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Controlled Electrochemical Charge Injection to Maximize the Energy
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To increase the energy density of supercapacitors (SCs),
numerous attempts are focused on developing high-capacity
electrode materials!'! and high-voltage electrolytes.”) How-
ever, a common but very important problem that has not been
solved is that the high specific capacity of electrode materials
and the voltage window of electrolytes cannot always be fully
used when assembled into SC devices. In early studies it was
found that this problem results from the unsuitable electrode
potential window (EPW) in SC devices.”) In fact, both the
working voltage and the specific capacity of SCs rely
significantly on the EPW of individual electrodes. Therefore,
the EPW must be optimized to maximize the energy density
of SCs. Up to date, however, the unsuitable EPW can be
moderated only by balancing the electrode mass (as
illustrated in Figure 1a) or by using different materials as
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Figure 1. Positive and negative EP variation in a SC device during the
charge process, illustrating two ways for improving the energy density.
a) Increasing the mass of the positive electrode with a limited EPW to
improve the working voltage, but the specific capacity will not increase.
b) Optimizing the EPW by tuning E,y to simultaneously increase the
specific capacity and working voltage. The shadowed area is equal to
the value of the energy density.
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electrodes™ ! to assemble asymmetric SCs. The balancing of
the electrode mass will increase the working voltage but not
increase the specific capacity.’! It is difficult and time
consuming to find appropriate materials matching each
other which can be used for the electrodes of an asymmetric
SC. For Li-ion capacitors,”?! prelithiating anodes can be used
to enlarge the positive EPW for an increasing capacity,” but
they are inapplicable to conventional SCs. Therefore, we
consider that the adjustment of the electrode potential (EP) is
the general key to optimizing the EPW.

The EP depends on the surface charge density of the
electrode materials for the SCs.®! Therefore, it is feasible to
tune the EP through changing the surface charge density.
Electrochemical charge injection (ECI) as an available
method for electrically inducing large changes in the charge
density has been used to tune the bulk properties of materials,
that is, the optical, electrical, and magnetic properties.”’ The
mechanism of injecting charges into materials is the double-
layer adsorption of counter ions or the Faradic reaction with
counter ions through electrochemically charging the materials
in electrolytes. Here, we demonstrate that controlled ECI can
be used as an efficacious approach to tune the EP of electrode
materials by controlling their surface chemical structure for
optimizing their EPW. A series of SC devices based on
various carbon materials, including graphene, carbon nano-
tubes, and porous carbon, were studied. Benefiting from this
strategy, the energy density of the SCs can reach about 10
times the original values.

The carbon electrode materials used herein are chemically
derived graphene'” multi-walled carbon nanotubes
(MWCNTs), single-walled carbon nanotubes (SWCNTSs),
and hierarchical porous graphitic carbon (HPGC).!"!! Their
characterization is shown in Figure S1 and Table S1 in the
Supporting Information. Conventional symmetric SCs based
on these carbon materials were assembled using 1M LiPFy/
ethylene carbonate (EC)+ dimethyl carbonate (DMC) as
electrolyte. The SCs based on chemically derived graphene
will mainly be discussed below, and the performance of the
other carbon SCs are shown in Figures S2-S4.

As reported by others using the same electrolyte,"” our
results show that the working voltage of all the symmetric SCs
cannot be higher than 3 V, which is below the voltage window
of the electrolyte (4.5 V). A metal Li wire was used as a quasi-
reference electrode to monitor the EP variation during
charge/discharge. As shown in Figure 2a, the potential of
both electrodes measured at zero voltage (E,v) is about 3.5 V
vs. Li/Li" for the graphene SC. When the SC is charged by 3 V,
the negative EP decreases to 1.6 V vs. Li/Li*, and the positive
EP increases to 4.6 V vs. Li/Li*, which is already above the
upper potential limit of the electrolyte decomposition.
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graphene SC (Figure S5). This
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Li/Li* is the optimum E|y for the
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sity will be maximized after
tuning E,y, to this value. It is
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even for the same material in
different electrolytes. As shown
in Figures S2-S4b, the other
carbon materials do show differ-
ent E;y. These results further
indicate that the surface chemis-
try and microstructure of elec-
trode materials, such as surface
functional groups, surface area
and defects, and electrolytes are
critical for the EP tuning.
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Figure 2. Charge/discharge profiles (at 0.35 Ag™') of a) a conventional symmetric graphene SC and b) a
graphene SC with optimized EPW by shifting E,, down to 1.16 V vs. Li/Li*. c) Charge/discharge curves
of the graphene SC with optimized EPW at different current densities (1 C=175 mAg™"). d) Comparison
of the specific capacity of graphene in the SCs with and without optimized EPW.

Clearly, the working voltage is limited by the positive
electrode, which is due to the excessively high Egy. If the
E,y can be tuned downwards to widen the positive EPW and
shift the negative EPW downwards, the working voltage can
be extended to be as wide as the entire voltage window of the
electrolyte, and the specific capacity can be increased because
of the extended EPW of the electrodes, as illustrated in
Figure 1b. Both synergistically results in a much higher
energy density.

The charges stored at positive and negative electrodes are
equivalent:®! g=Q m,=0Q m_, where Q, and Q_ are the
specific capacities of positive and negative electrodes, and m,
and m_ are the masses of active material on each electrode.
Consequently, the specific capacity of a SC device can be
expressed as given in Equation (1).

. q _ 0.0
T mo+m. Q,+0_

o 1)

It is obvious that the maximum specific capacity of the SC is
achieved only when Q, = Q_ and m, =m_. According to the
energy density of SCs:['" E=1/2Q U, where U is the working
voltage; a SC will reach its maximum energy density, when its
two electrodes have the same specific capacity and its working
voltage is the whole voltage window of the electrolyte used.
As discussed, Q. and Q_ are dependent on the positive and
negative EPW. Therefore, we can adjust £,y tomake O, =0 _
and enlarge the working voltage to the whole voltage window
of the electrolyte. The way to determine the optimum Ey is
shown in the Supporting Information. The experimental
results show that when Ey is 1.16 V vs. Li/Li*, O, = Q_ in the
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a lithium-ion electrolyte as an
example, the variation of the
surface chemical structure and
EP with the amount of injected
charge is shown in Figure 3. As
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Figure 3. Variation of the surface chemical structure and the EP with
the amount of injected charge (per carbon atom) for a graphene
electrode in 1™ LiPF;/EC+ DMC electrolyte.

surface density of lithium ions absorbed on graphene by the
electric double layer increases, and hence the EP shifts
downwards. In addition to the non-faradic charge injection, as
the surface charge density further increases, a surface redox
reaction of lithium ions with graphene can take place. When
EP shifts to about 1.5V vs. Li/Li*, the surface oxygen
functional groups at the edge of graphene, such as carbonyl
(> C=0) or carboxyl (O—C=0), begin to be reduced to C-O-
Li.'® Between 1.0 and 0.5 V vs. Li/Li", the faradic adsorption
of lithium ions happens at the edges and defects of gra-
phene.'"I Below 0.5 V vs. Li/Li*, lithium ions can be adsorbed
onto the geometric center of benzene rings."?* Therefore, the
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different EP corresponds to the different surface chemical
structure of electrode materials.

In order to tune the EP, the ECI was adopted to control
the surface chemical structure of carbon materials. Two
identical graphene electrodes were separately assembled into
two half-cells. The positive one was discharged to 1.16 V and
then held at this voltage for 2 h to ensure the stabilization of
the injected charge in the electrode. The negative one was
first carried out with galvanostatic charge/discharge cycles in
the voltage range of 0.01-1.16 V until a stable solid-electro-
lyte interphase film was built on graphene and then held at
1.16 V for 2 h. After injecting the charge, the potential of both
electrodes was shifted to 1.16 V vs. Li/Li* because of the
formation of the corresponding surface chemical structure.
The EP of the other carbon materials was adjusted using the
same process. Finally, the two electrodes with tuning EP were
disassembled from the half-cells and assembled into a SC
device.

The SCs with the tuned E,y were tested by galvanostatic
charge/discharge under 4.3 V instead of 4.5V to avoid the
electrolyte decomposition at high current densities. The
potential profiles of the graphene SC are shown in Figure 2b
and c, and the other carbon SCs are shown in Figures S2-S4.
As expected, even under the high working voltage, all the SCs
can work very well at different current densities, and each
electrode operates in its optimum designed EPW. More
importantly, the specific capacity of the carbon materials in all
the SCs also remarkably increases because of the optimized
EPW (Figure 2d and Figures S2-S4d). In a conventional SC,
the capacity is only contributed by the double layer absorp-
tion of Li* or PF,” ions. After optimizing the EPW, however,
the additional faradic reactions mentioned before happen on
electrodes, which provide a large amount of faradic capacity.
Therefore, both the voltage window of the electrolytes and
the capacity of the active materials can be fully used after
optimizing the EPW.

Due to the simultaneous widening of the working voltage
and improvement of the specific capacity, the energy density
of the carbon SCs can reach about ten times the original
values, while a high power density is maintained at the same
time, as shown in the Ragone plot (Figure 4). It is obvious
that, after optimizing the EPW, the carbon SCs can store
a higher energy relative to the best values reported for SCs
and the value of Ni-MH batteries. The graphene SC can even
provide more energy than lithium-ion batteries at a high-
power output. Note that the carbon materials are used just as
diverse examples which have not been optimized yet; thus
further optimization of the electrode materials probably will
give rise to an improved performance. Moreover, it has been
proven that the SCs with optimized EPW have a long cyclic
life (Figure S6).

In summary, we demonstrate that tuning the EP by
controlled ECI to optimize the EPW is an efficacious strategy
for maximizing the energy density of SC devices. A series of
ultrahigh-energy carbon SCs were investigated by using this
strategy. Benefiting from the simultaneous achievement of
the maximum working voltage and specific capacity, the
energy density of all the SCs studied has been increased about
tenfold to a level close to that of lithium-ion batteries but
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Figure 4. Ragone plot of our carbon SCs with and without optimized
EPW (based on the total mass of the active material). The dots with
the number of the appropriate references represent the best reported
performances of the SCs based on graphene,! MWCNTs,"* and
HPGC!". The performance of conventional SCs, lithium-ion batteries
(LIBs) and Ni/MH batteries is estimated from the values in the
Ragone plot of a previous review paper™ by multiplying a factor of 3,
because the weight of the active material usually accounts for about
30% of the total mass of the packaged devices.!!

without loss in power delivery and cyclic stability. We believe
that our strategy is general and should be applicable to SCs
based on other aqueous or non-aqueous electrolytes and
other electrode materials, such as metal oxides and conduct-
ing polymers.
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