fluid,
and graphene acts as a severe strengthening additive of the fluid,
indicating that the percolation concentration is reached in the
range of 0.5 to 1 wt%.

A Power Law was also utilised to describe the thermal beha-
viour and construct master curves. ML was perfectly depicted by
this model, but when the concentration of graphene was raised,
stronger deviations were found. This finding is in agreement with
the lower thermal effect observed with the VFT model.

Electrochemical characterisation of the dispersions indicates
that ML and the dispersions with 0.1 and 0.5 wt% of graphene show
a similar trend with an irreversible oxidation at 2 V probably due
to small quantities of water. On the other hand, the dispersion with
higher graphene content (1 wt%), exhibits an intense oxidation
around 1 V. To the best of our knowledge, this behaviour has not
been observed before and could be related to the exceeding of
the percolation concentration, allowing a higher amount of gra-
phene to be oxidised.

In summary, graphene is appropriately dispersed in ML and this
ionic liquid is a suitable and environmentally friendly option to
produce stable graphene-based nanofluids. Increasing the concen-
tration of graphene provokes interesting viscoelastic and electro-
chemical behaviours and these nanofluids show potential
applications in different fields such as incorporation into polymeric
matrices, advanced lubricants or energy storage.
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