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Abstract: A novel one-dimensional bimetallic complex [CugpZng9g(CsH3NOg)(C12HgN)In
(“Complex”) has been synthesized by a hydrothermal method. A Cu-ZnO@C composite was obtained
by a one-step pyrolysis of Complex. Correlated with the characterization results, it is confirmed
that both metallic Cu” and ZnO nanoparticles were highly dispersed on/in the carbon substrate.
This simple one-step pyrolysis method avoids the high-temperature pretreatment under Hj
commonly required for preparation of such Cu-ZnO catalysts. The Cu-ZnO@C composite was
tested with respect to its catalytic activities for the hydroxylation of benzene to phenol with H,O,.
The results indicate that the benzene conversion, phenol yield, and phenol selectivity reached the
maximum values (55.7%, 32%, and 57.5%, respectively) at Complex carbonized at 600 °C, and were
higher than those of the commercial mixed sample. Compared with the other candidate catalysts,
the turnover frequency (TOF) of our Cu—ZnO@C catalyst (117.9 mmol mol~! s71) can be ranked at
the top. The higher catalytic activities should be due to the highly dispersed metallic Cu® and ZnO
particles as well as their synergistic interaction.

Keywords: metal organic frameworks; carbonization; Cu-ZnO; hydroxylation of benzene

1. Introduction

Metal organic frameworks (MOFs) have received considerable attentions because of their large
surface area, low framework density, and high pore volume. As for typical porous materials,
the applications of MOFs have been extensively explored in sensors [1], heterogeneous catalysts [2],
gas adsorption/separation [3,4], hydrogen storage, and the stationary phase in chromatography.

Owing to the controllable structures of MOFs [5], they can be used as both precursors and
templates to purposefully prepare advanced functional materials, such as metal oxide@C nanomaterials
and porous carbon materials [6,7]. Xu et al. firstly communicated that MOFs can be used as precursors
to synthesize porous carbon materials [8]. Furthermore, high-surface-area carbon materials derived
from MOFs have been extended to the application of electrochemistry [9]. Impressively, previous
works have indicated that metal ions and morphology of MOFs were varied to engineer the crystallinity
and morphology of carbon materials [10]. Moreover, the mixed-metal MOF materials can be fabricated
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by replacing a portion of the metal cations with other similar metal cations. Then, the mixed-metal
oxides (or solid solutions) can be obtained after a carbonization process [11].

As typical transition metals, copper and zinc are usually considered as good candidates for
heterocatalytic reactions. Nevertheless, there is an argument regarding the role of metallic Cu’, Cu*,
and Cu?" in catalytic reactions, such as photocatalytic hydrogen generation [12] or water—gas shift
reactions [13]. For this reason, it is important to purposefully control the desired valence of copper
species. Unfortunately, CuO species are usually obtained [14-16], while the preparations of metallic
Cu’ or CuyO need further reduction. For example, CuO supported on ZnO was commonly prepared
by homogeneous coprecipitation, deposition—precipitation, and conventional coprecipitation methods.
However, to prepare metallic Cu supported on ZnO, the obtained CuO-ZnO composite oxides should
be further reduced under H; [17,18]. Even when the metallic Cu was used as the copper source to
support ZnO, metallic Cu finally changed to CuO, and then CuO-ZnO composite was formed [19].
Therefore, there is an urgent requirement for the preparation of metallic Cu’ supported on ZnO by
a simple one-step method.

In the present work, a novel one-dimensional bimetallic complex [Cug p2Zngog(CsHzNOg)
(C12HgN3)]n has been successfully prepared and characterized. The Complex was directly pyrolyzed
under N, to remove organic groups and synthesize Cu-ZnO@C composites, which are composed
of metallic Cu’, ZnO, and carbon. Finally, the Cu-ZnO@C composite was tested with respect to its
catalytic activities for the hydroxylation of benzene to phenol with HyO,.

2. Materials and Methods

2.1. Chemicals

Copper acetate (Cu(OAc);-H,O, >98%), zinc acetate dehydrate (Zn(OAc);-2H,0, >98%),
methanol (CH30H, >99.5%), sodium hydroxide (NaOH, >96%), 5-nitroisophthalato (nip) (>98%),
and 1,10-phenanthroline (phen) (>98%) were all purchased from Shanghai Chemical Reagent Ltd.
All chemicals were used without further purification or drying.

2.2. Preparation of Complex

Cu(OAc);-Hy0 (0.3998 g, 2 mmol), Zn(OAc),-2H,0 (0.4392 g, 2 mmol), NaOH (0.1223 g, 3 mmol),
1,10-phenanthroline (0.7916 g, 4 mmol), 5-nitroisophthalato (0.8363 g, 4 mmol), 24 mL deionized water,
and 24 mL methanol were mixed together in a 180 mL Teflon-lined autoclave and stirred for 45 min
at room temperature. The crystallization was kept on 160 °C for 144 h. After cooling down to room
temperature, the resulting stone-yellow precipitate was filtered and washed five times with a mixed
solution of deionized water and methanol (v/v = 4:1). The obtained material was dried in a vacuum
at 70 °C for 5 h. Theoretical and found results of elemental analyses (%) are as follows: Theoretical:
C,52.99; H, 2.43; N, 9.27. Found: C, 52.95; H, 2.39; N, 9.29. The found data are almost identical with
the theoretical data. The ratio of copper and zinc elements is about 1:62. The main FTIR bonds in the
KBr discs are as follows: 3432(s), 3101(m), 1634(vs), 1622(s), 1568(w), 1532(s), 1457(m), 1428(m), 1345(s),
1300(vs), 1182(m), 1082(w), 920(w), 845(s), 786(m), 729(s), 646(w), 550(w), 410(w).

2.3. Experimental Instruments

X-ray diffraction analysis data was collected with an Oxford Diffraction Gemini R Ultra
diffractometer (Westchem Mfg. Ltd., Abbotsford, BC, Canada) with graphite-monochromated Mo-Ka
ray (A = 0.71073 A) at 296 K. Elemental analyses (C, H and N) were performed on a Carlo-Erba
model 1106 elemental analyzer (Carlo Erba, Milano, Italy). The actual copper and zinc contents in
Complex were measured by ICP-OES using a Varian 710-ES analyzer (Varian, Palo Alto, CA, USA).
FTIR spectra was collected on a FTIR-NEXUS 470 spectrometer (Thermo Nicolet Corporation,
Madison, WI, USA). Powder X-ray diffraction (powder XRD) data were recorded by a Bruker D8
(Bruker, Billerica, MA, USA) equipped with Cu-Ka (A = 0.1541 nm) radiation operating at 40 kV
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and 40 mA. The X-ray photoelectron spectroscopy (XPS) measurements were carried out by a VG
ESCALAB 250 spectrophotometer (Thermo Electron, Waltham, MA, USA) with Al-K« radiation
(1486.6 eV), operating at 15 kV x 10 mA and kept at 1 x 10~ mbar. All binding energies (BE)
were calibrated by using that of C 1 s (284.5 eV). Thermogravimetric (TG) analysis was performed
on a Simultaneous TG-DTA/ DSC-Apparatus 409 PC (STA 409 PC) instrument (Netzsch Group,

Selb, Germany) under an N atmosphere with a 10 °C min~!

warming rate. Scanning electron
microscopy (SEM) was carried out by a Hitachi S-4800 instrument (Hitachi, Tokyo, Japan) operating
at 20 kV. Energy dispersive spectrometer (EDS) analysis was performed on a KEVEX-Sigma energy
dispersive spectrometer (Hitachi, Tokyo, Japan). High performance liquid chromatography (HPLC)
was analyzed in an Agilent 1200 liquid chromatograph (Agilent, Santa Clara, CA, USA) equipped with
a ZORBAX Eclipse XDB-C18 column (Agilent, Santa Clara, CA, USA). HPLC conditions: mobile phase:

CH30H/H,0 = 30:70 (v/v), flow rate: 1.0 mL min—!, detector wavelength: 270 nm, sample dose: 20 pL.

2.4. Evaluation of Catalytic Activity

The typical evaluation of catalytic activity is described as follows (Scheme 1) [20,21]: 40 mg of
catalysts were dispersed in 1.8 mL (20 mmol) of benzene and 6 mL of 99.8 wt % acetonitrile solvent.
When temperature came up to 70 °C, 4.08 mL (40 mmol) of 30 wt % hydrogen peroxide was slowly
added dropwise. This reaction was maintained for 6 h. The hydroxylation reaction liquid of phenol
was measured as about 1.0 mL and diluted 10 times. The diluted liquid was filtered by the 0.22 um
cellulose acetate filter to remove catalysts. The remaining reactants and obtained products were
analyzed by HPLC. Benzene conversion and phenol selectivity were calculated as follows:

Benzene Conversion % = 100% — I?—B x 100%
Bo
- np
Phenol Selectivity % = x 100%
np +1ny

Phenol Yield % = Benzene Conversion % x Phenol Selectivity %

where np is the amount of benzene (mmol), np, is the amount of original benzene (mmol), np is the
amount of phenol (mmol), and ny, is the amount of hydroquinone (mmol).

H,(), Catalyst
—_— OH
70°C,6h

Scheme 1. Hydroxylation of benzene to phenol with H,O5.

3. Results and Discussion

3.1. Single Crystal X-ray Data Collection of Complex

The structure was analyzed by direct methods and refined on F? by a full-matrix least-squares
methods using the SHELXTL package [22]. The crystal data and structure refinements of Complex
are listed in Table 1. Selected bond lengths and angles are shown in Table 2. Crystallographic
data for Complex have been deposited in the Cambridge Crystallographic Data Center (CCDC):
its crystal structures can be obtained with the CCDC reference number: 1817133. To enable
synergistic catalysis, a novel bimetallic complex [Cug2Zng9s(CsH3NOg)(C12HgN»)]n has been
successfully synthesized, which is isostructural to the previously communicated monometallic
Zn-MOF (No. 601347, space group of C2/c, Cambridge Crystallographic Data Centre) [23].
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Table 1. Crystallographic data of Complex.

Parameter Complex
Empirical formula CuO_Ozzl’lO.98C20H11N306
Formula weight 454.68
Temperature (K) 296
Crystal system Monoclinic
Space group C2/c
a (A) 28.797 (6)
b (A) 9.2757 (19)
c(A) 14.965 (3)
a (%) 90
B(°) 115.58 (3)
7 (®) 90
Volume (A3) 3605.4 (13)
Z 8
D (calc) (g cm™3) 1.669
Crystal size (mm) 0.29 x 0.21 x 0.17
Ref. collected 3572
Ref. unique 2774
Rint 0.0307
GOF 1.031
Completeness (%) 100.00
Ry & (I>20() 0.0456
wRy P (all data) 0.1413

ARy =Y I IFy| — [Fcl 1 /X1 Fo 15 wRy = {[Ew(Fo2 — F2)21/LIw(E,2)2]}/2. CCDC: 1817133.

Table 2. Selected bond lengths (A) and angles (°) for Complex.

Complex Bond Lengths (Angles) Complex Bond Lengths (Angles)
Zn(Cu)1-0O1 1.929 (2) Zn(Cu)1-03 1 2.015 (2)
Zn(Cu)1-04 i 2.433 (3) Zn(Cu)1-N2 2.055 (3)
Zn(Cu)1-N3 2.072 (3) - -
01-Zn(Cu)1-03 i 106.37 (11) 01-Zn(Cu)1-04 87.21 (10)
01-Zn(Cu)1-N2 115.98 (11) 01-Zn(Cu)1-N3 118.44 (11)
03 i-Zn(Cu)1-04 1 58.45 (9) 03 1-Zn(Cu)1-N2 123.41 (10)
031-Zn(Cu)1-N3 109.98 (10) 04 1-Zn(Cu)1-N2 87.17 (9)
04 -Zn(Cu)1-N3 154.35 (10) N2-Zn(Cu)1-N3 81.38 (11)

Symmetry codes: ' x, —y, z + 1/2.

3.2. Description of Crystal Structure

Single crystal X-ray diffraction analysis reveals that Complex crystallizes in the monoclinic space
group C2/c (Table 1). Each independent crystallographic unit consists of one crystallographically
independent site of Zn(Cu), one phen ligand, and one nip ligand. Each zinc(copper) atom in Complex
resides in a triangular bipyramid geometry, where it is ligated by N(2), O(1), and O(3) atoms in
the equatorial plane and N(3) and O(4) in the axial position (Figure 1). Zn(Cu) is coordinated
with the equatorial positions occupied by two carboxylato-oxygen atoms ((Zn(Cu)-O1) = 1.929 A,
(Zn(Cu)-03) = 2.015 A) and one nitrogen (N(2)) of the phen (Zn(Cu)-N2) = 2.055 A). The axial positions
occupied by one carboxylato-oxygen (O(4)) ((Zn(Cu)-O4) = 2.433 A) and one nitrogen (N(3)) of the
phen (Zn(Cu)-N3) = 2.072 A). Evidently, the equatorial Zn(Cu)-O and Zn(Cu)-N distances are shorter
than the axial distances. Along the c-axis direction, the adjacent Zn(Cu) atoms are linked by nip ligands
into a one-dimensional chain structure, with an Zn(Cu)---Zn(Cu) separation of 9.910 A. All the nip
ligands in Complex adopt the monodentate/bidentate coordination mode, and the two aromatic rings
of the adjacent nip ligands have a dihedral angle of 84.83°. The plane—plane distance between two
phen ligands of adjacent chains is around 3.653 A, indicating 7 stacking interactions, by which
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consecutive chains are further packed into 1D supramolecular double-chains in Complex as shown
in Figure 2.

Figure 2. The infinite 1D zigzag chain of Complex (a); the 1D supramolecular double-chain in
Complex (b).

3.3. Characterization

As presented in Figure 3, the experimental powder XRD pattern of Complex matched well with the
simulative pattern determined from the single-crystal XRD experiment, indicating that a pure Complex
was obtained. The FTIR spectra of the as-synthesized Complex were also carried out. Based on the
literature [23], the wide band at about 3432 cm ™! is related to the OH stretching vibrations. The C-H
stretches are observed at 3101 cm~!. The bands at 1532 and 1345 cm ™! are attributed to the vibrations
of N=0 in the nitro group. The band of C=N appears at 1634 cm~!. The band at 1082 cm~! is derived
from the vibrations of C-N in the nitro group of benzene. The absorption at 410 cm ™! are ascribed
to the stretching vibrations of the Zn-O or Cu-O groups, indicating that coordinate bonds had been
formed. All above bands are consistent with the single crystal structural analysis.
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Figure 3. Experimental and simulative powder XRD patterns of Complex.

In order to prepare porous carbon and metal oxide composite nanomaterials, Complex was
annealed at 600 °C under N to remove the organic groups. As presented in Figure 4, the powder
XRD pattern indicates that the compound consists of the metallic CuY, ZnO, and carbon. Furthermore,
the XPS survey spectrum suggests that the compound is composed of the elements of Cu, Zn, O, C,
and N, as shown in Figure 4. Hereinto, the remaining N should be due to the uncompleted pyrolysis,
because the hydrolysis temperature of 600 °C is lower than the 800 °C temperature in TG analysis.
For Cu 2p and Zn 2p spectra, Cu and Zn elements present as metallic Cu’ and Zn?*, respectively,
as shown in Figure 5b,d.

400
Cu (JCPDS: 70-3038)
ZnO (JCPDS: 79-0208)
300
Carbon
Py
5 200
c
9
£
100
0-
- \‘, IR
10 20 30 40 50 60 70 80

2 theta (deg.)

Figure 4. Powder XRD pattern of the Cu—ZnO@C compound prepared by heat-treated Complex at
600 °C under N».



Crystals 2018, 8, 218 7 of 12

(a) [survey Zn2p (b)
Zn 2p,,
A
- ~ | 1021.3 eV
E S
s 8
- >
= 2
8 g
= =
0 300 600 900 1200 1000 1020 1040 1060
Binding energy (eV) Binding energy (eV)

(c) 0 1s (d)

Cu2p 32
- E 5318 eV
3 S oe Cu 2p1/2
> 2z
b 7]
0 c
5 g
= £

528 532 536 540 930 940 950 960
Binding energy (eV) Binding energy (eV)

Figure 5. XPS of the Cu—ZnO@C compound prepared by heat-treated Complex at 600 °C under Nj.
(a) Survey; (b) Zn 2p; (c) O 1s; (d) Cu 2p.

As described in the crystal structure, there are bivalent Cu?* cations in the as-synthesized
Complex. Thus, the bivalent Cu?>* was reduced to metallic Cu’ during the carbonization process
under N,. The reduction of Cu?* to Cu’ might be ascribed to the following two explanations:
Firstly, the coordination N atoms are stronger reductants compared with O atoms because N atoms
have weaker electronegativity than O atoms. Thus, coordination N atoms possibly provide electrons
for Cu?* to form metallic Cu’. Secondly, if copper firstly existed as CuO just like ZnO in the obtained
Cu-ZnO@C compound, the remained abundant carbon might reduce CuO to metallic Cu’ under high
temperatures as in the following chemical reaction:

C+CuOI\%Cu+CO

2
AHS, = 46.8 k] mol
A,S%, = 0.183 k] mol
A,GE(600°C) = —1129 k] mol ! <0

Thus, it is a spontaneous reaction. In other words, metallic Cu’ might be produced through
a high-temperature (600 °C) reduction reaction of CuO with carbon. In this sense, the coordination
N atoms, reductant carbon, and N, atmosphere are three possible key factors for the preparation of
metallic Cu’ supported on ZnO by a simple one-step method.

Usually, CuO supported on ZnO is prepared by homogeneous coprecipitation, deposition—
precipitation, and conventional coprecipitation methods. However, to prepare metallic Cu supported
on ZnO, the obtained CuO-ZnO composite oxides should be further reduced in Hy [13,14]. Even when
the metallic Cu was used as the copper source to support ZnO, the metallic Cu finally changed to CuO
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and the CuO-ZnO composite was formed [15]. In this case, both metallic Cu’ and ZnO nanoparticles
highly dispersed in a carbon substrate are fabricated by a simple one-step pyrolysis process (Scheme 2).
Therefore, the method avoids the high-temperature pretreatment under H, commonly required for
preparation of such Cu—ZnO catalysts.

As shown in Figure 6, Complex shows two stages in the whole pyrolysis process. The first stage
is located in the range of 373—460 °C (max exothermic peak at 405.4 °C), which is associated with
weight loss of 38.61%. This weight loss should be due to the thermal decomposition of a molecular
1,10-phenanthroline, which is 39.74%, in theory. The second stage shows a slow weight loss (20.68%)
from 460 °C to 800 °C, which matches well the theoretical weight loss (21.43%) of an organic group
H3NOs from molecular 5-nitroisophthalato. The M—-N (M=Cu, Zn, 2.055-2.072 A) distance is slightly
longer than the equatorial M—O (M=Cu, Zn, 1.929-2.015 A) distance. Thus, 1,10-phenanthroline is
removed more easily than the organic group H3NOs of 5-nitroisophthalato. From the above discussion,
the sequential thermal decomposition process of Complex is shown as follows:

Organic group

phen HNOs

[Cug.p2Zng 95(CgH3NOG)(C12HgNy)| ———— |Cuy 4,70y y3(CsH3NOg)| —— (.02 Cu+0.98 ZnO+8C

Scheme 2. Pyrolysis steps of Complex under Nj.
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Figure 6. Thermogravimetric curve of Complex under Nj.

3.4. SEM Characterization

Figure 7 shows the SEM images of Cu—ZnO@C from Complex carbonization for 2 h at 600 °C
under Np. It was found that Cu—ZnO@C presents a honeycomb-like pore structure with a coarse
outside surface (Figure 7a). As shown in Figure 7c,d, Cu-ZnO@C consists of carbon (79.88 at. %),
Cu (0.26 at. %), Zn (10.01 at. %), and O (9.85 at. %) elements. The amount of carbon is much more
than that of the other elements. In this sense, the particles presented in the yellow circle of Figure 7b
should be the highly dispersed Cu and ZnO particles, and the sufficient carbon should present as the
substrate in Figure 7b. Therefore, there are some highly dispersed Cu and ZnO particles decorated
on/in the carbon substrate.
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Figure 7. SEM images of the Cu-ZnO@C compound prepared by post-heat-treatment Complex
at 600 °C under N;. (a,c) Low-resolution image; (b) high-resolution image; (d) Energy dispersive
spectrometer (EDS) spectra recorded from the corresponding red rectangular region in (c).

3.5. Measurement of Cu—ZnO@C Composite Catalytic Activity

As stated above, a black Cu—ZnO@C composite has been obtained by a one-step thermal
decomposition process, and highly dispersed metallic Cu® and ZnO particles can be considered
as a heterogeneous catalyst candidate for the typical hydroxylation of benzene to phenol with H,O5.
The catalytic activities are presented in Table 3. As shown in Entry 1 of Table 3, the as-prepared
Complex presented lower benzene conversion (17.3%), phenol selectivity (26.2%), and phenol yield
(4.5%). After their calcination at 200 °C (Entry 2, Table 3), these obtained materials also have a similar
benzene conversion, phenol yield, and phenol selectivity. According to the results of TGA, Complex
had not decomposed at 200 °C. Compared with the control experiment with nonactivation (Entry 8,
Table 3), the as-prepared complex presents a certain catalytic activity and phenol selectivity, implying
that the as-prepared complex is catalytic under the given condition. Furthermore, with the increase
of thermolysis temperature (Entry 3-5, Table 3), the benzene conversion, phenol yield, and phenol
selectivity of post-heat-treatment Complex (Cu—ZnO@C composite) obviously increased. In detail,
for post-heat-treatment Complex, the benzene conversion, phenol yield, and phenol selectivity reached
the maximum values (55.7%, 32.0%, and 57.5%, respectively) with Complex at 600 °C (Entry 5,
Table 3). The increased catalytic activities should be derived from more metallic Cu’ active species
because of thermal decomposition. However, with the same component content and valence states,
the commercial mixed sample shows much lower benzene conversion, phenol yield, and phenol
selectivity (45.6%, 23.1%, and 50.7%, respectively: Entry 7, Table 3). Therefore, the high activities
of Cu-ZnO@C composites should be due to highly dispersed metallic Cu’ and ZnO particles as
well as their synergistic interaction. After the maximum, post-heat-treatment Complex at 800 °C
(Entry 6, Table 3) presented decreased catalytic activity. Such a high temperature resulted in
a serious agglomeration of Cu’ particles [24], decreasing the specific active area of the Cu® particles.
As a consequence, the catalytic activity decreased. Therefore, smaller metallic Cu® active species will
facilitate higher catalytic activity.

To make a more realistic comparison of catalytic activities, turnover frequencies (TOFs) were
carefully calculated and compared with the literature data listed in Table 4. Compared with the other
candidate catalysts, the TOF of our Cu-ZnO®@C catalyst (Entry 1, Table 4) can be ranked at the top.
Therefore, our studies present an obvious scientific progress for the catalytic hydroxylation of benzene
to phenol. In the future, with increase in the metallic Cu® content, the catalytic activities should
hopefully be increased.
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Table 3. Catalytic activity of the catalysts in the catalytic hydroxylation of benzene to phenol 2.

Entry P("i'setr;f;:—::: :::?Ce)n t Con]f/eeI::ie(::\e (%) Phenol Selectivity (%) Phenol Yield (%)

1 RTP 17.3 26.2 45
2 200 18.7 27.8 5.2
3 400 30.9 433 134
4 500 45.6 54.2 24.7
5 600 55.7 57.5 32.0
6 800 49.8 40.8 20.3
7 Commercial mixed sample ¢ 45.6 50.7 23.1
8 Without any catalysts - - -

2 Reaction conditions: 40 mg of catalyst, 1.8 mL (20 mmol) of benzene, 6 mL of 99.8 wt % acetonitrile,
4.1 mL (40 mmol) of 30 wt % HyO,, 343 K, 6 h. ® Room temperature. © Made by mixing the commercial metallic Cu’
(0.7 wt %), ZnO (44.8 wt %), and graphite (54.5 wt %) through mechanical lapping, keeping the same content as that
of the Cu-ZnO@C composite.

Table 4. Comparison of the catalytic hydroxylation of benzene to phenol of the reported Cu-ZnO@C
catalysts with literature data.

a
Entry Catalyst Name Valence of Main Copper (mmolTn?:l_l s—1) Ref.
1 Cu-ZnO@C cu’ 117.9 This Work
2 TS-1¢ - 31.7 [21]
3 CuO-CuCr,04 Cu?* 449 [25]
4 Cull-Based complex Cu?* 22.7 [26]
5 Cug g9-V-HMS Cu?* 121.9 [27]
6 Cu-g-C3Ny Cu?* 1.5 [28]
7 Cu/Ti/HZSM-5 Cu?*/Cu* 2.0 [29]

2 Turnover frequency (TOF) = moles of benzene converted (mmol) per one mol of Cu in the catalysts (mol) per one
second of reaction time (s). ® Cu—ZnO@C is the Complex at 600 °C (Entry 5, Table 3). ¢ TOF was calculated based on
the Ti content of titanium silicalite (TS-1) catalysts.

4. Conclusions

A novel one-dimensional bimetallic complex [Cug gpZng 93(CgH3NOg)(C12HgN»)]n (“Complex”)
has been successfully synthesized and characterized. Complex was directly pyrolyzed under Ny
to remove organic groups and prepare Cu—ZnO@C composites, which are composed of metallic
Cu’, ZnO, and carbon. One interesting advantage of this simple one-step pyrolysis method is
that high-temperature prereduction treatments, which are usually required for Cu—ZnO catalysts,
are avoided. The Cu-ZnO@C composite was examined with respect to its catalytic activities for the
hydroxylation of benzene to phenol with H,O,. The catalytic activities reached the maximum at
Complex carbonized at 600 °C, and were higher than that of the commercial mixed sample. The TOF of
the Cu-ZnO@C catalyst can be ranked at the top of the communicated candidate catalysts. The highly
dispersed metallic Cu® and ZnO particles and their synergistic interaction should be responsible for
the higher catalytic activities.
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