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Abstract: Carbon nanotubes (CNTs)-supported Pt nanoparticles were prepared with selective
deposition of Pt nanoparticles inside and outside CNTs (Pt-in/CNTs and Pt-out/CNTs). The effects
of Pt loading and reaction solvents on phenol hydrogenation were investigated. The Pt nanoparticles
in Pt-in/CNTs versus Pt-out/CNTs are smaller and better dispersed. The catalytic activity and
reuse stability toward phenol hydrogenation both improved markedly. The dichloromethane-water
mixture as the reaction solvent, compared with either pure medium, decreased the catalytic activity
toward phenol hydrogenation and selectivity of cyclohexanone over Pt—-in/CNTs, but significantly
improved the catalytic activity toward phenol hydrogenation and selectivity of cyclohexanone over
Pt-out/CNTs.
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1. Introduction

Hydrogenation of phenol to cyclohexanone or cyclohexanol is an important chemical reaction
in the production of nylon and polyamide resins [1]. It is widely accepted that the hydrogenation of
phenol mainly occurs between the phenol chemisorbed on the support and the hydrogen activated on
metal nanoparticles. Thus, the support and active particle size play important roles in these supported
catalysts for hydrogenation.

To date, varieties of catalysts, including noble metal (Pd [2-5], Pt [6], Ru [7], and Rh [8]) and
non-noble metal (Ni [4,9] and Mo [10]) catalysts, have been developed for this reaction. Among them,
noble-metal catalysts are highly active in phenol hydrogenation under mild conditions. The industrially
preferred Pd/C catalyst has been well studied, including solvents, supports, and various reaction
parameters [2-5], but the results of cyclohexanone selectivity are in consistent and even controversial [5].
As is well known, Pt-based catalysts exhibit excellent properties in many hydrogenation reactions.
Yang et al. [6] reported the high catalytic activity and cyclohexane selectivity of Pt/titanate nanotubes
in phenol hydrogenation, even at 327 K. However, the application of Pt-based catalysts in phenol
hydrogenation is still rarely reported.

Carbon nanotubes (CNTs) has been widely studied as a support of metal catalysts [11-13]. Surface
modification of CNTs with oxygenated groups (e.g., carboxylic or hydroxyl) can be simplified by
the pretreatment with HNO3, which has been reported as an effective method to optimize the
performance of CNT-supported metal catalysts as well as purify and open the tips of CNTs [2].
Matos et al. [14] reported that the phenol hydrogenation produces cyclohexanone over a polar
TiO,—C-supported Pd catalyst, while it produces cyclohexanol over a hydrophobic TiOp—C-supported
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catalyst. Makowski et al. [15] reported that the hydrophilic carbon-supported Pd catalyst showed
very high cyclohexanone selectivity in phenol hydrogenation. These results suggest that the
hydrophilicity /hydrophobicity of CNTs could affect the catalytic properties of CNTs-supported metal
catalysts for phenol hydrogenation.

The catalysts with active particles loaded inside and outside CNTs exhibit distinctly different
catalytic performances. Research has shown that metal particles (i.e., Ru, Co, and Fe) encapsulated
inside CNTs exhibit superior catalytic performance compared with those loaded outside CNTs in
hydrogenation [16], oxygen reduction [17], Fischer-Tropsch synthesis [18,19], and polymerization [20].
This superior catalytic performance can be attributed to the unique “confinement effect” of
CNTs [21-24].

On the basis of research by Tessonnier et al. [25], here we prepared Pt/CNTs catalysts through
selective deposition of Pt nanoparticles inside and outside CNTs (Pt-in/CNTs and Pt-out/CNTs).
For comparison, CNTs-supported Pt was also prepared via incipient wetness impregnation
(Pt-imp/CNTs). Hydrogenation of phenol over different Pt/CNTs catalysts under mild conditions was
evaluated to investigate how Pt loading affected catalytic performances. In addition, by considering
the hydrophilicity /hydrophobicity of CNTs, reactants, and products, we studied the effect of a
dichloromethane-water mixed solvent on Pt/CNTs catalysts toward phenol hydrogenation.

2. Results and Discussion

Figure 1 shows the transmission electron microscopy (TEM) and Pt particle size distribution of
the catalysts prepared from different loading methods. Clearly, the Pt particles in Pt-in/CNTs are well
dispersed inside CNTs (Figure 1a). The Pt particle distribution is fairly uniform in Pt-in/CNTs and
complete on the outer surface of Pt-out/CNTs (Figure 1c), but is random at both inside and outside
Pt-imp/CNTs (Figure 1b). The Pt particle sizes in Pt-out/CNTs (10.3 nm) and Pt-imp/CNTs (5.5 nm)
are both significantly larger than Pt-in/CNTs (2.4 nm), indicating that the nano-space in CNTs can
effectively inhibit the aggregation of Pt particles.
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Figure 1. Transmission electron microscopy (TEM) images and particle size distribution of (a) Pt
nanoparticles inside carbon nanotubes (CNTs) (Pt-in/CNTs); (b) Pt nanoparticles prepared via incipient
wetness impregnation (Pt-imp/CNTs); (c) Pt nanoparticles outside CNTs (Pt-out/CNTs).

Figure 2 show the N; adsorption—desorption isotherms and pore size distributions of different
catalysts. Clearly, all catalysts have similar Type III isotherms and have an obvious hysteresis loop at
relatively high pressures, which is due to the typical capillary condensation caused by the mesopore or
accumulated pores in the catalysts.
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Figure 2. (a) N, adsorption-desorption isotherms and (b) pore size distribution curves of Pt—in/CNTs,
Pt-imp/CNTs, Pt-out/CNTs, pristine CNTs, and CNTs by acid treatment.

Table 1. Physicochemical properties of CNTs and catalysts.

SBET Vpore Dpore Pt Average Particle Size of Pt (nm)
Sample 2/, (cm3/g) Di PR | PtO/p2+4
(m*/g) cm'/g (nm) 1spersion CO Chemisorption2  TEM 3
CNTs® 87.2 0.36 16.1 - - - -
CNTs © 114.3 0.39 13.4 - - - -
Pt-in/CNTs 112.7 0.43 14.9 0.44 2.6 24 52.5/47.5
Pt-imp/CNTs 112.4 0.43 14.9 0.32 35 55 35.1/64.9
Pt-out/CNTs  111.7 0.45 15.8 0.17 6.6 10.3 31.3/68.7

! Measured by CO chemisorption [26]. 2 Estimated according to the equation: (particle size) = 1.13/(Pt dispersion)
[27].% Determined by TEM. 4 Calculated by X-ray photoelectron spectroscopy (XPS). ® The pristine CNTs. ® CNTs
after pretreatment with HNOj.

The specific surface areas, pore volumes, and average pore diameters of both CNTs and catalysts
are summarized in Table 1. The texture parameters of the CNTs improved after pretreatment with
HNOj3, which was due to the end opening of the CNTs and the removal of impurities [28]. Compared
with acid-treated CNTs, the specific surface areas of the catalysts decreased, but only slightly, because
of the low load of Pt (3 wt %). It is noticed that the pore volumes and average pore diameters
of the catalysts all increase slightly, which may be due to the decomposition of carbon oxygen
compounds during the catalyst synthesis. The Pt dispersion degree in Pt—-in/CNTs is higher that that
in Pt-out/CNTs and Pt-imp/CNTs.

The X-ray diffraction (XRD) patterns of CNTs and catalysts are shown in Figure 3. The strong
diffraction peaks at 26.1° and 42.9° are attributed to the hexagonal graphite structure (002) and
(100), which suggests CNTs have a hexagonal graphite structure [29]. The Pt-out/CNTs show three
diffraction peaks at 39.7°, 46.2° and 67.4°, which are attributed to the Pt (111), (200), and (220) peaks,
respectively, indicating the presence of Pt in a face-centered cubic (fcc) structure. The Pt (111) crystal
plane is more evident in Pt-out/CNTs, and its intensity is obviously stronger than in Pt-in/CNTs and
Pt-imp/CNTs. The decrease in peak intensity under the same Pt load indicates that the Pt nanoparticles
are small and highly dispersed, which is consistent with TEM spectra.

The reducibility of the catalysts in H, atmosphere determined by temperature programmed
reduction (TPR) experiments is presented in Figure 4. For Pt-in/CNTs, H; reduction was initiated
at 390 K and the peak appeared at 466 K. This TPR peak can be ascribed to the continual multi-step
single-electron reduction of Pt"* [30]. The peaks at the temperature above 573 K can be attributed to
the decomposition of the oxygen-containing groups on the surfaces of the CNTs (about 573-973 K) [31]
and to the gasification of graphene (about 873 K) [32]. The occurrence temperature of reduction
peakschange as follows: Pt—out/CNTs > Pt-imp/CNTs > Pt-in/CNTs. The higher temperature of the
Pt**-to-Pt’ reduction indicates the relatively poor dispersion of metal salt precursors. Pt** confined
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inside CNTs can be easily reduced because of the confinement [16,17,33] and hydrogen spill-over
functional groups [34]. This phenomenon can also be explained by electronic effects. Chen et al. [16]
reported that the reduction of Fe,O3; encapsulated in CNTs were facilitated compared with Fe,O3
encapsulated out of CNTs and thought the 7 electron density of graphene layers shifted from the
inner to the outer surface of CNTs, which resulted in the electron deficiency inside CNTs. Thus, the
interaction of Fe,O3 with the interior CNTs walls is different from that with the exterior walls. This
interaction with the encapsulated Fe; O3, which can destabilize Fe,O3, can at least partially compensate
the electron density loss within the channels.

* * CNTs
v Pt

- Pt-out/CNTs
v

M

Pt-imp/CNTs

Intensity (a.u.)

Pt-in/CNTs

N__,_,,,»/: \“W CNTs

| | |
10 20 30 40 50 60 70 80
26-Theta (°)

Figure 3. XRD patterns of CNTs, Pt-in/CNTs, Pt-imp/CNTs, and Pt-out/CNTs.
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Figure 4. H,-TPR (temperature programmed reduction) profiles of Pt-in/CNTs, Pt-imp/CNTs, and
Pt-out/CNTs.

As shown in Figure 5, the Pt4f spectra of the catalysts could be deconvoluted into two pairs of
doublets attributed to Pt” and Pt?*, respectively. The binding energy and relative concentration of Pt
species are summarized in Table 2. For Pt-in/CNTs, the doublet at 71.3 and 74.6 eV is attributed to Pt0,
and the doublet at 72.0 and 75.7 eV is assigned to Pt>*. By evaluating the compositions of different
Pt species, we find that the percentage of Pt°/(Pt’+Pt?*) is 52.5% (Table 1), which indicates the Pt
precursor (H,PtClg) was reduced mostly to Pt and slightly to Pt?>* [35]. In the cases of Pt-imp/CNTs
and Pt-out/CNTs, the percentages of Pt0/(Pt+Pt?*) are 35.0% and 31.3%, respectively, indicating that
internal loading can promote the reduction of Pt** and the formation of Pt’. Chen et al. [16] studied
how the confinement in CNTs would affect the activity of Fischer—Tropsch iron catalysts and found
that the iron species encapsulated inside CNTs tended to exist in a more reduced state, forming more
iron carbides. As for Pt-in/CNTs, the peak of PtV (72.0 eV) shifts positively by 0.9 eV compared to
pure Pt (71.1 eV). As for Pt-imp/CNTs and Pt-out/CNTs, the Pt° peaks for Pt4f7/2 appear at 71.9 and
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71.7 eV, respectively, and the Pt4f7/2 signal shifts positively by 0.8 and 0.6 eV with respect to pure Pt.
The positive shift of the Pt” peak should be attributed to the presence of small nanoparticles [36,37],
which agrees well with the TEM spectra in Figure 1.
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Figure 5. XPS spectra of Pt—in/CNTs, Pt-imp/CNTs, and Pt-out/CNTs.

Table 2 shows the phenol hydrogenation performances of Pt-in/CNTs, Pt-imp/CNTs, and
Pt—out/CNTs. Catalytic activity of phenol hydrogenation over the CNTs-supported Pt catalysts ranks
as follows: Pt-in/CNTs > Pt-imp/CNTs > Pt-out/CNTs. The activities of phenol hydrogenation are
different among the three catalysts with the same Pt load, which can be attributed to the different
dispersions. Regarding the structural properties of the CNTs, their nanoscale tubular structure endows
them with a unique confinement effect. Given the components with catalytic activity, TEM (Figure 1)
and XPS (Figure 5) both show that intratubal loading versus extratubal loading can first effectively
inhibit the growth and aggregation of Pt particles, providing larger active specific surfaces under
the same Pt load, and secondly help to increase the concentration of active Pt’ in the catalyst. With
regard to catalytic reactions, the phenol hydrogenation occurs inside of Pt—-in/CNTs and outside of
Pt-out/CNTs. Compared with the outer spaces, the internal nanospaces of CNTs act as a nanoreactor
for phenol hydrogenation. Guan et al. [38] reported that the CNTs as a nanoreactor function not only
to enrich the molecules inside the channels, but also to stabilize the higher oxidative state of Pt.

Table 2. Hydrogenation of phenol over Pt-in/CNTs, Pt-imp/CNTs, and Pt—out/CNTs 1

Selectivity (%)
Catalyst Conversion (%) Reaction Rate 2
Cyclohexanone Cyclohexanol
CNTs <1 - - -
Pt-in/CNTs 97.3 77.5 22.5 0.934
Pt-imp/CNTs 33.8 75.3 24.7 0.324
Pt-out/CNTs 11.6 723 27.7 0.111

1 Reaction conditions: 20 mg catalyst, 0.5 g phenol, 0.5 MPa Hy, 323 K, 30 min. 2 The phenol mole conversion per
mol Pt per second, molphenol molp; 1s7!

Since the reuse performance of the supported noble metal catalysts is one major factor in practical
application, we also examined the catalytic performances of the recycled catalysts (Table 3). After
four consecutive cycles, the phenol conversion of Pt—-in/CNTs, dropped from 97.3% to 95.4%, while
that of Pt-out/CNTs reduced from 11.6% to 7.4%, indicating that Pt-in/CNTs had higher reusability
than Pt-out/CNTs. On one hand, inductive coupled plasma emission spectra (ICP) analysis (Table 3)
showed that the Pt load decreased from 3.02 wt % to 2.95 wt % in Pt-in/CNTs, and from 3.01 wt %
to 2.54 wt % in Pt-out/CNTs. These changes indicate that the loss of Pt particles can be effectively
suppressed by intratubal loading more so than extratubal loading. On the other hand, the intratubal
space of CNTs can restrict the aggregation of Pt particles. Therefore, the Pt—in/CNTs showed good
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reuse performance. It should also be noted that the selectivity of cyclohexanone increased from 77.5%
to 83.4% after four consecutive cycles, whereas the conversion was approximately the same.

Table 3. Reusability of catalysts with different loading methods in the hydrogenation of phenol 1

Pt Conversion Selectivity (%)
Catalyst Run Reaction Rate
(wt %) (%) CyclohexanoneCyclohexanol

1 3.02 97.3 77.5 225 0.933

. 2 - 96.8 80.1 19.9 0.929
Pt-in/CNTs 3 - 9.0 79.9 20.1 0921
4 2.95 95.4 834 16.6 0.915

1 3.01 11.6 72.3 27.7 0.111

2 - 10.5 74.5 25.5 0.101

Ptout/CNTs 5 - 9.0 74.6 254 0.086
4 2.54 74 75.4 24.6 0.071

1 Reaction conditions are similar to those listed in Table 2.

After treatment by HNOj, the oxygen-containing groups endowed the CNTs with stronger
hydrophilicity, which was unfavorable for catalyst dispersion in dichloromethane. However, in the
reaction medium of pure water, the phenol conversion of Pt-imp /CNTs was only 8.8% (Table 4). In pure
water, the phenol conversion of both Pt-in/CNTs and Pt—out/CNTs dropped, and the corresponding
selectivity of cyclohexanol both increased. The use of the dichloromethane-water solvent efficiently
improved the phenol hydrogenation activity of Pt-imp/CNTs. Compared with pure dichloromethane,
when the mixed medium contained 10 wt % water, the phenol conversion of Pt-imp/CNTs increased
from 33.8% to 86.0%, and the corresponding selectivity of cyclohexanone rose from 75.3% to 99.4%.
When the water concentration further rose to 15 wt %, the phenol conversion rose to 89.6%, but the
selectivity of cyclohexanone dropped to 94.3%. As for Pt-out/CNTs, when the water concentration was
10 wt %, the phenol conversion increased from 11.6% to 75.3%, while the selectivity of cyclohexanone
rose from 72.3% to 93.1%. Unlike Pt-imp/CNTs or Pt-out/CNTs, the phenol conversion of Pt-in/CNTs
declined from 97.3% to 72.5%, while the selectivity of cyclohexanone dropped from 77.5% to 48.9%.

Table 4. Effect of dichloromethane-water mixture on hydrogenation of phenol over Pt-in/CNTs,
Pt-imp/CNTs, and Pt-out/CNTs 1

H,O Conversion Selectivity (%)
Catalyst Reaction Rate
(wt %) (%) Cyclohexanone Cyclohexanol
5 70.6 89.5 10.5 0.677
10 86.0 99.4 0.6 0.825
15 89.6 943 5.7 0.860
. 20 83.7 91.2 8.8 0.803
Pt-imp/CNTs 50 28.1 785 215 0.270
100 8.8 29 97.1 0.084
1002 16.4 17.4 82.6 0.157
1003 35.1 422 57.8 0.337
) 10 72.5 48.9 51.1 0.696
Pt-in/CNTs 100 6.3 3.6 96.4 0.060
10 75.3 93.1 6.9 0.722
Pt-out/CNTs 100 8.9 76 93.4 0.085

1 Reaction conditions: 10 mL of dichloromethane-water mixture, other reaction conditions are similar to those listed
in Table 2. 23 Reaction temperatures are 333 and 343 K, respectively.

The mechanism of phenol hydrogenation over Pt-in/CNTs and Pt-out/CNTs are shown in
Figure 6. Under high-speed stirring, the dichloromethane-water mixed system reached a latex phase,
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where the water phase was dispersed in the form of nuclei, while the hydrophilicity of CNTs improved
the catalyst dispersity in water. Upon the dichloromethane/water interfaces, the interaction between
the hydroxyl groups of phenol and the hydroxyl groups of CNTs enhanced the phenol absorbability
onto the catalyst. Under the action of extratubally loaded Pt, the cyclohexanone resulting from
hydrogenation became less water-soluble, but dissolved more in the dichloromethane. Thus, under
the stirring condition, the cyclohexanone migrated to the dichloromethane, which reduced further
hydrogenation and improved the cyclohexanone selectivity. For the intratubally loaded Pt, however,
the hydrophilicity of CNTs and the low water solubility of phenol (reaction at 323 K) inhibited the
contact between active component and phenol. Moreover, the cyclohexanone resulting from phenol
hydrogenation could not spread to the dichloromethane in time, but instead was adsorbed intratubally
into the nanoscale structures of CNTs, further promoting the hydrogenation to form cyclohexanol.
Immediately after its formation, hydroxyl groups of cyclohexanol further reacted with the hydroxyl
groups of CNTs to form hydrogen bonds, which led to a competitive catalyst surface adsorption
between cyclohexanol and phenol. As the reactions proceeded, the amount of cyclohexanol formed in
the catalyst increased, and the amount of adsorbed phenol declined, leading to a decline of phenol
conversion and an increase in cyclohexanol selectivity. These changes also account for the low phenol
conversion and the high cyclohexanol selectivity in pure water.

Figure 6. Mechanism of phenol hydrogenation over Pt-in/CNTs and Pt-out/CNTs.

3. Experimental

3.1. Chemicals

CNTs were purchased from Shenzhen Nanotech Port Co., Ltd. (Shenzhen, China) H,PtClg were
purchased from Shenyang Jinke Reagent Company (Shenyang, China) and CH;,Cl, from Shenyang
Huadong Reagent Company (Shenyang, China). Ethanol, phenol and HNOj; were purchased from
Haerbin chemical Reagent Company (Harbin, China). All the chemicals were analytical grade with no
further treatment. Deionized water was used for solution preparation.

3.2. Catalyst Preparation

Based on the difference in the interface energies of ethanol and water with the CNTs surface, Pt
particles were selectively deposited inside and outside CNTs, which were denoted as Pt—-in/CNTs and
Pt-out/CNTs. Prior to impregnation, pristine CNTs were treated with HNOj reflux at 398 K for 6 h.
ForPt-in/CNTs, 0.1 g of CNTs were impregnated with 0.35 mL of H,PtClg ethanol solution (about 2/3
of CNTs saturated water absorption rate (5.23 mL/g)) at 293 K, followed by adding of 0.26 mL of H,O.
After being dried, the samples were treated in Hj at 573 K for 3 h to reduce the Pt precursors into Pt
metal. For Pt-out/CNTs, 0.1 g of CNTs were impregnated with 0.52 mL of ethanol, followed by an
addition of 0.35 mL of HyPtClg aqueous solution. The drying and reducing process were performed
the same as for Pt-in/CNTs. For comparison, CNTs-supported Pt was also prepared by incipient
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wetness impregnation with an HyPtClg aqueous solution, which was denoted as Pt-imp/CNTs. The Pt
theoretical load was 3 wt %.

3.3. Catalyst Characterization

TEM was performed on a JEOL JEM—4000EX microscope (JEOL, Tokyo, Japan). N, physisorption
measurements were carried out using a Tristarll 3020 surface area and porosity analyzer (Micromeritic,
Atlanta, GA, USA). Pore size distributions were obtained from the isotherm adsorption branch, using
the Barrett-Joyner—-Halenda model. The Pt dispersion, expressed in terms of CO chemisorbed /Pttotal,
was calculated by assuming a CO-to-surface Pt atom ratio of 1:1 [26]. XRD was performed on a Rigaku
D/max-2200PC diffractometer (Rigaku, Tokyo, Japan) using CuK« radiation. TPR was performed
on a Chem BET 3000 chemical adsorption instrument (Quantachrome, Boynton Beach, FL, USA) by
heating the sample from ambient temperature to 1073 K at 10 K/min in a stream of 5 vol % Hy /Ny
mixture (40 mL/min). XPS spectra were attained with a Thermofisher Scientific K-Alpha instrument
(Thermofisher, New York, NY, USA). The Pt load (wt %) was analyzed by means of an ICPS-7510
inductively coupled plasma spectrometer (Shimadzu, Tokyo, Japan).

3.4. Catalytic Hydrogenation Activity Test

Hydrogenation of phenol was carried out in a 50 mL stainless steel autoclave with a Teflon
inner layer. Twenty milli grams of catalyst was dispersed in a 10 mL dichloromethane (or
dichloromethane-water mixture) solution of 0.5 g of phenol. The reactor was sealed and purged
with Hj six times. Then, the reaction was carried out at 323 K for 30 min with 0.5 MPa H, at a stirring
speed of 700 rpm. After cooling to ambient temperature, the liquid reactants were analyzed by gas
chromatogram (GC-14, Shimadzu, Tokyo, Japan) with a 30 m capillary column (DB-WAX) using a
flame ionization detector, and were identified by gas chromatography/mass spectrometry (GC/MS,
Agilent 5890, Santa Clara, CA, USA).

4. Conclusions

Pt/CNTs catalysts, with selective deposition of Pt nanoparticles inside and outside CNTs, were
prepared based on the difference in the interface energies of ethanol and water with the CNTs
surface. Intratubal loading, compared to extratubal loading, features a smaller Pt particle size,
a greater dispersity, greater phenol hydrogenation activity, greater cyclohexanone selectivity, and
more effectively inhibited the loss of active components and increased catalyst stability. For Pt/CNTs
prepared by extratubal loading, using the dichloromethane-water mixture as the reaction solvent
significantly improved the catalytic activity for phenol hydrogenation and selectivity of cyclohexanone.
The phenol hydrogenation activity and cyclohexanone selectivity of the Pt/CNTs prepared from
incipient wetness impregnation were significantly improved by the dichloromethane-water mixture
containing 10 wt % water.
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