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High electroactivity and good mechanical robustness of

electrode materials are essential to deliver excellent elec-

trochemical energy storage performance. Herein, metal–

organic frameworks (MOF) derived mixed metal oxides

(MMO, ZnO@NiO and Co3O4@NiO) are prepared by a

two-step annealing process in air. Zinc-based MOF (ZIF-8)

and cobalt-based MOF (ZIF-67) were employed, respec-

tively, as hard templates for the chemical encapsulation of

Ni(OH)2 nanostructures by hydrothermal synthesis. The as-

prepared ZIF-8@Ni(OH)2 and ZIF-67@Ni(OH)2 were then

converted to corresponding MMO through annealing in air.

Meanwhile, MOF-derived carbon was preserved in the as-

fabricated MMO structure, thus improving the electronic

conductivity as well as the mechanical stability of the

materials. In virtue of these features, high specific capaci-

tance of 1017 and 744 F�g-1 can be delivered at a current

density of 1 A�g-1 for the Co3O4@NiO and ZnO@NiO

samples, respectively. In addition, both of the samples have

shown excellent cycling performance, which exhibited

excellent capacitance retentions of 90.1% and 93.0% after

10,000 cycles for the Co3O4@NiO and ZnO@NiO sam-

ples, respectively, demonstrating their very promising use

in next-generation pseudocapacitors.

Metal–organic frameworks (MOF) have been exten-

sively studied in the past two decades due to their des-

ignable frameworks formed by self-assembly reactions of

metal ions and organic ligands [1–3]. Even though it is

difficult to directly use the MOF materials for various

applications because of their chemical instability, it pro-

vides the materials scientists with many possibilities to

design and prepare MOF-derived porous materials with

tunable structural and compositional features [4, 5]. Porous

carbon, metal oxide, or other metal/carbon-based nanos-

tructures can be obtained from MOF-based precursors by

annealing in inert or air conditions, due to the coexistence

of metallic, organic or other guest species in the frame-

works [6–8]. For example, Tang et al. [9] reported the

synthesis of N-doped carbon@graphitic carbon core–shell

structure by direct pyrolysis of a precursor composed of

ZIF-8 and ZIF-67. Hu et al. [10] demonstrated a double-

shelled nanocages composed of Co3O4/NiCo2O4, which

are derived from ZIF-67/Ni-Co LDH. These MOF-derived

nanostructures with various complexity might deliver

multiple structure- and composition-dependent features,

offering potential solutions to key challenges in important

applications, such as lithium/sodium ion batteries, super-

capacitors, photo/electrocatalysis, and biosensors [11, 12].

Pseudocapacitors have been considered as one of the

promising types of supercapacitors in the past few years,

which dominantly stores the energy by reversible Faradaic

reactions occurring at the electrode surface [13]. Generally,

these Faradaic reactions-based mechanisms can endow the

pseudocapacitors much higher capacitance and energy

density when compared to the carbon-based materials,

because of the extra electrons stored in the form of

chemical energy [14]. Thus, different types of metal

oxide/sulfides, including MOF-derived metal oxides, were

reported to enhance electrochemical property of the elec-

trodes [15–19]. However, it is still a big challenge to bal-

ance high capacitance with good stability due to the highly

porous character of the MOF-derived metal oxides that
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may lead to severe volume change during the Faradaic

reactions. For this reason, more attention should be paid to

the thermal annealing process that are essential to the

physical and chemical merits of the derived metal oxides

[20]. In this work, as shown in Fig. 1, ZIF-8 and ZIF-67

precursors were coated with Ni(OH)2 through a

hydrothermal process, respectively. Then, a subsequent

two-step annealing process was employed to prepare MOF-

derived mixed metal oxides, namely ZnO@NiO and

Co3O4@NiO. A relatively low temperature (200 �C) was

used to pre-anneal the MOF precursors to preserve the

structural and compositional features of the MOF inter-

mediates. Then, a higher temperature (400 �C) was used to

further anneal the MOF intermediates, leading to the for-

mation of corresponding mixed metal oxides. Meanwhile,

part of the carbon species was preserved in the structures,

which can improve the electronic conductivity and allevi-

ate the volume changes of the electrodes. In virtue of the

high electroactivity and good electronic conductivity, the

as-derived MMO exhibited a maximum capacitance of

1017 F�g-1 with a good cycling stability (90.1%) after

10,000 cycles. In addition, the carbon residue has played an

important role for the balance of specific capacitance and

cycle life.

The morphologies and compositions of all the materials

were examined by scanning electron microscopy (SEM) and

energy-dispersive spectrometer (EDS), and the results are

displayed in Fig. 2. Both ZIF-8 and ZIF-67 particles show

dodecahedral shapes with average particle sizes of 1 lm

(Fig. 2a, e). After chemical growth of Ni(OH)2, the surface

of both ZIF-8 and ZIF-67 was encapsulated by nanosheets

structures, which are typical layered double hydroxides

(LDH), as shown in Fig. 2b, f. The nanosheets structures can

be well preserved after thermal treatment, which can be

reflected in Fig. 2c, g. In addition, the dodecahedral shapes

can still be clearly observed after annealing, revealing the

structural robustness of the particles.

The thermal treatments have converted the LDH to cor-

responding metal oxides, and part of the carbon species was

retained due to this two-step annealing process. Further EDS

results confirm the presence of C, O, Ni and Zn of

ZnO@NiO sample (Fig. 2d), and the presence of C, O, Ni

and Co of Co3O4@NiO sample (Fig. 2h), respectively. It is

found that ZnO@NiO exhibits a higher carbon content

(38.46%) than Co3O4@NiO (33.78%), which may result in

different electronic conductivities of the samples. In addi-

tion, thermo-gravimetric analysis (TGA) was performed to

study the decomposition behavior of the ZIF-8@Ni(OH)2

precursor (Fig. S1a). It can be seen that there is a slight

weight loss from 25 to 120 �C, which should be due to the

evaporation of absorbed water. Then, a sharp weight drop

starting around 250 �C can be observed, which can be

assigned to the carbonization/combustion of organic species,

and oxidation of Ni(OH)2. The weight of the sample is

gradually stabilized after 500 �C, indicating the completion

of the thermal decomposition. TGA result of ZIF-

67@Ni(OH)2 is similar to that of ZIF-8@Ni(OH)2. As

shown in Fig. S1b, there are also two typical steps related to

dehydration and carbonization/combustion, respectively. It

can be found that the sharp weight drop of ZIF-67@Ni(OH)2

started at around 320 �C, which indicates a different ther-

mostability. Besides, the weight loss of ZIF-67@Ni(OH)2

(58.8%) is much higher than that of ZIF-8@Ni(OH)2

(34.0%), indicating a larger loss of organic species during

the annealing process. This result can further explain the

different C contents in ZnO@NiO and Co3O4@NiO. TGA

behaviors have inspired us to use a two-step thermal treat-

ment to convert the MOF precursors to MMO while pre-

serving partial carbon residues of the samples. Besides, the

two-step thermal treatment is essential for maintaining the

dodecahedral morphology. As shown in Fig. S2, the

nanostructures of ZIF-8@Ni(OH)2 and ZIF-67@Ni(OH)2

collapsed during a one-step annealing process because of the

rapid phase transformation.

To examine the crystallography of the samples, X-ray

diffraction (XRD) analysis was performed and compared.

Figure 3a shows XRD patterns of ZIF-8 based precursor

and respective derivatives. All the peaks can be assigned to

ZIF-8, ZIF-8@Ni(OH)2 (a-Ni(OH)2, JCPDS No. 38-0715),

and ZnO@NiO (hexagonal ZnO, JCPDS No. 89-0501;

cubic NiO, JCPDS No. 89-7130) [21, 22], respectively.

While for the ZIF-67 case (Fig. 3b), the derived MMO can

be assigned to Co3O4 (JCPDS No. 76-1802) [23] and NiO

(JCPDS No. 71-1179) [24]. The multiple components of

Fig. 1 Schematic illustration of synthesis process of ZnO@NiO and Co3O4@NiO
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the MMO may endow the fabricated electrodes additional

Faradaic reactions, thus remarkably enhancing the pseu-

docapacitance. We further conducted XPS tests to inves-

tigate the surface elemental composition and chemical state

of the as-prepared ZnO@NiO and Co3O4@NiO, respec-

tively. As shown in Fig. S3, Ni, Zn, O and C can be

detected in ZnO@NiO. For Ni 2p (Fig. S3a), the two peaks

at 853.8 eV (2p3/2) and 871.5 eV (2p1/2) together with two

satellite peaks (identified as ‘‘Sat.’’) are ascribed to Ni2?,

while another two peaks at 855.5 eV (2p3/2) and 873.3 eV

(2p1/2) are related to Ni3? [25]. For Zn 2p (Fig. S3b), the

two typical peaks at 1021.8 eV (2p3/2) and 1044.8 eV (2p1/2)

reveal the existence of Zn2? [26]. For O 1s (Fig. S3c), the

peak at 529.1 eV (identified as ‘‘O1’’) indicates metal–

oxygen bonds, while the peak at 531 eV (identified as

‘‘O2’’) is ascribed to the absorbed water or hydroxyl spe-

cies [27]. For C 1s (Fig. S3d), the peaks related to sp2

(284.5 eV), sp3 (285.2 eV) and C=O (288.8 eV) can be

observed, respectively [28]. It is worth noting that the sp2 C

can improve electronic conductivity of materials. X-ray

photoelectron spectroscopy (XPS) results of Ni 2p

(Fig. S4a), O 1s (Fig. S4c) in Co3O4@NiO are quite similar

to that in ZnO@NiO, indicating the same reactions during

hydrothermal and annealing processes. For Co 2p

(Fig. S4b), the two peaks at 779.6 eV (2p3/2) and 794.9 eV

(2p1/2) reveal the existence of Co3?, while another two

peaks at 781.4 eV (2p3/2) and 796.5 eV (2p1/2) are attrib-

uted to Co2? [29, 30]. Although there are also three typical

peaks related to sp2, sp3 and C=O (Fig. S4d), the ratio of

sp2/sp3 is much smaller, indicating that the electronic

conductivity of Co3O4@NiO is not as good as ZnO@NiO.

The CV measurements of the ZnO@NiO and

Co3O4@NiO electrodes were carried out at different scan

rates with the same potential window of 0–0.6 V (vs. SCE).

Fig. 2 SEM images of a ZIF-8, b ZIF-8@Ni(OH)2, c ZnO@NiO, e ZIF-67, f ZIF-67@Ni(OH)2 and g Co3O4@NiO; EDS patterns of
d ZnO@NiO and h Co3O4@NiO

Fig. 3 XRD patterns of a ZIF-8 derived samples and b ZIF-67 derived samples
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The CV curves shown in Fig. 4a, b clearly reveal paired

redox peaks for both of the electrodes, which represent the

pseudocapacitive characteristics of the materials [31].

Owing to the presence of inactive ZnO, the ZnO@NiO

electrode delivers much lower current responses than those

of Co3O4@NiO electrode at the same scan rate, because

the latter contains the redox reactions from both Co and Ni

species for energy storage. However, the ZnO@NiO elec-

trode has preserved higher carbon content in the sample,

which should be favorable to deliver good cycling stability.

Subsequent GCD tests were conducted at various current

densities with the same potential window of 0–0.55 V (vs.

SCE), as shown in Fig. 4c, d. Both of the electrodes exhibit

charge–discharge plateaus, which is consistent with the CV

results. Also, the Co3O4@NiO electrode shows much

longer charge–discharge time than ZnO@NiO, which

should be due to the presence of electroactive Co3O4.

For a better comparison, CV curves at 2 mV�s-1

(Fig. 5a) and GCD curves at 1 A�g-1 (Fig. 5b) are sepa-

rately displayed, which suggests higher capacitance of

Co3O4@NiO than that of ZnO@NiO. It can be observed in

Fig. 5a that ZnO@NiO has a wider full width half maxi-

mum (FWHM), while Co3O4@NiO has a lower redox peak

potential. The wider FWHM can be ascribed to the higher

C content of ZnO@NiO, which leads to a more obvious

double-layer capacitance behavior. And the lower peak

potential of Co3O4@NiO is mainly due to the integration of

Co2?/Co3? redox peak, whose redox position is much

lower than that of Ni2?/Ni3? [32]. The specific capacitance

of the samples was then calculated based on the discharge

curves obtained in Fig. 4c, d, and the results are presented

in Fig. 5c. High specific capacitance of 744, 700, 606, 534,

318 F�g-1 can be delivered at current densities of 1.0, 2.5,

5.0, 10.0 and 25.0 A�g-1 for the ZnO@NiO electrode,

respectively. Meanwhile, the Co3O4@NiO electrode

exhibited higher capacitance of 1017, 850, 821, 740 and

568 F�g-1 at corresponding current densities. Moreover,

the cycling stability tests were evaluated and compared at a

very high current density of 25 A�g-1 (Fig. 5d). It can be

seen that the Co3O4@NiO electrode exhibits much higher

capacitance than ZnO@NiO. However, the latter has

shown a better capacitance retention (93%) than the former

(90.1%), which may be ascribed to the higher ratio of

carbon residue and the robust ZnO core of ZnO@NiO. The

carbon species may have played an important role in

improving the electronic conductivity and alleviating the

volume change of the electrodes during the charge and

discharge process [33]. Besides, there should be no large

Fig. 4 CV curves obtained at various scan rates of a ZnO@NiO and b Co3O4@NiO; GCD curves obtained at various current densities
of c ZnO@NiO and d Co3O4@NiO electrodes (all potentials are recorded versus SCE)
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volume change of the inactive ZnO during cycling test,

thus delivering a better structure stability of ZnO@NiO.

To further confirm the electronic conductivity of the

electrodes, EIS measurements were performed and the

results are displayed in Fig. S5. Rs represents the resistance

of solution, including the electrolyte interface and ohmic

resistance, Rct is the transfer resistance and Cdl is the double-

layer capacitance [34]. For the whole Nyquist plot, the X

intercept indicates the Rs, while the radius of semicircle

reveals the Rct. The Rs value of ZnO@NiO is * 3.6 X,

which is smaller than that of Co3O4@NiO (* 4 X), sug-

gesting a better electronic conductivity of the former elec-

trode. In the high-frequency region, the ZnO@NiO exhibits

a semicircle, which shows an electrochemical behavior

dominated by charge transfer. While Co3O4@NiO electrode

shows a slightly larger radius of the semicircle, indicating its

slower charge transfer. It should be noted that a larger slope

of ZnO@NiO was observed than that of Co3O4@NiO in the

low-frequency region, clearly verifying higher diffusion

resistance of the former electrode. Therefore, the pseudo-

capacitive performance of the electrodes is consistent with

the EIS analysis, which reflects the intrinsic property of

charge transfer in the three-electrode system.

In summary, two types of MMO electrode materials,

namely ZnO@NiO and Co3O4@NiO, were prepared by a

two-step thermal treatment of MOF-based precursors. The

as-prepared MMO electrodes have shown different ratios

of carbon residues after thermal treatment due to different

MOF precursors. When used as electrode materials for

pseudocapacitors, Co3O4@NiO electrode exhibits a maxi-

mum capacitance of 1017 F�g-1 with a retention of 90.1%

after 10,000 cycles. While ZnO@NiO electrode with

higher carbon ratio delivered a lower specific capacitance

of 744 F�g-1, but a better cycling stability (93.0%) after

10,000 cycles. Both of the electrodes have demonstrated

very long cycling stability in pseudocapacitive materials,

certifying their promising use in the next-generation

pseudocapacitors.
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