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 ABSTRACT 

Controllable pyrolysis of metal−organic frameworks (MOFs) in confined spaces 

is a promising strategy for the design and development of advanced functional 

materials. In this study, Co-Co3O4@carbon composites were synthesized via 

pyrolysis of a Co-MOFs@glucose polymer (Co-MOFs@GP) followed by partial 

oxidation of Co nanoparticles (NPs). The pyrolysis of Co-MOFs@GP generated a 

core–shell structure composed of carbon shells and Co NPs. The controlled partial

oxidation of Co NPs formed Co-Co3O4 heterojunctions confined in carbon shells. 

Compared with Co-MOFs@GP and Co@carbon-n (Co@C-n), Co-Co3O4@carbon-n

(Co-Co3O4@C-n) exhibited higher catalytic activity during NaBH4 hydrolysis. 

Co-Co3O4@C-II provided a maximum specific H2 generation rate of 

5,360 mL·min−1·gCo
−1 at room temperature due to synergistic interactions

between Co and Co3O4 NPs. The Co NPs also endowed Co-Co3O4@C-n with the 

ferromagnetism needed to complete the magnetic momentum transfer process. 

This assembly-pyrolysis-oxidation strategy may be an efficient method of 

preparing novel nanocomposites. 

 
 

1 Introduction 

Metal−organic frameworks (MOFs) have emerged as 

a family of novel functional materials and attracted 

significant attention because of their highly ordered 

structures, tunable porosities, high surface areas, and 

special coordinated metal atoms [1–4]. These unique 

structural features lead to new potential applications 

for MOFs as pyrolysis precursors for use in synthesizing 

highly complex composite functional materials. Using 

MOFs, some types of organic and inorganic-carbon (C) 

composites including carbon nanostructures (carbon 

matrices, carbon sheets, carbon shells, etc.), metals@C, 

metal oxides@C, and metal oxide composites have 

been fabricated via various pyrolysis processes [5–8]. 

Research on controlling the morphologies of carbon 
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and inorganic components continues. A confined space 

may be an ideal setting for controllable pyrolysis of 

MOFs. Novel products with interesting structures and 

properties are sometimes produced when synthesis 

occurs in confined spaces [9–12]. There are many 

reactions for which single-component inorganic nano-

particles (NPs) cannot provide satisfactory catalytic 

performance. The formation of second components 

on some metal NPs as surface clusters or shells in order 

to form heterojunctions may generate unexpectedly 

high catalytic performance due to the corresponding 

electronic interactions between various components. 

The well-designed, hierarchical, hollow ball-in-ball 

structure of NiO/Ni/graphene composites exhibited 

superior performance as an anode material in lithium 

ion batteries [13]. Thin-film catalysts (Sn0-SnOx) were 

also prepared in an attempt to enhance CO2 reduction 

activity [14]. Coupling of Pd with pyridinic-nitrogen- 

doped carbon boosts catalytic activity for the 

dehydrogenation of formic acid [15]. Co@Co3O4@carbon- 

carbon matrix (C–CM) produced via ZIF-9 pyrolysis 

produced promising catalytic activity and stability 

to oxygen reduction [16]. The intrinsic activities of Co- 

based catalysts were improved via partial oxidation, 

resulting in efficient CO2 electroreduction [17]. 

CoIIFeIIICoIIIO4 spinel with Fe and Co co-occupying an 

inverse structure exhibited promising oxygen reduction 

reaction (ORR) activity [18]. These recent significant 

advances demonstrate the efficiencies of core–shell 

heterojunctions and other composites. 

Because of its safety and renewability, hydrogen 

may serve as an excellent carbon-neutral medium for 

storage of energy generated from wind and solar- 

powered sources. Stable, efficient hydrogen production 

has been a focus of significant research, and some 

progress has been achieved [19–23]. The hydrolysis 

of sodium borohydride (NaBH4) and ammonia borane 

(NH3·BH3) can be used to produce high-purity hydrogen 

because the associated processes completely avoid 

the production of toxic CO. For safety, NaBH4 can be 

reliably stabilized in an alkaline solution. Catalysts 

play an important role in controlling the speed and 

extent of hydrogen generation [24–26]. Because of the 

high cost and limited supply of noble metal catalysts 

(Pt, Rh, Ru), and low activities of Ni and Fe catalysts, 

cobalt-based catalysts are considered excellent options 

due to their low cost, nontoxicity, and high activities 

[24, 27–30]. Cobalt-based catalysts such as Co salts, 

LiCoO2, CoOx, Co0 nanoparticles, Co-based alloys, Co 

borides, and supported Co catalysts exhibit moderate 

activity and poor stability. Nanoscale control of the 

shapes and structures of catalytically active particles 

can boost the catalytic activity significantly. Recently 

reported CoO nanorods and Co@C2N catalysts exhibit 

outstanding catalytic activities (close to those of 

precious metal catalysts) but relatively poor catalytic 

stability [29, 30]. However, the poor stability of single- 

component cobalt-based catalysts in liquid reaction 

systems is the most significant barrier to wide adoption 

of these materials. The stability of these catalysts in 

liquid reactions may be improved by coating them 

with carbon or other atomic layers to form core–shell 

structures. Carbon and other atomic layers can prevent 

Co NPs from leaching, aggregating, and growing. 

The main challenge is to develop heterogeneous, 

cobalt-based catalysts with composite structures via 

novel preparation routes. These new catalyst structures 

and preparation methods are also suitable for other 

approaches to hydrogen production, such as electrolysis 

of H2O and decomposition of formic acid. In a confined 

space, pyrolysis of MOFs produces appropriate 

multilayer composite structures. If the confined space 

relies on a carbon shell, a hierarchical composite is 

produced after thermal treatment. When CoOx is used 

as the precursor, the catalytic active phase provides 

higher catalytic activity than metallic Co [29, 30]. To 

enable higher catalytic performance, Co-CoOx hetero-

junctions should be constructed via partial oxidation 

of Co NPs. The presence of Co NPs can endow 

composite catalysts with super-paramagnetism and 

ensure complete, efficient magnetic momentum transfer 

by acting as nanoactuators [31–33]. Combining the 

above strategies can provide an ideal solution to a 

challenging problem. 

In this study, ZIF-67 (Co-MOF) nanocrystals were 

synthesized and wrapped in glucose polymer shells 

to form Co-MOF@glucose polymer (Co-MOF@GP). 

Co-MOF@GP was pyrolyzed to generate a core–shell 

structure composed of carbon shells and Co NP cores. 

The controlled partial oxidation of Co NPs formed 

Co-CoOx heterojunctions encapsulated in carbon shells. 

When using these composite materials as catalysts, 
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different catalytic activities toward NaBH4 hydrolysis 

reaction were obtained via magnetic momentum transfer. 

Co-Co3O4@carbon-n (Co-Co3O4@C-n) exhibited higher 

catalytic activity than Co-MOF@GP or Co@carbon-n 

(Co@C-n). Co-Co3O4@C-II exhibited of a maximum 

specific H2 generation rate of 5,360 mL·min−1·gCo
−1 at 

room temperature. The controllable pyrolysis of MOFs 

and construction of heterojunctions in confined spaces 

may have broad applications for the design and 

development of advanced functional materials. 

2 Experimental section 

2.1 Chemicals 

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, Aladdin 

Industrial Co., Ltd., AR), 2-methylimidazole (MeIM, 

Energy Chemical Reagent Co., Ltd., AR), triethylamine 

(C6H15N, Sinopharm Chemical Reagent Co., Ltd., China, 

AR), anhydrous glucose (C6H12O6, Tianjin Fengchuan 

Chemical Reagent Co., Ltd., AR), and distilled water 

were used as received. All of the chemicals are used 

without any further purification. 

2.2 Material synthesis 

Co-MOF nanocrystals were prepared by modifying a 

previously published method [34, 35]. The Co-MOF@GPs 

were produced as follows: Co (NO3)2·6H2O (0.359 g) 

was dissolved in H2O (25 mL). 2-methylimidazole 

(1.622 g) was dispersed in H2O (25 mL), after which 

triethylamine (3 mL) was added and the mixture  

was sonicated for 10 min. After 5 min of stirring, the 

solution was rapidly mixed with the aforementioned 

cobalt nitrate solution and left to stir again for 18 h at 

room temperature. After 30 min of ultrasonication and 

agitation, the aqueous glucose solution (0.66 g glucose 

in 5 mL H2O) was added drop wise into the above 

mixture and agitated for an additional 1 h. Next, the 

mixture was transferred into a Teflon-lined stainless 

steel autoclave (150 mL), heated to 140 °C, and main-

tained there for 24 h. After cooling to room temperature, 

the resulting reddish violet powders were separated via 

centrifugation (5,000 rpm, 5 min), washed with water, 

and dried in air at 70 °C for 8 h. As-made powder 

samples were labeled Co-MOF@GP. 

Co-MOF@GP was heated to 600 °C at a rate of 

3 °C·min−1 under flowing N2 and annealed for 1 h. 

After being allowed to cool to room temperature 

naturally, the black powder was added to ethanol  

to form a new solution (35 mL) (Caution! The sample 

readily combusts when exposed to air). After magnetic 

separation and 10 h of drying at 35 °C, the Co@C 

samples were retrieved and labeled Co@C-I. Following 

similar procedures, Co@C-II and Co@C-III were 

produced by annealing Co-MOF@GP at 700 and 

800 °C, respectively. Activating Co@C-I, Co@C-II,  

and Co@C-III in air at 200 °C for 22 h, produced 

Co-Co3O4@C-I, Co-Co3O4@C-II, and Co-Co3O4@C-III, 

respectively. Co@C-II was treated in air at different 

temperatures for various durations to provide control 

samples labelled Co-Co3O4@C. Porous Co3O4-I was 

obtained when Co@C-II was treated at 300 °C for 22 h. 

Porous Co3O4-II and Co3O4-III were produced by 

treating Co@C-II and Co-Co3O4@C-II in air at 550 °C for 

1 h. Co3O4-II@graphite oxide (GO) and Co3O4-III@GO 

were also prepared to aid in evaluating the properties 

of Co3O4@C (the preparation procedure is shown in 

the Electronic Supplementary Material (ESM)). 

2.3 Characterization 

High-resolution transmission electron microscopy 

(HRTEM) and high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) 

(HAADF) images of the as-prepared products were 

acquired on a FEI Tecnai G2 F20 S-TWIN electron 

microscope at 200 kV. The phase structure of the as- 

prepared product was characterized via X-ray powder 

diffraction (XRD, Bruker D8 advance with Cu Kα,  

λ = 1.5418 Å). The average Co NP crystallite size was 

estimated via the Scherrer formula  

Dh = λ/(βh·cos θh)                (1) 

where Dh is the domain size of the diffraction line,  

λ is the wavelength of the Cu Kα source used, βh is 

the width in radians of the diffraction peak measured  

at half-maximum intensity (fwhm, full width at half 

maximum) and corrected for instrumental broadening, 

and θh is the angle of the particular (hkl) reflection. 

Raman spectra were recorded on a Renishaw RM-1000 

with excitation from the 514 nm line of an Ar-ion laser 

with a power of about 5 mW. X-ray photoelectron 

spectra (XPS) were recorded on a PHI quantera SXM 
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spectrometer with an Al Kα = 280.00 eV excitation 

source, and binding energies were calibrated by 

referencing the C1s peak (284.8 eV) to reduce the 

sample charge effect. Magnetic hysteresis (M–H) curves 

were measured on a Physical Property Measurement 

System (PPMS–9T) at 300 K with an applied magnetic 

field (Hmax = 40 kOe). N2 sorption isotherms were 

measured on an ASAP 2420 Surface Area and Porosity 

Analyzer at 77 K. Prior to measurement, the samples 

were degassed under high vacuum for 4 h at 523 K. 

The specific surface areas (SBET) were obtained by 

applying the Brunauer–Emmett–Teller (BET) model to 

the portions of the adsorption branches of isotherms 

where P/P0 was between 0.05 and 0.35. The pore size 

distributions were evaluated using the Barrett–Joyner– 

Halenda (BJH) model. 

2.4 Catalytic hydrogen generation 

The catalyst (20 mg) and NaBH4 (80 mg) were placed 

in a round-bottomed glass flask. Then, NaOH (1 g) 

was dissolved in H2O (20 mL). The sodium hydroxide 

solution was added to the flask through a dropping 

funnel. The flask was immersed in a temperature- 

controlled water bath, which was placed on a magnetic 

stirrer with stirring rate of 500 rpm. Hydrogen 

generation was studied via the traditional water 

displacement method [36]. Specific hydrogen generation 

rate (rB) was calculated using information from the 

stabilizing stages (140 mL of hydrogen generated) 

according the following formula  

B

140 c

140 (mL)

(min) (g)
r

t 
              (2) 

where t140 is the time required to generate 140 mL of 

hydrogen, and wc represents the mass of Co in the 

catalyst. 

2.5 Recyclability tests 

After the first cycle of hydrogen generation was com-

pleted, the catalysts were attracted to the bottom of 

the flask using a magnet, and the supernatant solution 

was removed. The separated catalysts were washed 

using water several times, dried and activated in air 

at 200 °C for 22 h. The catalytic hydrogen generation 

process was repeated 5 times. 

3 Results and discussion 

The synthesis strategy used to produce 3D core–shell 

Co-Co3O4@C is depicted in Scheme 1. The composite 

products are formed via precipitation and hydrothermal 

reaction, followed by annealing and thermal activa-

tion. During precipitation, Co-MOF nanocrystals are 

fabricated from cobalt nitrite and 2-methylimidazole 

in the presence of triethylamine. In the subsequent 

hydrothermal process, glucose carbonization is per-

formed to generate a glucose polymer layer around 

the Co-MOF nanocrystals, resulting in Co-MOF@GP 

core–shell composites. After pyrolysis via annealing 

in a furnace with flowing nitrogen gas, Co@C is 

produced via thermally induced decomposition of 

Co-MOF nanocrystals to form Co NPs and carbon 

shells, and simultaneous carbonization of the glucose 

polymer. Furthermore, activation encourages cobalt 

NPs to partially transform in to Co3O4 layers. Thus, 

Co-Co3O4@C 3D core–shell composites are generated. 

The morphologies and structural evolutions of the 

composite materials were investigated via transmission 

electron microscope (TEM) imaging. The resulting 

Co-MOF@GP contains a core–shell structure with 

spherical nanocrystals as the cores and amorphous  

carbon as the shells (Fig. 1(a)). The core diameters 

 

Scheme 1 Structural evolution of Co-MOF@GP to form Co-Co3O4@C-n. 
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are in the range of 30−90 nm, and the carbon shell 

thicknesses are in the range of 4−8 nm (Fig. 1(a)). After 

pyrolysis at various temperatures, the resulting Co@C-n 

is composed of several hollow carbon spheres, which 

are interconnected via graphitic carbon layers (Fig. 1(b), 

and Figs. S1(a) and S1(g) in the ESM). Each hollow 

carbon sphere contains several well-dispersed Co 

NPs encapsulated in carbon matrices. These Co NPs are 

derived from the pyrolysis of Co-MOF nanocrystals. 

The diameters of the Co NPs in Co@C-II range from 

4 to 14 nm (Fig. 1(b)). The configuration of Co@C-n 

is confirmed via HRTEM imaging (Figs. 1(c) and 1(d), 

and Figs. S1(b)–1(c) and S1(h)–1(i) in the ESM). The 

Co cores and carbon shells inside the hollow carbon 

spheres are observed clearly. Co-Co3O4@C-n exhibit 

similar morphology to that of Co@C-n (Fig. 1(e) and 

Figs. S1(d) and S1(j) in the ESM). After activation, 

cobalt NPs partially transform into Co3O4, as verified 

via XRD pattern analysis. The configuration of 

Co-Co3O4@C-n is determined using detailed HRTEM 

images (Figs. 1(f)–1(h) and Figs. S1(e), S1(f), S1(k), 

S1(l), and S1(h) in the ESM). Energy dispersive X-ray 

spectroscopy (EDX) of Co-Co3O4@C-II identifies   

the uniform distributions of C, Co, and O, which 

demonstrate oxidation of Co NPs during activation 

(Figs. 1(i)–1(l)). 

Various diffraction features are observed in the 

XRD patterns of Co-MOF, Co-MOF@GP, Co@C-II, and 

Co-Co3O4@C-II (Fig. 2(a)). As expected, the diffraction 

peak positions in Co-MOF@GP correspond to XRD 

patterns simulated from single crystal structures  

of ZIF-67, confirming the formation and presence of  

Figure 1 TEM images of (a) Co-MOF@GP, (b)–(d) Co@C-II, and (e)–(h) Co-Co3O4@C-II, (i) high-resolution HAADF-STEM 
image, and (j)–(l) EDX-STEM element mapping images of Co-Co3O4@C-II. 
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Co-MOF in the self-assembled hybrid [35, 37]. The 

XRD pattern of Co-MOF@GP does not exhibit any 

other peaks, indicating that the crystalline order of 

the Co-MOF host matrix remains unchanged after 

coating with GP. This is due to the formation of 

amorphous carbon during hydrothermal treatment 

of Co-MOF and glucose. The diffraction peaks of 

Co@C-II reveal the presence of Co and graphitic C. The 

broadened peaks at around 25° (2θ) are attributed to 

graphitic C (002) lattice facets. The peaks at 44.2° and 

51.5° are ascribed to the (111) and (200) lattice facets 

of cubic β-Co (JCPDS card no. 89-4307) [34, 38]. The 

XRD pattern of Co-Co3O4@C-II contains additional 

peaks at 31.2°, 36.8°, 59.3°, and 65.2°. These additional 

peaks correspond to the (220), (311), (511), and (440) 

lattice facets of the pure cubic spinel phase of Co3O4 

(JCPDS card no. 42-1467), respectively [39]. This result 

indicates the coexistence of Co and Co3O4 NPs in 

Co-Co3O4@C-II. Co NPs are partially oxidized and 

converted into Co3O4. Co@C-I and Co@C-III exhibit 

patterns similar to those of Co@C-II, meanwhile 

Co-Co3O4@C-I and Co-Co3O4@C-III exhibit patterns 

similar to those of Co-Co3O4@C-II, except for the XRD 

peak intensities (Figs. S2(a) and S2(b) in the ESM). 

The diffraction peaks enlarge and sharpen when 

samples are calcined at elevated temperatures. More 

detailed structural information about the material was 

provided via Raman spectroscopy analysis (Fig. 2(b) 

and Fig. S3 in the ESM). The D bands at about 

1,349 cm−1 and G bands at about 1,588 cm−1 are clearly 

observed in the spectra of Co@C-n and Co-Co3O4@C-n. 

They demonstrate the presence of carbonaceous content, 

which can be attributed to the pyrolysis of Co-MOF 

and carbonization of glucose [40]. The calculated ID/IG 

intensity ratios of Co@C-n and Co-Co3O4@C-n are 1.2 

and 1.1, respectively, and are typical of disordered 

graphitic carbons. The 2D bands around 2,690 cm–1 

suggest that there are several carbon layers in Co@C-III, 

 

Figure 2 (a) XRD patterns of as-synthesized Co-MOF, Co-MOF@GP, Co@C-II, and Co-Co3O4@C-II, (b) Raman spectra of Co@C-II 
and Co-Co3O4@C-n, (c) full XPS, and (d)–(e) O1s and Co2p XPS of Co@C-II and Co-Co3O4@C-II. 
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Co-Co3O4@C-II and Co-Co3O4@C-III. The weak, wide 

band around 790 cm–1 in Co@C-n is assigned to the 

CoOx surface species (Fig. 2(b) and Fig. S3 in the ESM). 

Several bands at 192, 472, 519, 608, and 680 cm−1 are also 

detected in the spectrum of Co-Co3O4@C-n, and are 

assigned to the five Raman-active modes (F2g, Eg, F2g, 

F2g, and A1g) caused by the presence of Co3O4 [41]. 

The full survey XPS of Co@C-II and Co-Co3O4@C-II 

confirm the presence of carbon, cobalt, nitrogen, and 

oxygen surface species (Fig. 2(c)). The relative atomic 

ratios of N, C, O, and Co in Co@C-II and Co-Co3O4@C-II 

were calculated from the XPS (Table S1 in the ESM). 

The improved O content indicates surface oxidation 

of Co. The C1s spectrum of Co@C-II can be fitted to 

three peaks. The peaks at 284.4, 285.1, and 287.5 eV are 

ascribed to the C=C bond, and C–C and C=O groups, 

respectively [42]. The C1s spectrum of Co-Co3O4@C-II 

is similar to that of Co@C-II. The peaks at 284.4, 285.1, 

and 287.0 eV correspond to C=C, C–C, and C=O 

bonds, respectively (Figs. S4(a) and S4(b) in the ESM). 

Elemental analysis was used to determine that the  

C concentrations were 37%, 48%, 50%, 30%, 42%, and 

44% in Co@C-I, Co@C-II, Co@C-III, Co-Co3O4@C-I, 

Co-Co3O4@C-II, and Co-Co3O4@C-III, respectively 

(Table S2 in the ESM). The O1s spectrum of Co@C-II 

can be identified by two peaks: –OH (530.5 eV), and 

absorbed water (532.2 eV) [43]. While an additional 

peak Co=O (529.5 eV) is present in the O1s spectrum 

of Co-Co3O4@C-II, the peaks of –OH (530.8 eV) and 

absorbed water (532.7 eV) still exist, demonstrating 

that the Co NPs partially convert into Co3O4 after 

activation in air at 200 °C (Fig. 2(d)). The Co2p spectrum 

of Co@C-II can be fitted to several peaks. The peaks 

around 778.8 eV are assigned to Co0 [44]. The peaks at 

781.1 eV (Co2p3/2) and 795.6 eV (Co2p1/2) are attributed 

to Co2+, which is produced by surface oxidation of 

the samples. The peaks at 786.2 and 803.4 eV are 

shake-up satellite peaks [45, 46]. An additional peak 

from Co3+ (782.2 eV) appears in the Co2p spectrum 

of Co-Co3O4@C-II [47–49], which is companied by the 

Co0 (778.8 eV), Co2+ (780.6 eV for Co2p3/2, 795.6 eV 

for Co2p1/2), and shake-up satellite peaks (787.4 and 

803.4 eV). This proves that Co NPs partially convert 

into Co3O4 after activation in air at 200 °C (Fig. 2(e)). 

Based on results from calcination in air and thermal 

gravity analysis (TGA) results from the samples, the 

mass ratios of Co are calculated to be 30.8%, 36.7%, 

37.5%, 36.1%, 41.1%, and 39.4% for Co@C-I, Co@C-II, 

Co@C-III, Co-Co3O4@C-I, Co-Co3O4@C-II, and Co- 

Co3O4@C-III, respectively (Fig. S5 in the ESM) [50]. 

The similar N1s region spectra of Co@C-II and 

Co-Co3O4@C-II are fitted to three peaks. The peaks 

at 398.8 eV are related to pyridinic–N bonds, the 

peaks at about 400.3 eV represent the contribution 

from pyrrolic–N bonds, and the peaks around 403 eV 

are attributed to oxidized nitrogen in carbon shells 

(Figs. S6(a) and S6(b) in the ESM) [51–53]. The high 

pyridinic–N content of the carbon shells benefits the 

catalytic activities of the metallic components [15]. 

Nitrogen adsorption–desorption isotherms measured 

at 77 K were used to evaluate the specific surface 

areas and porous structures of Co-Co3O4@C-n. The 

samples exhibit type-IV isotherms with hysteresis 

loops, indicating the presence of mesoporous structures 

(Fig. 3(a)) [54, 55]. The SBET of Co-Co3O4@C-I, Co- 

Co3O4@C-II, and Co-Co3O4@C-III are 153, 185, and 

227 m2·g−1, respectively. These relatively high specific 

surface areas are beneficial during catalysis. These 

porosities were confirmed again via pore distribution 

analysis (Fig. 3(b)). Co-Co3O4@C-n possesses not only 

mesopores with a predominant diameter of 4 nm, but 

some meso-macro porosity at about 39–82 nm. These 

porous structures aid in mass transfer of substrates 

and products during catalytic reactions. 

It was interesting to explore the potential applica-

tions and magnetic properties of the Co@C-n and 

Co-Co3O4@C-n nanocomposites. All samples exhibit 

typical ferromagnetic behavior at 300 K due to the 

presence of Co NPs (Fig. 4). The saturation magne-

tization (Ms) values of Co@C-I, Co@C-II, Co@C-III, 

Co-Co3O4@C-I, Co-Co3O4@C-II, and Co-Co3O4@C-III 

are 71.2, 80.1, 103.7, 8.8, 23.8, and 49.3 emu·gCo
−1, res-

pectively (Fig. 4(a)). The low Ms of Co-Co3O4@C-n is 

ascribed primarily to the formation of Co3O4 NPs 

after activation in air. This is corroborated by XRD, 

Raman, and XPS analysis. No hysteresis loops were 

observed for Co@C-I and Co-Co3O4@C-I, indicating 

super-paramagnetic behavior without permanent 

magnetic moment. The M–H curves of Co@C-II, 

Co@C-III, Co-Co3O4@C-II, and Co-Co3O4@C-III display 

representative hysteresis loops. The coercivity (Hc) 

and remanence (Mr) are 206 Oe, 10.4 emu·gCo
−1; 343 Oe, 
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24.1 emu·gCo
−1; 320 Oe, 5.1 emu·gCo

−1; and 430 Oe and  

14.4 emu·gCo
−1, respectively (Figs. 4(b) and 4(c)). These 

characteristics, which are typical of ferromagnetism, 

aid in the effective magnetic separation of catalysts 

from the reaction system and magnetic momentum 

transfer in batch or continuous flow reactors (Fig. S7 

in the ESM) [31−33, 56, 57]. 

The catalytic activities of as-prepared samples 

during hydrolysis of NaBH4 solution were investigated 

using a batch reactor. As in our previous reports,  

 

Figure 3 (a) N2 adsorption−desorption isotherms and (b) pore-size distribution of Co-Co3O4@C-n. 

 

Figure 4 (a) M–H curves of Co@C-n and Co-Co3O4@C-n, (b)–(c) enlarged views. 
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the hydrogen generation reaction was conducted at 

500 RPM in self-stirring mode [31–33]. A simplified 

diagram of the batch reactor and stirring mechanism 

are displayed in Fig. S8 in the ESM. First, the hydrogen 

generation reaction takes place with various samples 

used as catalysts at 298 K (Fig. 5(a)). The rB of Co@C-I 

and Co-Co3O4@C-I, Co@C-II and Co-Co3O4@C-II, 

Co@C-III and Co-Co3O4@C-III are 455 and 2,100, 1,370 

and 5,360, 1,950 and 2,990 mL·min–1·gCo
–1, respectively. 

The Co-Co3O4@C-n sample exhibits a higher specific rB 

than the corresponding Co@C-n and Co3O4@C samples 

(Fig. 5(b)). The excellent catalytic performance of Co- 

Co3O4@C-n may be attributed to the coexistence of Co 

and Co3O4 NPs inside the carbon shells. To explore 

the catalytic properties of the samples, Co@C-II was 

treated in air at various temperatures and for various 

durations. Variations on Co-Co3O4@C are produced 

when Co@C-II is treated at 100 °C for 22 h, or at 200 °C 

for 11 h or 44 h (Figs. S9(a)–9(c) in the ESM). In contrast, 

porous Co3O4-I is obtained when Co@C-II is treated at 

300 °C for 22 h (Fig. S9(d) in the ESM). The XRD pat-

terns suggest that partial oxidation can be performed 

 

Figure 5 (a)–(b) Hydrogen generation via hydrolysis of NaBH4, catalyzed by various materials at 298 K and the corresponding 
comparison of hydrogen generation rates by catalyst, catalytic hydrogen generation with Co-Co3O4@C-II (c) at various NaBH4

concentrations, (d)–(e) at various temperatures (and corresponding Arrhenius plot), (f)–(g) stability test with Co-Co3O4@C-II at 298 K 
and the corresponding rates of hydrogen generation with Co-Co3O4@C-II during each cycle. 
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successfully in all tested conditions except treatment 

at 300 °C for 22 h (Fig. S10(a) in the ESM). The best 

hydrogen production is achieved when the samples are 

prepared at 200 °C for 22 h (Co-Co3O4@C-II) (Fig. S10(b) 

in the ESM). In addition, treatment of Co@C-II and 

Co-Co3O4@C-II in air at 550 °C for 1 h produces 

porous Co3O4-II and Co3O4-III (Fig. S11 in the ESM). 

Co3O4-II@GO and Co3O4-III@GO were also prepared 

to test the properties of Co3O4@C (Fig. S12 in the ESM, 

for the preparation procedure). The XRD patterns 

confirm the formation of Co3O4 and Co3O4@GO 

(Fig. S13(a) in the ESM). Co3O4@C exhibits better 

catalytic activity than pure Co3O4 (Fig. S13(b) in the 

ESM). Regardless, the catalytic activities of Co-Co3O4@C 

are much higher than those of Co@C and Co3O4@C 

(Figs. S13(c) and S13(d) in the ESM). The excellent 

catalytic performance of Co-Co3O4@C may be ascribed 

to synergistic effects from Co and Co3O4 NPs. 

The kinetics of hydrolysis is dependent on catalytic 

activity and other factors. Varying the initial NaBH4 

concentration causes different effects on the perfor-

mances of different catalysts. The rB of Co-Co3O4@C-II 

decreases when the NaBH4 concentration is 0.05 M, 

but is not influenced by higher concentrations (0.1 and 

0.2 M) (Fig. 5(c)). This may be because mass transfer 

is a limiting factor at low NaBH4 concentrations. The 

catalysts significantly enhance the reaction kinetics 

when high-concentration substrates are used [58]. 

The rB of Co-Co3O4@C-II clearly increases with the 

temperature because of faster movement by BH4
− 

ions and water molecules (Fig. 5(d)). As expected, 

the Arrhenius plot of ln k vs. the reciprocal of the 

absolute temperature (1/T) is a straight line (Fig. 5(e)). 

The Arrhenius energy (Ea) of the catalytic reaction can 

be calculated using the following Arrhenius equation 

a
0

exp
E

k A
RT

 
  

 
              (3) 

where k0 denotes the rate constant, A is the pre- 

exponential factor, R represents the ideal gas constant, 

and T is the reaction temperature. The slope of the 

Arrhenius plot provides the activation energy (Ea = 

37.12 kJ·mol−1). This value is lower than those reported 

with other Co-based catalysts [59–61]. The relatively 

low Arrhenius energy may originate from synergistic 

interactions between Co3O4 and Co NPs. For a clear 

comparison, the maximum rB and Ea of other metal 

catalysts are listed in Table S3 (in the ESM). 

The stability of Co-Co3O4@C-n after recycling was 

evaluated via hydrolysis of NaBH4. The XRD pattern 

reveals that Co and Co3O4 coexist in the reused catalysts 

(Fig. S14 in the ESM). The catalyst Co-Co3O4@C-II 

exhibits superior stability, nearly maintaining its 

initial activity after being used up to six times (97.4% 

of rB in first run) (Figs. 5(f) and 5(g)). This recycling 

stability is better than those of highly active Co-based 

catalysts reported in Refs. [29–33]. The core–shell 

nanostructure of Co-Co3O4@C-II is preserved well 

after being used six times for hydrolysis of NaBH4 

(Fig. S15 in the ESM). The efficient catalytic properties 

of Co-Co3O4@C-II may be caused by synergic effects 

between Co-Co3O4 NPs and carbon shells. The carbon 

shells coated onto Co-Co3O4 NPs isolate the Co-Co3O4 

NPs from each other on carbon films and large surfaces 

(Figs. 1 and 3). The relatively high surface areas are 

also responsible for catalytic reactions. They provide 

more active sites with easy mass transfer. Precise 

identification of the active phase in Co-based catalytic 

hydrolysis of NaBH4 is a very complex challenge due 

to in situ characterization difficulties [62]. Generally, 

a core–shell composite structure of cobalt-cobalt 

oxide-(poly) borates forms in the initial stage of a 

catalytic reaction [63, 64]. The amorphous state of the 

surface region and presence of boron in the surface 

species are requirements for high catalytic activity 

in Co-based catalysts. Based on above hypothesis, the 

Co-Co3O4 heterojunctions provide a satisfactory surface 

precursor for in situ formation of possible catalytically 

active phases (2CoO·B2O4·4H2O or Co@BαOβ(OH)γ) 

[64, 65]. Some control experiments were conducted 

by leaching Co@C-n and Co-Co3O4@C-n with HCl to 

verify the process of diffusion through the carbon 

shells during the catalytic reaction. The graphitic carbon 

layer is inert to leaching with HCl. Photographic images 

of the acid leaching process are provided (Fig. S16  

in the ESM). A pink solution is obtained after acid 

leaching. The pink color is likely due to the presence 

of Co2+ ions in solution. Protons and Co2+ diffuse freely 

through the carbon layer, which indicates that there 

are some pores in the carbon layer shells. These pores 

allow diffusion of the substrate and product molecules 

during catalysis. 
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4 Conclusions 

Hollow carbon sphere-wrapped Co NPs@C core–shell 

composites were constructed via pyrolysis of glucose 

polymer-wrapped Co-MOF nanocrystals synthesized 

via an in situ hydrothermal treatment. Thermal 

treatment in air tuned the composition of Co NPs@C 

by converting some Co0 to Co3O4 and forming 

heterojunctions. These Co-Co3O4 heterojunctions in 

the nanoparticle cores provided very high catalytic 

activities for hydrogen generation via hydrolysis of 

NaBH4. The carbon shells protected the Co-Co3O4 cores 

from leaching, aggregating, and growing. Superior 

catalytic performance, including high activity and 

excellent stability were obtained. This method of 

fabricating and pyrolyzing core–shell MOF composites 

in confined spaces for construction of hierarchical 

core–shells with heterojunctions may have broad 

applications in areas of electro- or chemical catalysis 

that involve energy storage and conversion. 
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