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Enhanced electrochemical properties of cerium
metal—organic framework based composite
electrodes for high-performance supercapacitor
applicationfy

Rajendran Ramachandran,® Wenlu Xuan,® Changhui Zhao,?® Xiaohui Leng,?®
Dazhi Sun,® Dan Luo® and Fei Wang () *abd

Cerium metal—organic framework based composites (Ce-MOF/GO and Ce-MOF/CNT) were synthesized
by a wet chemical route and characterized with different techniques to characterize their crystal nature,
morphology, functional groups, and porosity. The obtained Ce-MOF in the composites exhibit a nanorod
structure with a size of ~150 nm. The electrochemical performance of the composites was investigated
in 3 M KOH and 3 M KOH + 0.2 M KsFe(CN)g electrolytes. Enhanced electrochemical behavior was
obtained for the Ce-MOF/GO composite in both electrolytes and exhibited a maximum specific
capacitance of 2221.2 F g~* with an energy density of 111.05 W h kg~* at a current density of 1 A g™,
The large mesoporous structure and the presence of oxygen functional groups in Ce-MOF/GO could
facilitate ion transport in the electrode/electrolyte interface, and the results suggested that the Ce-MOF/
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Introduction

Electrochemical capacitors or supercapacitors are a type of
energy storage device which could combine the benefits of the
high specific power of conventional capacitors and the high
specific energy of rechargeable batteries. The significant
features of the supercapacitors are the ability to charge/
discharge quickly with high energy and power density, and
long cycle life.*”* According to the mechanism of charge storage,
supercapacitors can be categorized into electric double layer
capacitors (EDLCs) and pseudocapacitors.* Usually, pseudoca-
pacitance originates from the fast faradic redox reactions of
transition metal oxides, sulfides and conducting polymers,>®
while EDLCs are the result of non-faradic charge accumulation
at carbon based electrode/electrolyte interfaces.>® Currently,
a majority of commercial supercapacitors are assembled from
hybrid electrodes by combining pseudocapacitive materials
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GO composite could be used as a high-performance supercapacitor electrode material.

with carbonaceous materials."* The synergistic effects of these
hybrid electrodes not only have the advantage of the high
conductivity and flexibility of carbon materials but also can
efficiently utilize the high specific capacitance of the pseudo-
capacitive elements, thus improving the electrochemical prop-
erties.”»'* Therefore it is well recognized that the electrode
material is essential when it comes to determining the perfor-
mance of supercapacitors.

Very recently, metal-organic frameworks (MOFs), as
a unique class of energy storage materials, have continuously
drawn great interest in the investigation of supercapacitor
electrodes due to their large specific surface area, controllable
microporous structure and tunable pore size, and incorporated
redox metal centers."*** MOFs have been employed to super-
capacitor electrodes in two ways. First, it could be used directly
as an electrode material; and secondly, MOFs derived materials
such as metal oxides, nanoporous carbon and their composite
materials can be developed.'**® Furthermore, when directly
used as electrode materials depending on incorporating pseu-
docapacitive redox centers, the bare MOFs can allow more
active sites and facilitate faster ion transport between electrode
and electrolyte.” Up to date, several MOF and MOF derived
materials have been studied for supercapacitor applications,
such as Co*’, Zn*', Ni*?>, Cd**, Mn** and bimetallic like Co/Zn**,
etc. However, the lousy electrolyte flexibility of MOFs and MOFs
derived materials may cause the poor stability during charge/
discharge process, which has been considered as a major
constraint in supercapacitors.® Fortunately, MOF with carbon

This journal is © The Royal Society of Chemistry 2018
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materials like graphene, graphene oxide and CNT could
increase the electrochemical performance for supercapacitors;
and therefore, the research direction has been turned to making
MOF/carbon composites.”” > Recently, Wen et al., have reported
Ni-MOF/CNT composite for supercapacitor applications with
the energy density of 36.6 W h kg™ '.>° Saraf et al.,** have studied
the electrochemical properties of Cu-MOF with rGO and re-
ported that the addition of rGO remarkably enhanced the
capacitance behavior of Cu-MOF with great cyclic stability. The
MOF/carbon material combinations not only facilitated the
utilization of the active sites during the electrochemical
performance but also enhanced the mechanical strength and
electrical conductivity synergistically.

Utilization of some redox additives in the electrolyte is
another approach to enhance the specific capacitance of elec-
trode materials. The capacitance can increase via redox reac-
tions of the additives between the electrode and electrolyte
interfaces. Up to date, there are several types of redox additives
like  hydroquinone,® iodide,®® m-phenylenediamine,**
K;Fe(CN)g (ref. 35) and recently redox-additive polymers® have
been reported for supercapacitor applications. The effect of the
migration of redox species between electrode and electrolyte
interfaces is the primary characteristic to improve the pseudo-
capacitance and cyclic stability. Among various redox additives,
K;Fe(CN)g has been identified as an excellent choice because its
different oxidation/reduction states can facilitate multiple
redox activities during electrochemical process. Besides, the
redox pair of Fe(CN)s> /Fe(CN)s'~ can decrease the charge
transfer resistance of KOH electrolyte which allows fast electron
transportation.®”

In this paper, we have proposed a room temperature wet
chemical synthesis of Ce-MOF/GO and Ce-MOF/CNT compos-
ites, and have investigated their electrochemical properties in
3 M KOH and 3 M KOH + 0.2 M K3Fe(CN), electrolytes. It has
been observed that the presence of GO in Ce-MOF could
remarkably improve the specific capacitance and energy density
of Ce-MOF rather than CNT. The obtained Ce-MOF/GO
composite exhibits a maximum specific capacitance of 233.8
and 2221.1 F g~ ' in 3 M KOH and 3 M KOH + 0.2 M K;Fe(CN),
electrolytes, respectively. This fact is due to the pseudocapaci-
tance contribution of oxygen functional groups in GO.

Experiment method

Materials

Ceirum(u) nitrate hexahydrate (Ce(NOj),-6H,0), 1,3,5-tricar-
boxylic acid (H3BTC), ethyl alcohol, potassium hydroxide
(KOH), potassium hexacyanoferrate(m) (K;[Fe(CN)g]) were
purchased from Sigma-Aldrich. Graphene oxide and carbon
nanotube were purchased commercially from XFNANO, China.
All the solutions were prepared using Milli-Q water (pH 7.2)

Synthesis of Ce-MOF, Ce-MOF/GO and Ce-MOF/CNT

The Ce-MOF based composites were prepared with little alter-
ation of literature.*® In a typical process, 0.5 mM of H;BTC was
dissolved in 20 ml of water/ethanol mixture (3 :1 v/v), and
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5 wt% of graphene oxide was added into the above solution and
sonicated for 30 min. Finally, 2 mM of (Ce(NOs),-6H,0) in
20 ml of water/ethanol mixture (3:1 v/v) was added and
continued stirring for 30 min. Then, the solution was stabilized
in a beaker for a whole night, and the final precipitate was
washed several times with ethanol and dried at 80 °C in the
vacuum oven for 12 h. The resultant MOF was named as Ce-
MOF/GO. Ce-MOF/CNT and pure Ce-MOF were also prepared
with and without CNT, respectively.

Materials characterization

X-ray diffraction system (Rigaku Smartlab) was used with Cu-Ko.
radiation (A = 1.540 A). Step scanning was done with 24 inter-
vals from 6° to 55°. The surface morphologies of the samples
were characterized by using scanning electron microscope
(Zeiss Merlin) and transmission electron microscope (Tecnai
F30). The N, isotherm of the samples was measured using by
BET ASAP 2020.

Electrochemical measurements

All the electrochemical measurements were carried out in an
electrochemical analyzer (CHI 660 E work station). The poten-
tials were measured concerning Ag/AgCl (sat.KCl) as the refer-
ence. Ni foam (purchased from Cabot, USA) and Pt wire were
used as the working and counter electrode respectively. The
cyclic voltammetry was conducted at various scan rates in the
potential range from 0 to 0.5 V. The working electrode was made
as follows: in brief, a known amount of active material was
dispersed in 5 weight% of Nafion and ethanol mixture. The total
surface area coated with active material was 1 x 1 cm?. The
mass of the active material of electrode was 2 mg cm 2. Then,
the electrode was dried at 80 °C for 12 h. Then the electrodes
were immersed in KOH electrolyte for 6 h. Cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) and electro-
chemical impedance spectroscopy (EIS) studies were carried out
in 3 M KOH and 3 M KOH + 0.2 M K3Fe(CN)s electrolyte solu-
tions under ambient conditions. ECLab software was used for
fitting the EIS spectrum.

Results and discussion

The crystallinity and phase purity of as prepared Ce-MOF, Ce-
MOF/CNT, and Ce-MOF/GO samples were investigated using
a powder X-ray diffraction. From the Fig. 1(a), all the diffraction
peaks of Ce-MOF are sharp and clear, which confirms that the
prepared MOFs have excellent crystallinity. All the diffraction
peaks were in good agreement with the XRD pattern of previous
reports in the literature.*®?*® Moreover, no peaks associated with
any impurity ions were recognized implying that the high phase
purity. Furthermore, the diffraction peaks of Ce-MOF/CNT and
Ce-MOF/GO shows the Ce-MOF characteristic only, suggesting
that the CNT and GO has not affected the crystal structure of the
Ce-MOF.

The functional groups of Ce-MOF and its composites are
shown in Fig. 1(b). The broader peak from 3300-3400 cm ™" was
attributed to the stretching vibrations of OH™, which validates
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Fig. 1 (a) XRD patterns of Ce-MOF composites (b) FTIR spectrum of (i)

Ce-MOF (i) Ce-MOF/CNT and (ii) Ce-MOF/GO composite (c)
nitrogen adsorption—desorption isotherms of Ce-MOF composites
and (d) Barrett—Joyner—Halenda (BJH) pore size distribution curves
Ce-MOF composites.

that the physically bonded water molecules in MOF during the
deprotonation of the solvent.* It is observed that the strong
bands appear in the region of 1611-1553 cm™' and 1432-
1369 cm~ ' which were assigned to the stretching vibrations
V,45(-COO™) and v4(-COO™) of the carbonate ions. The peak at
532 cm ! indicates that the stretching vibration of Ce-0.*' It
could be seen that the same characteristic bands of Ce-MOF
appeared in Ce-MOF/GO and Ce-MOF/CNT composites, which
suggests that the Ce-MOF has been grafted on the surface of
CNT and GO. A similar report has been proposed previously.**
To know about the presence of oxygen functional groups in GO,
FTIR investigation has been done for bare GO, and the spec-
trum is shown in Fig. S1.f The strong bands at 1725 and
1624 cm " corresponds to C=O stretching vibration and C=C
stretching mode of COOH groups in GO. There are two weak
bands at 1055 and 1217 cm™*, which attributed to the C-O
bending and C-O stretching vibrations in GO.*
Brunauer-Emmett-Teller ~(BET) adsorption/desorption
measurements were conducted to investigate the specific
surface area and the pore size distribution of the samples. The
N, adsorption isotherms (Fig. 1(c)) are a typical IV-type curve
with a distinct hysteresis loop in the range of 0.8-1.0 P/P,,
indicating the occurrence of mesoporous and macroporous
structures.** The BET surface area is measured to be 7.10, 22.86
and 18.83 m? g’1 for Ce-MOF, Ce-MOF/CNT and Ce-MOF/GO,
respectively. The results were further confirmed with Barrett-
Joyner-Halenda (BJH) pore size distribution curves which are
shown in Fig. 1(d). The BJH curves show peaks centered at
around 3.8 nm, which suggests the existence of mesoporous
structure in Ce-MOF. The intensity of the centered differential
pore volume peak of Ce-MOF/GO is higher than that of other
samples, exhibiting an improvement of mesoporous structure.
Besides, the other peak of all the samples centered at ~30 nm
indicates the larger pore structure, which mainly comes from
voids between the nanorods.*® The small intensity peak of Ce-
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MOF indicates that the aggregation of nanorods might reduce
the voids, surface area and leads to weak electrochemical
performance. Though the BET surface area of Ce-MOF/GO is
smaller than Ce-MOF/CNT, the large mesoporous structure and
the presence of the oxygen functional groups in GO can
promote the electron transfer at the electrode/electrolyte inter-
face, thus increase the electrochemical performance.

The morphology of the as-prepared samples was identified
with SEM analysis. Fig. 2 shows the SEM images of Ce-MOF/GO
and Ce-MOF/CNT. As evidenced from the SEM images, the ob-
tained Ce-MOFs in GO and CNT are uniform sized nanorod
structure with diameters of ~150 nm and lengths of a few
micrometer. It could be observed that some of CNT's in Ce-
MOF/CNT (Fig. 2(b)) aggregated due to van der Waal's force of
interactions.*® The EDS spectrum confirms the presence of Ce, C
and O (Fig. 2(c) and (f)), and the mapping images (Fig. S2 and
S31) shows the atomic distribution of Ce, C and O in Ce-MOF
composites. From Fig. 2(d) and (e), the Ce-MOF nanorods
were deposited on the surface of graphene oxide sheets, and
these results were further confirmed with TEM analysis. The
wrinkle graphene oxide sheets were decorated by the Ce-MOF
nanorods with uniform size (Fig. 3). The deposited nanorods
can also act as the spacer and avoid the restacking of GO sheets.
On the other hand, the GO sheets can help to prevent the Ce-
MOF nanorods from the aggregation. Both SEM and TEM
measurements have showed the high aggregation of CNT as
well as nanorods of Ce-MOF in Ce-MOF/CNT sample. The Ce-
MOFs nanorods in Ce-MOF/GO composite are anchored
strongly onto the GO sheets with no sign of aggregation. This
result shows that there is a strong interaction between the GO
sheet and the Ce-MOF nanorods, which will facilitate electron
transport through graphene oxide sheets to Ce-MOF nanorods
and thereby enhance the electrochemical performance.

To estimate the supercapacitive behavior of the prepared
electrodes, cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) and electrochemical impedance spectroscopy
(EIS) were examined. Fig. 4 shows the cyclic voltammetry
behavior of Ce-MOF and Ce-MOF composites in 3 M KOH, and
3 M KOH + 0.2 M K3Fe(CN); electrolytes at different scan rates. A
pair of redox peaks were discerned in the CV curves of all

©

Fig. 2 (a, b) SEM images of Ce-MOF/CNT composite, (c) EDS spec-
trum of Ce-MOF/CNT (d, e) SEM images of Ce-MOF/GO composite; (f)
EDS spectrum of Ce-MOF/GO.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 TEM images of (a-c) Ce-MOF/GO and (d-f) Ce-MOF/CNT
composites.

electrode, which reveals that the pseudocapacitive behavior
emerged from the surface redox reactions.”” The sharp and well
redox peaks of Ce-MOF can be directly attributed to the faradic
reactions of the different oxidation states of Ce and the process
can be described by the following equations. A similar process
was proposed to explain the redox reaction of Co-MOF.**

Ce(m); + OH™ < Ce(1)(OH),q + ¢~ (1)

Ce(in)(OH)q > Ce(t)(OH)q + ¢~ @
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Fig. 4 (a) Cyclic voltammetry response in 3 M KOH electrolyte (i) Ce-

MOF (ii) Ce-MOF/CNT (iii) Ce-MOF/GO composites. (b) Cyclic vol-
tammetry response in 3 M KOH + 0.2 M K3(Fe(CN)g) electrolyte (i) Ce-
MOF (ii) Ce-MOF/CNT (jii) Ce-MOF/GO composites.
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The broad redox peaks and the high current response of CV
curves in 3 M KOH + 0.2 M K;3Fe(CN), electrolyte suggested
more capacitive behavior of the electrodes. This fact can be
attributed to the faradic redox reaction of Fe(CN)s when redox
additive was added to KOH and the possible mechanism is
shown as follows,*®

[Fe(CN)o]'” + e © [Fe(CN)o|* ®)

The integral area of the CV curve reflects the amount of real
capacitance behavior of the electrodes.® The large area and
current of CV curves in 3 M KOH + 0.2 M K;Fe(CN), electrolyte,
which indicates that the [Fe(CN)¢]> /[Fe(CN)e]*~ redox couple
directly gives an additional pseudo capacitance contributions to
the electrodes. Hence the electrodes exhibited more capacitive
behavior.

The galvanostatic charge and discharge (GCD) study is the
most direct strategy to characterize the performance of the
electrode materials for supercapacitors. Fig. 5(a)-(d) and 6(a)-
(d) shows the charge-discharge curves of the electrodes at
different current densities in 3 M KOH and 3 M KOH + 0.2 M
K;Fe(CN)g electrolyte, respectively. It can be seen that charge-
discharge curves of all the electrodes are non-triangle shape and
exhibit plateaus at a potential of ~0.2 V in the discharge curves,
indicating the existence of pseudo capacitance behavior®* due to

o 05 = 05
2 1to15A¢g! A (d) — Ce-MOF
<\t 0.4 (a) < 04 —— Ce-MOF/CNT
B3 = — Ce-MOF/GO
< 03 2 o3t ¢
@
5 0.2 [ Y )| O . SR
o~
< 01 2 ol
£ 00 g 00
2.0 g o1}
=]
~ 02 i 7 T T S & 02 i i i
0 20 40 60 80 100 120 140 160 0 100 200 300 400
Time (s) Time (s)
g 03 250
) 1to15Ag? ° r
oy T ©
08 \ £ 200}
—1Ag <9
%02 i s~
S =" 2D sz
—3ag? —4—Ce-]
? 0.1 —ng ) b & sof —e—Ce-MOF/GO
% o0 - £ .
= —sag! 8
2 .01 “oaxt 2 10}
& oL A L ® i \H“\"——« i
) 50 100 150 200 0 2 4 6 8 10 12 14 16
Time (s) Current density (A g?)
- 0.5
Q 1to15A gt = 100f
2o ©| £ ®
= = 95
o0 03 5
< - £ ol
2 02 =
SR g e85
et I
= = 80
£ 00 H —a—Ce-MOF
5 .01 £ 75}  —*—CeMOF/CNT
s 3 —e—CeMOF/GO
£ 02 i i i 70 e M i i i
0 100 200 300 400 0 1000 2000 3000 4000 5000
Time (s) Cycle Number

Fig. 5 Galvanostatic charge/discharge behavior in 3 M KOH electro-
lyte. (a) Ce-MOF (b) Ce-MOF/CNT (c) Ce-MOF/GO (d) comparison of
galvanostatic charge—discharge curve at 1 A g~ current density (e)
specific capacitance plot of Ce-MOF composites and (f) specific
capacitance retention behavior at 3 A g~! current density.
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Fig. 6 Galvanostatic charge/discharge behavior in 3 M KOH + 0.2 M
Kz(Fe(CN)e) electrolyte. (a) Ce-MOF (b) Ce-MOF/CNT (c) Ce-MOF/GO
(d) comparison of galvanostatic charge—discharge curve at 1 A g*
current density (e) specific capacitance plot of Ce-MOF composites
and (f) specific capacitance retention behavior at 3 A g~ current
density.

the faradic redox reaction of Ce*'/Ce®" with OH ™, which is also
consistent with the CV measurements.

When redox additive was added to KOH, the plateaus
potential was shifted to ~0.18 V in the discharge process
(Fig. 6(d)), corresponding to the redox reaction of K;Fe(CN)g
(ref. 52) which proves that the pseudocapacitance contribution
of the redox additive also involved in the total capacitance of the
electrode.

The specific capacitance of electrode materials is calculated
from galvanostatic discharge curves according to the following
equation,®

I X At

Co= ———
AV xm

(4)
where i is the constant current (A) of the charge-discharge
process; At is the discharge time (s), AV is the potential window
(V) and m is the mass of active material on the electrode (g).

A maximum specific capacitance of 94.8, 129.6 and 233.8 F
g~ " was obtained in KOH electrolyte for Ce-MOF, Ce-MOF/CNT
and Ce-MOF/GO, respectively, at a current density of 1 A g~ .
Obviously, the specific capacitances of the electrodes were
improved after the addition of K;Fe(CN)e in KOH, which were
calculated as 1116.3, 1367 and 2221.2 F g~ * for Ce-MOF, Ce-
MOF/CNT, and Ce-MOF/GO, respectively. The reduction in
specific capacitance at high current density is probably due to
the unfavorable approachability of the electrolyte ions into the
inner active sites of the electrode; ie., the electrodes are
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inadequate to support complete redox reactions at higher
current density because of the lower diffusion rate of OH™ ions
into the electrodes.” As seen from Fig. 6(a)-(d), the decreased IR
drop in the discharge curve suggests that the electrochemical
performance is enhanced by 3 M KOH + 0.2 M K;Fe(CN), elec-
trolyte. Due to higher ionic conductivity and better redox
behavior of K3Fe(CN)s, the electron transportation increases
which results in higher specific capacitance.”® It should be
remarked that a proportion of the redox species in the electro-
Iyte will also participate in the electrode during charge/
discharge process. So, the mass of those redox species should
be considered for specific capacitance measurements.*® As the
evidence of Fig. 5(e) and 6(e), the specific capacitance of Ce-
MOF can be enhanced more significantly with GO than with
CNT in both electrolytes. This could be due to the redox activ-
ities of the oxygen functional groups which present in GO. The
oxygen functional groups in GO such as carbonyl, carboxyl and
quinone contribute to the pseudocapacitance. The faradic redox
reaction of carboxyl and phenol groups can be expressed as
follows,7:%8

~COOH + OH™ © —-COO + H,0 + e~ (5)
SC-OH + OH < C=0 + H,0 + ¢~ (6)

Furthermore, when the current density is increased, the
specific capacitance of the electrodes decreases due to the less
interaction between electrode and electrolyte ions at higher
current densities. In other words, at lower current density the
electrolyte ions can easily diffuse into all possible spaces in the
electrode surface, which leads to enough insertion reactions.*

Long cycle life is one of the major requirements for practical
applications of the electrode materials. To study the cyclic
stability of the electrodes, an endurance test was conducted
using galvanostatic charging/discharging cycles at 3 Ag~'. From
Fig. 5(f) and 6(f), Ce-MOF/GO electrode shows higher capaci-
tance retention than pure Ce-MOF and Ce-MOF/CNT electrodes,
which indicates good rate capability and excellent electro-
chemical cyclic stability. All the electrodes in 3 M KOH + 0.2 M
K;Fe(CN); electrolyte show good long-term cycle life and exhibit
superior electrochemical stability than the pure KOH electro-
lyte, which indicates that the addition of 0.2 M K3;Fe(CN), to the
electrolyte has remarkably enhanced the specific capacitance of
electrodes, but also improved the cyclic stability. Coulombic
efficiency is an essential circumstance which represents the
stability of electrode materials through the charge-discharge
process. The coulombic efficiency of electrode is estimated
according to the formula,*

n= " 100 )
tC
where, ¢4 is discharge time (s) and ¢, is charging time (s). As seen
in Fig. 7(a), the initial coulombic efficiencies of all electrodes
are low, which is due to agglomeration of Ce-MOF nanorods
and re-stacking of GO and CNT. Compared with 3 M KOH
electrolyte, the coulombic efficiencies of all the three electrodes
are higher in 3 M KOH + 0.2 M K;Fe(CN), electrolyte (Fig. 7(c)).

This journal is © The Royal Society of Chemistry 2018
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Fig.7 (a) Coulombic efficiency in 3 M KOH electrolyte (b) Ragone plot

of Ce-MOF composite in 3 M KOH electrolyte (c) coulombic efficiency
in 3 M KOH + 0.2 M Ks(Fe(CN)g) electrolyte (d) Ragone plot of Ce-MOF
composite in 3 M KOH + 0.2 M Ks(Fe(CN)g) electrolyte.

When the electrode is charged from —0.2 to 0.4 V, only Ce-MOF
and the composites are involved in redox process (Ce(u) to
Ce(m)). During reverse potential (0.4 to —0.2 V), the trans-
formation of Ce(m) to Ce(u) takes place. Besides, hex-
acyanoferrate(m) ion also undergoes redox process; i.e., there
are two faradic redox reactions of Fe(CN),> /Fe(CN)s*~ occur-
ring simultaneously during the discharge process.®* Thus, the
discharge time is much longer than charging time, resulting in
higher coulombic efficiency.

The morphology of Ce-MOF, Ce-MOF/GO and Ce-MOF/CNT
electrodes were studied before and after 5000 cycles at
a current density of 3 A g~ " in 3 M KOH. As shown in Fig. $4,}
there were no significant changes in electrode's morphology
even after long charging/discharging process indicates the good
stability.

Fig. 7(b) and (d) shows the energy and power density of Ce-
MOF composites in 3 M KOH and 3 M KOH + 0.2 M
K;(Fe(CN)g) electrolytes, and it is calculated by the following
equations,*®

1, 1
E= ECV X 3600 (8)

. g X 3600 ©)

Maximum energy density and power density of
11.96 W h kg~ " and 4.497 kW kg~ ' was obtained for Ce-MOF/GO
electrode, respectively. The energy density of Ce-MOF/GO is
higher than that of Ce-MOF and Ce-MOF/CNT, which mainly
benefits from the high specific capacitance. The energy density
of Ce-MOF/GO was improved to 111.05 W h kg™ " after addition
of 0.2 M K;Fe(CN)g to KOH, implying that Ce-MOF/GO electrode
in 3 M KOH + 0.2 M K;Fe(CN), electrolyte could be used in high
performance supercapacitor device.

This journal is © The Royal Society of Chemistry 2018
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Electrochemical impedance spectroscopy was investigated to
examine the frequency dependent charge transport phenom-
enon in the electrodes. Fig. 8(a) and (c) shows the Nyquist plot
of Ce-MOF composite electrodes measured with an AC pertur-
bation of 0.1 V in the frequency range from 1 Hz to 10° Hz. A
semicircle region could not be recognized at high frequency
region which is attributed to the low faradic charge transfer
resistance® and the vertical line at low frequency region shows
the ideal capacitive behavior of the electrodes.®® It is noticed
that the vertical line of Ce-MOF/GO electrode at low frequency is
approaching to the imaginary axis, indicating better pseudo-
capacitance behavior than other electrodes, which is probably
due to the pseudocapacitance contribution of oxygen functional
groups in GO. Bode plot phase angles as function of the
frequency of the electrodes in 3 M KOH and 3 M KOH + 0.2 M
K3Fe(CN)e electrolytes are shown in Fig. 8(b) and (d), respec-
tively. The phase angles of all the electrodes lie in the range of
50-70° at low frequency (<100 Hz), which suggests the redox and
ideal capacitive behavior of the electrodes.®* The phase angle is
slightly higher for Ce-MOF/GO in both electrolytes, probably
due to the broader pseudocapacitance behavior, which is
consistent with the results obtained from CV and GCD
measurements. When the frequency is increased (100-10° Hz),
the phase angle decreases rapidly, and it reached ~zero at the
frequency region 10*-10° Hz. This fact can be associated to the
less adsorption of the electrolyte ions onto the electrode
surface, which leads to less accessible sites in the electrode.
Therefore, the resistive component is dominant rather than the
capacitive behavior, which reveals phase angle of ~zero at the
high frequency region.

The Ce-MOF/GO composite electrode exhibited an enhanced
electrochemical performance in 3 M KOH + 0.2 M K;Fe(CN)s
electrolyte, and this can be attributed to the following features. (1)

@)
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Fig. 8 (a) Nyquist plot and (b) Bode phase angle of Ce-MOF

composites in 3 M KOH electrolyte. (c) Nyquist plot and (d) Bode phase
angle of Ce-MOF composites in 3 M KOH + 0.2 M Ksz(Fe(CN)g)
electrolyte.

RSC Adv., 2018, 8, 3462-3469 | 3467


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra12789h

Open Access Article. Published on 17 January 2018. Downloaded on 3/20/2026 9:43:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Ce-MOF/60 @ Ni Foam KOH + Redox Electrolyte

[Fe(CN) I

o=

[Fe(CN)J*

T T TR T

O Active site® [Fe(CN)F
oon  © [FelN)

Ce-MOF/60 @ Ni Foam KOH electrolyte

@
e e
- «
[ ®
e _ e
O®e ¢
@
oc o
CJ
© Active site ® b
K+ OH-

9 OH

Fig. 9 Charge transport mechanism of Ce-MOF/GO composite.

Graphene oxide sheets could prevent the aggregations of the Ce-
MOF nanorods and anchored directly on the GO sheets, which
makes good contact between the electrolyte and electrode
surface. (2) The presence of the oxygen functional groups were
involved for redox reaction with electrolyte ions and enhanced
pseudocapacitance. (3) The large mesoporous structure of Ce-
MOF/GO could facilitate the ions transfer in electrode/
electrolyte interfaces. (4) Redox reaction could be enhanced by
the redox additive species in the electrolyte (Fig. 9). The overall
results suggest that the synthesized Ce-MOF/GO composite could
be used for high performance supercapacitor electrode material.

Conclusions

In summary, we have prepared Ce-MOF based composites by
wet chemical route and studied their electrochemical perfor-
mance towards the supercapacitor electrodes. A maximum
specific capacitance of 2221.2 F g~' and energy density of
111.05 W h kg~ have been obtained for Ce-MOF/GO composite
at a current density of 1 A g~ " in 3 M KOH + 0.2 M K;Fe(CN)g
electrolyte. This enhanced electrochemical behavior due to the
large mesoporous structure of Ce-MOF and pseudocapacitance
contribution of graphene oxide sheet. The excellent long term
stability of Ce-MOF/GO composite showed that the promising
electrode material towards supercapacitor applications.
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