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Highlights  

 Co-B-O@Co3O4 was prepared using calcination-NaBH4 treatment strategy with a 

facile and energy efficient method. 

 A distinctive polyhedral morphology of Co-B-O@Co3O4 was well preserved after the 

NaBH4 treatment of its precursor material.   

 Co-B-O@Co3O4 was employed for the electrochemical oxygen evolution reaction.  

 Co-B-O@Co3O4 showed excellent catalytic performance and long-term durability for 

oxygen evolution reaction in basic media. 
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Abstract 

The development of highly effective and low-cost non-noble metal electrochemical catalysts 

for oxygen evolution reactions (OER) is a major challenge for overall water splitting and 

rechargeable metal-air batteries. In this study, we develop a novel hollow cobalt-borate 

modified cobalt oxide composite (denoted by Co-B-O@Co3O4) catalyst derived from zeolitic 

imidazolate framework-67 (ZIF-67) for electrochemical OER. The Co-B-O@Co3O4 was easily 

synthesized via pyrolysis of ZIF-67 in Ar and air to produce hollow Co3O4 (denoted by h-

Co3O4), followed by simple NaBH4 treatment at ambient temperature for 4 hours. The unique 

polyhedral morphology was well preserved during the NaBH4 treatment. Benefiting from its 

structural and compositional merit, the as-synthesized Co-B-O@Co3O4 exhibit excellent 

electrocatalytic activity and long-term stability for OER. Also, we conducted the OER test 

using a Co-B-O@Co3O4 catalyst in a neutral pH environment for further investigation. Our 

study can provide an insight into catalyst modification step to enhance the overall 

performance while keeping its physical structure simultaneously. using metal-organic 

framework for the electrochemical catalyst thus can be recognized as a method for producing 

a highly active, long-term working and novel engineered electrocatalyst for OER applications. 

 

Keywords: Electrocatalyst, Oxygen evolution reaction, Metal-organic frameworks, ZIF-67, 

Cobalt boron composite 
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1. Introduction 

The global demand for sustainable and clean energy for the next generation triggered the 

pursuit of finding promising electrocatalysts specialized in energy storage and conversion [1-

4]. Among the energy conversion reactions, oxygen evolution reaction (OER) is a 

fundamental step in electrochemical water splitting and rechargeable metal-air batteries [5-8]. 

However, due to the sluggish kinetics of OER, the development of the suitable catalyst and 

devices has limited [9,10]. Because of the endergonic nature of the OER, a poor yield of 

oxygen generation and high energy consumption remain as a challenge. To achieve a high 

reaction rate, the catalyst must perform the OER at a low overpotential and the kinetics of the 

catalysis has to be facile. So far, some precious metal oxide materials such as RuO2 and IrO2 

showed excellent performance as well as low overpotential toward OER process [11-14]. 

Nevertheless, these materials also possess some drawbacks like expensive cost, an 

insufficient amount of precursors and unsatisfying durability which slow down the large-scale 

industrial application. Also, RuO2 and IrO2 are known to dissolute in such high anodic 

potential, leading to the reduction of catalytic performance and stability [15]. On the other 

hand, various materials were investigated and evaluated to replace the precious metal oxide 

based catalyst [16-21]. Also, the optimization of size, morphology and electronic interaction 

is in progress by many scientists and engineers to accomplish the goal of making better 

electrocatalyst toward OER. 

Among the possible alternative material to replace the precious metal-based catalyst, 

transition metal materials and derivatives can be attractive due to their well-known high 

performances, as well as their potential stability. From the Sabatier principle [22,23], cobalt-

based materials showed the bright promise for OER electrocatalyst. Especially, cobalt-based 
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materials including hydroxides, oxyhydroxides, chalcogenides, phosphides and carbides [24-

33] got its attention due to the excellent OER performance, strong stability and relatively low 

cost. However, the catalytic performance of these materials is still below their full capability. 

Also, a relatively high operating overpotential remains a challenge for practical applications. 

Recently, cobalt-boron hybrid materials [34-36] got attention for its enhanced OER catalysis, 

along with easy and energy saving synthesis procedure. The introduction of boron species 

such as boride and borate into transition metal catalysts is known to aid the formation of 

metal oxyhydroxide (M-OOH) intermediates by decreasing the kinetic and thermodynamic 

barrier, which could eventually improve the performance of the electrochemical OER [37]. 

For a conventional application, the material is known for its ability to generate hydrogen 

from NaBH4 by hydrolysis reaction [38,39]. Therefore, the material is under development as 

a catalyst in the field of reactor engineering for harvesting H2 from the NaBH4. The result 

showed that metal boron composite possesses the high ability to harvest hydrogen from 

NaBH4 efficiently. Simagina et al. reported a cobalt boride catalyst for NaBH4 hydrolysis 

using Co3O4 as a reacting material [40,41]. The mechanism suggests that Co3O4 initially 

become cobalt-boron composite when reacting with NaBH4, then the subsequent hydrolysis 

of NaBH4 is promoted by cobalt boride. Because of the catalytic effect of Co3O4 based cobalt-

boron composite, the facile and moderate reaction rate could have achieved without 

influencing the catalytic performance. In the electrochemical perspective, Masa et al. reported 

easily synthesized amorphous cobalt boride for water splitting electrocatalyst [42]. The 

fabricated catalyst performed very well in an alkaline electrolyte and showed lower 

overpotential compared to the conventional precious metal oxide based electrocatalysts. Also, 

cobalt borate, due to their highly active catalytic ability on electrochemical OER, has been 
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reported recently [43-45]. Xue et al. reported that borate anion could influence the electronic 

structure of the cobalt-based electrocatalyst to generate a significant improvement in 

electrochemical OER activity [43]. However, the rapid and massive evolution of H2 during 

the synthesis of the cobalt-boron composite is inevitable, thus remained as a challenge [46].  

Zeolitic imidazolate frameworks (ZIFs), such as ZIF-67 and ZIF-8 are widely used metal-

organic frameworks (MOFs) which possess uniform pore distribution and good chemical 

stability [47-49]. Due to these reasons, various electrocatalyst derived from ZIFs have been 

intensively investigated in recent years [50-56]. In many cases, ZIFs derived catalysts are 

prepared in high temperature or in the form of chalcogenide and phosphide with multiple 

preparation steps [57-62]. This process can further boost the performance and stability of the 

ZIFs derived catalyst. 

Another great advantage of ZIFs derived catalyst is that the unique 3 D hollow and porous 

polyhedral morphology that can enhance the mass transfer efficiency [63-65], result in the 

improvement of the overall performance of the ZIFs derived catalysts. However, severe 

doping of heteroatoms and altering the physical-chemical structure of ZIFs can trigger the 

massive volume expansion within the material, which could damage the integrity of the 

material’s structure and its structural merit [66-67]. Developing the ZIFs derived catalyst for 

the electrochemical OER by focusing the electrochemical performance is important. However, 

it is also crucial to develop the methodology for maintaining the structure during the 

preparation of ZIFs derived catalyst need to be proposed in order to keep the unique 

morphology and its structural advantage.    

In viewing of these aforementioned perspectives in the electrochemical catalyst, we 

demonstrate ZIFs derived novel hollow cobalt borate modified cobalt oxide composite 
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(denoted by Co-B-O@Co3O4) catalyst for electrochemical OER. The Co-B-O@Co3O4 was 

easily synthesized via calcination-NaBH4 treatment strategy. Initially, ZIF-67 was undergoing 

calcination process in Ar and air to produce hollow Co3O4 (denoted by h-Co3O4), followed by 

NaBH4 treatment at ambient temperature for 4 h without further heat treatment. From the 

unusual calcination process of ZIF-67, the unique morphology and structure were well 

preserved with the fair amount of carbon which could help the catalyst’s structural integrity 

[68]. Also, just adopting a simple NaBH4 treatment step, turning h-Co3O4 into Co-B-

O@Co3O4 was successful with the controlled material synthesis rate, well preserved physical 

structure and highly increased electrochemical OER performance compared to the h-Co3O4. 

After conducting OER test with prepared Co-B-O@Co3O4, the catalyst showed the 

overpotential of 0.350 VRHE at 10 mA cm
-2

 with low Tafel slope of 32.7 mV dec
-1

 in 0.1 M 

KOH solution. Also, Co-B-O@Co3O4 performed at 0.343 VRHE to reach 10 mA cm
-2

 with the 

Tafel slope of 40.3 mA dec
-1

 in 1.0 M KOH solution. Finally, the OER was performed under 

neutral pH condition for further investigation using Co-B-O@Co3O4.  

 

2. Materials and methods       

2.1 Reagents 

All chemicals were used without further purification. Cobalt nitrate hexahydrate (Co(NO3)2 

·6H2O, 99.8%), methanol (99.8%), ethanol (99.9%), sodium borohydride (NaBH4, 99.8%) 

and potassium hydroxide (KOH, 99.9%) were purchased from Samchun Chemicals (South 

Korea). 2-methylimidazole (CH3C3H2N2H, 99.0%) and Nafion solution (5 wt%) were 

purchased from Sigma-Aldrich (USA).  
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2.2 Apparatus 

Electrochemical studies were conducted by using the conventional three-electrode system by 

an Autolab potentiostat (Metrohm, Netherlands). Glassy carbon electrode (GCE, 0.1963 cm
2
 

in surface area) was used as a working electrode. The Ag/AgCl with saturated KCl solution 

and Hg/HgO electrode with 1.0 M NaOH solution were used as reference electrodes. 

Platinum plate electrode (1.0 cm
2 

in area) was used as a counter electrode. The produced 

materials were characterized by field-emission scanning electron microscope (FE-SEM, 

Hitachi S-4800). The energy-filtering transmission electron microscopy (EF-TEM) and the 

energy-dispersive X-ray spectroscopy (EDS) was also used (LIBRA 120). The 

electrochemical impedance spectroscopy (EIS, ZIVE SP1). The specific surface area and pore 

volume were analyzed via nitrogen adsorption-desorption isotherm (Micrometrics ASAP 

2010). X-ray photoelectron spectroscopy (XPS) analysis was conducted using Axis-HIS 

spectrometer at a constant energy of 20 eV with Al irradiation of 12 kV and 18 mA. 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis was 

conducted in Ar plasma (6000K) with the range of 167 – 782 nm (OPTIMA 8300, Perkin-

Elmer). The thermogravimetric analysis (TGA) was performed using a TGA/DSC 1 analyzer 

(Mettler Toledo) with a ramp rate of 5 ℃ per minute in air. 

 

2.3 Preparation of ZIF-67 

Cobalt nitrate hexahydrate (1.165 g) and 2-methylimidazole (1.315 g) were dissolved in 

methanol (100ml) separately. The above two solutions were then mixed for 5 minutes. The 
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resulting solution was aged at room temperature for 24 h. Then the resulting purple 

precipitate was washed with ethanol for three times and collected by centrifugation. Finally, 

the product was dried in an oven at 60 ℃ for 12 h. 

2.4 Preparation of h-Co3O4  

The prepared ZIF-67 (0.1 g) was heated at 350 ℃ with a rate of 5 ℃/min using horizontal 

quartz furnace tube and maintained at this temperature for 30 min under Ar environment. 

Then, the Ar gas was switched to air and kept at the same temperature for another 30 min. 

Prepared h-Co3O4 was then washed with H2O and dried in an oven at 60 ℃ for 12 h. 

 

2.5 Preparation of Co-B-O@Co3O4 

The as-obtained h-Co3O4 (0.03 g) was dispersed in 15 ml of H2O and maintained at 5 ℃ using 

an ice-bath for 20 min. NaBH4 (0.1893 g) was dissolved in 5 ml H2O and added to the above 

solution by syringe with vigorous stirring for 4 hours. After the NaBH4 treatment, the 

resulting precipitate was centrifuged and washed with water several times and dried at 60 ℃ 

oven for 12 h and denoted by Co-B-O@Co3O4. For the comparison, the samples were 

prepared according to the various NaBH4 treatment time (2, 6 and 8h) and denoted by Co-B-

O@Co3O4-2h, Co-B-O@Co3O4-6h and Co-B-O@Co3O4-8h, respectively. 

 

2.6 Electrochemical measurements 

To conduct the electrochemical measurements, the catalyst inks were prepared in following 

steps. Initially, the prepared catalyst (4.95 mg) was dispersed in a mixture of ethanol (0.75 
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mL) and water (0.20 mL). Subsequently, Nafion solution (5 wt%, 0.02 mL) was added to the 

above mixture, followed by ultrasonication for 30 min to produce a well-dispersed solution. 

In the process of electrode fabrication, 0.01 mL of the prepared ink was dropped on an 

alumina polished GCE (calculated amount of material loading was 0.255 mg cm
-2

) and dried 

under an infrared lamp for 10 min. For the electrochemical stability test, the electrode was 

fabricated using Ni foam (1 cm
2
 in area).  

All measured potentials were converted to the reversible hydrogen electrode (RHE) scale 

from Ag/AgCl and Hg/HgO reference electrodes according to the equation;  

ERHE = EAg/AgCl + 0.059pH + 0.1976, ERHE = EHg/HgO + 0.059pH + 0.140 

It should be noted that any indication regarding the potentials is referred to RHE in 0.1 M and 

1.0 M KOH solution without specification. The OER measurements were investigated in 

KOH electrolyte with a predetermined concentration. The rotation speed of the rotating disk 

electrode (RDE) was 1600 rpm for all measurements. Before acquiring any electrochemical 

data, the electrolytes were purged with O2 for 30 min. Prior to the linear sweep voltammetry 

(LSV) test, a conditioning step was applied by continuous cyclic voltammetry (CV) for 15 

times between 0.96 and 1.76 V with a scan rate of 0.1 V s
-1

. The LSV curves were measured 

from 0.96 to 1.96 V with a scan rate of 5 mV s
-1 

in KOH (0.1 and 1.0 M). The long-term 

performance of the catalysts was evaluated with chronoamperometry in KOH (0.1 and 1.0 M) 

solution to maintain the current density of 10 mA cm
-2

. All the data were corrected for the iRS 

compensation. The EIS measurements were carried out in the frequency range from 10
-1

 to 

10
5 

Hz at 1.47 V. The electrochemical double layer capacitance (Cdl) of different catalysts 

were measured by using cyclic voltammetry in a non-faradaic region (1.20 – 1.40 V) at series 

of scan rates of 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mV s
-1

. 
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3. Result and discussion  

The schematic illustration for the fabrication of the Co-B-O@Co3O4 is shown in Scheme 1. 

In brief, the h-Co3O4 was synthesized from the ZIF-67 by two-step thermal conversion 

process under argon and air at 350 ℃ respectively. Then, the Co-B-O@Co3O4 was obtained 

through the NaBH4 treatment process of h-Co3O4 under the action of the NaBH4 at ambient 

temperature for 4 h.  

The size and morphology of the as-synthesized materials were initially investigated by SEM. 

As shown in Fig. S1(in the supplementary information, SI), the as-synthesized ZIF-67 shows 

smooth polyhedral morphology and have good uniformity with the well-distributed size of 

1.0 μm in width. Fig. 1 shows the SEM image of the h-Co3O4 and Co-B-O@Co3O4. In the 

case of h-Co3O4 (Fig. 1a, b), the illustration demonstrates that the polyhedral morphology of 

ZIF-67 is quite well preserved but become slightly rough on the surface. In the case of Co-B-

O@Co3O4 (Fig. 1c, d), the surface of the material becomes rougher than h-Co3O4, but hollow 

polyhedral morphology was well maintained. Also, overall size and physical structure of the 

Co-B-O@Co3O4 was not drastically changed compared to the h-Co3O4. This result indicates 

that the NaBH4 treatment did not severely modify the polyhedral morphology of the h-Co3O4.  

The morphology and interior structure of the Co-B-O@Co3O4 was further elucidated by TEM 

(Fig. 2). The dodecahedron-like shell structures can be observed more distinctly and the 

hollow interiors are clearly revealed by the sharp contrast between the centers and edges of 

the Co-B-O@Co3O4 from the TEM image in Fig. 2a. It is noticeable that the polyhedral 

morphology of Co-B-O@Co3O4 was well preserved due to the fact that carbon generated at 

the first calcination act as a temporal structure buffer, which helps to preserve the 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

12 

 

morphology of ZIF-67. As observed by SEM and TEM data, we speculate that the physical 

structure of the h-Co3O4 and Co-B-O@Co3O4 are not been altered greatly. The EDS mapping 

(Fig. 2b – e) was employed to determine the elemental distribution of Co-B-O@Co3O4, 

which show the co-existence and the uniform distribution of Co, O and B on the prepared 

catalyst.  

To investigate the amount of Co and B, an ICP-AES study have been explored. The 

investigation revealed that the product in consisted of mainly Co (67.17 wt%) and a small 

amount of B (0.10 wt%), the rest being C and O. The corresponding atomic ratio between Co 

and B was 1.0:0.08.  

More detail characterization of Co-B-O@Co3O4 was conducted with XPS measurement (Fig. 

3). The high-resolution spectrum indicates the separation of Co 2p peak with 2p3/2 and 2p1/2 

components due to the spin-orbit splitting, accompanied by two satellite peaks (Fig. 3a). The 

binding energy of the main Co 2p3/2 and 2p1/2 peak was 780.7 and 796.5 eV, respectively, 

indicating the typical representation of Co(OH)2
 
which was inadvertently formed by NaBH4 

treatment and exposure to air [69]. The binding energy of the main O 1s peak was 531.4 eV, 

which is a contribution of four different peaks (Fig. 3b) [69]. Mainly, the peak is associated 

with metal hydroxide species (531.2 eV), which can be interpreted as the possible formation 

of Co(OH)2 during the NaBH4 treatment. Other peaks indicate the presence of metal oxides 

(529.8 eV), the mixed peak of adsorbed water and C-O species (532.2 eV) and C=O species 

(533.3 eV). The B 1s spectrum of Co-B-O@Co3O4 was represented into a distinctive peak at 

191.8 eV (Fig. 3c). The peak is assigned to the boron-oxo species such as cobalt borate [42]. 

From the designated XPS data, it is plausible to speculate that the simultaneous formulation 

of cobalt borate composite was produced during the NaBH4 treatment process. The atomic 
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percentage of Co, B and O calculated from the XPS data was 15.3 %, 7.9 % and 43.9 %, 

respectively. Combining this result with the ICP-AES data, we speculate the majority of the B 

related species such as cobalt borate composite exists on the surface of the material. 

Therefore, it is possible to consider that only a slight alteration of the catalyst’s exterior was 

happened during the NaBH4 treatment of h-Co3O4 to produce Co-B-O@Co3O4.  

The TGA was performed to calculate the weight percentage of C in the Co-B-O@Co3O4 (Fig. 

S2 in the SI). The investigation suggests that the Co-B-O@Co3O4 contains 8.9 wt% of C. 

Judging by the degradation curve [70], we speculate that the retained C in the Co-B-

O@Co3O4 mostly exists as the form of carbonate. Also, judging by the scarce amount of 

retained carbon in Co-B-O@Co3O4, it is possible to consider that the carbon acted as a binder 

to keep the polyhedral structure during the calcination process.  

The BET surface area, total pore volume and mean pore diameter of the h-Co3O4 and Co-B-

O@Co3O4 was investigated through N2 adsorption-desorption hysteresis (Fig. 3d) The 

hysteresis diagram and pore distribution diagram of h-Co3O4 and Co-B-O@Co3O4 showed a 

high degree of resemblance with little contrast. According to the SEM data and the N2 

adsorption-desorption hysteresis result, we assume that the surface of Co-B-O@Co3O4 has 

not been severely enlarged or etched away during the NaBH4 treatment. The result indicates 

that the surface morphology has not been altered greatly, thus can be a supporting evidence 

for the physical stability of the material that undergone NaBH4 treatment. Summarized 

information of the BET surface area, total pore volume and mean pore diameter are presented 

in Table 1.  

Table 1. The BET surface area, pore volume and mean pore diameter of h-Co3O4 and Co-O-B@Co3O4 

 
h-Co3O4 Co-O-B@Co3O4 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

14 

 

BET surface area (m
2
 g

-1
) 49.26 55.08 

Total pore volume (cm
3 
g

-1
) 0.33 0.35 

Mean pore diameter (nm) 26.70 25.33 

       

The examination of electrochemical OER demeanor of the Co-B-O@Co3O4 was investigated 

in 0.1 M KOH solution. For the comparison, prepared RuO2, h-Co3O4, Co-B-O@Co3O4-2h, 

Co-B-O@Co3O4-6h and Co-B-O@Co3O4-8h were also investigated in the same experimental 

condition. Fig. 4a shows iRS corrected LSV of OER using prepared modified electrodes. The 

result indicates that among the materials, Co-B-O@Co3O4 shows the small onset potential of 

1.47 V for the OER, beyond which oxidation current rises rapidly by applying a little 

overpotential (from 5.00 mA cm
-2 

at 1.50 V and 20.90 mA cm
-2

 at 1.56 V). Also, from the 

linear regions of the Tafel plots (Fig. 4b), the Tafel slope was calculated [71]. From the 

equation, the high catalytic activity of the Co-B-O@Co3O4 is described by its Tafel slope of 

32.7 mA dec
-1

. Other compared materials such as h-Co3O4 (72.4 mA dec
-1

), Co-B-O@Co3O4-

2h (54.3 mA dec
-1

), Co-B-O@Co3O4-6h (63.5 mA dec
-1

) and Co-B-O@Co3O4-8h (57.9 mA 

dec
-1

) showed inferior results. This result demonstrates that the Co-B-O@Co3O4 is 

remarkably more active toward OER. The onset potential and Tafel slope of RuO2 is 1.37 V 

and 68.8 mA dec
-1

, respectively. Although the onset potential of Co-B-O@Co3O4 is higher 

than RuO2, the result from the Tafel slope indicates that the Co-B-O@Co3O4 has a greater 

advantage in OER kinetics. Achieving 10 mA cm
-2

 at low overpotential is another criterion 

for evaluating materials for OER catalyst. In the case of Co-B-O@Co3O4, the measured 

overpotential was 0.350 V to reach 10 mA cm
-2

, indicating an excessive performance for 

OER. Compared to this result, other materials such as h-Co3O4 (0.495 V), Co-B-O@Co3O4-

2h (0.393 V), Co-B-O@Co3O4-6h (0.402 V) and Co-B-O@Co3O4-8h (0.387 V) showed 
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higher overpotential to reach 10 mA cm
-2

. The stability of the Co-B-O@CO3O4 was 

measured with chronoamperometry in 0.1 M KOH solution for 12 h to maintain the current 

density of 10 mA cm
-2

 (Fig. 4c). Even though the result showed a weak decay of catalytic 

performance, the catalyst could operate for 12 h and as much as 70 % of its original catalytic 

capability was still maintained.  

To further study on the electrocatalytic activity of the as-synthesized materials, the 

electrochemical performance testing of the as-prepared materials were also investigated in 1.0 

M KOH solution. Fig. 4d shows the LSV curves of prepared RuO2, h-Co3O4, Co-B-

O@Co3O4, Co-B-O@Co3O4-2h, Co-B-O@Co3O4-6h and Co-B-O@Co3O4-8h catalysts with 

iRS
 
correction in 1.0 M KOH. The result indicates that among the materials except for RuO2, 

Co-B-O@Co3O4 exhibits the lowest onset potential at 1.47 V for OER, which the current 

density rapidly rises with the small increase of overpotential (from 20.00 mA cm
-2 

at 1.584 V 

and 80.00 mA cm
-2 

at 1.597 V). The result of the calculated Tafel slope of Co-B-O@Co3O4 

was 40.3 mA dec
-1

 (Fig. 4e). The other compared catalysts like h-Co3O4 (74.6 mA dec
-1

), Co-

B-O@Co3O4-2h (64.6 mA dec
-1

), Co-B-O@Co3O4-6h (62.3 mA dec
-1

) and Co-B-O@Co3O4-

8h (45.6 mA dec
-1

) showed higher Tafel slope value, indicating the inferior OER kinetics. The 

required overpotential for Co-B-O@Co3O4 to reach 10 mA cm
-2

 was 0.343 V. Other 

compared catalysts such as h-Co3O4 (0.411 V), Co-B-O@Co3O4-2h (0.367 V), Co-B-

O@Co3O4-6h (0.352 V) and Co-B-O@Co3O4-8h (0.355 V) required higher overpotential to 

reach the current density of 10 mA cm
-2

. The overpotential at 10 mA cm
-2 

of RuO2 is 0.233 V. 

The value of Tafel slope of Co-B-O@Co3O4 was still low even compared to the RuO2 (43.1 

mA dec
-1

), implying that the Co-B-O@Co3O4 has favorable OER kinetics. To investigate the 

durability of the Co-B-O@Co3O4 under 1.0 M KOH, 12 h of chronoamperometry to maintain 
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the 10 mA cm
-2

 was implied (Fig. 4f). The Co-B-O@Co3O4 catalyst performed well with the 

small reduction of catalytic capability and the current density was persisted for 12 h. In 

addition, we demonstrated the OER at pH=7.4 environment using 1.0 M phosphate buffer 

solution (PBS) (Fig. S4 in SI). The overall electrochemical results are summarized in Table 

S1. in SI. Compared with several other reported catalysts (Table S4. and Table S5. in the SI), 

the prepared Co-B-O@Co3O4 performed well considering the simple and easy preparation 

process.   

The Nyquist plots demonstrate that Co-B-O@Co3O4 showed the smallest semicircle diameter 

than other compared materials in both 0.1 M and 1.0 M KOH, respectively (Fig. S3). This 

result suggests a lower charge transfer resistance (Rct) of Co-B-O@Co3O4, therefore better 

catalytic activity of the material is reasonable. From the equivalent electrical circuit, the Rct of 

Co-B-O@Co3O4 was calculated as 8.069 Ω. In the case of other prepared catalysts, the Rct 

value was high than Co-B-O@Co3O4 except for RuO2. Further information is represented in 

Table S2. in SI. The electrochemical active surface area of the catalysts was examined from 

the double-layer capacitance (Cdl), which was calculated by CV in non-faradic potential range 

with various scan rates from 20 to 200 mV s
-1

 (Fig. 5a - e). From the CV, the linear plot (Fig. 

5f) of scan rate versus current density and the calculated value of Cdl were obtained. The Cdl 

of h-Co3O4 was the lowest of 1.33 mF cm
-2

, followed by Co-B-O@Co3O4-6h (4.44 mF cm
-2

), 

Co-B-O@Co3O4-2h (8.36 mF cm
-2

) and Co-B-O@Co3O4-8h (17.03 mF cm
-2

). The Co-B-

O@Co3O4 showed the highest Cdl value of 26.20 mF cm
-2

, which can be an indication that the 

material has the largest electrochemical active surface area. The summarized result of the Cdl 

calculation is presented in Table S3. in SI.  
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4. Conclusion 

In summary, we designed and produced a novel Co-B-O@Co3O4 catalyst through a 

calcination-NaBH4 treatment strategy using ZIF-67 as a source material. Initially, during the 

production process of h-Co3O4 using Ar and air from ZIF-67, the certain degree of carbon 

was remained and enforced the structural integrity of the h-Co3O4. Subsequently, the material 

was treated with an aqueous solution of NaBH4 for 4 h to fabricate Co-B-O@Co3O4 catalyst 

from h-Co3O4. By introducing a simple modification step, the efficiency of Co-B-O@Co3O4 

toward OER was greatly increased. Also, the unique polyhedral morphology of the precursor 

material was still intact during the NaBH4 treatment. This result indicates the mild degree of 

alteration of precursor material and was fully able to exploit the structural advantage. Novel 

Co-B-O@Co3O4 catalyst exhibited excellent performance toward electrochemical OER 

compared to h-Co3O4. In the case of 0.1 M and 1.0 M KOH, Co-B-O@Co3O4 needed the 

overpotential of 0.350 V and 0.342 V respectively to reach 10 mA cm
-2

. To determine the 

stability of the Co-B-O@Co3O4, the continuous 12 h chronoamperometry tests under 0.1 M 

and 1.0 M KOH were also initiated. The catalyst performed well in both alkaline condition 

with little decay of catalytic ability. Because of the complex nature of the catalyst’s 

component, it is difficult to investigate the exact quality and quantity of elements 

constructing the Co-B-O@Co3O4. Nevertheless, this work can suggest a new insight into the 

development of novel structured catalyst not only by its performance but also the structural 

merit. Also, by achieving low energy consumption during the fabrication of catalyst, this 

work can be acknowledged as a new approach toward energy saving methods for future 

electrocatalyst development and its energy conversion applications.    
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Scheme 1. Schematic illustration of the preparation process of Co-B-O@Co3O4. 
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Fig. 1. SEM images of h-Co3O4 (a, b) and Co-B-O@Co3O4 (c, d). 
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Fig. 2. TEM image of Co-B-O@Co3O4 catalyst (a). An EDS mapping image of Co-B-

O@Co3O4 catalyst (b) and analyzed atom; Co (c), O (d) and B (e).  
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Fig. 3. XPS analysis of h-Co3O4 and Co-B-O@Co3O4 catalyst; Co 2p (a), O 1s (b), and B 1s 

(c). BET analysis of h-Co3O4 and Co-B-O@Co3O4 catalyst (d). Inset; pore distribution 

diagram of h-Co3O4 and Co-B-O@Co3O4.  

 

 

 

 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

32 

Fig. 4. LSV (a, d) and Tafel curves (b, e) of Co-B-O@Co3O4 and compared catalysts in 0.1 M 

and 1.0 M KOH with the scan rate of 5 mVs
-1

 at room temperature. A stability test (c, f) result

of Co-B-O@Co3O4 catalyst to maintain 10 mA cm
-2

 for 12 h in 0.1 M and 1.0 M KOH,

respectively. 
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Fig. 5. Double-layer capacitance (Cdl) study of h-Co3O4 (a), Co-B-O@Co3O4 (b), Co-B-

O@Co3O4-2h (c), Co-B-O@Co3O4-6h (d) and Co-B-O@Co3O4-8h (e) in 0.1 M KOH with 

the potential range between 1.20 and 1.40 V (scan rate; 20 - 200 mV s
-1

). Linear plot (f) of 

scan rate vs. current density according to the data from the Cdl data. The Cdl was calculated as 

follows: Cdl = ∆j /υ, ∆ j= ja-jc : Charging current (mA cm
-2

), aka. ‘slope’, υ : scan rate (mVs
-1

). 

 




