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Abstract
The selective hydrogenation of o-cresol to produce o-methyl cyclohexanol, an important chemical intermediate, is an attrac-
tive approach. The design and development of efficient non-precious metal catalysts for the selective o-cresol hydrogenation 
remain a great challenge. Herein, cobalt nanoparticles embedded in nitrogen-doped carbon with hollow structure (Co@HCN) 
were fabricated by direct pyrolysis of hollow zeolitic imidazolate framework-67 (HZIF-67), and were applied in the selective 
hydrogenation of o-cresol to o-methyl cyclohexanol for the first time. The pyrolysis temperature and Co(NO3)2·6H2O con-
centration jointly regulate the morphology and physicochemical properties of the Co@HCN-T-x catalysts (T represents the 
pyrolysis temperature and x represents the Co(NO3)2·6H2O concentration in octanol), and significantly affect their catalytic 
properties. Co@HCN-500-0.1 exhibits superior catalytic activity, which is 3.3 times higher than Co@HCN-700-0.1 and 
1.3 times higher than Co@HCN-500-0.4. Large ratio of meso-/macro-porous specific surface area and pore volume, small 
Co size with uniform dispersion, and abundant surface Co and CoNx contents together contribute to the superior catalytic 
activity of Co@HCN-500-0.1. More importantly, Co@HCN-500-0.1 displays convenient magnetic recoverability, superior 
catalytic recyclability and universal applicability. This work provides significant insights for the design of efficient non-
precious metal catalysts to be applied in the selective hydrogenation of o-cresol.

Graphical Abstract
Hollow Co@HCN nanospheres were synthesized by one-step pyrolysis of HZIF-67, and the morphology, pore structure, 
Co size and distribution, surface composition, and yield can be adjusted by the pyrolysis temperature and Co(NO3)2·6H2O 
concentration. The presence of the hollow shell layer not only enhances the diffusion of the reactants, but also facilitates the 
dispersion and exposure of Co species, which in turn improves the catalytic performance for the selective hydrogenation of 
o-cresol to o-methyl cyclohexanol.
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1  Introduction

o-Methyl cyclohexanol is an important intermediate for 
the synthesis of o-methyl cyclohexyl acetate, and is also 
used as a solvent for rubber and resin, and a colorant 
for drugs and food, etc. [1]. At present, the hydrogena-
tion of o-cresol [2], the borohydride oxidation of methyl 
cyclohexene [3], the chemical enzyme synthesis [4] and 
many other methods [5] have been successfully applied to 
synthesize o-methyl cyclohexanol. o-Cresol, as one of the 
simpler phenolic model compounds in lignin, is widely 
available and vastly abundant [6]. More importantly, as 
compared to other synthesis methods, the o-cresol hydro-
genation has many advantages such as simpler process, 
lower toxicity, and higher yield of target products [7]. 
Therefore, the hydrogenation of o-cresol is recognized 
as a relatively promising strategy to produce o-methyl 
cyclohexanol [8]. The reaction is classified into gas-phase 
hydrogenation and liquid-phase hydrogenation. In com-
parison with the former, the latter has mild reaction condi-
tions and better heat transfer, attracting wide attention [9].

To date, a large number of studies have been devoted 
to the catalytic hydrogenation of cresols. Early, single- or 
multi-component sulfide catalysts with Ni, Co, and Mo as 
active components are mainly used [10–12], but their prac-
tical application is hampered by the easy deactivation of 
the catalysts and the contamination of the products due to 
the leaching of the sulfurizing agent [13]. In contrast, pre-
cious metal catalysts, especially Pt [14, 15], Pd [16–18], 
and Ru [19], show favorable catalytic activity and selectiv-
ity for the target products. However, the shortcomings of 
precious metals, such as limited resources, expensive costs 
and environmental hazards of lost metals, limit their appli-
cation. The development of widely available and low-cost 
non-precious metal catalysts is believed to be an effec-
tive and promising strategy. Unfortunately, non-precious 
metals are poorly active for hydrogenation at low tem-
peratures, while high temperatures induce metal particles 
sintering and deactivation [20]. Hence, it is important to 
design environmentally friendly, highly active, selective, 
and stable non-precious metal catalysts for the hydrogena-
tion of cresols.

Metal–organic frameworks (MOFs) composed of metal 
ions and organic ligands are of wide interest for their 
unique features such as high specific surface area, tunable 
pore size, highly ordered structure, and ease of functionali-
zation [21], which facilitate the growth of small and highly 
dispersed metal nanoparticles on nitrogen-doped carbon 
during high-temperature pyrolysis [22]. Hollow structural 
materials are beneficial for shortening the diffusion path of 
reactants owing to their unique cavities and thinner shell 
layers [23], and protecting the encapsulated active metal 

nanoparticles from aggregation, sintering and leaching, 
thereby improving the catalytic activity and stability of 
the catalysts. The combination of hollow structures with 
nitrogen-doped carbon has been proposed as an ideal car-
rier for active metal components [24].

Recently, it has been reported that Co-based catalysts 
exhibit good activity and selectivity for cyclohexanol in the 
hydrogenation of phenolic compounds. For example, Wei 
et al. [25] obtained cobalt oxide nanoparticles loaded on 
porous carbon (CoOx@CN) by direct pyrolysis of d-glu-
cosamine hydrochloride, melamine and CoCl2·6H2O, which 
could efficiently and selectively hydrogenate phenol to 
cyclohexanol with a 98% of yield. Li et al. [26] synthesized 
Co–Ni alloy nanoparticles embedded in nitrogen-doped 
carbon based on the MOF template strategy for the phenol 
hydrogenation, achieving the first reported case of cyclohex-
anol as the only product.

Here, we reported the synthesis of hollow-structured 
nitrogen-doped carbon encapsulated with Co nanoparticles 
(Co@HCN) by one-step high-temperature pyrolysis of hol-
low ZIF-67 (HZIF-67) under argon atmosphere. HZIF-67 
was obtained by a single-solvent liquid–liquid interface 
method according to our previous work [27]. The effects of 
the pyrolysis temperature and Co(NO3)2·6H2O concentration 
on the microstructures and catalytic performance of the Co@
HCN catalysts for the selective hydrogenation of o-cresol to 
o-methyl cyclohexanol were investigated in detail. Although 
MOF-derived materials are not scarce in the field of catalysis 
[28–30], the hollow-structured MOF-derived non-precious 
metal catalysts we developed are applied for the first time to 
the reaction system of selective hydrogenation of o-cresol 
to o-methyl cyclohexanol.

2 � Experimental

The chemicals utilized to fabricate catalysts and analyze 
catalytic capabilities were not required to be further puri-
fied, as detailed in the Supporting Information.

2.1 � Synthesis of Co@HCN Catalysts

The fabrication process of Co@HCN is shown in Scheme 1, 
which is mainly divided into the following two steps: syn-
thesis of HZIF-67 and its one-step pyrolysis.

HZIF-67 nanospheres were prepared by a single-solvent 
liquid–liquid interface method previously reported by our 
group [27]. The octanol was chosen as the solvent due 
to its poor water solubility to build two-phase interfaces 
with the hydration water of cobalt nitrate hexahydrate to 
form ZIF-67 with well-defined hollow structure [27, 31]. 
2-Methylimidazole (2-MeIM, 0.24 mol) was completely 
dissolved in 200 mL of octanol with magnetic stirring at 
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30 °C for 15 min, marked as solution A. A certain amount of 
Co(NO3)2·6H2O was added to octanol (40 mL) and entirely 
dissolved after magnetic stirring at 30 °C for 15 min, marked 
as solution B. While the solution A was stirred, the solu-
tion B was quickly poured into it to obtain a mixed solu-
tion, which was stirred for 5 min. After standing in a 30 °C 
water bath for 6 h (Scheme 1), the samples were centrifuged, 
washed with methanol five times and dried at 70 °C over-
night after standing in a 30 °C water bath for 6 h, and then 
weighed to obtain the yield of HZIF-67. A series of HZIF-
67 nanospheres were obtained by varying the amount of 
Co(NO3)2·6H2O, labeled as HZIF-67-x, where x (x = 0.05, 
0.1, 0.2, 0.3, 0.4 mol L−1) represents the Co(NO3)2·6H2O 
concentration in the solution B.

The black product was gained by calcining 0.9 g of the as-
prepared HZIF-67 in a high-temperature tube furnace under 
argon atmosphere (40 mL min−1), marked as Co@HCN-T-
x (T = 450, 485, 500, 600, 700 °C; x = 0.05, 0.1, 0.2, 0.3, 
0.4 mol L−1), where T represents the pyrolysis temperature 
and x represents the Co(NO3)2·6H2O concentration. The spe-
cific heating procedure was as follows. The temperature was 
increased from room temperature to 450 °C at a heating rate 
of 5 °C min−1, held for 90 min, and then further increased to 
the target temperature at 2 °C min−1 for 90 min.

2.2 � Evaluation of Catalytic Performance

The catalytic performance of the prepared Co@HCN cata-
lysts was evaluated by the reaction system of o-cresol hydro-
genation to obtain o-methyl cyclohexanol. The o-cresol 
hydrogenation process was carried out in an autoclave with 
a 30 mL quartz-liner fitted with a pressure gauge and a 
magnetic stirring function. Typically, 10 mL of 0.5 wt.% 
o-cresol-cyclohexane solution and 50 mg of catalyst were 
loaded into the reactor. The autoclave was sealed, replaced 
several times with N2 and charged with H2 to 3.5 MPa. 
After the reactor jacket was preheated to 220 °C, the reactor 
was placed and the reaction mixture was stirred at 250 rpm 
for 2 h. After cooling and releasing the remaining gas, the 

product was filtered and analyzed by gas chromatography 
(Shimadzu GC 2014).

Apart from o-cresol, the catalytic performance of phenol, 
m-cresol and p-cresol was compared over Co@HCN-500-
0.1 and Co@HCN-500-0.4. Additionally, the recoverability 
and recyclability of the Co@HCN-500-0.1 catalyst for the 
hydrogenation of o-cresol were investigated. After each reac-
tion, the catalyst was separated from the reaction solution 
through an external magnet, and washed several times with 
cyclohexane before proceeding to the next reaction.

3 � Results and Discussion

3.1 � Fabrication and Characterization of Co@HCN

HZIF-67-0.1 is achieved by a single-solvent-interfacial 
strategy [27]. The XRD pattern (Fig. 1a) shows that the dif-
fraction peaks (blue) of the as-prepared sample match well 
with the simulated ZIF-67 standard spectral peaks (black), 
suggesting the formation of ZIF-67 nanocrystals. The 
morphology of nanospheres with a size of approximately 
100–250 nm is observed in the FESEM image (Fig. 1b). 
The presence of cavities (orange circles) is identified from 
few broken spheres (Fig. 1b), which is further confirmed 
by TEM images (Fig. 1c, d). A careful observation of the 
outer surface of the nanospheres reveals that the shell layer 
is assembled from many nanoparticles. These results indi-
cate the successful synthesis of well-defined hollow ZIF-67 
nanospheres.

A series of Co@HCN-T-0.1 are achieved by the pyroly-
sis of HZIF-67-0.1 under the Ar flow in a tube furnace at 
different temperatures (450–700 °C). The FESEM images 
(Fig. 2a–e) exhibit that the as-prepared Co@HCN-T-0.1 
catalysts well maintain the spherical morphology of HZIF-
67-0.1 (Fig. 1b). The presence of nanotube filamentary 
structures on the nanosphere surface under high tempera-
tures makes the appearance rougher (Fig. 2d, e). This is 
based on the role of Co particles formed during pyrolysis 

Scheme 1   Schematic diagram 
of Co@HCN synthesis
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by catalyzing the formation and growth of carbon nano-
tubes [32]. Some characteristic peaks of HZIF-67-0.1 are 
still retained in Co@HCN-450-0.1 (Fig. 2f), illustrating that 

the ZIF framework is not entirely pyrolyzed at 450 °C. For 
other Co@HCN-T-0.1 samples, the peaks at 44.3°, 51.8°, 
and 76.0° are indexed to the (111), (200), and (220) planes 

Fig. 1   a XRD pattern, b 
FESEM image and c, d TEM 
images of HZIF-67-0.1

Fig. 2   a–e FESEM images and f XRD patterns of Co@HCN-T-0.1, T = (a) 450, (b) 485, (c) 500, (d) 600, (e) 700 °C
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in the order, reflecting the formation of the face-centered 
cubic metallic Co (JCPDS No. 15-0806) [33] at 485, 500, 
600, and 700 °C. Therefore, a suitable pyrolysis temperature 
is a critical factor for converting HZIF-67 into the required 
Co@HCN catalyst. It is evident that the Co phase peaks 
become sharper and more intense with increasing the pyroly-
sis temperature from 485 to 700 °C, manifesting that the 
Co@HCN catalysts obtained by high pyrolysis temperature 
possess cobalt particles with large size and high crystalliza-
tion [34]. The degree of graphitization is not enough that the 
peaks of graphite C for all catalysts are undetectable.

The Raman spectra of the typical catalysts clearly exhibit 
two peaks at 1330 and 1580 cm−1 (Fig. S1), which are attrib-
uted to the disordered sp3-C (D band) and graphite sp2-C (G 
band), respectively. The strength ratio between the D and 
G bands (ID/IG) decreases and then increases with increas-
ing pyrolysis temperature, which shows that the suitable 
pyrolysis temperature improves the graphitization degree. 
The carbonized graphite shell confers good electron transfer 
ability to the Co@HCN-500-0.1 catalyst [35]. In addition, 
the distinct peaks at 465, 509 and 671 cm−1 corresponding 
to the Co particles [36] can be observed, which is consistent 
with the XRD results (Fig. 2f).

The TEM results of the typical Co@HCN-T-0.1 catalysts 
are given in Fig. 3 to further evaluate their morphology and 
microstructure. The size of Co@HCN-T-0.1 (T = 450, 500, 
700 °C) decreases with increasing pyrolysis temperature 
owing to the more loss of organic components and structural 
shrinkage during high temperature pyrolysis (Fig. 3a-1, b-1 
and c-1). Interestingly, all these materials retain the original 
internal cavities, indicating that stable hollow spheres do not 
collapse during the pyrolysis process. The lattice stripes of 
d = 0.21 nm and d = 0.34 nm in the HRTEM images belong 
to the Co(111) and C(002) planes, respectively. Because 
HZIF-67-0.1 is not fully pyrolyzed at 450 °C, no clear gra-
phitic carbon fringes are observed (Fig. 3a-2). As depicted 
in Fig. 3a-4, b-4 and c-4, the average particle size of Co 
nanoparticles increases from 3.0 to 7.7 nm with increasing 
pyrolysis temperature, indicating that higher pyrolysis tem-
perature is not conducive to the fabrication of Co nanoparti-
cles with small particle size. The larger size of nanoparticles 
is a result of the aggregated growth of Co particles through 
a combination of adjacent Co species [34]. The presence of 
large quantities of Co particles promotes the random growth 
of carbon nanotubes on the catalyst surface at high pyroly-
sis temperatures, which is in accordance with the FESEM 
results (Fig. 2). The mapping images show that C, N, and O 
elements are uniformly distributed in the shell of the cata-
lysts (Fig. 3a-3, b-3 and c-3). The aggregation of Co nano-
particles results in the uneven distribution of Co element at 
high pyrolysis temperatures, especially at 700 °C (Fig. 3c-3). 
By comparison, it is seen that the Co nanoparticles with rela-
tively high crystallinity (Figs. 2f and 3b-2), relatively small 

size (Fig. 3b-4) and homogeneous distribution (Fig. 3b-1 and 
b-3) can be developed at suitable pyrolysis temperature, and 
they can be effectively protected by the N, O-doped carbon 
matrix (Fig. 3b-3).

Co@HCN-450-0.1 shows a type-I isotherm (Fig. S2A), 
demonstrating its predominant microporous structure. In 
contrast, Co@HCN-500-0.1, Co@HCN-600-0.1 and Co@
HCN-700-0.1 all express type-IV isotherms. Similarly, 
H3-type hysteresis loops are observed for all catalysts at 
relative pressures between 0.5 and 1.0 (Fig. S2A), confirm-
ing the presence of meso-/macro-porous pores, which are 
attributed to particle stacking interstices and hollow cavi-
ties. As shown in Fig. S2B, with regard to all catalysts, the 
pore size is mainly distributed in the range of 1–20 nm, and 
the prominent peak at 4 nm is probably from the interstices 
of adjacent nanoparticles in the shell layer [27], which is 
speculatively consistent with the FESEM images (Fig. 2a–e) 
showing that all of them are nanospheres assembled by par-
ticles. Table 1 displays the specific surface area and pore 
structure information of the catalysts. The largest specific 
surface area (967.5 m2 g−1) and pore volume (0.75 cm3 g−1) 
of Co@HCN-450-0.1 are due to the fact that HZIF-67 is 
not entirely carbonized at 450 °C and still retains its origi-
nal structural properties (Fig. 2f). When the temperature 
increases from 450 to 500 °C, the specific surface area and 
pore volume decrease sharply attributed to the collapse and 
combination of micropores [37]. Due to the decomposition 
of organic ligands, the gradual formation of completely open 
skeleton makes the specific surface area and pore volume 
show an increasing trend with further increase in the pyrol-
ysis temperature. Notably, Co@HCN-500-0.1 displays the 
highest percentage of meso-/macro-porous specific surface 
area and pore volume, which facilitates the diffusion of sub-
strate molecules and thus may increase the catalytic activity.

The XPS survey spectra reveal that the catalyst surface 
contains C, N, O and Co elements (Fig. 4), in line with the 
TEM results (Fig. 3a-3, b-3 and c-3). The Co content on 
the catalyst surface tends to increase and then decrease as 
the pyrolysis temperature increases (Table 2). Although the 
total Co content of Co@HCN-500-0.1 is not the highest 
(Table S1), it has the highest surface Co content (5.03 at.%), 
which can be explained by the alteration of structural com-
position through calcination and uniformly dispersed Co 
particles (Fig. 3b-3). The presence of a broader number of 
easily accessible active sites in Co@HCN-500-0.1 improves 
the utilization of active sites and is of critical significance 
for the enhancement of catalytic activity. With increasing 
pyrolysis temperature, the surface N content shows the 
same trend. The pyrolysis of HZIF-67 at low temperatures 
promotes the formation of stable metal nitride [38], result-
ing in well-retained N element and an increase in the sur-
face N content. The release of N in the form of N2 and/
or NH3 at high temperatures makes the surface N content 
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reduce [39]. Figure 5 shows the deconvolution of the Co 
2p3/2 regions of Co@HCN-T-0.1, which is consisted of 
metal Co° (778.2 eV), Co–O (780.7 eV), CoNx (782.5 eV) 

[40] and satellite peaks (786.3 eV) [41]. The appearance 
of Co–O is ascribed to the partial oxidation of the catalyst 
surface exposed to air [42]. The existence of CoNx is further 

Fig. 3   TEM images of (a-1, a-2) Co@HCN-450-0.1, (b-1, b-2) Co@
HCN-500-0.1, (c-1, c-2) Co@HCN-700-0.1; HAADF and elemental 
mapping images of (a-3) Co@HCN-450-0.1, (b-3) Co@HCN-500-

0.1, (c-3) Co@HCN-700-0.1; size distribution of Co nanoparticles in 
(a-4) Co@HCN-450-0.1, (b-4) Co@HCN-500-0.1, (c-4) Co@HCN-
700-0.1

Table 1   Textural properties of 
the Co@HCN catalysts

Samples SBET (m2 g−1) Sextra/SBET Vtotal (cm3 g−1) Vextra/Vtotal

Co@HCN-450-0.1 967.5 0.20 0.75 0.57
Co@HCN-500-0.1 79.4 0.72 0.23 0.96
Co@HCN-600-0.1 212.6 0.40 0.31 0.84
Co@HCN-700-0.1 252.0 0.43 0.37 0.84
Co@HCN-500-0.4 56.1 0.73 0.16 0.96
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evidenced by the N 1s spectra (Fig. 5B). The CoNx con-
tent first increases and then decreases when the pyrolysis 
temperature rises from 450 to 700 °C (Fig. 5A, D). Co@
HCN-500-0.1 exhibits maximum CoNx content of 30.8% 
(Fig. 5A). The Co° content increases from 0.8% to 17.7% 
with the rise in the pyrolysis temperature (Fig. 5A). This 
can be explained by that the decomposition of volatile 
components at high temperatures promotes the conversion 
of more CoNx to Co° [43]. Four different types of N are 
observed in the N 1s spectra of Co@HCN-T-0.1 (Fig. 5B), 
namely pyridinic-N (398.4 eV), CoNx (399.1 eV) [44–46], 
pyrrolic-N (400.1 eV) and graphitic-N (401.1 eV), which 
further prove that N species are successfully embedded in 
the carbon matrix. Partial N species combine with Co spe-
cies to form the CoNx sites. The strong interaction between 
Co and π-electrons from sp2 hybridization makes Co pref-
erentially aggregate on sp2-type N sites for nucleation and 
growth [47], which can stabilize the metal [48] and thus 
enhance the activity of the catalyst [38]. The high N content 
of Co@HCN-500-0.1 leads to a massive amount of CoNx 
on its surface (Fig. 5A, D; Table 2), which facilitates the 

immobilization of Co in the catalyst and reduces the par-
ticle aggregation (Fig. 3b-3). In the cases of Co@HCN-T-
0.1, the relative content of pyridinic-N gradually decreases 
with increasing pyrolysis temperature, while the contents of 
pyrrolic-N and graphitic-N increase (Fig. 5C). It is a result 
of the conversion of pyridinic-N, which has a weak thermal 
stability, to pyrrolic-N and graphitic-N at high tempera-
tures [49]. Three fitting peaks at 284.8 eV, 285.8 eV and 
289.1 eV observed in the C 1 s spectra (Fig. S3A) belong 
to the C–C, C–N and C–O bonds [50], respectively. The 
C elements on the sample surface are mainly in the form 
of C–C bond derived from the pyrolysis of 2-MeIM. The 
XPS spectra of O 1s (Fig. S3B) mainly contains three peaks, 
which are ascribed to Co–O bond (529.8 eV) [51], C–O 
bond (531.5 eV) [52] and physical and chemical adsorption 
of water on the surface (532.5 eV) [51].

The strength and density of the catalytic acidic sites influ-
ence the catalytic activity and product distribution [53]. Fig-
ure S4a shows the NH3-TPD curves of Co@HCN-450-0.1, 
Co@HCN-500-0.1 and Co@HCN-700-0.1. The apparent 
upward trend of the NH3-TPD curves of Co@HCN-450-0.1 
and Co@HCN-500-0.1 after 400 °C is caused by the thermal 
decomposition of the carbon materials at high temperatures 
[54], as further verified by the TG characterization (Fig. 
S4b). The desorption peaks of Co@HCN-450-0.1 and Co@
HCN-700-0.1 are relatively insignificant. In contrast, some 
enriched desorption peaks for Co@HCN-500-0.1 in the 
range of 100–400 °C are observed. The weight loss of this 
catalyst at low temperatures (Fig. S4b) may occupy parts of 
the desorption peaks. Wang et al. [55] reported that acid-cat-
alyzed alcohol dehydration is the limiting step in the cresol 
hydrodeoxygenation and higher levels of acidic sites on the 
catalyst improve the reaction rate of alcohol dehydration. It 
can be speculated that the lower intensity and insufficient 
content of acid sites on the prepared Co@HCN-T-0.1 cata-
lysts effectively limit the dehydration of o-methyl cyclohex-
anol and improve the selectivity of o-methyl cyclohexanol.

Furthermore, the influence of the Co(NO3)2·6H2O con-
centration on the microstructures of Co@HCN-500 is dis-
cussed. When the Co(NO3)2·6H2O concentration increases 
from 0.05 to 0.3 mol L−1, the uniformity of HZIF-67 nano-
spheres worsens (Fig. S5a–d). HZIF-67-0.4 is overwhelm-
ingly unassembled particles and consists of merely a few 
spheres (Fig. S5e). Higher Co(NO3)2·6H2O concentration 
increases the crystallinity and yield of HZIF-67 defined 
by the mass after drying (Fig. S5f; Table S2) [56]. At the 
Co(NO3)2·6H2O concentrations of 0.05–0.3 mol L−1, the 
obtained Co@HCN-500 materials have similar morphol-
ogy with HZIF-67 (Fig. S5g–j). Co@HCN-500-0.4 exhibits 
irregular and large blocks with clear agglomeration (Fig. 
S5k), due to the easy aggregation of small particles under 
high temperature pyrolysis (Fig. S5e). The Co crystallinity 
in Co@HCN-500 decreases with increasing Co(NO3)2·6H2O 
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Fig. 4   XPS survey spectra of a Co@HCN-450-0.1, b Co@HCN-500-
0.1, c Co@HCN-700-0.1, d Co@HCN-500-0.05 and e Co@HCN-
500-0.4

Table 2   Elemental content on the surface of the Co@HCN catalysts

Samples C 1s (at.%) N 1s (at.%) O 1s (at.%) Co 2p (at.%)

Co@HCN-
450-0.1

72.20 7.39 18.51 1.90

Co@HCN-
500-0.1

65.69 17.45 11.84 5.03

Co@HCN-
700-0.1

80.18 8.36 8.20 3.25

Co@HCN-
500-0.05

65.35 17.40 12.12 5.13

Co@HCN-
500-0.4

66.21 17.66 11.15 4.98
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concentration (Fig. S5l). The Co(NO3)2·6H2O concentra-
tion has no obvious influence on the surface defects of Co@
HCN-500 (Fig. S1).

With increasing Co(NO3)2·6H2O concentration, the cata-
lyst shifts from hollow to solid (Figs. 3b-1 and 4). Lower 
Co(NO3)2·6H2O concentration limits the nucleation and 
growth of ZIF-67 to gain a thinner shell layer (Fig. 6a-1), 
while higher Co(NO3)2·6H2O concentration promotes the 
nucleation and growth of ZIF-67, resulting in the formation 
of solid catalyst (Fig. 6b-1) [57]. Higher Co(NO3)2·6H2O 
concentration is in favor of the combination of adjacent Co 
species [58], leading to larger particle size of Co nanoparti-
cles (Figs. 4a-3, 3b-4, and 4b-3). The solid structure of Co@
HCN-500-0.4 results in the apparently reduced hysteresis 
loop in the N2 sorption isotherms (Fig. S2A), the disap-
pearance of the peak at 4 nm in the pore size distribution 
curve (Fig. S2B), and the lower specific surface area and 
pore volume (Table 1). The Co(NO3)2·6H2O concentration 
has no significant effect on the surface N content and total 
Co content (Tables 2 and S1). The surface contents of Co 
and CoNx reduce with an increase in the Co(NO3)2·6H2O 

concentration (Fig. 5A; Table 2), indicating that the thinner 
shell layer in hollow nanospheres is in favor of the exposure 
of Co species.

3.2 � o‑Cresol Hydrogenation Over Co@HCN

The catalytic performance of the Co@HCN catalysts was 
assessed by the hydrogenation of o-cresol to o-methyl 
cyclohexanol. For comparison, the blank test without any 
catalyst and the catalytic performance of HZIF-67 were also 
investigated. Almost no hydrogenation occurs for the two 
controlled experiments. Instead, an excellent o-cresol hydro-
genation performance is achieved by the as-prepared Co@
HCN catalysts (Fig. 7), confirming the necessity of catalysts 
and the pyrolysis of HZIF-67 for the o-cresol hydrogena-
tion. In all cases, the selectivity of o-methyl cyclohexanol 
is above 99% (Fig. 7), and only a trace amount of o-methyl 
cyclohexanone is detected, which may be attributed to the 
weaker acidity of the catalysts (Fig. S4a). Both preparation 
parameters and reaction conditions significantly influence 
the catalytic activity (Fig. 7). With increasing pyrolysis 

Fig. 5   A Co 2p3/2 and B N 1s spectra of (a) Co@HCN-450-0.1, (b) Co@HCN-500-0.1, (c) Co@HCN-700-0.1, (d) Co@HCN-500-0.05 and (e) 
Co@HCN-500-0.4; C relative content and D content of each N-specie
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temperature, the o-cresol conversion of Co@HCN-T-0.1 
exhibits a typical volcano-type curve. For Co@HCN-450-
0.1, the conversion of o-cresol is 58.3%. The catalytic activ-
ity of Co@HCN-500-0.1 is significantly enhanced with an 
o-cresol conversion of 94.4% and an o-methyl cyclohexanol 
yield of 94.0% (Fig. 7a). With further increase in the pyroly-
sis temperature, the yield of o-methyl cyclohexanol for the 
Co@HCN-700-0.1 catalyst is only 53.7%. Among them, 
Co@HCN-500-0.1 performs the best catalytic activity for 
the following reasons. Firstly, Co@HCN-500-0.1 possesses 
the maximum ratio of meso-/macro-pore specific surface 
area and pore volume (Table 1), facilitating the diffusion of 
reaction substrates. Secondly, the highest surface Co content 
of Co@HCN-500-0.1 (Table 2) supplies more accessible 
active sites and promotes the dissociation of H2 into active 
H atoms [59]. Thirdly, the higher CoNx content (Fig. 5A, D) 
plays an important role in the immobilization and dispersion 
of Co species to obtain Co nanoparticles with small particle 
size and uniform dispersion (Fig. 3b-1, b-3 and b-4), allow-
ing them to show efficient catalytic performance in catalytic 
reactions. These aspects together contribute to the superior 
catalytic activity of Co@HCN-500-0.1. Co@HCN-450-0.1 
owns the best Co distribution (Fig. 3a-3), the smallest Co 
size (Fig. 3a-4), and the highest specific surface area and 
pore volume (Fig. S2A, Table 1), but its lowest total Co 
content (Table S1), surface Co content (Table 2), and surface 
Co° content (Fig. 5A) lead to the lower catalytic activity 

(Fig. 7a). The worst Co distribution (Fig. 3c-3) and the larg-
est Co size (Fig. 3c-4) should be the main reasons for the 
lowest catalytic activity of Co@HCN-700-0.1 (Fig. 7a).

The influence of the Co(NO3)2·6H2O concentration on 
the catalytic activity of Co@HCN-500 was investigated 
(Fig. 7b). Surprisingly, the catalyst activity decreases with 
increasing Co(NO3)2·6H2O concentration. For Co@HCN-
500-0.05, the o-cresol conversion is as high as 87.0% after 
just 1 h of reaction. In contrast, Co@HCN-500-0.4 only 
achieves an o-cresol conversion of 55.8%. The superior cata-
lytic activity of Co@HCN-500-0.05 is closely related to its 
hollow structures. On one hand, a limited number of nuclea-
tion sites are formed at low Co(NO3)2·6H2O concentration 
and the growth of ZIF-67 is restricted, allowing the Co@
HCN-500-0.05 catalyst to behave as hollow nanospheres 
with a thin shell layer and small size (Fig. 6a-1), which 
have a positive effect on the formation of Co nanoparticles 
with high crystallinity (Fig. S5l), small average particle 
size (Fig. 6a-3), and better dispersion (Fig. 6a-1). On the 
other hand, the thinner shell layer in hollow nanospheres is 
in favor of the exposure of Co species (Fig. 5A; Table 2), 
improving the utilization of the active component. Although 
Co@HCN-500-0.05 exhibits the optimal catalytic activity, 
the lower yield (Table S2) greatly increases the prepara-
tion cost, which is not conducive to scale-up applications. 
Higher Co(NO3)2·6H2O concentration of 0.4 mol L−1 results 
in the formation of solid Co@HCN-500-0.4 (Fig. 6b-1) with 

Fig. 6   TEM images of (a-1, a-2) Co@HCN-500-0.05 and (b-1, b-2) Co@HCN-500-0.4; size distribution of Co nanoparticles in (a-3) Co@
HCN-500-0.05 and (b-3) Co@HCN-500-0.4
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larger particle size of Co nanoparticles (Fig. 6b-3), lower 
specific surface area and pore volume (Table 1), and lower 
surface contents of Co and CoNx (Fig. 5A, Table 2), thereby 
decreasing the catalytic activity (Fig. 7b). According to the 
above analyses, the suitable Co(NO3)2·6H2O concentration 
is 0.1 mol L−1.

The reaction pressure, reaction temperature, reaction time 
and catalyst concentration are important factors influenc-
ing the catalytic performance of catalysts, and their effects 
on the hydrogenation performance of o-cresol over Co@

HCN-500-0.1 were investigated (Fig. 7c–f). The o-cresol 
conversion first increases and then decreases with increas-
ing H2 pressure. Too high pressure may cause catalyst 
deactivation [60], decreasing the reaction rate and o-cresol 
conversion. The optimal reaction pressure is 3.5 MPa. As 
expected, a high reaction temperature is in favor of promot-
ing the hydrogenation reaction (Fig. 7d). Considering the 
energy consumption, 220 °C is chosen as the optimal tem-
perature. The reaction time exhibits the same trend, and the 
o-cresol conversion reaches 94.1% at 2 h. As the catalyst 

Fig. 7   Catalytic performance of Co@HCN varied with a pyrolysis 
temperature (reaction time: 2 h), b Co(NO3)2·6H2O concentration, c 
reaction pressure, d reaction temperature, e reaction time and f cata-
lyst concentration (reaction time: 2  h). Unless otherwise stated, the 

reaction conditions were as follows: 10  mL of 0.5  wt.% o-cresol-
cyclohexane solution, catalyst concentration 5  g  L−1, 3.5  MPa H2, 
220 °C, 1 h
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concentration rises, the conversion increases. When the cata-
lyst concentration increases from 7 to 9 g L−1, the o-cresol 
conversion rises by only 0.3%. Thus, the catalyst concentra-
tion of 7 g L−1 is selected. Co@HCN-500-0.1 can achieve 
an o-cresol conversion of 97.9% and an o-methyl cyclohex-
anol selectivity of 99.7% at the reaction pressure of 3.5 MPa, 
reaction temperature of 220 °C, reaction time of 2 h, and 
catalyst concentration of 7 g L−1.

The catalytic results of the as-prepared Co@HCN cata-
lysts for the o-cresol hydrogenation to o-methyl cyclohex-
anol are compared to the representative non-precious metal 
catalysts in literature using the turnover frequency (TOF) 
as a technical indicator (Table  S3). Co@HCN-500-0.1 
achieves the highest TOF value among the Co@HCN cata-
lysts, which is 3.3 times higher than Co@HCN-700-0.1 and 
1.3 times higher than Co@HCN-500-0.4. Interestingly, Co@
HCN-500-0.1 has a relatively high TOF value compared to 
the reported non-precious metal catalysts (Table S3). The 
better catalytic performance of Co@HCN-500-0.1 should 
be ascribed to its larger percentage of meso-/macro-pores 
(Table 1), dispersing small Co nanoparticles (Fig. 3b-1, 
b-3 and b-4), and abundant surface Co and CoNx contents 
(Fig. 5A; Table 2), which significantly enhance the mass 
transfer and increase the utilization of Co nanoparticles, 
favoring the selective hydrogenation of o-cresol (Fig. 8). The 
results indicate that the as-fabricated Co@HCN-500-0.1 cat-
alyst is promising for the selective o-cresol hydrogenation.

Co@HCN-500-0.1 was chosen as a representative cata-
lyst to evaluate the catalytic stability. The selectivity remains 
stable and the o-cresol conversion keeps at around 80% dur-
ing 8 reaction cycles (Fig. 9a). The catalyst can be sepa-
rated easily from the reaction mixture by a magnet owing 
to its magnetic properties (Fig. 9b). There are no significant 
changes in the crystal structure, N2 sorption, morphology, 
size and Co particles of the recovered catalyst as compared 
to the fresh one (Fig. 9c-f). The ICP analysis of the reaction 
solution after the filtration of Co@HCN-500-0.1 indicate 

that there is no obvious Co leaching during 8 reaction cycles. 
The above results confirm the as-prepared Co@HCN-500-
0.1 catalyst has good stability and reusability in the hydro-
genation of o-cresol to o-methyl cyclohexanol.

Furthermore, Co@HCN-500-0.1 was tested in the hydro-
genation of phenol, m- and p-cresol for evaluating its univer-
sality. To illustrate the advantages of the as-prepared HZIF-
67-derived hollow structured Co-based carbon material, the 
catalytic performance of Co@HCN-500-0.4 was also tested. 
All these reactants can be converted to the corresponding 
alcohols with high selectivity (> 99%), which fully sup-
ports the wide applicability of the as-prepared Co@HCN 
catalysts in the hydrogenation of phenol and its derivatives. 
Notably, in all cases, Co@HCN-500-0.1 exhibits better 
catalytic activity than Co@HCN-500-0.4, which is related 
to the hollow interior, surface composition and Co particle 
size. The hollow interior of Co@HCN-500-0.1 (Fig. 3b-1) 
is more favorably for mass transfer [23]. The Co content 
on the surface of Co@HCN-500-0.1 is slightly higher than 
that of Co@HCN-500-0.4 (Table 2), which provides more 
active sites to facilitate the dissociation of H2 into active H 
atoms [59]. In addition, the CoNx content on the surface of 
Co@HCN-500-0.1 is significantly higher than that of Co@
HCN-500-0.4 (Fig. 5D), which greatly enhances the immo-
bilization and dispersion of Co [48], so that Co nanoparticles 
with smaller particle size (Figs. 3b-4 and 6b-3) and more 
uniform dispersion (Figs. 3b-1 and 6b-1) are obtained. There 
are significant differences in the reactivity of phenol and its 
derivatives, mainly due to the differences in the steric and 
electronic effects [61] (Table 3).

4 � Conclusion

Hollow Co@HCN nanospheres were synthesized by one-
step pyrolysis of HZIF-67. The morphology, pore structure, 
Co size and distribution, surface composition, and yield of 

Fig. 8   o-Methyl cyclohex-
anol synthesis by the o-cresol 
hydrogenation over Co@HCN-
500-0.1
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the Co@HCN catalysts can be adjusted by the pyrolysis 
temperature and Co(NO3)2·6H2O concentration. Co@HCN-
500-0.1 with larger mesoporous ratio, smaller and uniformly 
dispersed Co particles, rich surface-exposed Co content, and 
relatively high CoNx content exhibits the superior catalytic 
performance, achieving an o-cresol conversion of 97.9% and 
an o-methyl cyclohexanol selectivity of 99.7% in only 2 h at 
220 °C and 3.5 MPa. The N-doped carbon protects the Co 

nanoparticles from aggregating and leaching, thus provid-
ing fascinating stability. Therefore, it can be believed that 
this Co@HCN-500-0.1 catalyst holds some potential for the 
efficient synthesis of o-methyl cyclohexanol from o-cresol.
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Table 3   Catalytic performance 
of the hydrogenation of phenol 
and its derivatives

Reaction conditions: 10 mL of 0.5 wt.% reactant-cyclohexane solution, 3.5 MPa H2, 220 °C, a catalyst con-
centration 5 g L−1, 1 h; b catalyst concentration 3 g L−1, 1 h; c catalyst concentration 3 g L−1, 0.5 h.

Entry Substrates Products Catalysts Conversion Selectivity

1 Co@HCN-500-0.1a 78.4% 99.7%
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8 Co@HCN-500-0.4c 35.7% 99.3%
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