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A novel bimetallic Ni/Co-based metal-organic framework (Ni/Co-MOF) was successfully synthesized via
a simple solvothermal method, and used as electrode material for high performance supercapacitors. Af-
ter doping of Co element, the Ni/Co-MOF materials retain the original crystalline topology structure of
Ni;(BTC), 12H,0. The as-obtained Ni/Co-MOF demonstrates an excellent specific capacitance of 1067 and

780 F/g at current density of 1 and 10 A/g, respectively, and can also retain 68.4% of the original capacitance
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after 2500 cycles. These results suggest that bimetallic Ni/Co-based MOFs are promising materials for the
next generation supercapacitance, owing to their excellent electrochemical performance. The synthetic proce-
dure can be applied to synthesize other bimetallic MOFs and enhance their conductive property.

© 2018.

The energy-storage devices have attracted an ever-increasing re-
search interest due to the worldwide environment issue and short-
age of fossil energy. Among the various energy-storage devices, su-
percapacitors (SCs), exhibiting fast charging-discharging characteris-
tics, high power density and large cycle life, have been provoked as
highly promising candidates for use in electronic devices [1]. Superca-
pacitors can be categorized into two types depending on charge stor-
age mechanisms. The first type is electrical double layer capacitors
(EDLCs), which store electrochemical energy by ion adsorbing-dis-
adsorbing. Carbon materials, such as activated carbon [2], CNT [3]
and graphene, with high surface-area are usually utilized as EDLCs
electrodes. The other type consists of pseudocapacitors, which mostly
use transition metal oxides/hydroxide (NiO [4], MnO, [5], Fe,O; [6],
Co;30, [7], Co(OH), [8] and Ni(OH), [9]) and conducting polymers
(PEDOT-PSS [10], polyaniline [11], etc.) as electrodes, where capac-
itance comes from fast redox reactions. In general, pseudocapacitors
display higher capacitance, but inferior rate capability and cycling life
than EDLCs [12], duo to the semiconducting or insulating nature of
most metal oxides/hydroxide [13]. Thus, new materials must be ex-
ploited to meet the growing demand of SCs for future applications.

Metal-organic frameworks (MOFs), emerging as a new class of
materials with tunable porosity, wide varieties, large specific surface
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area and excellent physical and chemical properties, have attracted
tremendous attention in recent years, with demonstrated applications
in such as catalysis [14], gas storage [15], separation [16], sensors
[17], water purification [18], lithium-ion batteries [19] and superca-
pacitors [20-23]. The pristine MOFs can be directly used as electrode
materials for SCs, due to their porosity and metal cations that provide
the accommodation space for electrolyte and the redox active sites, re-
spectively [23]. Apart from direct use, MOFs have also served as sac-
rificial materials for synthesizing metal oxides [24-26], carbons [27]
and composites [28] or as supports to load nanomaterials [29]. Diaz
et al. firstly reported the utilization of pristine MOFs (Co8-MOF-5)
as clectrodes materials for electric double layer capacitors, which es-
tablished the feasibility of MOFs-based electrodes [30]. Yaghi et al.
synthesized a series of MOFs with different central metal ions and or-
ganic ligands for SCs [31]. It was found that zirconium-based MOFs
displayed relatively high areal specific capacitance. Ma’s group has
synthesized a Ball-in-Cage (BIC) nanostructure material for SCs, pos-
sessing a capacitance of 119 F/g at a current density of 0.5 A/g [22].
A high capacitance of 726 F/g for Ni-MOF was recently reported by
Kong et al. [32]. Nevertheless, studies on pristine bimetallic MOFs as
electrode materials are still very rare [33]. The main reason could be
due to the poor electrical conductivity of pristine MOFs, and we be-
lieve substituting the central metal with other ions might be a feasible
approach to overcome this disadvantage [1,21].

In this work, we provided a simple strategy to synthesize layered
Co-doped Ni-MOF as an excellent electrode material for SCs. While
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the original crystalline topology of Ni;(BTC),e12H,0 still remains
for the [Ni; ,Co(BTC), 12H,0] (x = 0.25, 0.5), the Ni/Co-MOF ex-
hibited a specific capacitance of 1067 F/g at a discharge current den-
sity of 1 A/g, which is two times that for Ni-MOF. The good rate ca-
pability was obtained with a specific capacitance of 780 F/g at 10 A/
g.These results suggest that bimetallic MOF could function as promis-
ing and innovative materials for supercapacitors.

All solvents and reagents for the syntheses were of analytical grade
and were used as received from commercial sources without further
purification. In a typical experimental set-up, 0.594 g of NiCl,-6H,0,
0.420 g of 1, 3, 5-benzenetricarboxylic acid (H;BTC) and different
amounts of CoCl,-6H,0 (0, 0.059, 0.118 g) were dissolved in a mixed
DMF (N,N-dimethylformamide, 10 mL) and H,O (10 mL) solution
with stirring at room temperature. Then, the mixture was transferred to
a 50 mL Teflon-lined stainless steel autoclave and maintained at 120°
for 24 h. After cooling down to room temperature, the precipitate was
thoroughly washed several times with DMF and H,O, respectively. Fi-
nally, the Co-doped Ni-MOFs were dried at 60° for 12 h under vac-
uum condition. Herein, Co-doped Ni-based MOF materials prepared
with different amounts of CoCl,-6H,0 (0, 0.059, 0.118 g) are denoted
as Ni-MOF, Ni/Co-MOF-0.25 and Ni/Co-MOF-0.5, respectively.

The morphologies of samples were analyzed by using FESEM
(ZESISS ULTRA 55, Germany) and transmission electron mi-
croscopy (TEM, JEOL JEM-2100HR, Japan). X-ray diffraction
(XRD) patterns were obtained by XRD-6000 (Shimadzu) in the Brag-
g's angle (26) range from 5° to 50° with monochromatic Cu Ke radia-
tion. Inductively coupled plasma (ICP) measurements (725 ICP-OES,
Agilent) were used to determine the ions rate of Ni and Co. Fourier
transform infrared (FTIR) analysis (Nicolet 6700) was conducted in
the range of 400 cm ™' to 4000 cm™'. Thermogravimetric analysis was
performed using Q500 under air conditions from room temperature
to 780 °C. The valence state of the samples was measured by X-ray
photoelectron spectroscopy (XPS) using ESCALAB250Xi system
(Thermo Fisher Scientific, USA) with an Al Ka (mono) irradiation.

A CHI 660E electrochemical workstation was used to perform
the electrochemical properties of the samples with a three-electrode
system in 3 M KOH aqueous electrolyte at room temperature. The
working electrodes were prepared by mixing the active materials, car-
bon black and polyvinylidene difluoride (PVDF) in a weight ratio of
8:1:1. Then, an appropriate amount of N-methyl 2-pyrrolidone was
added and grinded evenly to produce a slurry. The slurry was coated
onto the pre-weighed nickel foam current collectors (1 cm X 1 cm)
and dried in vacuum at 60 °C for 12 h to obtain the working elec-

trode. The mass of the active material on nickel foam for Ni-MOF,
Ni-Co-MOF-0.25 and Ni-Co-MOF-0.5 were 5.15, 4.96 and 6.09 mg,
respectively. Platinum foil (1.5 cm x 1.5 cm) and a saturated calomel
electrode were used as the counter and reference electrodes, respec-
tively.

Cyclic voltammetry (CV) measurements were conducted at vari-
ous scan rates from 5 to 50 mV/s in the potential window of 0-0.5 V.
Galvanostatic charge-discharge (GCD) measurements were carried
out at different current densities form 1-20 A/g. The cycle perfor-
mance was examined by GCD measurement at the current density
of 10 A/g for 2500 cycles. Electrochemical impedance spectroscopy
(EIS) was also measured. The amplitude of AC voltage is 5mV and
the frequency range is from 0.01 Hz to 100 kHz.

The specific capacitance of the electrode was calculated from the
discharge curves according to the following equation:

C = IAt/mAV

where C is the specific capacitance in F/g, / is the discharge current in
A, At is the time of discharge in s, m is mass of the active materials in
g, and AV is the discharge voltage window in V.

Fig. 1a shows the XRD patterns of the Ni-MOF and Ni/Co-MOF.
All the patterns are in good agreement with that simulated from the
single-crystal data of [Ni;(BTC), 12H,0] (CCDC-1274034), four dis-
tinct diffraction peaks standing at 17.5°, 18.7°, 27.2° and 28.6° are in-
dexed to the (220), (111), (20-2) and (11-2) planes, respectively. No
impurity peaks were detected in the XRD results for the Ni/Co-MOF,
implying that the Co doping did not change the original Ni-MOF
structure. The FTIR spectrum of samples are shown in Fig. 1b. All the
peaks of samples are almost the same, which agree with the XRD re-
sults. The bands at 3440 cm ' and 3108 cm™! are due to the stretching
vibration of water molecules, confirming the existence of coordinated
H,0 molecules within the structure. The strong absorption bands at
1648, 1606, 1546, 1435 and 1373 em ! were assigned to the asym-
metric and symmetric stretching modes of the coordinated (—COO-)
group, respectively [1,34]. It should be noted that after doping of
Co ions, the band at 1648 cm ' appeared in Ni/Co-MOFs, indicating
the Co®" ions doped in the MOFs have changed the surrounding en-
vironment of —COO- group. The absence of absorption bands from
1730 cm™ to 1690 cm ™! associated with the —COOH is indicative of
the deprotonation of H;BTC upon its contact with metal ions [35].

The SEM images of Ni/Co-MOFs are shown in Fig. Sl(a—c) in
Supporting information. It can been seen that all the samples exhibit a
loosely packed layer structure, which is similar to the accordion-like
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Fig. 1. XRD patterns (a) and FTIR spectra (b) of Ni-MOF and Ni/Co-MOFs.
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Ni-MOF reported by Yan et al. [36]. The TEM images of the Ni-MOF,
Ni/Co-MOF-0.25 and Ni/Co-MOF-0.5 are shown in Fig. S1(d, g), Fig.
S1(e, h) and Fig. S1(f, i), respectively. The layer structure existed
in Ni-MOF and Ni/Co-MOFs can be confirmed from Fig. S1(d-f).
Meanwhile, it can be seen from Fig. S1(g—i) that the surface of all
samples shows small pores. After doping the Co ions, the size of pores
became smaller, which is about 5nm, 2 nm and 4 nm for Ni-MOF,
Ni/Co-MOF-0.25 and Ni/Co-MOF-0.5, respectively. The obtained
nano-pores is comparable with the pore size of similar MOFs [33].
The hierarchical structure composed by the layer structure and smaller
pores on the surface may increase the contact area between active ma-
terials and electrolyte, which results in a higher capacitance.

Schematic illustration of the synthetic process of MOFs is shown
in Fig. 2a. The light green color of Ni-MOFs changes to brown after
doping of Co ions, which confirms the Ni ions have been substituted
by Co ions. Ball and stick views of Ni-MOF along ¢ axis and b axis
are shown in Fig. 2b and c. The structure of Ni-MOF is composed of
zigzag chains constructed from two symmetry-inequivalent tetra-aqua
nickel(Il) units and BTC ligands, as shown in Fig. 2b. As shown in
Fig. 2c, the zigzag chains can be reinforced and held together by nu-
merous hydrogen bonding interactions involving every remaining wa-
ter and carboxylate units in the structure to yield a tightly associated
3-D network [32].

TG curves of samples measured in air from room temperature to
790° are shown in Fig. S2 in Supporting information. Two stages of
weight loss were observed during the whole test. It can be seen that
the first weight loss up to 350° could be due to the loss of coordinated
water molecules in channel. The primary weight loss of the MOFs ap-
pears at the second stage, which was attributed to the decomposition
of the organic component starting at 393°, 380° and 366° for Ni-MOF,
Ni/Co-MOF-0.25 and Ni/Co-MOF-0.5, respectively. The decrease of
the decomposition temperature may be due to the structure defects
caused by doping the Co ions.

XPS measurements were conducted to acquire further information
on the chemical composition of Ni/Co-MOF-0.5 sample. Our results
reveal a clear existence of C, O, Co and Ni elements (Fig. 3a). In the
high-resolution Co 2p spectrum (Fig. 3b), two major peaks of Co 2p
centered around 797.5 eV (Co 2p,),) and 781.8 eV (Co 2p;,,) eV with
a spin-energy separation of 15.7 eV indicate that the Co element ex-
isted in a divalent state [37]. As shown in Fig. 4c, the Ni 2p spectrum
indicates that the Ni 2p;/, and Ni 2p,,, peaks are located at the bind-
ing energy of 856.3 and 873.8 eV accompanied by two satellite bands,
respectively, implying the presence of Ni element in the form of a di-
valent state [38].

Ion distributions of Ni and Co determined by inductively couple
plasma (ICP) elemental analysis are shown in Table. 1. The ratios of

Ni and Co in the Ni-MOFs, Ni/Co-MOF-0.25, Ni/Co-MOF-0.5 were
0.2303:0, 0.2105:0.0234 and 0.1964:0.0456, respectively, which con-
firm that the Ni*" have been partially substituted by Co”" in the Ni/
Co-MOFs.

To investigate the potential application as electrode materials, the
electrochemical performance of synthesized MOFs was tested using
a three-electrode system in 3 mol/L KOH aqueous electrolyte. CV
curves of the Ni-MOF and Ni/Co-MOFs at a scan rate of 5SmV/
s are shown in Fig. 4a. A pair of redox peaks was observed from
0 to 0.5V, indicating typical pseudocapacitance characteristic of all
samples, which is well distinguished from that of the electrical dou-
ble-layer capacitors. The respective reduction and oxidation peaks
might correspond to the intercalation and deintercalation of OH  dur-
ing electrochemical reactions as similarly observed for Ni(OH), and
Co(OH), [1,37]. These indicate that the capacitance of Ni/Co-MOFs
might be mainly attributed to the combination of ion exchange and re-
dox mechanism, which were on account of the redox pair of Ni— O/
Ni—O—-OH and Co—0O/Co—O—OH corresponding to the deintercala-
tion and intercalation of OH [39]. This process might be represented
by the following electron transfer equation:

[Ni;Co,(OH),(CoH;0),] -12H,0 + OH -
e < [Ni;Co,0(0OH)(CoH;04),] -12H,0 + H,0 (0 <x<0.7).

Fig. 4b shows the CV curves of Ni/Co-MOF-0.25 at different scan
rates between 5 mV/s and 50 mV/s. With the increase in scanning rate,
the potential difference between anodic and cathodic peaks also in-
creased, which can be attributed to the polarization effect of the elec-
trode under a high scan rate [7]. Fig. 4c shows the charge and dis-
charge curves of Ni/Co-MOF-0.25 at different current densities. The
potential time response is nonlinear, displaying the characteristics of
pseudocapacitance, which is consistent with the results of CV curves.
The calculated specific capacitances of all samples as a function of
the discharge current density are shown in Fig. 4d. The specific ca-
pacitances of Ni/Co-MOF-0.25 are much higher than that of Ni-MOF
but only slightly higher than that of Ni/Co-MOF-0.5, highlighting
the significant synergistic effect of Ni and Co ions. In particular, Ni/
Co-MOF-0.25 exhibits the highest capacitance, achieving 1067, 972,
870, 816 and 780 F/g, at current densities of 1, 2, 5, 8 and 10 A/g,
respectively. The decrease of the capacitance value is due to the rel-
atively insufficient faradic redox reaction at higher current densities.
The results of cycle life tests at a constant current density of 10 A/
g are shown in Fig. 4e. The Ni/Co-based MOFs displayed a slight
decrease in retention rate, and retained 68.4% of the original capaci-
tance (520 F/g) after the 2500 cycles, indicating that the Ni/Co based
MOFs had an excellent cycling property. The reason for the capacity
loss could be attributed to the decomposition of the layered structure
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Fig. 2. Schematic illustration of the synthetic process of MOFs (a), and ball and stick view of Ni-MOF along ¢ axis (b) and b axis (c).
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Fig. 4. CV curves of the Ni-MOF and Ni/Co-MOF at a scan rate of 5 mV/s (a); CV curves of Ni/Co-MOF-0.25 at the scan rate between 5 mV/s and 50 mV/s (b); Charge and discharge
curves of Ni/Co-MOF-0.25 at different current densities (c); Specific capacity of three samples at various current densities (d); Cycling performance of three samples at a discharge
current density of 10 A/g (e); Nyquist plots of three samples (the inset shows the equivalent electrical circuit from the fitted impedance spectra) (f).

during the intercalation and deintercalation of OH , which can be con- Co-MOFs, CoNiO, Co/Fe-MOF, ZnCo,0, or Ni/Co(OH),, our syn-
firmed from the images of Fig. S3 (Supporting information). Com- thesized materials are comparable or even superior to them. The re-
pared with the previously reported results for Ni-MOFs, sults of comparison are shown in Table 2.
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Table 1
Ton distributions of Ni and Co determined by ICP.

Materials Ni% Co%

Ni-MOF 23.03 0

Ni/Co-MOF-0.25 21.05 2.34

Ni/Co-MOF-0.5 19.64 4.56
Table 2

The results of comparison with previous reports.

Specific Current
Electrode material capacitance density References
CoNiO/ copper foil 251.9mA h/g 1 A/g [40]
Co/Fe-MOF 319.5F/g 1A/g [41]
NiCo,S,@MnS/CC 1908.3 F/g 0.5A/g [42]
ZnCo,0, nanowire array on Ni 1626 F/g 1A/g [43]
foam coated with graphene

NixCo,_(OH), 1235.9F/g 0.5A/g [37]
CoNi(p3-tp)(ky-pyz), 1049 F/g 1A/g [33]
Ni;(BTC),e12H,0 726 F/g 0.6 A/g [32]
Niy(CgH,40,),04H,0 668 F/g 1A/g [44]
Ni/Co-MOF-0.25 1067 F/g 1A/g Our work

To gain further insight into the electrical conductivity of the Ni/
Co-MOF, electrochemical impedance spectroscopy measurements
were conducted. The inset of Fig. 4f shows the equivalent electrical
circuit from the fitted impedance spectra, which consists of an elec-
trolyte solution resistance (R,), Warburg impedance (), charge-trans-
fer impedance(R,,), and a constant phase element [45]. It can be seen
form Fig. 4f that a semicircle at the high frequency and a straight line
at the low frequency region are shown, which represents the charge
transfer process and the diffusion-limited electron-transfer processes,
respectively [46]. The R values for the electrolyte solution was sim-
ilar for both electrodes. The intercept value for Ni-MOF, Ni/
Co-MOF-0.25 and Ni/Co-MOF-0.5 are 0.23, 0.37 and 0.26 Q, re-
spectively. The charge transfer resistance of Co/Ni-MOF-0.25 elec-
trode (0.31 Q) is smaller than that of pristine Ni-MOF (3.49 Q) and
Ni/Co-MOF-0.5 (0.32 Q), indicating a better electrical conductivity of
Ni/Co-MOF-0.25. Because of the similar sizes of Co and Ni ion radii,
it is excepted Co*" ions would diffuse into the Ni-MOF lattice and par-
tially replace Ni*" ions, resulting in an increase in the hole concentra-
tion, and thus an enhancement in the MOFs conductivity [47].

In summary, we have explored the use of Ni/Co-based bimetal
MOFs as electrode material for supercapacitors, and significantly im-
proved the capacitance performance with respect to the reported Ni/
Co based MOFs materials. The excellent supercapacitive behaviors of
Ni/Co-MOFs electrode can be attributed to the synergetic effect con-
tributed from the improved electronic conductivity and hierarchical
structure, which favors rapid diffusion of an electrolyte, highly con-
ductive pathway for electron transport, and efficient material utiliza-
tion. The synthesized Ni/Co-MOF-0.25 exhibited a maximum specific
capacitance of 1067 F/g at 1 A/g. When the current density increases
to 10 A/g, its specific capacitance still remains as high as 780 F/g
with 68.4% of the original capacitance retained even after 2500 cy-
cles. Their excellent electrochemical performance makes Ni/Co-based
MOFs promising electrode materials for supercapacitances.
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