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(57) ABSTRACT

A high energy density asymmetric pseudocapacitor includes
a cathode plate, an anode plate, and a separator. The cathode
plate includes a first conductive substrate and a porous cath-
ode film formed on the first conductive substrate. The porous
cathode film includes a carbon nano-tube network and a plu-
rality of composite flakes. Each of the composite flakes con-
tains graphene, a transition metal compound and carbon
nano-tubes. The anode plate includes a second conductive
substrate and an anode film formed on the second conductive
substrate. The anode film contains graphene and carbon nano-
tubes.
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HIGH ENERGY DENSITY ASYMMETRIC
PSEUDOCAPACITOR AND METHOD OF
MAKING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority of Taiwanese Patent
Application No. 103114371, filed on Apr. 21, 2014,

FIELD OF THE INVENTION

[0002] This invention relates to a high energy density
asymmetric pseudocapacitor and a method of making the
same, more particularly to a high energy density asymmetric
pseudocapacitor including a cathode film that contains a car-
bon nano-tube network and a plurality of composite flakes.

BACKGROUND OF THE INVENTION

[0003] Electrochemical capacitors are characterized as
having advantages, such as the abilities to provide high power
and high energy, to charge and discharge speedily, and to
achieve a high capacity for electrical energy storage.

[0004] An asymmetric pseudocapacitor is one type of the
electrochemical capacitors, and stores electrical energy by
charging an interface between an electrode of the asymmetric
pseudocapacitor and an electrolyte through Faradaic reac-
tion.

[0005] FIG. 1 illustrates a conventional asymmetric
pseudocapacitor that includes an anode plate 11, a cathode
plate 12, and a separator 13 disposed between the anode plate
11 and the cathode plate 12.

[0006] The anode plate 11 includes a first conductive sub-
strate 111, an anode thin film 112 disposed on the conductive
substrate 111, and a first adhesive 113 disposed between the
first conductive substrate 111 and the anode thin film 112 to
adhere the anode thin film 112 to the first conductive substrate
111.

[0007] The cathode plate 12 includes a second conductive
substrate 121, a cathode thin film 122, and a second adhesive
123 disposed between the second conductive substrate 121
and the cathode thin film 122 to adhere the cathode thin film
122 to the second conductive substrate 121.

[0008] Themethod of making the conventional asymmetric
pseudocapacitor is described below:

[0009] (a) adhering the anode thin film 112 to the first
conductive substrate 111 through the first adhesive 113 to
form the anode plate 11;

[0010] (b) adhering the cathode thin film 122 to the second
conductive substrate 121 through the second adhesive 123 to
form the cathode plate 12; and

[0011] (c) disposing the separator 13 between the anode
thin film 112 and the cathode thin film 122.

[0012] Since the first and second adhesives 113, 123 are
nonconductive, charge-transfer resistances of the cathode
plate 12 and the anode plate 11 may undesirably increase,
thereby adversely affecting the performance and efficiency of
the conventional asymmetric pseudocapacitor.

[0013] Inorder to solve the above-mentioned problem, one
solution was proposed to form the anode thin film and the
cathode thin film directly and respectively onto the substrates
by electrophoretic deposition, so that the aforesaid first and
second adhesives 113, 123 can be omitted. In addition, in
order to increase electrophoretic mobility of an electrolyte, a
surfactant is normally added in the electrolyte. After the for-
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mation of the anode and cathode thin films, the electrolyte is
removed by evaporation. However, the surfactant cannot be
removed along with the electrolyte by evaporation and
remains on the anode and cathode thin films, which results in
an increase in the charge-transfer resistances of the anode
plate and the cathode plate.

SUMMARY OF THE INVENTION

[0014] Therefore, the object of the present invention is to
provide a high energy density asymmetric pseudocapacitor
with a porous cathode film that can overcome at least one of
the aforesaid drawbacks associated with the prior art.

[0015] According to one aspect of this invention, there is
provided a high energy density asymmetric pseudocapacitor
that comprises: a cathode plate including a first conductive
substrate and a porous cathode film that is formed on the first
conductive substrate, the porous cathode film including a
carbon nano-tube network and a plurality of composite flakes
dispersed in the carbon nano-tube network, each of the com-
posite flakes containing graphene, a transition metal com-
pound, and carbon nano-tubes; an anode plate including a
second conductive substrate and an anode film that is formed
on the second conductive substrate, the anode film containing
graphene and carbon nano-tubes; and a separator disposed
between the anode plate and the cathode plate.

[0016] According to another aspect of this invention, there
is provided a method of making a high energy density asym-
metric pseudocapacitor. The method comprises: (a) dispers-
ing a first composite powder and a carbon nano-tube powder
in a first solvent to form a first solution, the first composite
powder containing graphene, a transition metal oxide and
carbon nano-tubes; (b) disposing a first conductive substrate
in the first solution to deposita porous cathode film on the first
conductive substrate through electrophoresis; (c) dispersing a
graphene powder and a carbon nano-tube powder in a second
solvent to form a second solution; (d) disposing a second
conductive substrate in the second solution to deposit an
anode film on the second conductive substrate through elec-
trophoresis; and (e) disposing a separator between the anode
film and the porous cathode film.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Indrawings which illustrate an exemplary embodi-
ment of the invention,

[0018] FIG. 11is a schematic view of a conventional asym-
metric pseudocapacitor;

[0019] FIG.2isaschematic view of the exemplary embodi-
ment of a high energy density asymmetric pseudocapacitor
according to the present invention;

[0020] FIG. 3 is a scanning electron microscope (SEM)
image of a porous cathode film of the exemplary embodi-
ment;

[0021] FIG. 4 is aplotof a current density vs. voltage for a
cathode plate of an encapsulated asymmetric pseudocapaci-
tor of Example 1;

[0022] FIG. 5is a plot of a current vs. inverse ratio of the
square root ofa measurement time for the cathode plate of the
encapsulated asymmetric pseudocapacitor of Example 1;
[0023] FIG. 6isaplotofacurrentdensity vs. voltage for the
encapsulated asymmetric pseudocapacitor of Example 1;
[0024] FIG. 7 is a plot of capacitance durability vs. charge/
discharge cycle number for the encapsulated asymmetric
pseudocapacitor of Example 1; and
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[0025] FIG. 8 is a plot of an energy density vs. a power
density for the encapsulated asymmetric pseudocapacitor of
Example 1.

DETAILED DESCRIPTION OF THE
EXEMPLARY EMBODIMENT

[0026] FIG. 2 illustrates the exemplary embodiment of a
high energy density asymmetric pseudocapacitor according
to the present invention. The asymmetric pseudocapacitor
includes a cathode plate 2, an anode plate 3, and a separator 4.
[0027] The cathode plate 2 includes a first conductive sub-
strate 21, and a porous cathode film 22 that is formed on the
first conductive substrate 21.

[0028] FIG. 3 shows an SEM (scanning electron micro-
scope) image of the porous cathode film 22. The porous
cathode film 22 includes a carbon nano-tube network 221 and
a plurality of composite flakes 222 dispersed in the carbon
nano-tube network 221. Each of the composite flakes 222
contains graphene, a transition metal compound, and carbon
nano-tubes.

[0029] The anode plate 3 includes a second conductive
substrate 31, an anode film 32 that is formed on the second
conductive substrate 31. The anode film 32 contains graphene
and carbon nano-tubes.

[0030] The separator 4 is disposed between the anode plate
3 and the cathode plate 2.

[0031] Preferably, the first conductive substrate 21 of the
cathode plate 2 and the second conductive substrate 31 of the
anode plate 3 are made from nickel.

[0032] The method of making the exemplary embodiment
of the high energy density asymmetric pseudocapacitor
according to the present invention is described below.

[0033] The method includes the step of: (a) dispersing a
first composite powder and a carbon nano-tube powder in a
first solvent to forma first solution, the first composite powder
containing graphene, a transition metal oxide and carbon
nano-tubes; (b) disposing a first conductive substrate 21 in the
first solution to deposit a porous cathode film 22 on the first
conductive substrate 21 through electrophoresis, followed by
removing the first solvent from the porous cathode film 22; (c)
dispersing a graphene powder and a carbon nano-tube powder
in a second solvent to form a second solution; (d) disposing a
second conductive substrate 31 in the second solution to
deposit an anode film 32 on the second conductive substrate
31 through electrophoresis, followed by removing the second
solvent from the anode film 32; and (e) disposing a separator
4 between the anode film 32 and the porous cathode film 22.
Each of the first and second solvents serves as an electrolyte
during the electrophoretic deposition.

[0034] Thegraphene employed in step (a) and the graphene
powder employed in step (c) are prepared by oxidizing a
graphite powder to form a graphene oxide powder and reduc-
ing the graphene oxide powder to form a graphene powder
using a sodium hydroxide solution as a reducing agent.
[0035] Preferably, the transition metal oxide is manganese
dioxide. Each of the first solvent and the second solvent
contains hydrochloric acid and isopropanol for providing
hydrogen ions during the electrophoretic deposition.

[0036] Thehigh energy density asymmetric pseudocapaci-
tor may be encapsulated in a casing which is made from
Teflon and which is filled with a capacitor electrolyte made
from sodium sulphate.
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[0037] The following example is provided to illustrate the
exemplary embodiment of the invention, and should not be
construed as limiting the scope of the invention.

Example 1

[0038] A graphite powder was subjected to oxidation to
form a graphene oxide powder using a Hummers process. 100
g of the graphene oxide powder was then dispersed in 50 ml
deionized water through ultrasonication to form a brown
solution.

[0039] A sodium hydroxide solution having a pH value of
14 was mixed with the brown solution at a temperature of 95°
C. for 30 minutes to form a reduced graphene, followed by
drying at a temperature of 110° C. The reduced graphene was
then annealed at a temperature of 750° C. in a gas containing
hydrogen and argon to form a graphene powder.

[0040] 0.54 g of the graphene powder and 0.06 g carbon
nano-tubes were mixed in the de-ionic (DI) water (50 mL)
and were dispersed by ultrasonic agitation for 30 min. Then,
30 ml of 0.005 M KMnO,, aqueous solution was added into
the homogeneous graphene powder/carbon nano-tubes dis-
persion drop by drop at room temperature, followed by stir-
ring for 6 hours until a purple color of the dispersion was
disappeared. Finally, the first composite powder was obtained
via filtering the solution. The first composite powder was then
rinsed with DI water and was dried in an oven at 110° C. for
12 hours.

[0041] 0.095 g of the first composite powder, 0.05 g of a
carbon nano-tube powder, and 0.2 ml of 37 wt % hydrochloric
acid were mixed with 80 ml isopropanol, followed by ultra-
sonication to forma first solution.

[0042] A nickel plate and a platinum plate, which respec-
tively serve as an electrophoresis cathode and an electro-
phoresis anode, were placed at a distance of 1 cm in the first
solution to perform electrophoretic deposition of a porous
cathode film on the nickel plate. The electrophoretic deposi-
tion was conducted for 2 minutes under a 50V DC voltage.
[0043] The formed porous cathode film along with the
nickel plate was dried in an oven at a temperature of 120° C.
for 12 hours to obtain the cathode plate. The weight of the
porous cathode film was 0.55 mg.

[0044] 0.05 g of a carbon nano-tube powder and 0.2 ml of
37 wt % hydrochloric acid were added into 80 mlisopropanol
with 0.05 g of graphene, followed by ultrasonication to form
a second solution.

[0045] A nickel plate and a platinum plate, which respec-
tively serve as an electrophoresis cathode and an electro-
phoresis anode, were placed at a distance of 1 cm in the
second solution to perform electrophoretic deposition of an
anode film on the nickel plate. The electrophoretic deposition
was conducted for 2 minutes under a S0V DC voltage.
[0046] The formed anode film along with the nickel plate
was dried in an oven at a temperature of 120° C. for 12 hours
to form the anode plate. The weight of the anode film was 2.7
mg.

[0047] A separator (DuPont™ Nafion® NRE211 mem-
brane) was disposed between the anode plate and the cathode
plate to form the asymmetric pseudocapacitor of Example 1.
[0048] FIG. 4 is a C-V (Current density-Voltage) plot for
the cathode plate of Example 1 under different scan rates. The
measurement of C-V curves of the cathode plate of Example
1 was conducted using a three-electrode cell system for evalu-
ating the electrochemical behavior of an internal half cell of
the cathode plate. The three-electrode cell system includes
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the cathode plate serving as a working electrode, a platinum
metal plate serving as an auxiliary electrode, a calomel elec-
trode serving as a reference electrode, and an electrolyte of
sodium sulfate which has a concentration of 0.1 M. FIG. 4
shows that the C-V curves appear to be a near-ideal symmet-
ric rectangular profile under a scan rate ranging from SmVs™
t0 500 mVs™".

[0049] FIG.5isaplotofCottrell current (i) vs. inverse ratio
of the square root of time (1/t"?) for measuring diffusion
coefficients for intercalation and deintercalation of sodium
ions on the cathode plate of Example 1. The measured Cottrell
current can be used to calculate the diffusion coefficients for
intercalation and deintercalation based on Cottrell equation.
The measurement was conducted using 0.1M sodium sulfate
solution. The diffusion coefficients for intercalation and
deintercalation of the sodium ions on the cathode plate are
6.34x1077 cm®s~" and 8.86x10 cm?s™", respectively.

[0050] FIG. 6 is a C-V plot of current density vs. voltage
under different scanrates for the asymmetric pseudocapacitor
of Example 1. The asymmetric pseudocapacitor of Example 1
was encapsulated in a casing which was made from Teflon
and which was filled with an electrolyte of 0.1 M sodium
sulfate. FIG. 6 shows that the C-V curves appear to be a
near-ideal symmetric rectangular profile under a scan rate
ranging from 25 mVs™ to 500 mVs™'.

[0051] FIG. 7 is a plot of capacitance durability
(durability=C/C_x100%, where C, is the initial capacitance
and C is the capacitance after a predetermined number of
charge/discharge cycles) vs. number of charge/discharge
cycles for the asymmetric pseudocapacitor of Example 1.
FIG. 7 shows that the capacity durability maintains at about
89% after 10000 charge/discharge cycles for the asymmetric
pseudocapacitor of Example 1.

[0052] FIG. 8 is a plot of energy density vs. power density
for the asymmetric pseudocapacitor of Example 1. FIG. 8
shows that the asymmetric pseudocapacitor of Example 1 has
an energy density of about 304.1 Whkg™ and a power density
of about 83.8 kWkg ™" under a current density of 0.55 Ag™" at
an operation voltage of 1.8V, and has an energy density of
about 171.2 Whkg™" and a power density of about 226.5
kWkg™" under a current density of 6.5 Ag™".

[0053] With the inclusion of the porous cathode film in the
high energy density asymmetric pseudocapacitor of the
present invention, the aforesaid drawbacks associated with
the prior art can be alleviated.

[0054] While the present invention has been described in
connection with what are considered the most practical
embodiment, it is understood that this invention is not limited
to the disclosed embodiments but is intended to cover various
arrangements included within the spirit and scope of the
broadest interpretation and equivalent arrangements.
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What is claimed is:

1. A high energy density asymmetric pseudocapacitor
comprising;

a cathode plate including a first conductive substrate and a
porous cathode film that is formed on said first conduc-
tive substrate, said porous cathode film including a car-
bon nano-tube network and a plurality of composite
flakes dispersed in said carbon nano-tube network, each
of said composite flakes containing graphene, a transi-
tion metal compound, and carbon nano-tubes;

ananode plate including a second conductive substrate and
an anode film that is formed on said second conductive
substrate, said anode film containing graphene and car-
bon nano-tubes; and

a separator disposed between said anode plate and said
cathode plate.

2. The high energy density asymmetric pseudocapacitor of
claim 1, wherein said first conductive substrate of said cath-
ode plate and said second conductive substrate of said anode
plate are made from nickel.

3. The high energy density asymmetric pseudocapacitor of
claim 1, wherein said transition metal compound is manga-
nese dioxide.

4. A method of making a high energy density asymmetric
pseudocapacitor, comprising:

(a) dispersing a first composite powder and a carbon nano-
tube powder in a first solvent to form a first solution, the
first composite powder containing graphene, a transition
metal oxide and carbon nano-tubes;

(b) disposing a first conductive substrate in the first solu-
tion to deposit a porous cathode film on the first conduc-
tive substrate through electrophoresis;

(c) dispersing a graphene powder and a carbon nano-tube
powder in a second solvent to form a second solution;

(d) disposing a second conductive substrate in the second
solution to deposit an anode film on the second conduc-
tive substrate through electrophoresis; and

(e) disposing a separator between the anode film and the
porous cathode film.

5. The method of claim 4, further comprising oxidizing
graphite powder to form a graphene oxide powder and reduc-
ing the graphene oxide powder to forma powder of graphene
using a sodium hydroxide solution as a reducing agent prior to
step (a).

6. The method of claim 4, wherein the first conductive
substrate and the second conductive substrate are made from
nickel.

7. The method of claim 4, wherein the transition metal
oxide is manganese dioxide.

8. The method of claim 4, wherein each of the first solvent
and the second solvent contains hydrochloric acid and iso-
propanol.



