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a b s t r a c t

Application of cheap and environmentally friendly ZnO to oxide–zeolite composite catalysts for the
syngas-to-aromatics (STA) reaction is still challenging. Here, we report 80.1% aromatics in products
excluding CO2, with 14.8% CO conversion over a mixed composite catalyst containing H-ZSM-5 and nano-
sized porous ZnO modulated by Mn. As little as 0.6–3.0 wt% of Mn can lead to a dramatic decrease in the
particle size of ZnO and an obvious increase in oxygen vacancies. Mn species themselves do not act as the
primary catalytic sites. The ability to convert syngas is positively correlated with oxygen vacancy concen-
tration, whereas the ability to hydrogenate olefins is negatively correlated with it. The porous aggregated
nanoparticles of ZnO modulated by Mn are resistant to sintering during syngas conversion. This provides
a new strategy for STA catalyst design.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Aromatics are indispensable basic chemicals, which are widely
used for production of rubbers, plastic, fiber, and so on. At present,
aromatics are mainly obtained by naphtha catalytic reforming and
oil cracking [1,2]. Due to the growing demands for aromatics and
the exhaustion of petroleum resources, production of aromatics
from nonpetroleum resources, such as natural gas, coal, and bio-
mass, is necessary and important. Syngas (CO and H2) is usually
utilized as a platform for use of nonpetroleum resources and can
be converted into various valuable chemicals and fuels by
traditional Fischer–Tropsch synthesis, but aromatics can hardly
be synthesized [3–7]. Some composite catalysts such as
ZrO2(Zn-Cr)/H-ZSM-5 [8], Fe/MnO-GaZSM-5 [9], and Fe-Pd/
H-ZSM-5 [10] have been applied to synthesize aromatics from
syngas; however, their catalytic performance was unsatisfactory.

Recently, Bao et al. [11] and Wang et al. [12] reported high
selectivity to C2–C4 olefins from syngas over ZnCrOx/MSAPO-34
and ZnZrOx/SAPO-34 bifunctional composite catalysts. This con-
cept of catalyst design has been applied to the STA reaction. Wang
et al. [13] reported about 80% aromatics selectivity in syngas
conversion over Zn–ZrO2/H-ZSM-5. At the same time, Ma et al.
[14] reported about 51% aromatics over Na-Zn-Fe5C2/H-ZSM-5.
Since then, a lot of oxide/zeolite composite catalysts have been
developed for the STA reaction [15–19]. Among these, a small
amount of Zn is generally contained in the oxides. Higher Zn con-
tent is always considered to be disadvantageous for forming aro-
matics as a result of the corresponding enhancement for the
hydrogenation of lower olefin intermediates into paraffins
[12,13,18,20,21]. Considering that ZnO itself is cheap and environ-
mentally friendly, it is valuable to investigate the performance of
bulk ZnO-derived bifunctional composite catalysts for STA reac-
tions. Furthermore, studying the mechanism of syngas activation
over ZnO is helpful in understanding and developing some
industrial catalysts such as CuZnAlOx methanol synthesis catalyst
[22–24]. Recent findings showed that reducing the particle size
of ZnO favored the inhibition of deep hydrogenation, but particles
tended to sinter more easily, resulting in rapid deactivation of
composite catalysts [25]. Up to now, ZnO and H-ZSM-5 composite
catalysts have not been applied successfully in STA reactions.

Here, we report 80.1% aromatics in products, excluding CO2,
with 14.8% CO conversion over a mixed composite catalyst con-
taining H-ZSM-5 and nanosized porous ZnO modulated by Mn. A
very small amount of Mn can lead to a dramatic decrease in the
particle size of ZnO and an obvious increase in oxygen vacancies,
which are beneficial for the suppression of deep hydrogenation.
This nanosized porous structure is also resistant to sintering.
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2. Experimental

2.1. Catalyst preparation

Mn-modulated nanosized porous ZnO catalysts were synthe-
sized by a conventional co-precipitation method. Typically, solu-
tion I was prepared from 89.3 g of Zn(NO3)2�6H2O and 6.9 g of
50 wt% manganese nitrate dissolved in 150 mL of deionized water,
and solution II was made from 94.9 g of NH4HCO3 dissolved in
1200 mL of deionized water. They were separately dropped into
a single beaker at 303 K under continuous stirring. The value of
pH was kept at 7.0–7.2. The resulting precipitate was aged at this
temperature for 1 h. After being filtered and washed thoroughly,
the obtained mixture was dried at 333 K overnight and then cal-
cined at 823 K for 4 h. The resulting powder oxide with about
3.0 wt% Mn was named ZnO-3. Other ZnO-X oxides with various
weight percentages of Mn were prepared and named similarly.
ZnO was prepared according to similar procedures except for not
introducing Mn.

3%Mn–Al2O3 was prepared with procedures similar to those for
ZnO–X. 3%Mn–ZnO was prepared by an impregnation method. In
brief, 0.53 g of 50 wt% manganese nitrate aqueous solution was
added to 2.0 g of ZnO. After 3 h with stirring, the resultant mixture
was dried overnight at 333 K and finally calcined in air at 823 K for
4 h. 3%Mn–SiO2 was prepared by a sol–gel process. Typically, solu-
tion III was prepared by mixing 13.9 g of TEOS, 1.0 g of 50 wt%
manganese nitrate aqueous solution, and 20 mL ethanol. Solution
IV was made by mixing 20 mL of H2O, 25 mL of ammonia (25 wt
%), and 30 mL of ethanol. Solution III was rapidly added into Solu-
tion IV under continuous stirring; the resulting precipitate was fil-
tered and washed thoroughly. The obtained powder was dried at
333 K overnight and finally calcined at 823 K for 4 h. The Mn con-
tent in 3%Mn–Al2O3, 3%Mn–SiO2, or 3%Mn–ZnO was about 3.0 wt%.
H-ZSM-5 zeolite (Si/Al = 96) was the same as in our recent work
[26].

Composite catalysts were prepared by physical mixing. The
weight ratio of oxides and zeolites was 3:1. For the preparation
of the composite catalyst ZnO-3&H-ZSM-5, ZnO-3 oxide and H-
ZSM-5 zeolite were ground in an agate mortar for 4 min, pressed
under 40 MPa, and granulated into the required size, in the range
of 0.3–0.5 mm.
2.2. Catalytic tests

All the reactions were performed in a fixed-bed stainless steel
tubular reactor (inner diameter 8 mm). All reaction products were
heated to the gas phase and analyzed by an online gas chro-
matograph (Agilent 7890B), which was equipped with a PoraPLOT
Q-HT capillary column connected to a flame ionization detector
(FID) and a TDX-1 packed column connected to a thermal conduc-
tivity detector (TCD). Ar was used as an internal standard gas, CO
conversion and CO2 selectivity were calculated according to the
number of carbon atoms:

ConvCO ¼ ðCOinlet � COoutletÞ
COinlet

� 100%; ð1Þ

where CO inlet is moles of CO at the inlet and CO outlet is moles of CO
at the outlet, and

SelCO2 ¼
CO2outlet

COinlet � COoutlet
� 100%; ð2Þ

where CO2 outlet is moles of CO2 at the outlet. The distribution of
hydrocarbons (CnHm), MeOH, or DME is based on the total carbon
atoms of the products detected by FID.
2.3. Characterization of catalysts

X-ray diffraction (XRD) patterns were recorded on a PANalytical
X’Pert PRO X-ray diffractometer with CuKa radiation. The average
crystal size of the catalysts was estimated by the Scherrer equa-
tion. The elemental content of the catalysts was determined by
X-ray fluorescence (XRF) on a PhilipsMagix-601 spectrometer.
The surface morphology of catalysts was obtained with a
field-emission scanning electron microscope (FE-SEM, SU8020).
Transmission electron microscopy images (TEM) and elemental
mappings were obtained on a JEM-2100F microscope. The BET
specific surface areas and microspore volume were detected by a
Micromeritics ASAP 2020 system. The H2 temperature-
programmed reduction profiles (H2 TPR) were tested by
Micromeritics AutoChem II 2920 equipment. X-ray photoelectron
spectroscopy (XPS) analysis was done by a Thermofisher ESCALAB
250Xi spectrometer. The room-temperature photoluminescence
(PL) spectra of the samples were obtained from a PTI QuantaMaster
400 photoluminescence spectrometer with a Xe lamp.
3. Results and discussion

3.1. Catalytic results

The catalytic performance of ZnO-X oxides was compared at
613 K, 3.0 MPa, and space velocity 2000 mL g�1 h�1. As shown
in Fig. 1a, the primary products for all these oxides are MeOH
and DME, which can be slightly increased by introducing 0.6–
3.0 wt% of Mn. Interestingly, after they are mixed with H-ZSM-5
zeolite, the catalytic behaviors for the resultant composite cata-
lysts are quite different (Fig. 1b). ZnO&H-ZSM-5 shows low CO
conversion (2.6%) with paraffins as predominant products, exclud-
ing CO2. Compared with ZnO&H-ZSM-5, ZnO-X&H-ZSM-5 presents
much better aromatization performance. The aromatics in the
products, excluding CO2, reach 74.7% with 12.6% CO conversion
over ZnO-3&H-ZSM-5. The function of a little Mn in ZnO not only
favors the activation of syngas but also benefits the formation of
unsaturated aromatics, which suggests that the Mn species might
have a great influence on the structural characteristics of ZnO. As
shown in Fig. 1c, the CO conversion and aromatics over 3%Mn–
Al2O3&H-ZSM-5 or 3%Mn–SiO2&H-ZSM-5 are much lower than
those over ZnO-3&H-ZSM-5, indicating that Mn species them-
selves are not the primary catalytic sites. The impregnated oxide
3%Mn–ZnO mixed with H-ZSM-5 also shows poor STA perfor-
mance, suggesting that the contacting surfaces of Mn species
and ZnO are also inactive. Therefore, it can be inferred that the
Zn species in ZnO-3 actually play a key role in the composite cat-
alyst. The aromatics with 9–10 carbon atoms are predominant
over ZnO-3&H-ZSM-5 (Fig. S1 in the Supporting Information). An
80.1% aromatics selectivity is obtained with 14.8% CO conversion
at space velocity 750 mL g�1 h�1, which achieves almost the high-
est aromatics selectivity reported in the previous literature
(Table S1). Increasing the space velocity can result in decreasing
the aromatics but increasing the MeOH, DME, and lower olefins,
which may be related to the intermediates for synthesizing
aromatics (Fig. S2). Raising the reaction temperature can improve
the CO conversion, but be harmful for aromatization (Fig. S3).
Higher reaction pressure and a lower H2/CO ratio are advanta-
geous for the synthesis of aromatics from syngas (Figs. S4 and
S5). The optimum weight ratio of ZnO-3 and H-ZSM-5 is 3:1
(Fig. S6). Increasing the proximity of the two components of
oxides and zeolites can simultaneously enhance the CO conversion
and aromatics selectivity (Fig. S7). Furthermore, it can be seen
from Fig. 1d that the ZnO-3&H-ZSM-5 is durable and only has
slight deactivation in a 100-h reaction test.



Fig. 1. Catalytic results for syngas conversion. (a) Syngas conversion over oxides at 613 K, 3.0 MPa, H2/CO/Ar (molar ratio) = 47.5/47.5/5, space velocity = 2000 mL g�1 h�1. (b)
Syngas conversion over composite catalysts at 613 K, 3.0 MPa, H2/CO/Ar = 47.5/47.5/5, space velocity = 1500 mL g�1 h�1. (c) Syngas conversion over composite catalyst
containing H-ZSM-5 and various oxides with 3.0 wt% Mn at 613 K, 3.0 MPa, H2/CO/Ar = 47.5/47.5/5, space velocity = 1500 mL g�1 h�1. (d) The stability test for ZnO-3&H-ZSM-
5 at 603 K, 3.0 MPa, H2/CO/Ar = 47.5/47.5/5, space velocity = 750 mL g�1 h�1. Note that C2–4

= and C2–4
0 refer to C2–4 olefins and paraffins, respectively. The C5+ excludes

aromatics. The X in ZnO-X denotes as the weight percentage of Mn.
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3.2. Structural characterization

The XRD patterns (Figs. 2a and S8) indicate that ZnO-X oxides
are of the typical hexagonal wurtzite phase. No additional phases
of Mn were observed, indicating the high dispersion of Mn in
ZnO-X oxides [27].

The FE-SEM images (Figs. 2b and S9) show that ZnO consists of
nonporous nanoparticles with a size of 60–100 nm. Notably, the
introduction of a little Mn can lead to a significant change in the
morphology and an obvious decrease in crystal size. ZnO-X oxides
present porous flowerlike structures that are formed by stacking
nanoparticles. Moreover, as depicted in Table S1, the average crys-
tal size decreased sharply from 68.9 to 20.9 nm (calculated by the
Scherrer equation) after the introduction of 3.0 wt% Mn into ZnO.

The results from N2 physical adsorption–desorption tests
(Fig. 2c and Table S2) show that ZnO is nonporous (0.01 cm3 g�1)
with a very low BET specific surface area (5.6 m2 g�1). Surprisingly,
adding 0.6–3.0 wt% of Mn can greatly increase the pore volumes
(~4–13 times) and BET specific surface areas (~2–5 times).

The TEM images in Fig. S10 give us the fact that ZnO-3 is com-
posed of nanoparticles with an average size of about 20 nm. The
lattice spacing of 0.163, 0.192, 0.248, and 0.281 nm in HRTEM
images (Figs. 2d and S11) can be ascribed to the (1 1 0), (0 1 2),
(0 1 1), and (0 1 0) planes of ZnO, respectively. No significant Mn
clustering can be observed. The EDS mappings (Fig. S12) indicate
that 3.0 wt% of Mn in ZnO-3 are highly dispersed, which is consis-
tent with the XRD results (Fig. 2a).
Bao et al. [25] reported that ZnO with an average crystal size of
about 20 nm aggregated to 31 nm after 24 h in the syngas-
to-olefins reaction, leading to rapid deactivation of the composite
catalyst. The smaller the size of ZnO, the more severe is the aggre-
gation. Notably, the nanosized structures of ZnO-X oxides are very
stable and their crystal sizes are almost unchanged after 24 h
reaction, suggesting that compared with conventional dispersed
nanoparticles of ZnO, these porous aggregated nanoparticles of
ZnO-X are more resistant to sintering (Figs. S13 and S14 and
Table S1).

As shown in Fig. 3a, two distinct peaks can be divided from the
O1s XPS spectra of oxides. One peak at a lower binding energy of
529.7 ± 0.3 eV is attributed to the lattice oxygen atoms (Olattice)
[28], while another peak located at a higher binding energy of
531.3 ± 0.3 eV is generally deemed to represent the oxygen atoms
adjacent to an oxygen vacancy (Ovacancy) [29,30]. It is obvious that
the proportions of the Ovacancy peak for these oxides are different,
suggesting that their oxygen vacancy concentrations could be quite
different. According to the calculated results from the deconvolu-
tion of the O1s XPS signal (Table S3) [31], the oxygen vacancy con-
centration can be increased with increasing Mn content, and it
reaches up to 66.6% for ZnO-3. PL spectra for ZnO-X in Fig. 3b exhi-
bit blue emission peaks at 415–435 nm, which can be assigned to
the recombination of the photogenerated holes with the electron-
occupied oxygen vacancies. That is, the higher PL peak intensity
indicates a higher oxygen vacancy concentration [32–34]. It can
be seen from Fig. 3b that the oxygen vacancy concentration follows



Fig. 2. Structural characterization of oxides. (a) XRD patterns. (b) FE-SEM images. (c) N2 adsorption–desorption isotherms. (d) HRTEM image of ZnO-3.

Fig. 3. The results of oxygen vacancies characterization for oxides. (a) The O1s XPS spectra. Olattice denotes the lattice oxygen atoms; Ovacancy denotes the oxygen atoms
adjacent to oxygen vacancies. (b) The room-temperature photoluminescence spectra.
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the order ZnO-3 ˃ ZnO-1 ˃ ZnO-0.6 ˃ ZnO, which is quite consistent
with the XPS results in Fig. 3a. Moreover, the lowest reduction
temperature for ZnO-3 in H2 TPR results (Fig. S15) also shows its
highest oxygen vacancy concentration, because the increase in
the oxygen vacancies could promote the reducibility of oxides
[35,36].

In combination with the CO conversion over ZnO-X&H-ZSM-5
and the oxygen vacancy concentration of ZnO-X, it can be found
from Fig. 4 that the former increases linearly with the increase of
the latter. This suggests that the oxygen vacancies of ZnO-X could
be the principal sites for activating syngas. Actually, syngas conver-
sion over oxides can also follow a similar rule (Fig. S16), which
coincides with previous studies where high oxygen vacancy con-
centrations of some oxides favored the formation of MeOH and
DME in syngas conversion [37,38]. It is very interesting to see that
the C3H6 hydrogenation ability decreases monotonically with
increasing oxygen vacancy concentration. That is, a high oxygen
vacancy concentration is beneficial for suppressing further hydro-
genation of olefins, which facilitates the formation of more olefins
[25,35]. Considering that the lower olefins could act as



Fig. 4. The relationship between CO conversion, the aromatics formation rate for
STA reaction over oxides&H-ZSM-5 or the ability of C3H6 hydrogenation over
oxides, and the oxygen vacancy concentrations of the corresponding oxides. STA
reaction conditions: 613 K, 3.0 MPa, H2/CO/Ar = 47.5/47.5/5, space velocity =
1500 mL g�1 h�1. C3H6 hydrogenation conditions: 613 K, 3.0 MPa, H2/C3H6/N2

(molar ratio) = 4/1/19, space velocity = 7500 mL g�1 h�1. C3H8/C3H6 denotes the
molar ratio of C3H8 and C3H6 in the effluent of C3H6 hydrogenation.

Scheme 1. Illustration of the mechanism for the STA reaction over nanoporous
ZnO-X & H-ZSM-5.
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intermediates to form aromatics, more lower olefins can be contin-
uously converted to aromatics and it is easy to understand that the
oxygen vacancy favors aromatization, as shown in Fig. 4.

According to the findings above, we propose a possible mecha-
nism for the conversion of syngas to aromatics over ZnO-X&H-
ZSM-5, as shown in Scheme 1. First, CO is hydrogenated to
MeOH/DME over the oxygen vacancy sites of ZnO-X; subsequently,
lower olefins can readily be synthesized when they are transmitted
to H-ZSM-5; finally, most of the lower olefins can be converted
continuously to aromatics because adequate oxygen vacancies for
ZnO-X are beneficial for suppressing their further hydrogenation.
4. Conclusions

In summary, 80.1% aromatics in products (excluding CO2) can
be achieved with 14.8% CO conversion over Mn-modulated nano-
porous ZnO-X&H-ZSM-5 composite catalysts. As little as 0.6–
3.0 wt% of Mn can lead to a dramatic decrease in the particle size
of ZnO and an obvious increase of oxygen vacancies. Mn species
themselves do not act as the primary catalytic sites. The ability
to convert syngas is positively correlated with oxygen vacancy
concentration, whereas the ability to hydrogenate olefins is nega-
tively correlated with it. The porous aggregated nanoparticles of
ZnO-X are resistant to sintering during syngas conversion.
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