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Abstract: Transfer hydrogenation is a novel and efficient method to realize the hydrogenation in
different chemical reactions and exploring a simple heterogeneous catalyst with high activity is
crucial. Ni/CNT was synthesized through a traditional impregnation method, and the detailed
physicochemical properties were performed by means of XRD, TEM, XPS, BET, and ICP analysis.
Through the screening of loading amounts, solvents, reaction temperature, and reaction time,
20% Ni/CNT achieves an almost complete conversion of phenol after 60 min at 220 ◦C in the absence of
external hydrogen. Furthermore, the catalytic system is carried out on a variety of phenol derivatives
for the generation of corresponding cyclohexanols with good to excellent results. The mechanism
suggests that the hydrogenation of phenol to cyclohexanone is the first step, while the hydrogenation
of cyclohexanone for the generation of cyclohexanol takes place in a successive step. Moreover,
Ni/CNT catalyst can be magnetically recovered and reused in the next test for succeeding four times.

Keywords: phenol; hydrogenation; Ni/CNT; cyclohexanol; transfer hydrogenation

1. Introduction

Cyclohexanol is an important chemical raw materials, for example, it could be used as the
main intermediate for the production of adipic acid, hexamethylene diamine, cyclohexanone, and
caprolactam, or as an excellent solvent for rubber, resin, nitro fiber, and metal soap [1–5]. Except for this,
its downstream product, cyclohexane, can also be converted into various useful chemicals [6–8]. Hence,
the production of cyclohexanol has attracted increasing attention, both in industry and in the laboratory,
recently. In the past several years, tremendous efforts have been devoted to the hydrogenation of
phenol for the generation of cyclohexanol. The main pathways can be classified into two groups,
gaseous [9] and liquid phase [10]. In the gaseous phase, a variety of supported noble metals, such as
Pd [11,12], Pt [13,14], Ru [15,16], Rh [17,18], have been reported to be effective in the hydrogenation
system. For example, Wang et al. reported a hierarchically porous ZSM-5 zeolite with micropore and
b-axis-aligned mesopore-supported Ru nanoparticles (Ru/HZSM-5-OM), which were highly effective for
the hydrogenation of both phenol and its derivatives to the corresponding cyclohexane [15]. However,
elevated temperature and high pressure of hydrogen (150 ◦C, 4 MPa) were required, and carbonaceous
deposits in the process would result in the deactivation of catalyst. In the liquid phase, although
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the hydrogenation process could be performed under a relatively lower temperature [19], the main
shortcoming of recent hydrogenation systems is that they could not avoid the presence of hydrogen [20].
For instance, Li et al. developed a series of Pd@FDU-N catalysts for the hydrogenation of phenol in
the presence of 0.1 MPa H2 [21]. Therefore, the exploration of a cheap and effective catalyst for the
hydrogenation of phenol in the absence of hydrogen is essential. Catalytic transfer hydrogenation (CTH)
has been regarded as a good alternative to avoid the application of high-pressure hydrogen [22–25].
Galkin et al. reported that Pd/C could catalyze transfer hydrogenolysis of β-O-4 model compound in
lignin employing formic acid as a hydrogen-donor for the generation of acetophenone and phenol
derivatives [22]. Paone et al. reported the transfer hydrogenolysis of α-O-4 model compound in
lignin conducted on Pd/Fe3O4 under 240 ◦C [23]. Wu et al. found that Ru/C could efficiently catalyze
the cleavage of the 4-O-5 aromatic ether bond in a variety of lignin-derived compounds through the
transfer hydrogenolytic pathway using isopropanol as the hydrogen-donor solvent [24]. Despite those
achievements for the transfer hydrogenolytic transformation of biomass to value-added chemicals,
the catalytic hydrogenation without the use of external hydrogen remains a great challenge [25,26].

Carbon nanotubes (CNT) are interesting materials for carrying out chemical reactions in confined
spaces, and several organic reactions have been carried out [27–29] inside the nanotubes. In this work,
CNT supported nickel catalyst was introduced into the hydrogenation of phenol for the generation of
cyclohexanol via a transfer hydrogenolytic route. Through the screening of loading amounts, solvents,
temperature and time, herein we reported a mild reaction condition (20% Ni/CNT, iPrOH, 220 ◦C
and 60 min) for the hydrogenation of phenol to cyclohexanol. A variety of phenol derivatives were
also conducted to verify the high efficiency of this catalytic reaction system. The possible reaction
mechanism was finally investigated as well. The detailed physicochemical properties were investigated
by means of XRD, TEM, XPS, BET, and ICP analysis.

2. Experimental

Materials: CNT was purchased from Aladdin Industrial Inc. Shanghai, China and pre-treated in
HNO3 before use [27,28]. Ni(NO3)2.6H2O was provided by Aladdin Industrial Inc. Shanghai, China.
Phenol and other derivatives were obtained from tansoole.com. All chemicals were obtained from
commercial sources and used without further purification.

General procedure for Ni/CNT catalyzed phenol: In one typical catalytic reaction process, 500
mg of phenol and other derivatives, 50 mg of Ni/CNT catalyst, and 10 mL isopropanol were placed
in a 25 mL stainless steel reactor. After being sealed, the catalytic reaction was stirred at desired
temperature for desired time. The reactor was naturally cooled to room temperature after the reaction.
The mixture solution was filtered to collect the catalyst and the filtrate was analyzed by the Gas
Chromatograph/Mass Spectrometer (GC/MS, Agilent 7890) utilizing n-dodecane as an internal standard.
The collected catalyst was washed with isopropanol three times and dried at 105 ◦C for the next test
under the optimal reaction conditions. The conversion and product yields in the liquid phase were
calculated according to the following formula, respectively:

Conversion =
mole o f reacted substrate

total mole o f substrate f eed
× 100%

Yield o f cyclohexanone =
mole o f cyclohexanone

total mole o f substrate f eed
× 100%

Yield o f cyclohexanol =
mole o f cyclohexanol

total mole o f substrate f eed
× 100%

Catalyst preparation: Ni/CNT was prepared by an impregnation method. In one typical
process of 20% Ni/CNT catalyst, Ni(NO3)2.6H2O (0.2 g) was dissolved in 30 mL of deionized water.
Then, CNT (2.0 g) was added to the above solution and stirred for 24 h until a uniform dispersion.
The obtained suspension was dried for 12 h at 105 ◦C in the oven. Subsequently, the obtained black

tansoole.com


Energies 2020, 13, 846 3 of 12

solid was calcined at 500 ◦C for 2 h in the muffle furnace, and finally reduced in a tube furnace under
hydrogen atmosphere at 500 ◦C for 2 h. The preparation of Fe/CNT, Co/CNT, Mo/CNT was the same
as Ni/CNT.

Catalyst characterization: Powder X-ray diffraction (XRD) was examined on a Bruker D8 Advance
X-ray powder diffractometer. Transmission electron microscopy (TEM) images were tested using a
TEM Tecnai G2 20. The X-ray photoelectron spectroscopy (XPS) was carried out on an ESCALAB-250
(Thermo-VG Scientific, USA) spectrometer with Al Kα (1486.6 eV) irradiation source. The textural
properties of the Ni/CNT catalyst were tested by N2 adsorption–desorption isotherms using a COULTER
SA 3100 analyzer, and the Brunauer–Emmett–Teller (BET) surface area was evaluated by the N 2
adsorption–desorption isotherms.

2.1. Catalyst Characterization

Figure 1 shows the XRD patterns of two different samples, including solo CNT, and the optimal
catalyst in the system for the hydrogenation of phenol. The peak at 26.5◦ could be assigned to the
diffraction peaks of the (002) planes of the graphite-like tube-wall of the CNT [30–32]. Apart from the
CNT feature, the presence of metallic Ni in the reduced 20% Ni/CNT catalyst was clearly revealed.
As could be clearly seen from the XRD results, only one kind of Ni-based phase was observed for
Ni/CNT catalyst. Peaks at 44.5◦, 51.9◦, and 76.4◦ could be assigned to the diffraction of the (111), (200),
and (220) planes of metallic Ni [27], indicating that only metallic nickel species were observed in
Ni/CNT catalyst.
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Figure 1. Characterization of the 20% Ni/CNT catalyst. (a) XRD pattern of CNT, (b) XRD pattern of
20% Ni/CNT.

XPS detection was carried out to analyze the composition of prepared 20% Ni/CNT. The absorption
peaks were identified for C, O, and Ni. As for the presence of oxygen element in Figure 2b, perhaps it
was due to the presence of oxygen-containing groups of CNT during the HNO3 pre-processing [30,31].
In addition, the oxidation of Ni/CNT catalyst before or during the XPS examination could also lead to
the presence of oxygen element. The binding energies at 852.9 and 856.3 eV were observed for 20%
Ni/CNT (Figure 2a), which corresponded to Ni0 (2p 3/2) and Ni2+(2p3/2), respectively. The binding
energies at 872.3 and 874.8 eV corresponded to the main lines of Ni0 (2p 1/2) and Ni2+ (2p 1/2). It could
be found that part of metallic Ni was oxidized before or during the XPS testing, which contributed to
the understanding of Ni2+ detection in the XPS spectra.
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Figure 2. Characterization of the 20% Ni/CNT catalyst. (a) XPS of Ni 2p, (b) XPS pattern of 20% Ni/CNT.

As can be seen in Figure 3, most of Ni particles displayed outside the CNT uniformly. However,
the Ni particle size and its distribution varied from each other mainly owing to the loading amount
of Ni on the surface of CNT. We selected 20% Ni/CNT catalyst as an example. The histogram of 20%
Ni/CNT in given in Figure 3a, in which the mean size was 14.0 nm. Taken together, nanoparticle Ni
on the surface of CNT performed an excellent activity in the hydrogenation of phenol under our
reaction system.
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Figure 3. Characterization of the 20% Ni/CNT catalyst. (a) TEM image of 20% Ni/CNT, (b) Distribution
of Ni particles.

Table 1 show the chemical and physical properties for the different ratios of Ni/CNT catalysts,
including the Ni loading amounts, BET surface area, and average Ni-particle size. The ICP results prove
that the metal loading amounts were in great accordance with the theoretical calculating value with the
preparation of the catalysts. The BET surface area of 5% Ni/CNT catalyst was much larger than 25%
Ni/CNT (range from 149.3 m2/g to 120.5 m2/g), suggesting that Ni particles could be better dispersed on
the surface of CNT. Owing to the different loading amounts of Ni on the CNT, the average particle size
of Ni/CNT with different metal amounts ranged from 12.1 to 15.6 nm (estimated from XRD in Table 1).
It proved that excessive metal loading on CNT could inevitably lead to metal agglomeration, resulting
in an increase of the metal particle size [32]. The TEM also gave the same results on the distribution of
Ni particles (Table 1). Hence, these changes in catalyst properties would directly influence the catalytic
activity in the hydrogenation of phenol, which will be discussed in detail in the following experiments.
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Table 1. Chemical and physical properties of CNT-supported Ni catalysts.

Catalysts
Composition (wt.%) a

SBET
b

(m2/g)
Average Metal

Size c (nm)
Average Metal

Size d (nm)Ni

CNT / 180.6 / /
5% Ni/CNT 4.32 149.3 12.1 12.8

10% Ni/CNT 10.55 145.6 12.6 13.1
15% Ni/CNT 14.66 135.8 12.8 13.5
20% Ni/CNT 19.68 132.4 13.1 14.0
25% Ni/CNT 24.09 120.5 15.6 16.5

a—measured by ICP analysis, b—evaluated from N2 adsorption-desorption isotherms, c—estimated by XRD,
d—measured by TEM.

2.2. Activity of Various Catalysts for the Hydrogenation of Phenol

First of all, hydrogenation of phenol was chosen as a typical model reaction to explore the
catalytic performance over a variety of catalysts (Table 2). When carried out without any catalysts
in the hydrogenolytic system, the reaction failed to transform phenol to cyclohexanol (Table 2, entry
1). Meanwhile, solo CNT also showed a poor activity under our reaction condition (Table 2, entry 2),
indicating that CNT only served as a support, and showed no catalytic effect in the catalytic process.
Then, we tried different catalysts for the transformation of phenol, including 10% Fe/CNT, 10% Co/CNT,
10% Mo/CNT and 10% Ni/CNT (Table 2, entries 3–5 and entry 7). It was surprising to discover that
the supported Ni catalyst exhibited good performance in the hydrogenation of phenol to generate
cyclohexanol, indicating that the substrate phenol adsorbed on the metal surface prior to the reaction
decreased the activation barrier of hydrogenation reaction [33]. The catalytic activity could be sorted
as follows: 10% Ni/CNT > 10% Co/CNT > 10% Mo/CNT > 10% Fe/CNT. However, the loading amount
of Ni on the surface of CNT could also affect the efficiency of the hydrogenolytic process. It could be
clearly seen in Table 2 that the conversion increased with the increased loading amount of Ni (from 5%
to 25%), and the trend of the cyclohexanol yield showed the same result. Meanwhile, we found that
the yield of cyclohexanol reached 95% when 20% Ni/CNT was used in our hydrogenolytic system
(Table 2, entries 6–10). On the base of the results above, 20% Ni/CNT was chosen as the most suitable
catalyst for the subsequent exploration.

Table 2. Optimization of catalysts for the hydrogenation of phenol a.
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Entry Catalyst T.(◦C)/
t.(h)

Con. (%)
Yield (%) b

2a 3a

1 none 180/4 0 0 0
2 CNT 180/4 0 0
3 10% Fe/CNT 180/4 8 2 0
4 10% Co/CNT 180/4 48 5 5
5 10% Mo/CNT 180/4 27 4 22
6 5% Ni/CNT 180/4 73 3 66
7 10% Ni/CNT 180/4 81 4 68
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a Reaction conditions: 1a (500 mg), catalyst (50 mg), Isopropanol (10 mL). b The conversion and yield were
determined by GC/MS with n-dodecane as the internal standard.
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2.3. Influence of Hydrogen-Donor Solvents

Alcohol, as an excellent hydrogen-donor solvent, plays an important role in the catalytic transfer
hydrogenolytic process. Therefore, we selected three most common alcohols in our catalytic system.
Unfortunately, methanol and ethanol failed the transformation of phenol to cyclohexanol (Table 3,
entries 2–3). H2O was considered as a green and environmentally friendly solvent, and always
applied in various chemical reactions. However, 20% Ni/CNT catalyst showed a poor activity in the
hydrogenation of phenol in aqueous media (Table 3, entry 4). When isopropanol was utilized in our
catalytic system, a satisfactory result was achieved that cyclohexanol was obtained in the yield of
95% (Table 3, entry 1). Therefore, isopropanol was the most efficient hydrogen-donor solvent for the
transformation of phenol to cyclohexanol.

Table 3. Optimization of solvents for the hydrogenation of phenol a.
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2.4. Influence of Reaction Temperature and Reaction Time

In addition, reaction temperature and reaction time were important key factors for the
transformation of phenol (Figure 4). As shown in Figure 4a, the conversion of phenol progressively
increased when the reaction temperature increased from 160 to 220 ◦C, and phenol could almost
totally transfer to cyclohexanol at 220 ◦C with a reaction time of 60 min. In the catalytic process, the
dominant products were cyclohexanol, with a small amount of cyclohexanone detected in the GC/MS.
As the temperature continued to rise, the yield of cyclohexanol kept around 95%. Subsequently, it could
be found that the conversion of phenol increased with the prolonging of the reaction time (Figure 4b),
and the phenol was completely consumed in only 60 min at 220 ◦C. With the prolonged reaction time,
the yield of cyclohexanol increased when the reaction time increased from 20 to 60 min. When the
reaction time exceeded 60 min, the conversion of phenol achieved 100%, and the yield of cyclohexanol
kept at the highest point. Through the screening of temperature and time of the hydrogenation of
phenol, the optimal temperature and time could be summarized as 220 ◦C and 60 min, respectively.
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2.5. Scope of the Substrates

Encouraged by the perfect performance of the efficient hydrogenation of phenol, a variety of phenol
derivatives were tested on 20% Ni/CNT. As shown in Table 4, phenol could be completely transformed
to afford the corresponding cyclohexanol in a yield of 95% without additional hydrogen under the
optimal reaction condition (Table 4, entry 1). Methylphenol derivatives gave methylcyclohexanols
with a poor conversion and yield under 220 ◦C at a reaction time of 60 min. Therefore, we increased the
temperature from 220 ◦C to 240 ◦C. As excepted, methylphenol derivatives gave methylcyclohexanols
with both perfect conversion and yield (Table 4, entries 2–4). Hydroxy substituted phenol could not
achieve the CTH process under optimal conditions as well. Hence, 240 ◦C was employed in our
reaction system and a 79% yield of cyclohexane-1,2-diol was obtained in the reaction time of 60 min
(Table 4, entries 5). Based on the relevant literature [34], the reason for the small decrease in the yields of
corresponding cyclohexanol derivatives probably is the steric effect. Hence, the presence of substituent
imposes a steric repulsion, which might lower the degree of adsorption and thus hydrogenation rate.
Taken together, the transfer hydrogenation system was confirmed suitable for the hydrogenation of
diverse phenol derivatives with good to excellent results.
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2.6. Mechanism Studies and the Recyclability of Ni/CNT

The mechanism of the hydrogenation of phenol over 20% Ni/CNT was proposed in Figure 6.
According to the time courses of phenol and products (Figure 4), the hydrogenation of phenol proceeded
via cyclohexanone. In order to corroborate this, we investigated the activity of cyclohexanol and
cyclohexanone in the process of transfer hydrogenation. When solo cyclohexanol was carried out in our
catalytic system, no cyclohexanol was transformed into cyclohexanone (Figure 5a). The results above
show the hydrogenation of phenol to cyclohexanol via cyclohexanone under a transfer hydrogenation
process. It can be seen from Figure 5b that, from the beginning of the process, the amount of
cyclohexanone decreased and cyclohexanol was observed. Cyclohexanone was completely consumed
after 30 min and cyclohexanol was achieved in high yield (over 90%). Apart from this, acetone was
also detected in the catalytic process. In Table 5, we could find that 95% of cyclohexanol, 2% of
cyclohexanone, 5.8 equivalents of acetone and 33.6 equivalents of isopropanol were observed for each
equivalent of phenol consumed, which suggested that the hydrogenation of phenol was a stoichiometric
reaction and each phenol molecule needed six isopropanol molecules for the generation of cyclohexanol.
Therefore, the detailed mechanism could be summarized in Figure 6. The molecule adsorption of
isopropanol occurred on the catalyst surface to produce H* and followed by phenol adsorption (i).
Then, irreversible phenol hydrogenation took place for the generation of cyclohexanone, in which four
equivalents of H* were consumed (ii–iv). In the final step, two equivalents of H* was employed in the
catalytic process to transfer cyclohexanone to cyclohexanol (v). Based on the study above, we propose
the mechanism in two steps: (1) Conversion of phenol to cyclohexanone over the Ni/CNT catalyst.
(2) Transformation of cyclohexanol from cyclohexanone via keto-enol tautomerism.

Table 5. Distribution of products with 20% Ni/CNT in isopropanol.

Catalyst Temperature/Time Conversion
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In addition, the Ni/CNT catalyst could be magnetically recovered after a simple process
(washing with isopropanol and dried over 105 ◦C) for the subsequent recycling tests. The recycling tests
for the Ni/CNT catalyst in the transfer hydrogenation of phenol under the optimal reaction condition
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was subsequently evaluated. Ni/CNT maintained its activity for four succeeding runs, and no obvious
decrease in cyclohexanol yield was observed, suggesting the good ability of the catalyst (Figure 7b).
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Figure 7. (a) Possible catalytic pathway in the transfer hydrogenation of phenol. (b) Result of recycling
tests for Ni/CNT catalyst in the transfer hydrogenation of phenol.

3. Conclusions

In this paper, phenol was effectively hydrogenated to cyclohexanol by 20% Ni/CNT catalyst under
a mild condition (220 ◦C, 60 min) using isopropanol as the hydrogen-donor solvent. The Ni/CNT catalyst
not only had an excellent ability to catalyze the transfer hydrogenolytic cleavage of phenol and diverse
phenol derivatives but also could be easily recovered magnetically from the reaction process for the next
four recycling tests. Four succeeding recycling tests in the transfer hydrogenation of phenol proved
the good stability of the Ni/CNT catalyst. The possible mechanism for the hydrogenation of phenol
suggested that the possible pathway might proceed via the formation of cyclohexanone. This work
will inspire various studies on the hydrogenation process in the absence of additional hydrogen.
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