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a b s t r a c t 

In recent years, applications of metal-organic frameworks (MOFs) in electrocatalysis, including hydro- 

gen and oxygen evolution reactions, have attracted increasing attention for renewable energy conversion. 

Herein, the fabrication of core-shell structured Co 3 O 4 @MOF-74 catalysts is proposed and realized with 

the tunable thickness of MOF shell layers, where Co 3 O 4 nanowire arrays prefabricated on Ni foam are 

employed as the template as well as the metal source to react with organic ligands to achieve the MOF 

layers. Importantly, the optimized Co 3 O 4 @MOF-74 structures exhibit much enhanced catalytic activities 

towards oxygen evolution reaction (OER), requiring an impressively low overpotential of 285 mV to afford 

a current density of 50 mA cm 

−2 together with a small Tafel slope of 43 mV/dec, as compared with the 

pristine Co 3 O 4 sample. By investigating the Co 3 O 4 @MOF-74 structure after OER stability test, the conver- 

sion of MOF-74 into cobalt hydroxide shell layers is thoroughly characterized and confirmed, suggesting 

the in situ electrochemical conversion of MOF structures during the electrochemical process. All these re- 

sults do not only uncover the changes in crystalline and chemical structures of MOFs for electrocatalytic 

reactions, but also help to comprehend and design novel MOFs as efficient and robust electrocatalysts for 

practical utilization. 

© 2020 Published by Elsevier Ltd. 
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. Introduction 

Electrocatalytic oxygen evolution reaction (OER), also known

s water oxidation, is an important half-reaction for applications

n water electrolysis and rechargeable metal-air battery; however,

t is a sluggish and complex process for the conversion between

lectrical and chemical energies, requiring highly active and ro-

ust noble-metal anode catalysts. [1–3] Since then, low-cost tran-

ition metal-based electrocatalysts ( e.g. Co-based materials as the

lectrodes for water electrolysis) have been extensively explored

s effective alternatives to these noble-metal catalysts. [ 4 , 5 ] Very

ecently, another new class of materials, metal-organic frame-

orks (MOFs), have been widely considered as novel catalyst can-

idates for various heterogeneous catalytic reactions because of

heir advantages of high porosity, large surface areas, abundant ac-

ive metal sites and tunable functionalized linkers. [6–9] Prepa-
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ation of nanosized catalysts with the compositions of alloys, ox-

des, sulfides, phosphides, selenides and such from MOFs by post-

reatment has been broadly investigated. [10,11,13–17,19] In order

o prepare these MOF-derived electrocatalysts, high temperature

reatments are generally adopted to form metal-based compounds,

ccompanied with the carbonization of linkers and ligands and col-

apse of the original MOF structures. 

In addition to MOFs-derived structures, direct applications of

ransition metal-based MOFs and their integration with other ma-

erials as advanced electrocatalysts have been also proposed and

ealized; this way, the advantages of high porosity and plenti-

ul active metal sites of MOF structures can be fully utilized.

20–24] Various single and multi-component metal-based ( e.g.

e, Co, Ni, Mn and Cu) MOFs are hence developed as electro-

atalysts for different electrochemical reactions, such as hydro-

en evolution, oxygen evolution, oxygen reduction and so on.

25,33,35,37–39,41,43,45,46] For example, Zhao et al. reported the

xcellent activity of ultrathin nanosheets of NiFe-based MOF ar-

ays supported on Ni foam as bifunctional electrocatalysts for

oth hydrogen and oxygen evolution reactions in alkaline solution.

https://doi.org/10.1016/j.apmt.2020.100820
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:yyma@nwpu.edu.cn
mailto:johnnyho@cityu.edu.hk
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[28] Moreover, the wide diversity of ligands and linkers makes

it efficient to design and modulate the structural, electronic and

physiochemical properties of MOFs. Several typical ligands, in-

cluding 1,4-benzenedicarboxylate (or 1,4-benzenedicarboxylic acid,

BDC), 2,5-dihydroxyterephthalate (or 2,5-dihydroxyterephthalic

acid, H 4 DOBDC), 1,3,5-benzenetricarboxylic acid (or BTC), and 2-

methylimidazole (or MeIM) have been employed to construct tran-

sition metal-based MOFs, such as ZIF-67, and MOF-74 that can

function as efficient electrocatalysts. [ 12 , 19 , 32 , 36 , 40 , 44 ] The

coordination between divalent transition metals and H 4 DOBDC

constructed the family of MOF-74 with a general formula of

M 2 (H 4 DOBDC)(H 2 O) 2 ( M = Mg, Mn, Fe, Co, Ni, and Zn). [18] Struc-

tural features of one-dimensional channels with aperture diame-

ters of around 1 nm, different divalent metals nodes and corre-

sponding bonding strengths with H 4 DOBDC ligands enabled their

applications in electrocatalysis. Unfortunately, there are still sub-

stantial challenges in achieving sufficient conductivity and chem-

ical stability for the practical deployment of MOF structures for

electrocatalysis. [ 30 , 47 ] In this regard, rational design of MOF

structures and their composites are required to overcome the

above issues and to further boost up their electrocatalytic prop-

erties. 

At the same time, employing the transition metal-based nanos-

tructures as the templates to epitaxially fabricate MOF layers has

been lately established as a facile method to not only improve their

conductivity but also make the best use of their intrinsic proper-

ties for practical utilization. [19,48,53–55] Typically, the ZnO@ZIF-8

core-shell structured sensor was in situ fabricated from the sur-

face reaction between dissolved Zn 

2 + ions from ZnO and ligand

in solvents to form the outlayer of MOF. [53] Herein, we suc-

cessfully prepare the Co 3 O 4 @MOF-74 core-shell structure by using

the Co 3 O 4 nanowire arrays on Ni foams as the templates as well

as also the material cores, while the cobalt-based MOF-74 serves

as the outer shell layers. Simply by controlling the solvothermal

cycles, the thickness of MOF-74 shell layers can be easily regulated

between 4.5 and 17.8 nm. When configured as the anode catalysts

for OER, the Co 3 O 4 @MOF-74 on Ni foam electrocatalysts exhibit the

significantly improved activity. The best-performed Co 3 O 4 @MOF-74

sample yields an impressively low overpotential of only 285 mV

to drive a current density of 50 mA cm 

−2 with a Tafel slope of

43 mV/dec, as compared with the pure Co 3 O 4 on Ni foam (337 mV

and 76 mV/dec, respectively). Further characterization suggests the

MOF-74 shells would be self-converted into cobalt hydroxide lay-

ers during OER process, which can be attributed to the in situ elec-

trochemical activation of MOF layers to become cobalt hydroxides

as the active catalytic centers in alkaline solution. All these re-

sults evidently indicate that the highly active and stable electrocat-

alysts can be achieved by the in situ electrochemical conversion of

Co 3 O 4 @MOF-74 into Co 3 O 4 @Co(OH) 2 core-shell structures for effi-

cient water oxidation. 

2. Experimental section 

2.1. Materials preparation 

Preparation of Co 3 O 4 nanowire arrays on Ni foams. Co 3 O 4 

nanowire arrays on Ni foams were prepared by using the sim-

ple hydrothermal method followed by thermal annealing. Typically,

Ni foam pieces (purchased from Suzhou Taili Material Technol-

ogy Company, China, 1 × 3 cm) were washed with 10% diluted

HCl solution, water and ethanol successively with ultrasonication,

and then dried at 60 °C. Then, the Ni foams were placed into a

20 mL Teflon-lined autoclave with a 15 mL mixture solution con-

taining 1 mmol of Co(NO 3 ) 2 •6H 2 O, 1 mmol of NH 4 F and 1 mmol of

urea. The autoclave was sealed and next heated at 120 °C for 8 h

in an electrical oven. After cooling to room temperature, the as-
repared precursor was washed with distilled water and ethanol

lternatively for several times, and then dried at 60 °C. The Co 3 O 4 

anowire arrays on Ni foams were eventually obtained by anneal-

ng the above precursor at 300 °C with a temperature ramping rate

f 5 °C/min for 2 h in air. 

Preparation of the Co 3 O 4 @MOF-74 core-shell structure. To coat

he MOF-74 layer on Co 3 O 4 , the solvothermal method was adopted

ithout adding any metal salts. Typically, a piece of Co 3 O 4 /Ni foam

1 × 1.5 cm) was placed into a 20 mL Teflon-lined autoclave con-

aining 5 mg of 2,5-dihydroxyterephthalic acid (H 4 DOBDC) and

0 mL of N,N -dimethylformamide (DMF). Then, the autoclave was

ealed and heated at 150 °C for 10 h. After reaction, the sample

as washed with ethanol and DMF alternatively, and then dried

n the vacuum oven. To increase the thickness of MOF-74 layer,

he above-mentioned solvothermal process was repeated for sev-

ral cycles with the same amount of H 4 DOBDC in DMF. 

.2. Characterizations 

Transmission electron microscopy (TEM) images were obtained

rom a Hitachi 7700 microscope with an accelerating voltage of

20 kV and high-resolution TEM (HRTEM) images were collected

sing a JEOL JEM 2100F microscope with an accelerating voltage of

00 kV. Scanning electron microscopy (SEM) images were acquired

rom a Philips LX 30 FEG microscope with an accelerating voltage

f 20 kV. X-ray diffraction (XRD) patterns were measured using

 Rigaku powder X-ray diffractometer with the Cu K α radiation.

-ray photoelectron spectra (XPS) were collected from an X-ray

hotoelectron spectroscopy system (ULVAC-PHI Inc., model 5802,

anagawa, Japan) with Cu K α as the excitation source. Fourier

ransform infrared (FTIR) analyses were acquired using a Thermo

cientific Nicolet 6700 Fourier transform infrared spectroscopy. 

.3. Electrochemical measurements 

All the electrochemical tests were performed on a CHI 660D

lectrochemical workstation using a three-electrode setup to mea-

ure the activity and stability of various samples, where the as-

repared samples on Ni foam, Ag/AgCl (3 M KCl) electrode and

raphite rod were employed as the working electrode, reference

lectrode and counter electrode, correspondingly. The active ge-

metric areas of various samples immersing into the electrolyte

ere defined by sealing with the silicone rubber. Before linear

weeping voltammetry (LSV) measurement, 10 cyclic voltamme-

ry (CV) cycles were performed first. Then, the LSV method was

sed with a scan rate of 10 mV/s in 1.0 M KOH solution to obtain

he polarization curves at room temperature. The stability tests of

lectrocatalysts for OER were performed using chronoamperometry

ethod with a fixed overpotential of 400 mV. The potential scale

ith respect to reverse hydrogen electrode (RHE) was corrected

y the Nernst equation, where E vs RHE = E vs Ag/AgCl ( 3 M KCl) + 

.0592 × pH + 0.197 (V). Electrochemical impedance spectroscopy

EIS) was measured under a fixed overpotential of 400 mV with

 frequency range between 100 kHz to 0.1 Hz. All polarization

urves were iR corrected unless otherwise mentioned. The pro-

uced amount of oxygen gas was measured under a fixed current

ensity of 50 mA cm 

−2 , using a gas chromatography (Techcomp GC

900) with the thermal conductivity detector, whereas the Faradaic

fficiency was calculated from the measured amount of oxygen and

he theoretical value of oxygen. 

. Results and discussion 

The preparation process of Co 3 O 4 @MOF-74 core-shell structures

s depicted in Scheme 1 . To be specific, Co O nanowire arrays are
3 4 
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Scheme 1. Synthesis schematic for the in situ transformation of Co 3 O 4 into Co 3 O 4 @MOF-74. 

Fig.. 1. Typical TEM images of (a) Co 3 O 4 nanowire, Co 3 O 4 @MOF-74 with (b) 1 solvothermal cycle, (c) 2 solvothermal cycles, (d) 3 solvothermal cycles and (e) 4 solvothermal 

cycles. (f) The dependence of the MOF layer thickness with various solvothermal cycles. 
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Fig.. 2. XRD patterns of Co 3 O 4 and Co 3 O 4 @MOF-74 with various solvothermal cy- 

cles. 
rst fabricated on Ni foams as the templates as well as the ma-

erial cores by the hydrothermal method followed by the thermal

nnealing in ambient air. Figure S1 shows the typical SEM images

f well-aligned Co 3 O 4 nanowire arrays successfully grown on Ni

oams, while Fig. 1 a presents the TEM image demonstrating the

niform nanowire morphology of Co 3 O 4 with the length of several

icrometers and the width of about 100 nm. As revealed in the

RD pattern in Fig. 2 , the nanowire arrays are confirmed to have

he cubic Co 3 O 4 structure (PDF #43–1003). After that, the cobalt-

ased MOF-74 shell layers are fabricated on the Co 3 O 4 nanowire

emplates by the solvothermal method using H 4 DOBDC as the lig-

nd and Co 3 O 4 as the metal source without adding any other metal

alts. The etching of Co 3 O 4 nanowires by H 4 DOBDC would result

n Co ions on the surface of Co 3 O 4 , followed by the surface chem-

cal reaction between H 4 DOBDC and surface Co ions for the for-

ation of MOF-74 layers [53] . After one solvothermal cycle, there

s an apparent shell layer with a thickness of 4.5 ± 0.8 nm ob-
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served in the TEM image ( Fig. 1 b ). However, due to the low ma-

terial content of MOF-74, there are not any clear peaks indexed

to the MOF-74 structure in the XRD spectrum ( Fig. 2 ). In order to

have a better knowledge on the formation of MOF-74 layers, dif-

ferent solvothermal cycles are performed to regulate the thickness

of MOF-74 shell layers using the identical reaction condition. It is

obvious that the thickness of Co 3 O 4 @MOF-74 layers gets increased

from 4.5 ± 0.8 nm to 8.6 ± 1.4, 12.5 ± 2.0 and 17.8 ± 4.8 nm

when the reaction cycle is implemented for 1 to 4 times, respec-

tively ( Fig. 1 b- 1 f ). SEM images also confirmed the increased coat-

ing of MOF-74 layers on the Co 3 O 4 nanowire arrays after various

cycles ( Figure S2 ). Notably, there are not any noticeable particles

aggregated onto the nanowires for the samples after 1 and 2 reac-

tion cycles ( Figure S2a and S2b ). In contrast, large nanoparticles of

MOF-74 are witnessed on the nanowire surface for the samples af-

ter 3 and 4 reaction cycles ( Fig. 1 c and 1 d, Figure S2c ), which sug-

gests the detachment of Co ions from Co 3 O 4 nanowires, followed

by the epitaxial growth and migration of MOF-74 to the outer ra-

dial region of nanowires. Furthermore, there is an enhancing in-

tensity for the XRD peaks located at about 6.7 ° and 11.7 ° for the

increasing MOF-74 shell thickness, where the peak locations are

consistent with the simulated Co-based MOF-74 structure ( Fig. 2 ).

[56] Meanwhile, the signals that indexed to Co 3 O 4 decrease gradu-

ally as the result of the growth of MOF-74 layers. All these results

indicate that the MOF-74 shell layers are evidently deposited onto

the Co 3 O 4 nanowire surface by in situ conversion reaction, where

H 4 DOBDC functioned as the ligand and Co 3 O 4 nanowires worked

as the metal source as well as the hard templates to support the

obtained MOF-74 shells. 

The surface chemical states of Co and O in Co 3 O 4 @MOF-74 are

analyzed by XPS to assess their changes before and after introduc-

ing the MOF layers. For pristine Co 3 O 4 , there are obvious peaks of

Co 2p 3/2 and 2p 1/2 observed at 779.8 and 795.2 eV, respectively,

which are ascribed to the oxidized Co species ( Figure S3a ). The

additional peaks witnessed at 785.1 and 802.0 eV are related to

the satellite peaks of Co, matching well with those in previous

reports. [57] Co 3 O 4 @MOF-74 with various solvothermal cycles ex-

hibited positive shifts in the binding energy for Co 2p 3/2 signals

as compared to pristine Co 3 O 4 , depicting the interaction between

the Co 3 O 4 core and the MOF-74 shell. Particularly, the most sig-

nificant up-shift in the Co 2p 3/2 peak of about 0.6 eV is revealed

for Co 3 O 4 @MOF-74 grown with 2 solvothermal cycles as compared

with Co 3 O 4 , indicating the strong interaction between Co 3 O 4 and

MOF-74. Similarly, for O 1 s spectra, there are negative shifts in the

binding energy for all Co 3 O 4 @MOF-74 samples as compared with

pristine Co 3 O 4 , where the Co 3 O 4 @MOF-74 sample grown with 2

solvothermal cycles has the maximum down-shift of about 0.3 eV,

suggesting the electron-rich states of oxygen for Co 3 O 4 @MOF-74

( Figure S3b ). Therefore, the strong interaction between the Co 3 O 4 

core and the MOF-74 shell can significantly affect and regulate the

electronic structure of Co species, which is anticipated to have the

substantial influence on their catalytic performance for OER. 

In addition, FTIR spectra of pristine Co 3 O 4 and Co 3 O 4 @MOF-74

grown with 2 solvothermal cycles are measured to further demon-

strate the MOF-74 shell coated on the Co 3 O 4 nanowire core ( Fig-

ure S4 ). For pristine Co 3 O 4 , a strong peak observed at 651 cm 

−1 is

corresponded to the Co 2+ —O vibration with the tetrahedral struc-

ture in Co 3 O 4 [ 58 , 59 ]. Another peak located at 1636 cm 

−1 is as-

cribed to the existence of absorbed molecular water. [59] In fact,

for the Co 3 O 4 @MOF-74 sample grown with 2 solvothermal cycles,

the Co 2+ —O vibration peak at 651 cm 

−1 is also observed because

Co 3 O 4 functions as the material core in this core-shell structure,

while several new peaks are detected owing to the formation of

MOF-74 shell layers. Specifically, the peaks located at 815 and 885

cm 

−1 are associated with the C 

–H wagging, in-plane and out-of-

plane of bending modes of the benzene ring, whereas those cen-
ered at 1117 and 1198 cm 

−1 are assigned to the in-plane deforma-

ion of C 

–H bond in the benzene ring. The feature at 1413 cm 

−1 is

aused by the stretching vibration of C = C bond in the benzene

ing. The peak at 1560 cm 

−1 is related to the asymmetric vibra-

ion of carboxylate group in the ligand. The signal at 1242 cm 

−1 

s corresponded to the C 

–N vibration of absorbed DMF solvent on

he surface of MOF structure or in its channels. [ 56 , 59 ] All these

eature peaks observed for Co 3 O 4 @MOF-74 further confirm the for-

ation of MOF-74 shell layers, being perfectly consistent with the

RD results discussed before. 

To shed light on the effect of coating these MOF shell lay-

rs on the catalytic properties towards OER, detailed electrochem-

cal characterizations are performed in 1.0 M KOH solution using

ristine Co 3 O 4 and Co 3 O 4 @MOF-74 with different solvothermal cy-

les as the working electrodes. For Co 3 O 4 @MOF-74 electrocatalysts,

hey are first activated by carrying out 10 CV cycles, where the typ-

cal details for Co 3 O 4 @MOF-74 grown with 2 solvothermal cycles

re given in Figure S5 . Polarization curves with iR correction after

he activation of 10 CV cycles are exhibited in Fig. 3 a . The cor-

esponding Tafel slopes derived from the polarization curves are

hown in Fig. 3 b . It is clear that the pristine Co 3 O 4 requires an

verpotential of 336 mV to reach a current density of 50 mA cm 

−2 

ith a relatively large Tafel slope of 76 mV/dec determined. On the

ontrary, all the Co 3 O 4 @MOF-74 electrocatalysts exhibit the bet-

er performance than the pristine Co 3 O 4 with lower overpotentials

nd smaller Tafel slopes ( Fig. 3 c ). When the solvothermal process

s implemented for 1 to 4 cycles, the Co 3 O 4 @MOF-74 catalysts only

eed overpotentials of 299, 285, 310 and 318 mV to achieve a cur-

ent density of 50 mA cm 

−2 together with Tafel slopes of 65, 43,

3 and 66 mV/dec, respectively. Among all the investigated elec-

rocatalysts, the Co 3 O 4 @MOF-74 samples grown with 2 solvother-

al cycles have the best performance with the smallest overpo-

ential and Tafel slope because of its optimal thickness of MOF

hell. These particular samples are then selected as the representa-

ive Co 3 O 4 @MOF-74 catalysts for subsequent studies with the aim

o understand the performance enhancement of introducing the

OF-74 shell layers. 

As illustrated in Fig. 4 a , the Co 3 O 4 @MOF-74 catalysts require an

verpotential of 285 mV, while the pristine Co 3 O 4 need a larger

verpotential of 336 mV to obtain the same current density of

0 mA cm 

−2 . For Co 3 O 4 @MOF-74, its Faradaic efficiency can be

etermined from the evolution amount of oxygen gas measured

y gas chromatography during electrocatalysis with a fixed current

ensity of 50 mA cm 

−2 . Importantly, the amount of generated oxy-

en gas matches well with the theoretically calculated value, sug-

esting a high Faradaic efficiency of > 99% during the OER process

 Fig. 4 b ). Nyquist plots obtained from the EIS results are also ex-

ibited in Figure S6 . These plots reveal the enhanced conductivity

nd smaller resistance after coating the MOF shell layers onto the

o 3 O 4 nanowire arrays. The smaller radii of semi-circles at both

igh and low frequency regions for Co 3 O 4 @MOF-74 catalysts il-

ustrate the reduced charge transfer resistance and a lower active

pecie adsorption resistance, significantly promoting the electron

ransport on the electrode/electrolyte interface and the turnover of

bsorbed-intermediates into oxygen, as compared with the ones of

ristine Co 3 O 4 . [60–62] Furthermore, the catalytic stability of the

amples is also taken into a serious consideration and evaluated

sing the chronoamperometry method. Under a fixed overpoten-

ial of 400 mV, the initial current density is about 67 mA cm 

−2 

or Co 3 O 4 @MOF-74 (without iR correction), while it is only 46 mA

m 

−2 for Co 3 O 4 . After a testing period of 12 h, the retained cur-

ent densities become about 65 and 43 mA cm 

−2 for Co 3 O 4 @MOF-

4 and Co 3 O 4 , respectively, demonstrating that the Co 3 O 4 @MOF-74

atalyst has the high activity and robust catalytic stability for long-

erm oxygen evolution ( Fig. 4 c ). Moreover, there is not any signif-
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Fig.. 3. Electrochemical activity of Co 3 O 4 and Co 3 O 4 @MOF-74 with various solvothermal cycles. (a) Polarization curves for OER in 1.0 M KOH alkaline solution with scan rate 

of 10 mV/s. (b) Tafel slopes derived from (a). (c) The dependence of overpotentials (at the current density of 50 mA cm 

−2 ) and Tafel slopes with different MOF solvothermal 

cycles. 

Fig.. 4. (a) Polarization curves for Co 3 O 4 and Co 3 O 4 @MOF-74 with 2 solvothermal cycles in 1.0 M KOH solution. (b) Amount of theoretically calculated and experimentally 

measured oxygen for Co 3 O 4 @MOF-74 with 2 solvothermal cycles under the fixed current density of 50 mA cm 

−2 in 1 M KOH solution. (c) Stability tests for Co 3 O 4 and 

Co 3 O 4 @MOF-74 with 2 solvothermal cycles using the chronoamperometry method (without iR corrections). (d) Polarization curves for Co 3 O 4 @MOF-74 with 2 solvothermal 

cycles before and after stability test. 
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cant deterioration in polarization curves after the stability test for

o 3 O 4 @MOF-74 ( Fig. 4 d ), further revealing the excellent durability

f these electrocatalysts. 

In previous studies, the activation and transformation of tran-

ition metal-based dichalcogenide and phosphide electrocatalysts

uring the electrocatalytic processes into oxides, oxyhydroxides

nd hydroxides have been demonstrated ( e.g. the turnover of metal

ulfides into metal oxides) because of the in situ oxidation of

s-synthesized electrocatalysts during the electrochemical oxygen

volution process, accompanied with oxygen generation. [ 5 , 63 ] In

he case of MOF-based materials during the OER process, similar

henomena should also be taken into account to evaluate any po-

ential changes of MOF structures. For instance, the transforma-

ion of Ni-MOF@Fe-MOF into NiO and Fe 2 O 3 during the electrocat-

lytic oxygen generation process in alkaline solution was lately un-

eiled and thoroughly analyzed, where NiO and Fe 2 O 3 , instead of

he MOF structures, were found to be the actual catalytic centers

or OER. [52] A similar finding was as well reported for the case of
i-based MOFs for oxygen generation and urea oxidation. [64] In

his regard, detailed post-reaction characterizations are performed

o investigate any changes for the structure of Co 3 O 4 @MOF-74.

RTEM is employed to learn the morphological and structural

roperties of the post-reaction sample ( Fig. 5 a , 5 b and 5 c ). The

orphology of Co 3 O 4 @MOF-74 after OER stability test is charac-

erized by TEM, as exhibited in Figure S7 and Fig. 5 a . TEM im-

ges revealed the nanowire-like morphology for Co 3 O 4 , which was

oated with thin shells, as labeled in Figure S7 . Notably, HRTEM

mages in Fig. 5 b and 5 c depicted that the interplanar spacing

f 0.237 nm is ascribed to the (101) facet of Co(OH) 2 , suggesting

he Co(OH) 2 structured shells on the surfaces of Co 3 O 4 . FTIR spec-

ra of both Co 3 O 4 and Co 3 O 4 @MOF-74 are as well recorded be-

ore and after OER stability test. For pristine Co 3 O 4 , the peak at

51 cm 

−1 is related to the Co 2+ —O vibration with the tetrahedral

tructure in Co 3 O 4 , [ 58 , 65 ] where those at 1636 and 3445 cm 

−1 

re ascribed to the existence of absorbed molecular water. [65] It

s obvious that there is not any significant change in the struc-



6 W. Gao, W. Gou and R. Wei et al. / Applied Materials Today 21 (2020) 100820 

Fig.. 5. (a) HRTEM image of Co 3 O 4 @MOF-74 with 2 solvothermal cycles after stability test. (b), (c) Corresponding HRTEM images from red and blue color circled regions 

in (a). (d) FTIR spectra of Co 3 O 4 @MOF-74 with 2 solvothermal cycles before and after stability test. XPS spectra of (e) Co 2p and (f) O 1 s for Co 3 O 4 @MOF-74 with 2 

solvothermal cycles before and after stability test. 
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ture of pristine Co 3 O 4 after durability test ( Figure S8 ). However,

Co 3 O 4 @MOF-74 exhibits noticeable changes with a complete dis-

appearance of above-mentioned characteristic peaks ascribing to

the organic ligand of H 4 DOBDC and DMF, indicating the loss and

breakdown of MOF structures after stability test ( Fig. 5 d ). At the

same time, XPS spectra of Co and O elements are measured to

investigate the changes in chemical states for Co 3 O 4 @MOF-74 be-

fore and after durability test. For Co 2p spectra, peaks at 780.3

and 795.4 eV are attributed to Co 3 + species, while those located

at 784.0 and 797.8 eV are assigned to Co 2 + species. By integrat-

ing the deconvoluted fitting curves, the ratios of Co 3 + / Co 2 + are

calculated to be 2.2 and 4.3 for Co 3 O 4 @MOF-74 before and after

stability test, correspondingly. Therefore, more Co 3 + species are lo-

cated on the Co(OH) 2 surface, serving as catalytic sites for OER. For

O 1 s spectra, the significant transformation of chemical structures

of Co 3 O 4 @MOF-74 is witnessed by comparing among the deconvo-

luted three peaks after stability test. Peaks with the binding energy

of 530.3, 531.3 and 532.7 eV are related to the Co—O, O = C –O

and absorbed water species, respectively [ 34 , 42 , 52 ]. As a result

of in situ conversion, the electrocatalyst after stability test exhibits

three peaks as well, where those at 529.2, 530.9 and 532.1 eV

are assigned to the Co—O, Co—OH, and absorbed water species,

correspondingly, [ 52 , 66 ] indicating the preservation of Co—O for

the Co 3 O 4 core and the transformation into Co(OH) 2 species after

OER durability test. Based on all these findings, the formation of

Co(OH) 2 shell layers from MOF-74 is evidently confirmed, in which

the in situ conversion of Co 3 O 4 @MOF-74 into Co 3 O 4 @Co(OH) 2 dur-

ing the electrochemical process for oxygen evolution is consistent

with the literature of other similar MOF systems. [ 52 , 64 ] 

In general, Co 3 O 4 nanowire arrays on Ni foams are a good

type of hard templates for the epitaxial growth of MOF layers on

the nanowire surface because of the good conductivity and ro-

bust structure. [19] Several unique advantages can be highlighted
rom this epitaxial synthesis method, followed by the in situ con-

ersion of MOF-74 into Co(OH) 2 ( Scheme 1 ). Firstly, Co 3 O 4 is not

nly the template and substrate to main the vertical structure, but

lso the metal source to supply Co ions to react with the lig-

nd of H 4 DOBDC for the formation of Co-based MOF-74 shell lay-

rs without using any other metal sources. This way, the good

onductivity of Co 3 O 4 as the material core can benefit the trans-

er of electrons from the electrolyte-electrode interface to the an-

de. Secondly, the high porosity of MOF-74 shell layers would

acilitate the diffusion of alkaline electrolytes to promote its in

itu electrochemical transformation into a non-compact structure.

nce the Co(OH) 2 shell is transformed from the MOF-74 layer,

here would be an enhanced cohesion between the Co(OH) 2 shell

nd the Co 3 O 4 nanowire core, preventing its separation from the

ore to guarantee the good catalytic stability for OER. Thirdly, the

ighly-disordered, poor-crystallized and defect-rich Co(OH) 2 shell

an provide abundant catalytically active sites for the adsorption

f active species as well as the subsequent conversion of interme-

iates. [ 31 , 42 ] Therefore, designing such metal oxide@MOF core-

hell structures can make the most use out of their structural fea-

ures and their derivatives of metal oxide@metal hydroxide by the

n situ electrochemical conversion for the excellent and remark-

ble properties for OER. This presents a valuable insight into the

OF-based materials for electrocatalysis. It is also worth mention-

ng that, due to the differences and variations of intrinsic chemical

roperties, some MOF structures are more stable in electrolytes to

reserve their initial structural and chemical features. [ 26 , 27 , 29 ]

n the other hand, some MOFs may not be stable enough, suffer-

ng substantial changes in their structures when operating in alka-

ine solutions. [49–52] Thus, the post-reaction characterization and

nalysis of the structure should be carefully performed to evalu-

te any changes in crystalline and chemical structures during elec-

rochemical processes. All these are essential to understand their
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peration mechanisms of MOF-based materials and their nature as

ffective and stable electrocatalysts. 

. Conclusion 

In summary, we have successfully prepared the Co 3 O 4 @MOF-

4 core-shell structure using a template-assisted epitaxial growth

ethod on Co 3 O 4 nanowire arrays pre-fabricated on Ni foam sub-

trates. The thickness of MOF shell layers can be simply regulated

ith a large range by controlling the solvothermal cycles onto the

anowires. The obtained Co 3 O 4 @MOF-74 samples exhibit remark-

bly enhanced catalytic properties for OER as compared with pure

o 3 O 4 nanowire arrays on Ni foam. Particularly, the Co 3 O 4 @MOF-

4 catalysts, grown with 2 deposition cycles, require a low over-

otential of only 285 mV to realize a current density of 50 mA

m 

−2 together with a small Tafel slope of 43 mV/dec. Post-reaction

haracterizations further demonstrate the transformation of MOF-

4 into cobalt hydroxide shell layers, where these in situ electro-

hemically converted cobalt hydroxides are functioned as the ac-

ual catalytic centers during the electrocatalytic oxygen generation

eaction. Benefitting from these robust core-shell structures, the

btained Co 3 O 4 @Co(OH) 2 electrocatalysts give the excellent dura-

ility and activity for OER. This work does not only provide a novel

pitaxial growth method of preparing heterogeneous MOF struc-

ures, but also unveils the in situ transformation mechanism of

OF-based materials during electrochemical reactions, exhibiting

 valuable insight into their effective and robust use as electrocat-

lysts. 
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