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Phosphorus-Functionalized Graphene for Lithium-Ion
Capacitors with Improved Power and Cyclability
Gelines Moreno-Fernández,[a] Miguel Granados-Moreno,[a] Juan Luis Gómez-Urbano,[a, b] and
Daniel Carriazo*[a, c]

Herein, we report an easy approach for the preparation of
graphene-based materials suitable as electrodes for lithium-ion
capacitors (LICs). To the best of our knowledge, this is the first
time that phosphorus-functionalized graphene oxide
(rGO800-P) is used as negative (battery-type) electrode in LICs
technology. An activated carbon derived from the pyrolysis of
graphene-carbon composite served as positive (capacitor-type)
electrode. While phosphorus functionalization on the negative
electrode enables fast Li+ kinetics during insertion/extraction

processes, the flat-shaped morphology, large surface area and
proper pore size distribution of the positive electrode enhance
the double-layer formation. Full LICs optimization, oversizing
the negative electrode allows operating in the extended
voltage window of 1.5–4.5 V delivering high energy and power
values (91 Whkg� 1AM at 145 Wkg� 1AM and 33 Whkg� 1AM at
26,000 Wkg� 1AM) without compromising the cycling perform-
ance (76% capacitance retention after 10,000 cycles).

1. Introduction

The huge amount of energy demanded nowadays by our
society requires the development of safer and more environ-
mentally friendly energy storage systems. In the last three
decades, lithium-ion batteries (LIBs) have dominated the world-
wide energy storage market due to their high energy density
(150–200 Whkg� 1), low-self discharge and high cell voltage.
Nevertheless, their low power density (1 kWkg� 1) and poor
cycling stability (<4,000 cycles) make them unsuitable for a
certain number of applications.[1–3] Conversely, supercapacitors
(SC), showing low energy densities (<10 Whkg� 1), are the
preferred choice when high power (>10 kWkg� 1) and almost
unlimited lifespan are demanded.[4,5] Lithium-ion capacitors
(LICs) have emerged as good candidates to overcome the
aforementioned power and energy limitations of LIBs and SCs.
They combine a capacitor-type electrode (positive electrode)

with a battery-type (negative electrode) in the same cell. In the
capacitor-type the energy is physically stored by fast adsorp-
tion/desorption of the electrolyte anions on the surface of the
electrode. Conversely, in the battery-type the energy is chemi-
cally stored by Li+ intercalation/de-intercalation via faradaic
reactions into the bulk of the electrode. Such configuration
provides energy densities higher than that of SCs and power
rates and cycling performances better than that of LIBs.[6–8]

In the last years, dual carbon LICs (DC-LICs), in which both
electrodes consist of carbon-based materials, have gained
considerable attention due to the absence of scarce and
expensive metals and their excellent long-term cycling stability
and outstanding power density.[9,10] Among the different
carbonaceous materials reported in literature, graphene has
demonstrated to be one of the most promising materials for
energy storage in LICs technology. Graphene-based materials
showing excellent electrical conductivity and charge transport
mobility, large specific surface area, as well as chemical and
mechanical stability can be used either as active material for
the negative or positive electrode.[6,11] Nevertheless, considering
the different charge-storage mechanisms and electrode kinetics
governing each electrode, an individual optimization has to be
carefully made in order to assure an efficient performance of
the final device.

The main challenge of this technology is the optimization
of the battery-type electrode, to increase its power perform-
ance and cycling stability. Although graphite is the most used
anode in dual carbon LICs, the slow intercalation of lithium in
its structure, directly related to its morphology and particle
size, may limits their performance at high current rates.[12] So,
alternative materials such as hard carbon, soft carbon or
graphene have emerged as good candidates to replace
graphite.[12] Especially, the bidimensional structure of graphene
favours the reaction with lithium and its superior electron
carrier mobility, can fasten kinetics during the insertion/

[a] Dr. G. Moreno-Fernández, M. Granados-Moreno, J. L. Gómez-Urbano,
Dr. D. Carriazo
Centre for Cooperative Research on Alternative Energies (CIC energiGUNE)
Basque Research and Technology Alliance (BRTA)
Alava Technology Park, Albert Einstein 48, 01510 Vitoria-Gasteiz, Spain
E-mail: dcarriazo@cicenergigune.com

[b] J. L. Gómez-Urbano
Universidad del País Vasco, UPV/EHU
48080 Bilbao, Spain

[c] Dr. D. Carriazo
IKERBASQUE, Basque Foundation for Science
48013 Bilbao, Spain
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/batt.202000247
An invited contribution to a Special Collection dedicated to Metal-Ion Hy-
brid Supercapacitors
© 2020 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution Non-Commercial NoDerivs License, which permits use and dis-
tribution in any medium, provided the original work is properly cited, the
use is non-commercial and no modifications or adaptations are made.

Batteries & Supercaps
Articles
doi.org/10.1002/batt.202000247

469Batteries & Supercaps 2021, 4, 469–478 © 2020 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 25.02.2021

2103 / 188501 [S. 469/478] 1

http://orcid.org/0000-0001-6590-8229
http://orcid.org/0000-0001-7002-6036
http://orcid.org/0000-0002-3591-9792
https://doi.org/10.1002/batt.202000247
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbatt.202000247&domain=pdf&date_stamp=2020-12-14


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

extraction processes.[11] Additionally, the functionalization of
this bidimensional structure can further improve the power
performance.[13–15] Particularly, it has been proved that
phosphorus doping or functionalization induces topological
defects with higher electron donating ability than carbon (C),
which speeds the kinetics for Li+ storage and
transportation.[16–19]

Regarding the optimization of the capacitor-type electrode,
the major goal is to increase their charge storage capacity.
Porous carbons, such as activated carbons (AC), are the
preferred choice, since, as widely known, large specific surface
areas (SSA) and tailored pore size distributions (PSD) can allow
better adsorption/desorption of a larger number of ions on the
cathode surface, leading to higher specific capacitances.[20]

Thus, carbons derived from the pyrolysis of polymers, such as
phenolic resins, have been pointed out as promising candidates
since their structure and pore size distribution can be easily
tuned to maximize ion adsorption according to the electrolyte
selected.[21,22] Nevertheless, the electronic properties can be
somehow worsened upon the activation process. In this
context, the design of composites, which may combine high
electronic conductivities and large specific surface areas, to
maximize capacitance at high current rates, is of paramount
importance in these technologies.[23]

In the present work, graphene-based dual-carbon LICs have
been developed. Reduced graphene oxide functionalized with
phosphorus, showing excellent capacity performance of
316 mAhg� 1 at 1 C, was used as battery-type material for the
first time in LICs technology. Activated carbon derived from the
pyrolysis of graphene oxide� phenolic resin composite, showing
outstanding capacity values of 136 mAhg� 1 at 0.25 Ag� 1 was
used as capacitive-type material. Optimized LICs were as-
sembled to deliver the maximum energy and power perform-
ance under safe conditions. It was found that 3 :1 negative to
positive electrode mass ratio allows the smooth operation of
the cell in the 1.5–4.5 V voltage range, preventing lithium
plating and delivering high gravimetric energy and power
densities (91 Whkg� 1AM at 145 Wkg� 1AM and 33 Whkg� 1AM at
26,000 Wkg� 1AM) and an excellent cycling stability showing
76% capacitance retention after 10,000 cycles.

Experimental Section

Phosphorus-Functionalized Graphene and Activated Carbon
Synthesis

Phosphorus functionalized graphene oxide was synthesized follow-
ing the procedure reported in our previous work.[24] Briefly, a
homogenous suspension was prepared by stirring 50 mL of
commercial graphene oxide (Graphenea, 4 mgmL� 1) and 200 μL of
concentrated phosphoric acid. The mixture was transferred into a
closed container to an oven at 80 °C for 18 h. A subsequent freeze/
freeze-drying process was carried out for 3 days to get the dried
material. A thermal treatment at 800 °C for 1 h in a tubular oven
under dynamic argon atmosphere was carried out to finally obtain
the phosphorus functionalized graphene oxide, hereafter denoted
as rGO800-P. For sake of comparison, reference reduced graphene

oxide samples were also prepared following the same route but in
the absence of phosphoric acid (rGO800).

Activated carbon materials were prepared by a modified reported
method.[23] Briefly, 440 mg of resorcinol (Sigma-Aldrich) were
dissolved in 4.0 mL of water, 2.4 mL of ethanol and 4.0 mL of
graphene oxide (4 mgmL� 1). Then, 600 μL of formaldehyde and
100 μL of concentrated phosphoric acid were quickly added to the
suspension and closed containers were transferred to an oven at
85 °C for 70 h. A subsequent pre-carbonization step was carried out
at 800 °C in a tubular oven for 1 h under dynamic argon
atmosphere. Then, carbon was grounded together with KOH in a
mass ratio 1 :6 and furtherly heated in a tubular oven at 800 °C for
1 h under dynamic Ar atmosphere. Resulting material (ResFaGO-A)
was washed once with a diluted solution of HCl and then several
times with hot deionized water.

Physicochemical Characterization

The morphological characterization was performed by Scanning
Electron Microscopy (SEM) using a FEI Quanta250 microscope
operating at 30 kV. Nitrogen adsorption-desorption isotherms at
� 196 °C were measured using ASAP 2460 instrument from Micro-
meritics. Samples were outgassed at 250 °C for 12 h under vacuum
prior to the analysis. The specific surface area (SBET) was calculated
according to the Brunauer-Emmett-Teller (BET) equation from the
nitrogen isotherms. Raman spectra were recorded with a Ranishaw
spectrometer (Nanonics Multiview 2000) operating with an excita-
tion wavelength of 523 nm. The microstructure of the samples was
analyzed by X-ray diffraction (XRD) in a Bruker D8 X-ray diffrac-
tometer; data were collected using CuKα radiation over 2θ within
the range from 10 to 80° at steps of 0.02°.

Electrochemical Characterization

Both negative (rGO800 and rGO800-P) and positive (ResFaGO-A)
electrodes were processed by mixing the active materials together
with Super P C65 (Imerys Graphite & Carbon), and polyvinylidene
fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP) according to the
90 :5 : 5 mass ratio. NMP-based inks of rGO800-P and ResFaGO-A
were coated on copper and aluminium foil, respectively. Laminates
were dried at 80 °C under vacuum overnight. Electrode discs of
11 mm in diameter were punched out and dried at 120 °C
overnight under vacuum prior to the cell assembly.

rGO800 and rGO800-P were preliminarily evaluated in a half-cell
configuration in a two-electrode Swagelok-type cell using a lithium
disc as counter and reference electrode. The electrodes accounted
with mass loadings of 0.9�0.2 mgcm� 2 and 1.1�0.2 mgcm� 2 for
rGO800 and rGO800-P samples, respectively, with a corresponding
thickness of 75�20 and 90�20 μm. Galvanostatic charge/dis-
charge (GVs) measurements were carried at different C rates (being
1 C: 372 mAhg� 1 according to the theoretical capacity of graphite)
between 0.002 and 2.0 V vs. Li/Li+. Electrochemical impedance
spectroscopy (EIS) measurements were performed before and after
lithiation using EL-cells, from 1 MHz to 10 mHz.

ResFaGO-A electrodes (1�0.5 mgcm� 2, 200�20 μm) were eval-
uated in a half-cell configuration in a three-electrode Swagelok-
type cell using an oversized YP-80F (Kuraray) disc as counter
electrode (10 mgcm� 2) and a lithium disc as reference electrode.
Galvanostatic charge/discharge (GVs) measurements and cyclic
voltammetries (CVs) were carried between 1.5 and 4.2 V vs. Li/Li+.
AC-based electrodes were also evaluated as symmetric EDLCs using
a two-electrode Swagelok-type cell. GVs and CVs measurements for
EDLCs were performed within the 0–2.7 V cell voltage range.
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Prior LIC cell assembly, rGO800-P electrode was pre-lithiated using
a lithium metal disc. The pre-lithiation process involved 5 charge/
discharge cycles at 0.1 C between 0.002 and 2.0 V vs. Li/Li+,
followed by a final discharge to 0.2 V. Then, LICs were assembled
using pre-lithiated rGO800-P as battery-type negative electrode vs.
ResFaGO-A as capacitor-type positive electrode in a three-electrode
Swagelok-type cell, using metallic lithium as reference electrode.
Positive :negative electrode mass ratios of LIC 2 :1 (1.3�
0.2 mgcm� 2 : 0.8�0.2 mgcm� 2), LIC 1 :1 (1.0�0.2 mgcm� 2 : 1.0�
0.2 mgcm� 2), LIC 1 :2 (1.0�0.2 mgcm� 2 : 2.0�0.2 mgcm� 2) and LIC
1 :3 (1.0�0.2 mgcm� 2 : 3.0�0.2 mgcm� 2) were evaluated. Battery-
type negative electrode potential was set to 0.2 V vs. Li/Li+ and
capacitor-type positive electrode to 4.2 V vs. Li/Li+. Galvanostatic
charge/discharge measurements for the LICs were performed
within the 1.5–4.2 V and 1.5–4.5 V cell voltage ranges at different
current densities.

Whatman D-type glass fibres discs of 13 mm in diameter and 1 M
LiPF6 in 1 :1 in volume of ethylene carbonate (EC) and dimethyl
carbonate (DMC) were used as separator and electrolyte, respec-
tively in all the measurements. Specific capacity, specific capaci-
tance and current density values were calculated with respect to
the total mass of active material.

2. Results and Discussion

2.1. Battery-Type Electrode

As described in the experimental section, reduced graphene
oxide (rGO800) and P-functionalized graphene oxide (rGO800-

P) were selected as negative electrode materials for the lithium-
ion capacitor. It is expected that graphene-based materials,
specially functionalized ones, fasten the kinetics of the battery-
type electrode on the final device, allowing a superior perform-
ance, especially at high current rates.[25–27] SEM images obtained
for rGO800 (Figure 1a) show that the material is formed by
graphene sheets that create a conductive network along the
whole sample. It can be observed that the incorporation of
phosphorus moieties leads to the restacking of some of these
graphene sheets into dense agglomerates in rGO800-P sample
(Figure 1b). The cavities between agglomerates are expected to
serve as electrolyte reservoirs and improve the electrochemical
performance of the sample, especially at high rates.[16]

To assess the impact of phosphorus on the textural
properties, nitrogen adsorption/desorption isotherms were
registered for both materials. rGO800 profile (Figure 1c) can be
ascribed to a mixture of type II and IV with hysteresis loop H3
characteristic of macroporous adsorbents, while rGO800-P
curve (Figure 1c) can be ascribed to a mixed type I and II with
hysteresis loop H4 characteristic of micro-mesoporous
carbons.[28] It is worth noticing that, the incorporation of
phosphorus to the graphene matrix dramatically reduces the
SSA from 76 to 22 m2g� 1 due to micropore clogging, as
previously reported.[24]

Raman spectra were conducted to evaluate the distortions
produced by the P-functionalization. The deconvolution of the
Raman spectra (Figure 1d) of these materials shows two
characteristic D and G bands at ca. 1345 and ca. 1593,

Figure 1. SEM images of rGO800 (a) and rGO800-P (b), nitrogen adsorption/desorption isotherms (c) and Raman spectra (d) for labelled samples.
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respectively,[29] originated from the breathing mode of k-point
phonons of the A1g symmetry and the first-order scattering of
E2g phonons by the graphitic planes. These bands are related to
the presence of structural defects in the graphene nanosheets
and ordered graphitic domains, respectively. The larger areal
ratio AD/AG measured for the rGO800-P (1.91) compared to the
rGO800 (1.66) shows that the disordered degree is higher in
the former sample and supports the incorporation of P-func-
tional groups in the graphene matrix.[16,18,30] The fitted I band at
ca. 1260 is normally attributed to the sp2-sp3 bonds, disorder in
the graphitic lattice and the D’’ band at ca. 1550 is related to
the presence of amorphous phases.[31–33]

The effect that the phosphate functionalization has on the
crystallinity of these samples was evaluated by X-Ray diffrac-
tometry (Figure S1). It can be observed a prominent and broad
peak registered in the 20–30° range for both samples. This
peak is indexed to the (002) peak, which is ascribed to the basal
diffractions of graphene layers. It is centered at ca. 27° and 24°,
for the rGO800 and rGO800-P, respectively. This shift towards
lower 2θ values is related to the increase on the interlayered
distances produced upon phosphate functionalization.[17] In
addition, more randomly oriented graphene sheets, produce a
widening of this peak in the pattern registered for the rGO800-
P.[34] These results are in good agreement with the Raman
results, which showed that graphene layers in rGO800-P are
more disordered and showing larger interlayered distances
than in the non-functionalized sample.

The atomic content of phosphorus in rGO800-P determined
by energy dispersive X-ray spectroscopy (EDX) is 6%, which
corresponds to 26% of phosphonate groups with C� P=O bond
structure and 74% of phosphate-like groups with C� O� P=O
bonding, as previously evidenced by NMR, XPS and FTIR
analysis.[24]

The electrochemical performance of rGO800 and rGO800-P
was initially evaluated in half-cell configuration in the potential
range of 0.002–2.0 V (Figure 2). Galvanostatic charge/discharge
profiles recorded for the first cycle (Figure 2a and 2b) evidences
the strong impact of phosphorus over the formation of a stable
solid electrolyte interphase (SEI).[35] It can be observed that the
coulombic efficiency (C.E.) is highly improved from rGO800
(31%) to rGO800-P (64%). This reveals that the extent of
irreversible reactions during the SEI formation is considerably
reduced upon phosphorus functionalization. This result could
be ascribed to a combination of the lower SSA of rGO800-P[15]

and the presence of P moieties at the edge-planes sites, which
could reduce the number of irreversible trapped lithium and
fasten the electron transport along the sample.[18,36]

Galvanostatic charge/discharge curves at different rates for
rGO800 and rGO800-P after 5 cycles of stabilization are
depicted in Figure 2c and 2d, respectively. Both materials show
similar sloping profiles characteristic of Li+ insertion in non-
graphitic carbons with no marked plateaus.[37] The superior
capacity performance of rGO800-P is clearly evidenced, deliver-
ing specific capacities as high as 461, 351, 316, 282 and
185 mAhg� 1 at current rates of C/10, C/2, C, 2C and 10 C
respectively, with a coulombic efficiency close to 100% after
the first activation cycle (Figure 2e). In contrast, rGO800 delivers

much lower capacities at similar current rates (252, 127, 97, 70
and 29 mAhg� 1) associated with a poor coulombic efficiency in
the 10 first cycles. The outstanding capacity delivered by
rGO800-P can be attributed to the active electron-donor type
sites created by phosphorus that enhance the electronic
conductivity and increase the interlayer distance favouring the
Li+ intercalation.[16,18]

EIS analysis (Figure S2) supports the better electrochemical
performance exhibited by the phosphate-functionalized sam-
ple. Before lithiation (Figure S2a) its resistance is 3 times lower
than that measured for the rGO800, evidencing its better
electronic conductivity, and the lower charge transfer resist-
ance measured for the rGO800-P sample after lithiation (Fig-
ure S2b), indicates a faster lithium ion diffusion through the SEI
layer and the electrode/electrolyte interface.[26]

2.2. Capacitor-Type Electrode

As mentioned above, activated carbons are the preferred
choice for capacitive-type electrodes in lithium-ion capacitors.[9]

Herein, ResFaGO-A prepared by the condensation and activa-
tion of a phenolic resin in the presence of graphene has been
used as positive electrode in the final LIC.

SEM image of ResFaGO-A is depicted on Figure 3a. As
previously reported,[23] graphene sheets act as templates for
resorcinol formaldehyde condensation, resulting in a flat-
shaped morphology due to the homogenously covering of
graphene sheets by the activated carbon particles. This
morphology is expected to help the ions diffusion into the
porous structure, promoting the double-layer formation, even
at high current densities.

The nitrogen adsorption/desorption isotherm of ResFaGO-A
shows a profile (Figure 3b) that corresponds to type-I, accord-
ing to IUPAC classification, which is characteristic of micro-
porous materials.[28] The slight increase on nitrogen adsorption
at high relative pressures reveals the presence of large
interparticle mesopores.[23] According to the BET calculations
ResFaGO-A exhibits a SSA of 2318 m2g� 1 and contains a wide
pore size distribution (Figure 3b-inset), which covers all the
microporous range from ultramicropores (0.59 nm) to large
micropores (1.85 nm).

The electrochemical performance of the activated compo-
site ResFaGO-A as positive electrode was investigated in the
potential range 1.5–4.2 V vs Li/Li+ in three-electrode config-
uration. Almost rectangular shaped CV curves were registered
at different sweep rates (Figure 4a), which are typically reported
for samples undergoing capacitive-type charge storage mecha-
nism. The large SSA and wide pore size distribution combined
with the presence of graphene account for its high specific
capacitance 181 Fg� 1 (136 mAhg� 1) measured at 0.25 Ag� 1 and
excellent capacitance retention 84 Fg� 1 (60 mAhg� 1) at 40 Ag� 1

(Figure 4b).[38]

For the sake of comparison, a symmetric EDLC cell was also
assembled and tested in a voltage range of 0–2.7 V. Figure 4c
and 4d further confirm the good capacitance performance of
this material. Both CV profiles and the evolution of the specific
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capacitance with the current density are in good agreement
with the results obtained in three-electrode configuration.

2.3. Lithium-Ion Capacitor

As previously discussed, different storage mechanisms can take
place on each electrode, and consequently, electrode materials
have to be carefully chosen and optimized. For this reason,
ResFaGO-A, an activated carbon with a large SSA and high
capacitance, was selected as the positive electrode. On the

other hand, rGO800-P was chosen as battery-type electrode
due to its ability to reversibly accommodate a large amount of
lithium into the structure leading to excellent coulombic
efficiencies in the first cycles and good electrochemical
performance, especially at high rates. Prior the LIC assembly,
the rGO800-P electrode was cycled five times between 0.002
and 2 V vs Li/Li+ at C/10 rate using an auxiliary Li electrode in
order to form a SEI and supply enough lithium and to balance
the first cycles irreversibility. Then, a cut-off potential of 0.2 V vs
Li/Li+ was set to maximize the use of the negative electrode
while preventing lithium plating in the full cell.

Figure 2. Electrochemical characterization of the battery-type electrodes: Galvanostatic charge/discharge curves for the first cycle and at different current
rates for rGO800 (a) and (c) and for rGO800-P (b) and (d) respectively and rate capability and their respective coulombic efficiency (e)
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With the aim of maximizing the output capacity, mass
balance of the electrodes was performed.[39–41] In this regard,
the charge stored in both electrodes must be equal Qþ=Q�
and it is influenced by the specific capacitance of each
electrode (Cþ; C� ), the active mass of the electrode materials (
mþ; m� ) and the working potential window (DEþ; DE� )
[Eqs. (1) and (2)].

Qþ ¼ mþCþDEþ (1)

Q� ¼ m� C� DE� (2)

Since the capacity of both electrodes diverges along the
applied current rates (Figure S3a), it is difficult to find a unique

mass ratio that can maximize energy and power density in the
whole current range. Thus, various LICs showing the mass ratios
LIC 2 :1, LIC 1 :1 and LIC 1 :2 (being LIC mþ : m� ) were
investigated.

LICs were galvanostatically cycled at different current
densities in the 1.5–4.2 V cell voltage range (Figure 5). At
0.5 Ag� 1 the profiles of the full LICs are almost symmetric
showing a linear voltage increase/decrease during the charge/
discharge, which is typical of capacitive storage.[4] It is observed
that for LIC 2 :1 (Figure 5a), when time discharge corresponds
to 3.5 min (0.5 Ag� 1) the positive electrode potential swings
from 2.6 to 4.3 V (1.7 V) while the negative electrode fluctuates
from 0.1 to 1.1 V (1.0 V). In the case of the LIC 1 :1 (Figure 5b),
for a discharge time close to 3.5 min, the positive electrode

Figure 3. SEM image (a) and nitrogen adsorption/desorption isotherm (inset: pore size distribution) (b) of ResFaGO-A

Figure 4. Electrochemical characterization of the capacitor-type electrode ResFaGO-A: Cyclic voltammograms (a) and dependence of the specific capacitance/
capacity with the current density (b) in three-electrode cell configuration and cyclic voltammograms (c) and dependence of the specific capacitance with the
current density (d) in two-electrode cell configuration.
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potential swings from 2.9 to 4.6 V (1.7 V) and the negative
electrode fluctuates from 0.4 to 1.4 V (1.0 V). Finally, for LIC 1 :2
(Figure 5c), for a slightly faster discharge time of 2.5 min, the
positive electrode potential swings from 2.2 to 4.5 V (2.3 V) and
the negative electrode only fluctuates within the 0.3–0.7 V
range (0.4 V). It seems that as the mass of the positive electrode
is increased, the potential window of the negative electrode is
extended to balance the charge, which results in a capacitance
improvement of the LIC cell (Figure S3b). Nevertheless, the
extension in the potential window of the negative electrode
can lead to lithium platting at high current rates which can
compromise the cell safety.[42] This fact is clearly evidenced for
LIC 2 :1 (Figure S4a), where lithium platting occurs for current
densities above 4 Ag� 1.

The energy and power density evolution of the LICs
calculated from the GV curves in the voltage range 1.5-4.2 V are
included in Figure 5d. It can be observed that LIC 1 :1 and LIC
2 :1 deliver similar energy values in the whole power range,
both of them outperforming the values measured for LIC 1 :2.
However, LIC 2 :1 undergoes lithium plating at the early
3000 Wkg� 1 which can decrease its cyclability and seriously
damage the cell safety.

So, taking into account all these issues LIC 2 :1 was
discarded while LIC 1 :1 and LIC 1 :2 were further cycled for
10,000 charge/discharge cycles at 5 Ag� 1. The poor cycling
performance of LIC 1 :1 compared to LIC 1 :2 is evidenced in
Figure 5e. LIC 1 :1 reaches the 75% of its initial capacitance
(green line) after 5,000 cycles, whereas LIC 1 :2 still shows 78%
after 10,000 cycles. It seems that oversizing the negative
electrode mass leads to lower energy and power values but
prevents cell degradation and extends cycle life.

A different strategy to improve the energy density of the
LIC consists of widening the voltage window of the cell.[6]

However, voltage extension generally favors some parasitic
reactions and the electrolyte decomposition that could even-
tually shorten the cycle life of the cell. In addition, the risk of
lithium platting is enhanced when the voltage window is
extended due to the strong potential fluctuations taking place
in the negative electrode.[43] However, taking into account our
previous results, oversizing the negative electrode seems to be
an effective way to overcome these issues. Thus, a LIC with a
mass balance 1 :3 was assembled and firstly tested within the
1.5–4.2 V cell voltage range. Since there were no evidences of
lithium plating nor electrolyte degradation (Figure S5), the cell
voltage was further extended to 1.5–4.5 V. Figure S6 shows GVs
profiles at 0.5 Ag� 1 of LIC 1 :3 in the cell voltage 1.5–4.2 V and
1.5–4.5 V. Both profiles display typical triangular shape curves
discarding the contribution of any faradaic reaction in this
voltage range, and supporting the good stability of the
electrolyte.[44]

The contribution of each electrode to the full cell in the
extended cell voltage 1.5–4.5 V are shown in Figure 6. At the
low current density 0.5 Ag� 1 (Figure 6a), within a discharge
time of 3.1 min, the positive electrode potential swings from
1.9 to 4.8 V (2.9 V) and the negative electrode only fluctuates
from 0.4 to 0.3 V (0.1 V). When the current density is increased
up to 5 Ag� 1 (Figure 6b), with an associated discharge time of
13 s, the potentials of both positive and negative electrodes
remain unchanged. This means that, although the contribution
of the negative electrode to the total capacitance of the LIC is
almost negligible it ensures high voltage operation under safe
conditions.

Figure 5. Galvanostatic charge/discharge profiles registered at 0.5 Ag� 1 in the cell voltage 1.5–4.2 V for LIC 2 :1 (a), LIC 1 :1 (b) and LIC 1 :2 (c): LIC (black),
positive electrode (red) and negative electrode (blue). Ragone plot comparing LIC 2 :1 LIC 1 :1 and LIC 1 :2 (c) and cycling performance of LIC 1 :1 and LIC 1 :2
at 5 Ag� 1(e)
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The small increase of 0.3 V in the cell voltage of LIC 1 :3 has
a strong impact on the energy and power densities (Fig-
ure 6c).[45] It can be observed that for a similar power rate LIC
1 :1 and LIC 1 :3 deliver similar energy densities, largely
improving their EDLC counterpart. The electrochemical stability
of LIC 1 :3 in the high cell voltage 1.5–4.5 V was tested by GV
charge/discharge at 5 Ag� 1 and compared with that of LIC 1 :1
in the cell voltage 1.5–4.2 V (Figure 6d). After 10,000 cycles LIC
1 :3 with 76% capacitance retention clearly outperform LIC 1 :1
with 62% capacitance retention. Hence, increasing the mass
loading of the negative electrode enabled moderate energy
and high power performance together with excellent cycling
stability. To the best of our knowledge the cycling and power
performance of LIC 1 :3 surpasses most of graphene-based LICs
reported so far in the state of the art, as summarized in Table 1.

3. Conclusions

The potential use of P-functionalized graphene as battery-type
electrode in LICs technology has been demonstrated. Specifi-
cally, it was found that the incorporation of phosphorus
functional groups into the graphene layers improved the
coulombic efficiency of the first cycle from 31% to 64%, the
specific capacity at C/10 from 252 to 461 mAhg� 1 and at 10 C
from 29 to 185 mAhg� 1.

The suitable flat shaped morphology, high specific surface
area and wide pore size distribution of the graphene-based
composite used as capacitor-type electrode led to capacitances
values of 182 Fg� 1 at 0.25 Ag� 1 and 84 Fg� 1 at 40 Ag� 1.

Moreover, it was demonstrated that a further optimization
of the LIC assembly, based on the oversizing of the negative
electrode, allowed widening the cell voltage up to 1.5–4.5 V
under safe operating conditions, showing an energy density of
91 Whkg� 1AM at the power density of 145 Wkg� 1AM and
retaining 33 Whkg� 1AM at 26000 Wkg� 1AM. Furthermore, this
device delivered exceptional capacitance retention of 76% after
10,000 cycles.
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