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a b s t r a c t

The effort to increase the energy density of conventional electric double-layer capacitors (EDLCs) goes
through the development of lithium-ion capacitors (LICs). Herein, we report a self-standing, binder-free
composite as the battery-type negative electrode obtained by a low-cost and easily scalable method.
Tin(IV) oxide nanoparticles (<10 nm) embedded in a reduced graphene oxide matrix (SnO2-rGO) were
prepared by an in-situ synthetic approach that involves the freeze/freeze-drying of a graphene oxide
suspension in the presence of a tin precursor and its subsequent thermal reduction under argon at-
mosphere. Physicochemical and electrochemical characterization confirmed the optimum nano-
structuration of the composite showing ultrafast response at high current densities. Its coupling with
a highly porous olive pits waste-derived activated carbon (AC) as the capacitor-type positive electrode,
enables the fabrication of a LIC with an excellent energy density output. The newly designed LIC is able to
deliver 60Wh kg�1 at 2.9 kW kg�1 (tdischargez 1min) and still 27Wh kg�1 at 10.6 kW kg�1

(tdischargez 10 s).
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last decades energy storage technologies have played a
key role in the development of electronic devices which have
nowadays become essential in our society. Currently, lithium-ion
batteries (LIBs) dominate portable electronics market owing to
their high energy density (~200Wh kg�1), slow energy delivery
(hours) and low self-discharge characteristics. Instead, electro-
chemical capacitors (ECs) lead applications such as transportation-
related regenerative braking energy (RBE) storage, start-stop sys-
tems in hybrid electric vehicles, small power tools and emergency
backup power for the grid (where the required power density is
very high, >10 kWkg�1) [1e4]. Still, there are many applications,
such as kinetic energy harvesting systems, which require a
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combination of both high energy and power densities. Thus, in
order to bridge the gap between LIBs and ECs, lithium-ion elec-
trochemical capacitors, commonly known as lithium-ion capacitors
(LICs), were developed. LICs are meant to be used in all those ap-
plications that require high energy in charge/discharge times
typically below ca. 2min [5]. Briefly, in most of these systems a
battery-type material replaces the negative electrode of a typical
electrical double layer capacitor (EDLC). The former stores energy
by means of faradic reactions taking place in the bulk of the ma-
terial allowing for i) capacity increase due to the charge stored by
faradic mechanism, which is much higher than that stored by non-
faradic mechanism and ii) widening of the operating output
voltage, since the potential of the negative electrode vs. lithium can
be lowered [6]. The capacitor-type electrode stores charge by
means of physical adsorption of ions at the electrode/electrolyte
interface. Thus, the low-potential battery-type electrode allows the
full hybrid cell to store a higher amount of charge and have higher
cell voltage, with both features providing higher energy density.
Meanwhile, the capacitor-type electrode stores and releases energy
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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rapidly providing high power density. Bringing both materials
together enables the fabrication of a device with both high energy
and high power densities combined with long cycle life [7].

The concept of asymmetric devices using a pseudofaradic or
faradaic electrode was first coined at the end of 1990s [8]. Later, in
2001, a nonaqueous asymmetric electrochemical cell technology
using nanostructured Li4Ti5O12 (negative electrode) and activated
carbon (AC) (positive electrode) was reported [9]. Since then, the
battery-type electrode has been the major focus of research since it
is widely accepted that carbonaceous materials are the best choice
for the capacitive electrode owing to their high specific surface area
(SSA) and relatively low cost [10]. On the contrary, within the large
portfolio of battery-type materials, many materials with their own
particular set of assets, such as Li4Ti5O12 [11,12], hard carbons
[13,14] and the well-known graphite [15,16] have been studied for
LICs without discerning the best candidate amongst them. Despite
this fact, graphite has been the most commonly used negative
electrode in LICs owing to its lowoperational potential (~0.1 V vs. Li/
Liþ), low-cost and good cycle life. However, the sluggishness of
graphite electrodes is themain limiting factor for the power density
of LICs, hence materials research in the last years has been focused
on the development of new generation negative electrode mate-
rials with improved specific high-rate capacity than that of graphite
[17e20]. In this context, Fuji et al. reported a tin-based amorphous
oxide composite that was able to deliver twice the reversible ca-
pacity of graphite, which triggered research in this direction
[21e24]. In fact, currently Sn and SnO2 have become two of the
most promising materials owing to their low active potential
(<0.3 V vs. Li/Liþ) and high theoretical reversible specific capacities
of 994 and 782mAh g�1 respectively, making them superior to the
vast majority of materials in terms of capacity [25]. Nevertheless,
these kinds of composites suffer from a large volume expansion
upon lithiation (up to 300%) and consequently, due to the me-
chanical stress, they lack of sufficient cycling stability [19]. In order
to overcome this limitation, an approach consisting on the encap-
sulation of Sn-based particles within a reduced graphene oxide
(rGO) environment was reported by our group [26]. Thereby, SnO2
sub-micron particles were in-situ embedded within rGO layers,
which acted as a support buffering the volume changes undergone
by the tin composites and as a conductive additive [27]. Based on
this approach, our group recently presented a fully graphene based
LIC showing outstanding energy-to-power ratios based on the
combination of SnO2-rGO and thermally expanded and physically
activated reduced graphene oxide (a-TEGO) [24]. However, the
relatively large SnO2 particles size, still suffered significant volume
changes, which led to significant mechanical stress and decreased
the overall electrode cycle life, which was especially evident at high
current rates. In order to circumvent this limitation, we have
developed a modified synthesis method for the SnO2-rGO com-
posite. By applying this synthetic procedure, first, it was possible to
decrease the SnO2 particle size below <10 nm, offering shorter
paths for lithium ion diffusion and thus enhancing the rate capa-
bility of the negative electrode material [28]. Second, a more ho-
mogeneous particle distribution within the carbon matrix was
achieved, mitigating the stress produced by the volume change and
improving the long-term electrochemical performance [29]. Third,
it was possible to increase the SnO2 loading owing to the decrease
in particles size.

Regarding the materials used for the capacitor-type electrode,
high SSAcombined with a narrow pore size distribution (PSD) are
the main requirements to maximize ion adsorption/desorption
onto the material surface. Derived from different sources, activated
carbons (ACs) show excellent features such as high SSA, good
electrical conductivity, high capacitance values and high cycle life.
In addition, they show moderate cost and large availability [30].
Driven by the environmental awareness, the use of natural waste
precursors for the AC synthesis has been lately boosted. In our
previous work, a-TEGO was used as the capacitor-type electrode
since this type of graphene presents exceptional values regarding
SSA and electronic conductivity [24]. Nevertheless, its low density
penalizes volumetric values which are one of the major criterions
towards implementation in real applications. Therefore, knowing
that olive pits derived ACs show excellent capacitive behaviour
both in gravimetric and volumetric terms [14], this carbonaceous
material was selected as the capacitor-type material of the final
device. So, herein, we report a LIC using self-standing, binder-free,
high loading nano-SnO2-rGO composite and high density olive pits
derived AC as the negative and positive electrode materials
respectively.

2. Experimental

2.1. Synthesis of rGO and SnO2-rGO composites

Graphene oxide (GO) was synthesized by a previously reported
modified Hummers' method [31]. To prepare the GO aerogel,
100ml of the GO suspension (5.2mgml�1) was freeze/freeze-dried
and then thermally treated at 1 �C min�1 to 250 �C to avoid the
thermal exfoliation of GO layers and at 2 �C min�1 to 650 �C for 1 h
under argon atmosphere (100mlmin�1) in order to obtain rGO
samples. To prepare SnO2-rGO composites, first SnSO4 (Sigma
Aldrich) was slowly added to the GO suspension (5.2mg ml�1) at
different SnO2:rGO ratios (50:50, 75:25 and 90:10wt%). All of them
were stirred during 30min at room temperature to obtain a ho-
mogeneous mixture and then some drops of 1M NH3 were added
to increase the pH up to 9 to induce the precipitation of Sn(OH)2
onto GO layers. The same procedure as for rGO was followed to
obtain the composites. Foams were pressed and cut to obtain the
desired electrode geometry before thermal reduction. Aerogels
with tin loadings of ca. 90wt%were not able to be processed as self-
standing electrodes due to their poor mechanical properties, thus,
they were not further characterized. Hereafter, the selected sam-
ples will be denoted as SnO2-rGO-50 and SnO2-rGO-75.

2.2. Synthesis of the activated carbon (AC)

The synthesis of the AC from olive pits was performed following
the method previously reported by Redondo et al. [32].

2.3. Physicochemical characterization

X-ray diffraction (XRD) patterns for ex-situ electrode samples
were recorded in a Bruker D8 X-ray diffractometer; data was
collected at 40 kV and 30mA using CuKa radiation over a 2q range
between 20 and 70�. XRD patterns for in-situ electrode material
were recorded in a Bruker D8 X-ray diffractometer; data was
collected at 40 kV and 30mA using CoKa radiation over a 2q range
between 27 and 47�. Raman spectrawere recordedwith a Renishaw
spectrometer (Nanonics Multiview 2000) operating at an excitation
wavelength of 532 nm. The spectra were acquired after 10 s of
exposition time of the laser beam into the sample. Scanning Elec-
tron Microscopy (SEM) and Transmission Electron Microscopy
(TEM) images were acquired with a field emission Quanta 200 FEG
microscope and a Tecnai F20 microscope from FEI, respectively. To
perform TEMmeasurements, all carbon samples were ground with
acetone and the resulting sample dispersions of the powder carbon
samples were transferred onto a holey carbon film fixed on a 3mm
copper grid (200 mesh). Thermogravimetric (TG) measurements
(Netzsch-STA 449 F3 Jupiter®) were conducted from room tem-
perature to 1000 �C at a heating rate of 10 �C min�1 in synthetic air.
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Nitrogen adsorption-desorption isotherms were obtained
at �195.8 �C using a Micromeritics ASAP 2020 instrument with
relative pressure values (P/P0) between 10�8 and 0.995. Before the
analysis samples were outgassed for 24 h at 200 �C. SSA and PSD
values were calculated by using the recently-developed 2D Non-
Local Density Functional Theory (2D NLDFT) treatment to the ni-
trogen adsorption branch isotherm using the data reduction soft-
ware SAIEUS.
2.4. Electrode fabrication, LIC assembly and electrochemical
characterization

Self-standing SnO2-rGO electrodes were fabricated with no
need of additive, neither binder nor conductive carbon. Olive pits
derived AC electrodes were prepared by mixing the AC with poly-
tetrafluoroethylene (PTFE, 60wt% dispersion in H2O, Sigma
Aldrich) as the binder in a mass ratio of 95:5. The AC slurry was
worked out until plasticity, rolled to obtain a film and transferred
into a vacuum oven and dried at 80 �C under constant vacuum for
12 h before 0.95 cm2 circular electrodes were cut out. The thickness
of the electrodes used to assemble the final LIC was around 70 mm,
which correspond to 2.8mg and 3.1mg inweight for SnO2-rGO and
AC respectively. SnO2-rGO electrodes were electrochemically
characterized in CR2032 type half cells using Li metal both as the
counter and the reference electrode. AC electrodes were electro-
chemically characterized in a three-electrode Swagelok® airtight
system using Li metal as the reference electrode and commercial
activated carbon YP-80F (Kuraray, Japan) as the counter electrode.
Oversized (thicker) YP-80F electrodes were used as counter elec-
trodes to ensure that their higher surface area kept up their po-
tential within the electrolyte stability window. The final LIC was
assembled in a three-electrode Swagelok® airtight system using Li
metal as the reference electrode. All the electrochemical tests were
conducted using 1M LiPF6 in ethylene carbonate (EC) and dimethyl
carbonate (DMC) 1:1 (v/v) as the electrolyte (ca. 8.80mS cm�1 at
20 �C) and a glass fiber membrane (Whatman GFB) as the separator,
and were assembled inside a glove box under argon atmosphere.
For comparison purposes, an EDLC using the same AC was assem-
bled using 1.5M tetraethylammonium tetrafluoroborate (NEt4BF4)
in acetonitrile (57mS cm�1). The thickness and weight of the AC
electrodes was around 75 mm and 3.5mg respectively. The system
was electrochemically characterized between 0 and 2.7 V. Cyclic
voltammetry (CV) and galvanostatic (GA) charge/discharge mea-
surements were recorded with a multichannel potentiostat (Bio-
logic VMP3, France).
Fig. 1. a) XRD pattern using CuKa radiation for SnO2-rGO-50 (red) and SnO2-rGO-75 (blue
SnO2-rGO-50 (red) and SnO2-rGO-75 (blue). Inset: magnification for SnO2 bands. (For inter
Web version of this article.)
3. Results and discussion

3.1. Physicochemical characterization of materials

X-ray diffraction patterns of SnO2-rGO-50 and SnO2-rGO-75 are
shown in Fig. 1a. The three main peaks at 26.7�, 34.2� and 51.9�

assigned to the (110), (101) and (211) planes can be ascribed to the
crystalline tetragonal rutile structure of SnO2 (JCPDS card 41-1445).
It is worth noticing that both diffraction patterns exhibit broad
maxima, which is characteristic of nanosized compounds. The in-
tensity of the diffraction maxima of the SnO2-rGO-50 sample is
lower due to its lower nanoparticles content. The characteristic
diffraction peak corresponding to (002) planes from the rGOmatrix
is hidden by the broad (110) peak of the SnO2 nanoparticles [26].

The amount of SnO2 in each composite was quantified bymeans
of thermogravimetric analysis (Fig. S1). TGA curves also show that
in those samples containing SnO2, rGO burns at lower temperature
(450 �C) compared with the SnO2-free sample, which occurs at ca.
620 �C. This difference should be ascribed to the catalytic effect of
SnO2 nanoparticles, which contribute with an additional amount of
oxygen. Structural properties were also studied by Raman spec-
troscopy (Fig. 1b). Raman spectra of both SnO2-rGO samples
showed bands at 1350 and 1580 cm�1, which correspond to the
disordered (D) and graphitic (G) bands of carbon materials. The D
band is generated by out of plane vibrations attributed to the
presence of structural defects, whereas the G band is the result of
in-plane vibrations of sp2 bonded carbon atoms. As expected, the
ratio between the ID and IG bands was very similar and slightly
higher than one (ID/IG¼ 1.1) in both cases. This value can be
ascribed to the high porosity and the related large amount of de-
fects of the graphene matrix [33]. Additionally, two peaks are
observed at 450 and 610 cm�1, corresponding to Eg and A1g vibra-
tions of the tin (IV) oxide [34].

Microstructural analysis carried out by different electron mi-
croscopy techniques clearly point out morphological differences
between the original synthesis method where the suspension was
mixed at 60 �C during 5 h [26] and the current modified synthesis
routewhere the suspensionwasmixed at room temperature during
30min. FE-SEM analysis reveals a clear evolution from sub-micron
to nanosized SnO2 particles. As it can be observed in Fig. 2a, sub-
micron particles (approx. 250 nm in diameter) are deposited on
rGO layers, while in Fig. 2b only tiny dots (in the range of <10 nm)
are visible lying on rGO sheets. SnO2-rGO samples were further
studied by means of TEM. Fig. 2c and 2d show low resolution TEM
micrographs for a single rGO layer decorated with SnO2 nano-
particles of both SnO2-rGO-50 and SnO2-rGO-75 samples. The
nanoparticle distribution along the rGO sheet is highly
) where (º) describes the peaks corresponding to the SnO2 phase. b) Raman spectra of
pretation of the references to colour in this figure legend, the reader is referred to the



Fig. 2. a) SEM image of SnO2-rGO sub-micron particles, b) SEM image of SnO2-rGO-75 nanoparticles, c), e) TEM images of SnO2-rGO-50, inset: histogram and d), f) TEM images of
SnO2-rGO-75 at different magnifications, inset: histogram.
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homogeneous for both samples, although a higher population of
nanoparticles can be inferred for the sample with the higher SnO2
loading (SnO2-rGO-75). This fact is confirmed by means of higher
resolutionmicrographs shown in Fig. 2e and 2f where, furthermore,
it is evidenced that nanoparticles have a mean particle size of 8 and
7 nm respectively, with almost no particles larger than 12 nm in
diameter.

Textural properties of SnO2-rGO composites were assessed by
means of nitrogen adsorption-desorption isotherms (Fig. 3a). Ac-
cording to the IUPAC classification, these specific isotherms exhibit
a type II profile associated to a nonporous or macroporousmaterial.
The SSA and the average pore size values calculated by 2D NLFT
theory were 46m2 g�1 and 12 nm for SnO2-rGO-50 and 101m2 g�1

and 14 nm for SnO2-rGO-75. Thus, it is confirmed that the use of
graphene as support provides an additional open structure which is
favorable for electrolyte propagation towards pores and nano-
particles [35]. Furthermore, the high macroporosity of the
graphene-based matrix might help to accommodate the SnO2
volume changes and provide a more effective lithium ion diffusion
path, contributing to increase the capacity as well as extending the
cycling performance [36]. Fig. 3b shows the isotherm of the AC,
which saturates rapidly at low relative pressure with no noticeable
sign of hysteresis. According to the IUPAC classification, this specific
isotherm exhibits a type I profile which is related to a microporous
Fig. 3. Isotherms of a) SnO2-rGO-50 and -75 comp
material. A very high DFT-SSA of 2008m2 g�1 and an average pore
size of 1.07 nm were calculated for the AC, very convenient to
provide fast adsorption/desorption of ions.
3.2. Electrochemical characterization

3.2.1. SnO2-rGO composite
Electrochemical characterization of SnO2-rGO-50 and SnO2-

rGO-75 composites consisted of CVs registered between 0.005 and
3 V at 0.1mV s�1 sweep rate and, GA charge/discharge experiments
at different current densities between 0.05 and 5.0 A g�1 in the
potential range of 0.005-2.0 V vs. Li/Liþ were carried out. In Fig. 4
the first two cycles of both CVs and GA charge/discharge profiles
for each composite are shown. On the one hand, voltammograms
shown in Fig. 4a reveal two main peaks at 0.88 and 0.10 V within
the first discharge step (cathodic sweep) which are associated to
the irreversible conversion reaction of SnO2 into metallic Sn (eq.
(1)) and to the SEI (Solid Electrolyte Interphase) formation. Peaks
below 0.1 V are ascribed to the alloying process of LixSn (eq. (2)).
This correlates well with the 1st GA discharge profile shown in
Fig. 4b, where a discharge plateau at around 1 V and a decreasing
sloping profile region between 0.8 V and 0.3 V is observed for the
SEI formation and conversion reaction respectively. On the other
hand, in the 1st charge step (anodic sweep), two main peaks
osites and b) Olive pits derived AC, inset: PSD.



Fig. 4. a) Cyclic voltammetry 1st (solid line) and 2nd (dash line) cycles of SnO2-rGO-50 (red) and SnO2-rGO-75 (blue) composites. b) 1st and 2nd charge/discharge profiles for SnO2-
rGO-75 composite. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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appeared at 0.56 and 1.30 V. The peak observed at 0.56 V is assigned
to the dealloying from LixSn, meanwhile at 1.30 V the reversible
conversion of Sn into SnO2 occurs [37e40]. The same potentials of
the corresponding transformations are evident from the GA profiles
(Fig. 4b). It is also concluded that the composite with the highest tin
loading (SnO2-rGO-75), should provide higher specific capacity
values due to the higher area of the peaks. Thus, it is selected as the
battery-type negative electrode for the final LIC.

SnO2 þ 4 Liþ þ 4 e� ⇨ 2 Li2O þ Sn (1)

Snþ x Liþ þ x e�⇔LixSnð0 � x � 4:4Þ (2)

Furthermore, in-situ recorded XRD allow us to validate the re-
action mechanisms by following the structural changes upon
cycling. Fig. 5 shows the evolution of the in-situ XRD patterns
registered for the SnO2-rGO-75 during the first cycle between 2.0 V
and 0.005 V vs. Li/Liþ at C/40z ca. 0.02 A g�1. First, the XRD pattern
at open-circuit cell potential (OCV) shows two peaks at 35.8� and
37.5� assigned to the (101) and (211) planes, which correspond to
the crystalline rutile tetragonal structure of SnO2 (JCPDS card 41-
1445). The additional peaks at 28.6�, 29.9�, 40.6� and 42.1� come
from the stainless steel of the in-house made electrochemical cell.
The SEI formation occurs during the first irreversible discharge
above ca. 1.0 V vs. Li/Liþ. The XRD patterns recorded at those
Fig. 5. In situ XRD patterns using CuKa radiation for
potential values (in green in Fig. 5) show that the conversion re-
action of SnO2 into metallic Sn occurs in parallel to the growth of
the SEI (eq. I). Thus, the intensity of the diffraction maxima of the
SnO2 phase decreases until their complete disappearance and at
35.8� and 37.4� the peaks corresponding to the tetragonal structure
of metallic tin (JCPDS card 04-0673) start appearing and becoming
sharper for the lower potentials. At 0.6 V the alloying reaction starts
and the peaks corresponding to metallic Sn are less intense (eq. II).
Both the alloying reaction (0.6-0.005 V, in red in Fig. 5) and the
reverse dealloying reaction (0.005-0.9 V, in light red in Fig. 5) are
not associatedwith any diffraction peak. Likely, this comes from the
amorphous nature of the alloy and/or the small particle size. Above
0.9 V the peaks corresponding to metallic Sn are evident and
maintained during charging and discharging until the second
alloying reaction starts again at 0.6 V.

Due to the high content of SnO2 within the composites, the
electrodes have higher mass loadings (~2mg) compared to those
previously reported (~1mg) [26]. Therefore, Fig. 6 also includes
areal capacity values in addition to specific capacity values, to allow
a fair comparison with the already reported values [26]. During the
rate capability test, where the capacity evolution vs. the current
density is analyzed, 20 cycles were necessary to stabilize the
alloying reaction and then higher current densities were applied. As
it can be observed in Fig. 6a, high capacity values of 600mAh g�1

and 450mAh g�1 were obtained at lower current densities (i.e. 0.1
SnO2-rGO-75 and its electrochemical behavior.



Fig. 6. Rate capability of SnO2-rGO-75 (blue), SnO2-rGO-50 (red) and rGO (green). a)
Specific gravimetric capacity values b) Specific areal capacity values. Inset: magnifi-
cation for high current densities. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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A g�1) for SnO2-rGO-75 and SnO2-rGO-50, respectively. In order to
quantify the contribution of rGO to the overall capacity, a blank
sample of only rGOwas also characterized showing a capacity value
of 258mAh g�1. At higher current densities of 1, 2 and 3 A g�1 (inset
Fig. 6a and 6b), specific capacity values of 250, 165 and 115mAh g�1

were obtained for SnO2-rGO-50 and 280, 175 and 110mAh g�1 for
SnO2-rGO-75, evidencing the slightly superior performance of the
latter electrode. These good results at high current densities are
ascribed to the importance of having an excellent conductive ma-
trix made of rGO [41]. In terms of areal capacity, see Fig. 6b, it is also
confirmed that the higher SnO2 loading provides higher areal ca-
pacity values throughout the whole studied current density range.
Fig. 7. GA charge/discharge profiles of positive (AC in dash red line) and negative (SnO2-rGO-
references to colour in this figure legend, the reader is referred to the Web version of this
The capacity difference between SnO2-rGO-50 and rGO is larger in
gravimetric terms than in terms of areal capacity values due to the
different weight of the electrodes. Also, these results confirm the
expected superior capacity performance achieved by nanosized
composites as compared to the previously reported sub-micron
composite. As at high currents densities (i.e. 1 A g�1) lower capac-
ity values (0.45mAh cm�2 vs. 0.63mAh cm�2) were achieved
(Fig. S2).
3.2.2. Olive pits derived AC
GA charge/discharge measurements for the olive pits derived AC

were previously reported by our group [14]. In Fig. S3 volumetric
capacitance values of previously used a-TEGO and those calculated
for the olive pits derived AC are compared. It should be highlighted
that owing to the higher apparent density of the AC electrode
(0.5 g cm�3) with respect to that of the a-TEGO (0.3 g cm�3), volu-
metric capacitance values are nearly doubled in the whole range of
current densities if olive pits derived AC is used instead of a-TEGO.
3.3. Li-ion capacitor assembly and characterization

As stated before, SnO2-rGO-75 nanocomposite was selected as
the negative electrode material for the LIC since it outperforms its
SnO2-rGO-50 counterpart in terms of specific capacity. For the
positive electrode, previously reported olive pits derived AC was
selected, and a full LIC cell was assembled with those two elec-
trodes in a T-shaped Swagelok® cell using 1M LiPF6 (EC:DMC)
electrolyte. A key factor for the successful assembly of a LIC is an
accurate mass balance of the electrodes in order to maximize the
performance of the system. As the charge stored in both electrodes
must be equal (Qþ ¼Q-) and is directly proportional to the specific
capacitance and the operational output potential difference (Q a C $

V), the mass ratio of the electrodes must be balanced to get the
maximum capacity output in both materials [42]. As it can be
observed in Fig. S4, the capacity of both materials diverges along
the applied current density values and, thus, it is not possible to
define a suitable mass balance for the whole range. Since LICs are
designed to be used in low discharge time applications, typically
below 2min, a mass ratio of 1:1 was selected owing to the similar
capacity values of both materials at high current densities (Fig. S4).

The GA charge/discharge characterization of the LIC was per-
formed between 1.5 and 4.2 V vs. Li/Liþ at current densities be-
tween 0.05 and 5 A g�1. In Fig. 7, the profiles of both electrodes and
the LIC are shown at 0.1, 1 and 3 A g�1. At low current densities, i.e.
0.1 A g� 1, within a discharge time of 26min, the positive electrode
swings from 2.2 to 4.2 V vs. Li/Liþ showing an ideal symmetric
profile indicative of the capacitive storage mechanism, while the
negative electrode swings in a potential window from 0.8 to 0.1 V. A
75 in dash-dot blue line) electrodes and full cell (LIC in black). (For interpretation of the
article.)
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10-fold increase in the applied current density, from 0.1 A g�1 to
1 A g�1, decreases the discharge time to 29 s, a discharge time
restricted to supercapacitors, unattainable for batteries. Although
potential profiles are slightly distorted from ideality, the increase in
the ohmic resistance of the overall system is negligible and thus,
the LIC charge/discharge profile is still determined by a capacitive
charge store mechanism. A further 30-fold increase in the current,
from 0.1 A g�1 to 3 A g� 1, reduces the discharge time down to 9 s. At
this extremely challenging discharge time, the positive electrode
still manages to work in a secure potential window, without going
beyond the electrolytic decomposition potential while the negative
electrode is able towork in a potential window of 0.005e1.5 V vs. Li/
Liþ, using its maximum capacity. Thus, it is confirmed that the 1:1
mass balance is ideally suitable for extremely rapid discharge times
as for hybrid supercapacitors being the charge storage capacities of
both electrode materials well balanced.

Fig. 8a shows a comparison among the energy-to-power density
ratios of the developed LIC with our already reported graphene-
based LIC (LICa-TEGO) [24], other state-of-the-art systems
[14,15,24,42e49] and the EDLC counterpart (AC/AC). The reported
results show that at medium-high power density values (about
5400Wkg�1 and tdischarge< 1min), our newly developed LIC is able
to deliver 44Wh kg�1 while the energy density of LICa-TEGO was
34Wh kg�1. Moreover, the replacement of graphene by AC, i.e. the
substitution of the low-packing density material, would make the
response of the new LIC superior in the whole studied power
Fig. 8. a) Gravimetric and b) Volumetric Ragone plots comparing the olive pits derived
EDLC and the new reported LIC and c) Areal Ragone plot for comparison with the
previous work (Ref. [24]). d) Stability of the newly developed LIC at 3 A g�1

(tdischarge¼ 15 s).
density region in terms of total mass of the device [50]. Further-
more, the energy and power density values obtained for this LIC are
comparable with other works found in the literature. Additionally,
the LIC is able to store and deliver between 5- and 3-times more
gravimetric and volumetric (Fig. S5a) energy density than its EDLC
counterpart.

Following the aforementioned criteria for a fair comparisonwith
previously reported results, Fig. 8b shows the areal energy-to-
power comparison of the current LIC and LICa-TEGO. It is evident
that the newly developed nanostructured SnO2-rGO electrode has a
clear impact over its sub-micron sizedcounterpart, allowing the
new LIC to double the areal energy density with respect to LICa-TEGO
at the low power region and increasing it by a factor of 6 at high
power density values. Still, the great challenge of a LIC is to keep the
cycle life as close as possible to that of an EDLC. Thus, a stability test
was run at 3 A g�1 (tdischarge¼ 15 s) showing a promising capaci-
tance retention of 65% after 5000 cycles and a 55% retention after
10000 cycles (Fig. S5b). The acceptable number of cycles accom-
plished for this LIC is ascribed to the nanosize of SnO2 particles
decorating the rGO matrix, which significantly reduces the me-
chanical stress of the negative electrode, extending the cycle life of
the overall device.
4. Conclusions

Based on our previous research on SnO2-rGO composites, in this
work we have modified the synthesis route to boost the electro-
chemical performance of themore sluggish negative electrodewith
the intended use in LICs. Nanosized SnO2 particles (<10 nm) were
obtained instead of the previously reported sub-micron SnO2 par-
ticles (z250 nm), which allowed for higher SnO2 loading -up to
75wt%- onto graphene layers without increasing mechanical
stress. The high SnO2 content translates into a remarkable elec-
trochemical performance, especially at medium and high current
densities, a highly appealing feature for ultrafast LICs. The combi-
nation of a SnO2-rGO composite with recycled, therefore low-cost,
olive pits derived AC enables targeting high energy density LICs
with excellent gravimetric and volumetric characteristics. Alto-
gether, this coupling gives the opportunity to assemble an
encouraging hybrid device which stores/delivers high energy
densities at high power densities. In fact, at low power densities, a
5-fold -gravimetric- and a 6-fold -volumetric- increase was ach-
ieved in terms of energy density. At the high power region the
energy density was still between double and treble that of the EDLC
using the same porous carbon. Moreover, comparison with the
previously reported sub-micron SnO2-rGO and a-TEGO based LIC at
the high power density region, where hybrid supercapacitors
should work better, demonstrates that the newly developed LIC
based on nano SnO2-rGO and olive pits derived AC provides a
substantial gain in areal energy density. In addition, the system
presents a highly promising 55% capacitance retention after 10000
cycles run at a discharge time of 15 s.
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