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Synthesis gas (or syngas) is a mixture of CO and H2 that can be produced from fossil
fuels or biomass. Syngas is one of the crucial platform chemicals for the production of a
variety of high-value compounds, such as synthetic hydrocarbons and oxygenated fuels.
More syngas will be required to meet industrial demand. This Special Issue contains
articles that contribute to syngas production, syngas conversion or application, and various
methods of the catalyst synthesis. Whether it is strategies for synthesis/conversion of
syngas or catalyst synthesis processes and reactions, these provide new ideas for syngas
applications as well as in the field of catalysis.

This Special Issue contains ten articles, of which nine are research articles and one is a
review article. In the review article [1], the thermodynamics, kinetics and reaction mech-
anism of the CO2-CH4 reforming reaction (CRM reaction) are reviewed. Since Ni-based
catalysts exhibit high activity but have the problem of easy deactivation of carbon deposi-
tion, this paper further summarizes the research situation regarding carbon deposition on
Ni-based catalysts, including the types of carbon deposition, the amount of carbon depo-
sition, and the elimination of carbon deposition. As for how to improve the anti-carbon
deposition ability of the Ni-based catalyst and how to eliminate carbon deposition, this
paper focuses on two aspects: one is the resistance of carbon deposition from the perspec-
tive of catalyst optimization; the other is the elimination of carbon deposition from the
perspective of process condition adjustment. The authors also present the perspectives on
how to inhibit carbon deposition to improve the activity and stability of the CRM catalyst.

In [2], bimetallic layered double oxide (LDO) NiM (M = Cr, Fe) catalysts with nominal
compositions of Ni/M = 2 or 3 were tailored from layered double hydroxides (LDH) using
co-precipitation method to investigate the effects of trivalent metal (Cr or Fe) and the
amount of Ni species on the structural, textural, reducibility and catalytic properties for
CH4/CO2 reforming at low reaction temperatures (400–650 ◦C). The influences of the
molar ratio and cationic composition in the preparation of the LDH precursors on the
physicochemical properties of the target catalysts and on their performance for the dry
reforming of methane were also evaluated.

Syngas to hydrocarbons via the Fischer–Tropsch (F-T) synthesis pathway is a valuable
way to achieve syngas utilization. In [3], a series of cobalt carbide (Co2C) catalysts were
synthesized by exposure of Co/Al2O3 catalyst to CH4 at different temperatures from
300 ◦C to 800 ◦C for F-T synthesis to hydrocarbons. The result shows that by increasing
the carbidation temperature, the Co2C content decreased, and the metallic cobalt content
increased, which resulted in higher catalytic activity. For the catalysts prepared at higher
temperatures, the presence of less Co2C, which is transformed into hcp cobalt during the
reduction with hydrogen, and the presence of less metallic fcc cobalt resulted in lower CO
conversion and less heavy hydrocarbons.

In addition to the F-T synthesis mentioned above, the Special Issue also includes
research using a new strategy for syngas to hydrocarbons. In [4], a dual-bed strategy
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was adopted to directly convert syngas to light paraffins, which includes an STD catalyst
(CZA+Al2O3(C)) in the upper bed and methanol/DME conversion catalyst SAPO-34 in the
lower bed. This dual-bed strategy allows the different catalysts to be operated at different
temperatures in the reaction process, which can save energy, and the synthesis of methanol
at low temperature is beneficial to extend the catalyst life and also provides a potential
route for syngas conversion to valuable chemicals.

In [5], MCM-41 is selected as support to prepare xNi/MCM-41 catalysts with various
Ni contents and the catalytic performance for CO methanation in a slurry-bed reactor is
investigated under different reaction conditions. The reason for catalyst deactivation after
reaction was analyzed. The aim is to clarify the relationship between the structures and the
catalytic methanation performance.

The participation of CO in the oxidative carbonylation of methanol to dimethyl carbon-
ate (DMC) is also a pathway for CO conversion. In [6], the reaction mechanisms governing
oxidative carbonylation of methanol to DMC with Cu+, Cu2+, Cu2O and CuO species in
Y zeolites using density functional theory (DFT) were studied. The results are expected
to guide the selection and preparation of CuY catalysts with the best catalytic activity for
DMC synthesis.

Methanol and formaldehyde are important building blocks in the production from
syngas, and the conversion of these products is worthy of attention. In [7], Ti-HMS
supported vanadium oxide catalysts exhibited higher activities in the selective oxidation
of methanol to dimethoxymethane, and the enhanced activity of the V-Ti-HMS catalyst is
attributed to the improved dispersion and reducibility of vanadium oxides. In [8], a series
of MnO2 catalysts were obtained for formaldehyde oxidation using acid treatment, and the
structure and properties of the acid-treated catalysts were investigated and the effect of
acid treatment on the catalytic oxidation activity of formaldehyde was explained.

In [9], catalytic pyrolysis of LDPE was performed in a fixed-bed reactor using ZSM-5,
HY and MCM-41 catalysts to obtain the three-phase products. The effect of pyrolysis
temperature and catalyst type on product yield was explored. In [10], four MnO2 with
different crystalline structures were synthesized in the present study and the catalytic
activity was evaluated in the oxidation of furfural to furoic acid and the factors affecting
the catalytic performance over different MnO2 are discussed.

In conclusion, the guest editors of the Special Issue “Recent Trends in Catalysis for Syn-
gas Production and Conversion” would like to thank all the authors for their contributions,
which demonstrate the importance of ongoing research in the field of syngas production
and conversion. We also thank the reviewers for their hard work. In addition, we thank the
journal Catalysts for the great opportunity to produce this Special Issue.

Acknowledgments: We are grateful to all the authors for submitting their impressive state-of-the-art
research papers for this Special Issue and to the anonymous reviewers for their time and effort in
reviewing the manuscripts.

Conflicts of Interest: The authors declare no conflict of interest.
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A Dual-Bed Strategy for Direct Conversion of Syngas to Light
Paraffins
Lina Wang, Fanhui Meng *, Baozhen Li, Jinghao Zhang and Zhong Li *

State Key Laboratory of Clean and Efficient Coal Utilization, Taiyuan University of Technology,
Taiyuan 030024, China
* Correspondence: mengfanhui@tyut.edu.cn (F.M.); lizhong@tyut.edu.cn (Z.L.)

Abstract: The authors studied the direct conversion of syngas to light paraffins in a dual-bed fixed-
bed reactor. A dual-bed catalyst composed of three catalysts, a physically mixed methanol synthesis
catalyst (CZA), and a methanol dehydration to dimethyl ether (DME) catalyst (Al2O3(C)) were put
in the upper bed for direct conversion of syngas to DME, while the SAPO-34 (SP34-C) zeolite was
put in the lower bed for methanol and DME conversion. The effects of the mass ratio of CZA to
Al2O3(C), the H2/CO molar ratio, and the space velocity on catalytic performance of syngas to DME
were studied in the upper bed. Moreover, a feed gas with a CO/CO2/DME/N2/H2 molar ratio of
9/6/4/5 balanced with H2 was simulated and studied in the lower bed over SP34-C; after optimizing
the reaction conditions, the selectivity of light paraffins reached 90.8%, and the selectivity of propane
was as high as 76.7%. For the direct conversion of syngas to light paraffins in a dual bed, 88.9%
light paraffins selectivity in hydrocarbons was obtained at a CO conversion of 33.4%. This dual-bed
strategy offers a potential route for the direct conversion of syngas to valuable chemicals.

Keywords: dual bed; syngas; methanol; dimethyl ether; light paraffins; propane

1. Introduction

The overexploitation of petroleum resources makes it highly essential to develop
a nonpetroleum way of producing chemicals. Syngas is an important platform for the
utilization of carbon resources such as coal, natural gas, and biomass; moreover, it can be
converted into a variety of chemicals and fuels [1]. Fischer–Tropsch synthesis (FTS) [2] and
oxide–zeolite (OX–ZEO) bifunctional catalyst [3] routines are commonly applied for syngas
conversion. For FTS, hydrocarbon selectivity remains a challenge due to the Anderson–
Schulz–Flory limitation rule [4]. Recently, OX–ZEO catalysts have been intensively studied
for the direct conversion of syngas to light olefins (C2–C4

=) [5–9], aromatics [10,11], and
gasoline [12], which was due to the breakthrough of hydrocarbon selectivity.

The OX–ZEO catalyst is composed of a methanol synthesis catalyst and a methanol conversion
catalyst. It is well-known the syngas to methanol conversion (STM, CO + 2H2 = CH3OH) has
been realized in industrial production under high pressure since 1923; most of the new
plants have adopted a low-pressure and low-temperature process since the middle of
1970s. Right now, the commonly used methanol synthesis catalysts for STM are Cu-based
catalysts [13], and great efforts have been devoted to improve the catalytic performance
of Cu-based catalysts [14], which is due to the fact that methanol is a platform that can be
used as a fuel and also converted to valuable chemicals [15]. The conversion of methanol
to DME (MTD, 2CH3OH = CH3OCH3 + H2O) has the same reaction temperature as that of
STM, and the most widely used catalysts are the γ-Al2O3 [16] and ZSM-5 [17] zeolite. By
combining the catalyst of STM and MTD, syngas can be directly converted to DME (STD,
2CO + 4H2 = CH3OCH3 + H2O) [18], and reports have shown that CO equilibrium conver-
sion can be significantly enhanced by the STD process.

For the conversion of syngas to light olefins with an OX–ZEO catalyst, a high reaction
temperature (400 ◦C) to convert methanol to olefins (MTO, CH3OH(g)→ CnH2n (g) + H2O (g))
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is needed, which needs the methanol synthesis catalyst to be operated at around 400 ◦C to
match the MTO reaction for C2–C4

= synthesis. However, high temperature is not beneficial
for the conversion of CO due to the thermodynamic limitation. Thus, a dual-bed fixed-bed
reactor was designed for the conversion of syngas to DME to obtain high CO conversion
at low temperatures, accompanied by the methanol/DME conversion performed at high
temperatures [19]. In such a dual-bed fixed-bed reactor, the direct conversion of syngas to
DME was performed in the upper catalyst bed, and the produced intermediate products
were further passed through the lower catalyst bed. For the conversion of methanol or
DME to olefins, the SAPO-34 zeolite is a commonly used catalyst [20], and the production
of olefins has been commercialized in China since 2011. For the direct conversion of syngas,
the presence of large amounts of unconverted H2 could lead to the generation of olefins
further hydrogenated to paraffins, which could result in the low ratio of light olefins to light
paraffins (C2–C4

0) [21–23]. The results indicate that product distribution can be regulated
by changing the reaction conditions. To the best of our knowledge, the direct conversion of
syngas to light paraffins in a dual-bed fixed-bed reactor has been seldomly studied.

In this work, a dual-bed strategy was adopted to directly convert syngas to light paraf-
fins, which includes STD catalyst CZA + Al2O3(C) in the upper bed and methanol/DME
conversion catalyst SP34-C in the the lower bed. For the STD process, the mass ratio of
CZA to Al2O3(C), the H2/CO ratio, and the space velocity on catalytic performance were
explored, while for the conversion of DME, a feed gas with a CO/CO2/DME/N2/H2 molar
ratio of 9/6/4/5 balanced with H2 was simulated and studied in the lower bed over SP34-C.
The adopted catalysts were characterized and the stability for syngas conversion to light
paraffins was studied. This dual-bed strategy makes the different catalysts to be operated
at different temperatures in the reaction process, which can save energy, and the synthesis
of methanol at low temperature is beneficial to prolonging the catalyst life. Moreover, the
dual-bed strategy provides a potential route for syngas conversion to valuable chemicals.

2. Results and Discussion
2.1. Catalyst Characterization Results

XRD patterns of the CZA and Al2O3(C) catalysts are displayed in Figure 1a. The
characteristic diffraction peaks at 2θ of 35.5◦, 38.7◦, and 61.5◦ are attributed to CuO (PDF#45-
0937), while the diffraction peaks at 2θ of 31.8◦, 34.4◦, 36.2◦, and 47.5◦ correspond to ZnO
(PDF#36-1451). A diffraction peak appeared at 2θ of 26.6◦ accounting for graphite, which
was generally used to enhance catalyst mechanical strength and heat transfer efficiency [24].
The Al2O3(C) catalyst shows the characteristic diffraction peaks at 2θ of 19.6◦, 31.3◦, 37.6◦,
39.5◦, 45.8◦, and 66.8◦, confirming the existence of the γ-Al2O3 phase (PDF#29-0063). SP34-
C in Figure 1b shows the characteristic diffraction peaks of SAPO-34 (PDF#47-0429) [25].
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during the MTO reaction, weak acid sites do not have a strong influence on the formation 
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To evaluate the structural evolution of the CZA catalyst during the reduction process,
in-situ XRD patterns of CZA were performed in an H2 atmosphere under various temper-
atures. The results are shown in Figure 1c. It is obvious that when the temperature was
210 ◦C or below, the crystalline phase was not changed, indicating that the CZA catalyst
cannot be reduced at this temperature. As the temperature increased to 230 ◦C, the peak
intensity of CuO slightly weakened, and the diffraction peaks attributing to Cu metal at 2θ
of 43.3◦, 50.4◦, and 74.1◦ (PDF#85-1326) appeared. With a further increase in temperature
to 260 ◦C, the diffraction peaks of CuO disappeared. The diffraction peaks at 280 ◦C were
almost the same as at 260 ◦C, indicating that CZA was completely reduced.

H2-TPR was performed to further study the reduction behavior of the CZA catalyst.
The profile is displayed in Figure 2a. The ZnO species cannot be reduced at 400 ◦C or
below [26]. Thus, the two peaks centered at 186 ◦C and 205 ◦C could be attributed to the
reduction of CuO to Cu2O and of Cu2O to Cu, respectively [27], which was consistent with
the in-situ XRD results. The profile of the CO adsorption ability is shown in Figure 2b. The
amount of desorbed CO listed in Table 1 is 0.10 mmol/g. It is obvious that the CZA catalyst
exhibited a large desorption peak for CO, which is beneficial to the conversion of CO.
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Table 1. Textural properties of the catalysts and amounts of desorbed CO for CZA.

Samples Stotal
a (m2·g−1) Vtotal

b (cm3·g−1) D c (nm) Amounts of Desorbed
CO d (mmol/g)

CZA 68 0.19 9.4 0.10
Al2O3(C) 238 0.41 4.9 –
SP34-C 488 0.49 68.7 –

a Stotal (total BET surface area) was calculated based on the multipoint BET equation. b Single-point desorption
total pore volume of pores, p/p0 = 0.99. c Barret–Joyner–Hallender (BJH) desorption average pore diameter.
d Calculated from the CO-TPD profile.

The acidity of a SAPO-34 molecular sieve plays a vital role in determining the selectiv-
ity of light hydrocarbons [28]. NH3-TPD profiling for SP34-C was performed, and the result
is shown in Figure 2c. It can be seen that SP34-C exhibits two desorption peaks at 173 ◦C
and 399 ◦C. The desorption peak at low temperature belongs to the physically adsorbed am-
monia, whereas the high-temperature desorption peak is attributed to Si−OH−Al groups
of the molecular sieve (Brønsted acids) [29]. It has been reported that during the MTO
reaction, weak acid sites do not have a strong influence on the formation of light olefins,
only the Brønsted acid sites play an important role [30].

N2 adsorption–desorption was used to determine the textural properties of the sam-
ples. Figure 3 shows that the CZA catalyst exhibits a typical IV-type isotherm curve and
an H1-type hysteresis loop, indicating that CZA is a mesoporous material. The Al2O3(C)
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catalyst also exhibits a IV-type isotherm with a type H3 hysteresis loop. The SP34-C catalyst
exhibits a typical I-type isotherm characteristic, and when the relative pressure p/p0 was
lower than 0.01, the adsorption capacity increased sharply due to the filling of micropores,
indicating the existence of large amounts of micropores [31]. The hysteresis loop appearing
at p/p0 of 0.98 was due to the stacking of SP34-C nanoparticles.
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The textural properties are summarized in Table 1. CZA possesses a BET surface area
of 68 m2·g−1 with an average pore diameter of 9.4 nm. The Al2O3(C) sample shows a
high surface area of 238 m2·g−1, while for SP34-C, the BET surface area increased to 488
m2·g−1. Both the Al2O3(C) and SP34-C samples exhibit a much larger total pore volume
than CZA. The large average pore diameter of SP34-C was mainly attributed to the stacking
of SP34-C nanoparticles.

2.2. Catalytic Performance of Syngas to DME

The direct conversion of syngas to light paraffins contains three reactions, i.e., the
syngas conversion to methanol, the methanol dehydration to DME, and the DME conver-
sion reaction. In this part, the catalytic performance for the direct conversion of syngas
to DME over a bifunctional catalyst composed of CZA as the methanol synthesis catalyst
and Al2O3(C) as the methanol dehydration catalyst was studied. The results are displayed
in Figure 4. Figure 4a shows the effect of the mass ratio of CZA to Al2O3(C) on catalytic
performance. As the mass ratio of CZA to Al2O3(C) increased from 1:10 to 2:1, the CO
conversion increased from 30.4% to 72.2%, and the selectivity of byproduct CO2 gradually
decreased from 36.0% to 28.8%. It is because the content of the methanol synthesis CZA
catalyst increased, which promoted the conversion of CO. Subsequently, the generated
methanol converted to DME over the Al2O3(C) catalyst and thus produced water. The
increase in the mass ratio of CZA to Al2O3(C) indicates that the relatively low content of
Al2O3(C) in such a bifunctional catalyst generated less water, which was not beneficial
for the water gas shift reaction (WGSR, CO + H2O = H2 + CO2) and thus decreased the
selectivity of CO2. It is obvious that when the mass ratio of CZA to Al2O3(C) achieved 2:1,
a high CO conversion and a low CO2 selectivity were obtained; thus, the CZA-to-Al2O3(C)
ratio was set at 2:1 in the following studies.
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Figure 4. Effect of (a) the mass ratio of CZA to Al2O3(C), (b) the H2/CO molar ratio, and (c) the GHSV on
syngas conversion of DME. Reaction conditions: 260 ◦C and 2.0 MPa, (a) GHSV = 3000 mL·g−1·h−1,
H2/CO = 6:1; (b) GHSV = 3000 mL·g−1·h−1, m(CZA): m(Al2O3(C)) = 2:1; (c) H2/CO = 2:1,
m(CZA): m(Al2O3(C)) = 2:1.

The effect of the H2/CO molar ratio on catalytic performance is shown in Figure 4b.
It could be found that the CO conversion gradually increased from 45.4% to 66.3% as
the H2/CO ratio increased from 1:1 to 3:1 under the conditions of 260 ◦C, 2.0 MPa and
3000 mL g−1 h−1, while the selectivity of DME decreased from 96.9% to 81.7%. With
a further increase in the H2/CO ratio to 6:1, the conversion of CO increased to 72.2%.
The results indicate that a high H2/CO ratio benefits the CO conversion and methanol
selectivity, while it goes against the selectivity of DME.

Figure 4c shows the effect of gas hourly space velocity (GHSV) on catalytic perfor-
mance. As the space velocity increased from 1500 mL g−1 h−1 to 6000 mL g−1 h−1, the
conversion of CO linearly decreased from 73.8% to 40.5%. The selectivity of MeOH grad-
ually increased while the selectivity of DME gradually decreased. The reason was that a
high GHSV reduced the residence time of methanol in the catalyst bed, which resulted in
the methanol not being converted in time.

The CO equilibrium conversions of the STM and STD reactions were calculated using
the HSC 6.0 software. The results are shown in Figure 5a. It is obvious that the CO
equilibrium conversions of the STM and STD reactions both decreased as the temperature
increased. The reason is that the STM and STD reactions are both thermodynamically
exothermic: the increase in temperature is not conducive to the conversion of CO. For the
STM reaction, the increase in the H2/CO ratio gradually enhanced the CO equilibrium
conversion, while for the STD reaction, the feed gas with the H2/CO ratios of 3:1 and 6:1
exhibited almost the same CO conversions. It is because the presence of a large amount of
H2 inhibited the WGSR in the STD reaction, which thus showed a similar CO conversion.

Figure 5b shows the effects of the H2/CO ratio on CO equilibrium conversions for the
STD and STM reactions at 260 ◦C and 2.0 MPa. Moreover, the CO experimental conversion
for the STD reaction at 2.0 MPa and 260 ◦C was selected for comparison. It could be found
that the increase in the H2/CO ratio enhanced the CO conversion, and the CO equilibrium
conversion of STD was much higher than that of STM. The CO experimental conversion
was lower than the CO equilibrium conversion for STD; however, it was much higher than
the CO equilibrium conversion for STM, which is due to the thermodynamic driving force
that promotes CO conversion.
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2.3. Catalytic Conversion of Reaction Intermediates

Under the reaction conditions of H2/CO ratio = 3/1, GHSV = 3000 mL·g−1·h−1, and
m(CZA)/m(Al2O3(C)) = 2:1, the component of the obtained products was close to the
reaction intermediate with a molar ratio of CO/CO2/DME/N2/H2 = 9/6/4/5 balanced
with H2. Thus, the reaction intermediate was used as a feed gas to study the catalytic
conversion of reaction intermediates over SP34-C. The results are shown in Figure 6. Under
the reaction conditions, no DME was detected in the product, indicating that DME was
completely converted. Figure 6a shows the effect of space velocity on product selectiv-
ity under the conditions of 410 ◦C and 2.0 MPa. As the space velocity decreased from
16,000 mL g−1 h−1 to 6000 mL g−1 h−1, the selectivity of light olefins decreased, while the
selectivity of paraffins increased. The reason was due to the low space velocity possessing
a long residence time in the catalyst bed for the generated products, which resulted in the
excessive hydrogenation of the generated light olefins to paraffins. Specially, the ratio of
light paraffins to light olefins increased from 0.9 to 24.5. Interestingly, it can be found that
the selectivity of C3H8 increased from 36.9% to 76.7%. Thus, to enhance the selectivity of
light paraffins, it is better to operate the reaction at a low space velocity.
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The effect of reaction temperature on product selectivity is shown in Figure 6b. It could
be found that the increase in reaction temperature only slightly changed the selectivity of
hydrocarbons. The ratio of light paraffins to light olefins at 420 ◦C reached 54.4, which is
higher than those at low temperatures. It is because the selectivity of light olefins (1.7%) at
420 ◦C was slightly lower than at other temperatures (2.0%). The results also indicate that
the reaction temperature has little effect on the hydrocarbons selectivity.

The performance for the conversion of CO2 at different temperatures is shown in
Figure 6c. As the reaction temperature increased from 390 ◦C to 420 ◦C, the conversion of
CO2 increased from 9.8% to 16.3%. Moreover, it could be found that the molar ratio of CO
to CO2 increased from 1.74 to 1.98, which was due to the increase in CO2 conversion at
high temperatures. The results also indicate that high temperature intensified the reverse
water gas shift reaction (reverse WGSR, H2 + CO2 = CO + H2O).

To study the performance of a reverse WGSR over SP34-C, the reaction was carried
out by using H2 and CO2 as feed gases. The results in Figure 7a show that the conversion of
CO2 is approximately 13% under the reaction conditions of 410 ◦C and 3.0 MPa, the main
product is CO (99.2%), with a tiny selectivity of byproduct CH4 (0.8%). The results suggest
that a reverse WGSR could occur over the SP34-C catalyst, and the catalytic performance is
relatively stable during the reaction.
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Figure 7. (a) Catalytic results of the reverse WGSR over SP34-C. Reaction conditions: m(SP34-C) = 0.4 g,
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Figure 7b shows the equilibrium conversion of CO2 for the reverse WGSR calculated
by the HSC 6.0 software. It could be found that increasing the temperature enhanced the
CO2 equilibrium conversion, which is attributed to the endothermic characteristics of the
reverse WGSR (41.2 kJ/mol). Moreover, as the H2/CO2 ratio in the feed gas increased
from 1:1 to 10:1, the CO2 equilibrium conversion increased from 22.4% to 57.6% at 410 ◦C,
attributing to the presence of large amounts of H2 in the reaction.

2.4. Catalytic Performance of Syngas to Light Hydrocarbons

The direct conversion of syngas to light paraffins was carried out over a dual-bed
catalyst. The schematic diagram of the dual-bed reactor is shown in Figure 8. For the upper
catalyst bed, the catalyst was CZA + Al2O3(C), with the m(CZA):m(Al2O3(C)) ratio of 2:1,
used at 3.0 MPa, 260 ◦C, and GHSV = 3000 mL g−1 h−1, while for the lower catalyst bed, the
catalyst was SP34-C and the reaction temperature was 410 ◦C. The catalytic performance
results are shown in Figure 8 and Table 2. During the reaction process, almost no methanol
and DME were detected (both less than 0.2%), indicating that the generated methanol and
DME both converted under the reaction conditions. Table 2 shows that the conversion
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of CO was 33.4% and the selectivity of CO2 was 32.6%, the selectivity of light paraffins
reached 88.9%, which is much higher than the selectivity of light olefins (2.9%). Moreover,
the selectivity of propane in hydrocarbons reached 75.4%. Figure 8 displays that the catalyst
exhibited good stability after a reaction time for 1350 min.
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Table 2. Products selectivity in the direct conversion of syngas to light paraffins. 

Product CH4 
C2–C40 

 
C2–C4= 

C5+ CO2 
C20 C30 C40 C4= C4= C4= 

Selectivity (%) a 7.2 7.3 75.4 6.2  1.1 1.0 0.8 1.0 32.6 
a Average value from Figure 8. 

3. Materials and Methods 
3.1. Catalyst Preparation 

CuZnAlOx (C302, denoted as CZA) was purchased from Southwest Chemical Indus-
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Product CH4
C2–C4
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3. Materials and Methods
3.1. Catalyst Preparation

CuZnAlOx (C302, denoted as CZA) was purchased from Southwest Chemical Industry
Design and Research Institute (Chengdu, China); the alumina catalyst (Al2O3(C)) was
purchased from TOAGOSEI Co., Ltd. (Tokyo, Japan); SAPO-34 (denoted as SP34-C) with a
SiO2/Al2O3 ratio of 0.5 was supplied by Tianjin Nanhua Catalyst Co., Ltd. (Tianjin, China).

CZA and the Al2O3(C) bifunctional catalyst: CZA powder and Al2O3(C) powder were
mixed in an agate mortar and physically grinded for 10 min, then pressed into tablets and
sieved to obtain 30–60 mesh particles. The SP34-C was also pressed and sieved to obtain
30–60 mesh particles.

3.2. Catalyst Characterization

Powder XRD of the catalysts was performed on a SmartLab SE (Rigaku, Tokyo, Japan),
Cu Kα radiation was used as the radiation source (λ = 0.154056 nm) operated at 40 kV
and 40 mA, with a scanning speed of 10◦ min−1. In-situ XRD of the CZA measurement
was carried out under a flow of 10% H2 in Ar on a Max 2500 diffractometer equipped
with an XRK-900 reaction chamber, the heating rate was 5 ◦C min−1, and the gas flow was
20 mL/min.

H2-temperature-programmed reduction (H2-TPR) and temperature-programmed des-
orption of CO or NH3 (CO-TPD, NH3-TPD) were performed on an Autochem II 2920
(Micromeritics, Norcross, GA, USA) instrument.

For the H2-TPR, 40 mg of the CZA catalyst were placed into a U-shaped tube and
purged with N2 at 300 ◦C for 30 min. After cooling to 50 ◦C, the N2 was switched to a 10%
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H2/90% Ar gas mixture and heated to 600 ◦C at 10 ◦C/min. In this process, the signal of
H2 was detected by a thermal conductivity cell detector (TCD).

For the CO-TPD, 40 mg of the CZA catalyst were placed in a U-shaped tube and
pretreated at 300 ◦C in a He atmosphere for 30 min. After the sample was cooled to 280 ◦C,
the He was switched to 10% H2/90% Ar and reduced for 30 min. Then, the sample was
cooled to 50 ◦C in flowing He and allowed to fully adsorb 10% CO/90% He for 30 min;
after that, the sample was purged with He for 1 h, the temperature increased to 150 ◦C
and held for 10 min. Once the signal was stable, the temperature was further increased to
260 ◦C at 10 ◦C/min and maintained for 30 min. The amounts of desorbed CO were
detected by the TCD.

For the NH3-TPD, 100 mg of SP34-C were put in a U-shaped tube and pretreated in a
He atmosphere at 300 ◦C for 1 h; after cooling down to 100 ◦C, the He was switched to 5%
NH3/95% He and held for 1 h; the TCD was purged with He until the baseline was stable,
then the temperature was increased to 700 ◦C at 10 ◦C·min−1, and the desorbed NH3 was
recorded by the TCD.

N2 adsorption–desorption was carried out on a 3H-2000PS2 instrument ( Beishide,
Beijing, China). Before the test, 100 mg of the sample were weighed and degassed under
vacuum and 250 ◦C for 4 h; the Brunauer–Emmett–Teller (BET) equation was used to
calculate the specific surface area of the sample; the Barrett–Joyner–Halenda (BJH) method
was used to calculate the pore size and pore volume.

3.3. Catalyst Performance Evaluation

The performance test of syngas to DME was carried out in a fixed-bed reactor furnished
with a quartz tube. Typically, the physical mixed CZA and Al2O3© bifunctional catalyst
was reduced at 280 ◦C for 4 h by using a mixture of 25%H2/75%N2. Then, the reduction
gas was switched to feed gas with different CO/H2 molar ratios, Ar was used an internal
standard gas, and the reaction was performed at 260 ◦C. During the reaction process, the
products were analyzed by an on-line gas chromatography Haixin GC-950, the equipped
Agilent DB-624UI column (30m × 0.32m × 1.80µm) was used to analyze methanol and
DME, and the packed column TDX-01 was used to analyze Ar, CO2, and CO.

The performance of simulated reaction intermediates (obtained from the component
of syngas to DME) and the performance of reverse WGSR were carried out in a fixed-bed
reactor equipped with quartz reactor. Specifically, the direct conversion of syngas to light
hydrocarbons was carried out in a dual bed, the upper layer is the physical mixed CZA
and A©3(C) catalyst, after reduction at 280 ◦C, the reaction was performed at 260 ◦C. The
lower layer is SAPO-34 zeolite, and the reaction was performed at 400 ◦C unless otherwise
stated. The gas products were analyzed by an on-line gas chromatography Agilent 7890A,
the C1~C5 hydrocarbon components were analyzed by using a capillary column HP-AL/S
(30 m × 530 µm × 15 µm) and a hydrogen flame ionization detector (FID). The packed col-
umn Porapak-Q, capillary column HP-PLOT/Q, and HP-MOLESIEVE series and thermal
conductivity detector (TCD) were used to analyze CO2, CO, H2 and N2. The gas chro-
matograms are calibrated before being used to analyze samples. Chromatographic standard
gases containing all hydrocarbon products were formulated and the chromatogram was
calibrated using an external standard method.

For the STD reactions, the CO conversion and the selectivity of products were calcu-
lated as follows:

CO conversion(%) =
F–O,in − FCO,out

FCO,in
× 100%

SelMeOH(%) =
FMeOH,out

FC–,in − FCO,out
× 100%

SelDME(%) =
2 × FDME,out

FCO,in − FCO,out
× 100%
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SelCO2(%) =
FCO2,out

FCO,in − FCO,out
× 100%

Furthermore, for the syngas conversion to light hydrocarbons, the selectivity of hydro-
carbons (CnHm) was calculated on a molar carbon basis in total hydrocarbons:

CnHm selectivity(%) =
nFCnHm, out

∑n
1 nFCnHm, out

× 100%

where FCO,in and FCO,out are the molar flow rates of CO at the inlet and outlet, Fproduct,out is
the molar flow rate of product at the outlet.

For the reverse WGSR, the CO2 conversion and the selectivity of products were
calculated as follows:

CO2 conversion(%) =
FCO2,in − FCO2,out

FCO2,in
× 100%

SelCO(%) =
FCO,out

FCO2,in − FCO2,out
× 100%

SelCH4(%) =
FCH4,out

FCO2,in − FCO2,out
× 100%

where FCO2,in and FCO2,out are the molar flow rate of CO2 at the inlet and outlet, FCO,out
and FCH4,out are the molar flow rates of CO and CH4 at the outlet.

3.4. Thermodynamic Simulation

The thermodynamic calculations data for STM and STD were obtained by using
the Equilibrium Compositions module in HSC Chemistry 6.0 software. The Gibbs free
energy minimization method possesses the advantage that it is not needed to specify the
reaction equation. The principle is to calculate the reaction equilibrium according to the
minimum Gibbs free energy of the system when the reaction reaches equilibrium. It is only
necessary to specify the state, temperature, pressure, and quantity of the initial reactants.
The equilibrium conversion of CO or CO2 is calculated as follows:

CO equilibrium conversion(%) =
nCO,in − nCOequilibrium

nCO,in
× 100%

CO2 equilibrium conversion(%) =
nCO2,in − nCO2equilibrium

nCO2,in
× 100%

where nin in the formula refers to the molar amount of material of the raw material given
initially, and nequilibrium refers to the molar amount of material of the material at equilibrium
of the reaction.

4. Conclusions

In summary, a dual-bed strategy was adopted for the direct conversion of syngas to
light paraffins by using CZA as methanol synthesis catalystAl2O3(C) as methanol dehy-
dration catalyst to DME, and SP34-C zeolite as DME conversion catalyst. The CZA and
Al2O3(C) catalysts were physically mixed and put in the upper bed for syngas conversion to
DME, while SP34-C zeolite was put in the lower bed. A high mass ratio of CZA to Al2O3(C),
high H2/CO ratio, and low space velocity are conducive to the conversion of syngas to
DME. For the simulated feed gas CO/CO2/DME/N2/H2 with a molar ratio of 9/6/4/5
balanced with H2 over SP34-C, a low space velocity is conducive to the formation of light
paraffins, a high reaction temperature intensified the reverse WGSR, while slightly affect
the selectivity of light paraffins. After optimizing the reaction condition, the selectivity
of light paraffins reached 90.8%, and the selectivity of propane was as high as 76.7%. For
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the direct conversion of syngas to light paraffins in a dual-bed reactor, 88.9% of the light
paraffins selectivity in hydrocarbons was obtained at a CO conversion of 33.4%.
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Abstract: The Ni-based catalyst has been intensively studied for CO methanation. Here, MCM-41
is selected as support to prepare xNi/MCM-41 catalysts with various Ni contents and the catalytic
performance for CO methanation in a slurry-bed reactor is investigated under different reaction
conditions. The CO conversion gradually increases as the reaction temperature or pressure rises.
As the Ni content increases, the specific surface area and pore volume of xNi/MCM-41 catalysts
decrease, the crystallite sizes of metallic Ni increase, while the metal surface area and active Ni atom
numbers firstly increase and then slightly decrease. The 20Ni/MCM-41 catalyst with the Ni content of
20 wt% exhibits the highest catalytic activity for CO methanation, and the initial CH4 yield rate is well
correlated to the active metallic Ni atom numbers. The characterization of the spent xNi/MCM-41
catalysts shows that the agglomeration of Ni metal is accountable for the catalyst deactivation.

Keywords: CO methanation; Ni/MCM-41 catalyst; deactivation; synthetic natural gas; slurry-
bed reactor

1. Introduction

Natural gas, primarily consisting of methane, is a highly efficient and clean energy
source [1,2]. However, the natural gas reserves are poor in some regions of the world,
especially in China, thus the production of synthetic natural gas (SNG) from syngas
(CO + H2) has attracted much attention in recent decades [3,4]. Generally, SNG is produced
via gasification of coal or biomass, followed by subsequent gas cleaning, conditioning and
methanation process. Among them, CO methanation is an essential step [5], and it is a
highly exothermic and thermodynamically feasible reaction [6,7]. Due to the poor heat
transfer of fixed-bed reactor and the high amount of CO in the syngas, one of the two major
challenges in developing the methanation reactor is to remove the highly exothermic heat
effectively and in time, and the other is to produce high-efficiency catalysts retaining high
catalytic performance at low reaction temperatures.

Aimed at the exothermic characteristics of methanation, a slurry-bed reactor was
introduced in the process of CO methanation. In a slurry-bed reactor, catalyst powder
suspends in an inert liquid medium, and the system keeps at an isothermal condition
because of the high heat transfer coefficients of the liquid medium, which is particularly
suitable for the highly exothermic CO methanation reaction, indicating that it can effectively
prevent the carbon deposition and catalyst sintering [8–10].

Since 1902, many catalysts, including Ni-, Fe-, Ru- and Co-based catalysts, have been
developed to catalyze the methanation reaction [11,12]. Until now, the Ni-based catalyst is
still the most commonly-used catalyst to produce SNG due to its good catalytic performance
and relatively low price [13,14]. The Ni/Al2O3 catalyst was commonly used; however, it
was designed particularly for the fixed-bed reactor, and it showed low catalytic activity
in a slurry-bed reactor [15]. It has been reported that the catalyst with high Ni dispersion
and moderate interactions between Ni species and support exhibited high catalytic activity
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for CO methanation. In response to these problems, one of the potential candidates for Ni-
based catalysts is to select MCM-41 mesoporous molecular sieve as the support. The reason
is that MCM-41 possesses high specific surface area, large pore volume, and homogeneous
hexagonal pore array, which can highly disperse the active phase and enhance the metal
surface area [16,17]. The Ni-based MCM-41 catalyst with high Ni content and dispersion
could be prepared by the incipient wetness impregnation method [18]. It has been reported
that the Ni-based MCM-41 catalyst, prepared via a wet impregnation method, exhibited
good catalytic activity for naphthalene hydrogenation [19]. Zhang et al. [20] found that
the nickel based MCM-41 catalyst showed good activity for syngas methanation in a
fixed-bed reactor.

In this work, MCM-41-supported Ni catalysts were prepared via the impregnation
method where the Ni content varied from 4 to 28 wt% and the catalytic performance for
CO methanation in a slurry-bed reactor was investigated. The obtained catalysts were
characterized by N2 adsorption-desorption, XRD, H2-TPR, H2 chemisorption and TEM. The
effects of reaction temperature and pressure were studied, and the reason for the catalyst
deactivation after reaction was analyzed. The aim is to clarify the relationship between the
structures and the catalytic methanation performance.

2. Results and Discussion
2.1. Catalytic Performance for CO Methanation in a Slurry-Bed Reactor

The Ni content greatly affects the catalytic methanation performance. Thus, the metha-
nation performance over xNi/MCM-41 catalysts in a slurry-bed reactor was investigated,
and the results are shown in Figure 1. Figure 1a shows that the 4Ni/MCM-41 catalyst ex-
hibits an initial CO conversion of 71.8% which then decreased to 32.1% after a 45 h reaction.
As the Ni content increased to 12 wt%, the initial CO conversion of 12Ni/MCM-41 catalyst
reached 89.0%; moreover, the stability was also enhanced. Further increasing the Ni content
to 20 wt% or 28 wt%, the initial CO conversion reached up to ~94.4%. For comparison, the
20Ni/SiO2 catalyst prepared by using silica as support shows much lower CO conversion
than the 20Ni/MCM-41 catalyst. The main gas products during the CO methanation
reaction are CH4, CO2 and C2–4. Figure 1b–d show the variations in selectivity of CH4,
CO2, and C2–4 as reaction time goes on. It could be found in Figure 1b that the selectivity
of CH4 slightly increased during the reaction, and all the xNi/MCM-41 catalysts exhibit
higher CH4 selectivity than 20Ni/SiO2. Figure 1c shows that the selectivity of CO2 is in
the range of 0.5% and 6.1%, and it slightly decreased during the reaction. Figure 1d shows
that the C2–4 selectivity of xNi/MCM-41 catalyst was less than 1.8%, and it only slightly
changed with the variation in Ni content, whereas the C2–4 selectivity of the 20Ni/SiO2
catalyst was significantly higher than that of 20Ni/MCM-41.

For the CO methanation reaction, the active center Ni metal may form the [Ni(CO)4]
specie at low temperature, which deactivated the catalysts [21,22]. Thus, to minimize
the generation of [Ni(CO)4] specie during the methanation reaction, the reaction was
generally conducted at the temperatures higher than 250 ◦C. Figure 2 displays the effect of
reaction temperature on catalytic methanation performance over xNi/MCM-41 catalysts.
Figure 2a shows that the CO conversion decreased as the temperature decreased, especially
when the temperature was lower than 280 ◦C. The 4Ni/MCM-41 catalyst exhibits an
initial CO conversion of 77.5% at 320 ◦C, and it shows a dramatic and continuous drop
when the reaction temperature decreased from 320 ◦C to 260 ◦C. Both 20Ni/MCM-41 and
28Ni/MCM-41 catalysts show high catalytic activity and stability when the temperature
reached 300 ◦C or above. However, the activity decreased quickly when the temperature
was reduced to 260 ◦C. The CH4 selectivity of the xNi/MCM-41 catalyst is relatively stable
at each reaction temperature.
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Figure 1. Effect of Ni content on catalytic performance for CO methanation over Ni-based catalysts. 
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300 ◦C, 1.0 MPa, and 3000 mL/(g·h).
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41 catalysts. (a) CO conversion, (b) CH4 selectivity.

The average value of CH4 selectivity is displayed in Figure 2b. As the reaction
temperature decreased from 320 ◦C to 260 ◦C, the selectivity of CH4 slightly decreased.
Furthermore, it is interesting to find that the catalyst with low Ni content exhibits a high
CH4 selectivity, which is probably due to the low Ni content that avoids the side reaction.

19



Catalysts 2023, 13, 598

The effect of reaction pressure on the catalytic methanation performance over the
xNi/MCM-41 catalyst was studied by varying the pressure from 0.5 MPa to 3.0 MPa.
The performance tests were carried out at 300 ◦C and 3000 mL/(g·h), and the results are
displayed in Figure 3. Figure 3a shows that the CO conversion increased as the pressure
increased from 0.5 MPa to 3.0 MPa. The 4Ni/MCM-41 catalyst exhibited the lowest CO
conversion of 21.7% at 0.5 MPa; however, it increased to 94.9% as the pressure increased to
3.0 MPa. When the pressure was 1.0 MPa or higher, the CO conversion of xNi/MCM-41
catalyst slightly increased as the reaction pressure increased.
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41 catalysts. (a) CO conversion, (b) CH4 selectivity, (c) CO2 selectivity, (d) C2–4 selectivity. Black:
4Ni/MCM-41, red: 12Ni/MCM-41, blue: 20Ni/MCM-41, dark cyan: 28Ni/MCM-41.

Figure 3b shows that the selectivity of CH4 of all the catalysts exceeded 93.0%, and
the selectivity gradually increased as the reaction pressure increased from 0.5 MPa to
3.0 MPa, while the CH4 selectivity changed slightly as the Ni content increased. This is
because the CO methanation is a gas molecular number reducing reaction, where the high
pressure could facilitate the positive reaction, which improves the CO conversion and
CH4 selectivity [20]. Figure 3c shows that the selectivity of CO2 decreased as the reaction
pressure was enhanced, and when the pressure reached 2.0 MPa or higher, the selectivity
of CO2 decreased to 3.3% or less. The selectivity of C2–4 in Figure 3d was very low, and it
changed very slightly as the pressure or Ni content varied.

2.2. Structure and Textural Properties Analysis

X-ray diffraction is one of the most important techniques for characterizing the crystal-
lite size and catalyst structure. Figure 4a shows the wide-angle XRD patterns of MCM-41
support and the calcined Ni-based catalysts. The MCM-41 support exhibits a broad amor-
phous silica peak at 2θ angles of around 23◦, whereas the MCM-41 supported catalysts
show diffraction peaks at 2θ of 37.3◦, 43.3◦, 62.9◦, 75.4◦ and 79.4◦, which are assigned to
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the characteristic peaks of NiO(111), NiO(200), NiO(220), NiO(311) and NiO(222) (JPCDS,
No. 47-1049), respectively. The 4Ni/MCM-41 catalyst exhibits the weakest peak intensity
of NiO, indicating the presence of the smallest crystallite size of NiO. As the Ni content
increased, the diffraction peaks of NiO become stronger. The crystallite size of NiO at 2θ
of 37.3◦ was estimated using the Scherrer equation, and the results are shown in Table 1.
As the Ni content increased, the crystallite sizes of NiO increased, and the 28Ni/MCM-41
catalyst shows the largest crystallite size of 20.9 nm. For comparison, the 20Ni/SiO2 catalyst
shows almost the same peak intensity and crystallite size as that of 20Ni/MCM-41.
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Table 1. Textural properties and crystallite sizes of various samples.

Catalyst Specific Surface
Area (m2/g) a

Pore Volume
(cm3/g) b

Average Pore Size
(nm) c

Crystallite Size of
NiO/Ni (nm) d

MCM-41 1188 1.41 3.1 -
4Ni/MCM-41 979 1.40 3.3 10.7/9.0

12Ni/MCM-41 921 1.39 4.9 15.8/15.6
20Ni/MCM-41 838 1.38 5.2 17.4/17.2
28Ni/MCM-41 804 1.35 5.1 20.9/19.2

20Ni/SiO2 153 1.38 24.1 17.2/16.8
a Calculated by BET (Brunauer-Emmett-Teller) equation. b BJH (Barret-Joyner-Hallender) desorption pore volume.
c BJH (Barret-Joyner-Hallender) desorption average pore diameter. d calculated from NiO (200) and Ni (111) plane
using the Scherrer equation.

Figure 4b shows the XRD patterns of reduced Ni-based catalysts. Each catalyst shows
three diffraction peaks at 2θ of 44.5◦, 51.9◦ and 76.4◦, which are assigned to Ni(111), Ni(200)
and Ni(220) (JPCDS, No. 04-0850), respectively. The peaks of metallic Ni became stronger
as the Ni content rose. The crystallite sizes of metallic Ni at 2θ of 44.5◦ are summarized in
Table 1, and it could be found that the crystallite sizes of metallic Ni increased as the Ni
content increased.

The low-angle XRD patterns of MCM-41 support and the calcined xNi/MCM-41
catalysts are shown in Figure 4c. Three diffraction peaks were observed for MCM-41
support, indexed as the reflections of (100), (110) and (200) crystal face, characteristic of a
highly ordered mesoporous structure with hexagonal pore array [23]. With the increase in
Ni content, the (100) peak intensity decreased, and the position of the interplanar spacing of
(100) reflection shifts toward higher angles, indicating the decrease of the lattice parameter.
The (110) and (200) peaks almost disappeared, which indicates a consequential loss of a
long-range order form concerning to the mesopores [24].

N2 adsorption-desorption is a routine technique to probe the texture of porous solids.
The isotherms and pore size distributions for MCM-41 support and the reduced xNi/MCM-
41 catalysts are presented in Figure 5a,b, respectively. According to the IUPAC nomen-
clature, the N2 adsorption-desorption isotherms in Figure 5a can be categorized as type
IV isotherm, which is typical for the purely siliceous material MCM-41 with mesoporous
structure, the hysteresis loops with parallel and almost horizontal branches can be classified
as H4-type [25]. A sharp step in the range of relative pressure between 0.2 and 0.4 indicates
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that the catalyst possesses uniform mesopores [25,26]. As the Ni content rose, the hysteresis
loops of relative pressures p/p0 changed slightly except the high relative pressures between
0.9 and 1.0, which confirmed that these catalysts have narrow pore size distributions.
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Figure 5b shows that all samples exhibit quite narrow pore size distribution mostly in
the range of 2 to 4 nm. MCM-41 support shows a large and broad pore size distribution
centered at 2.8 nm and a small one centered at 3.8 nm. After the introduction of Ni, the
pore size distributions decreased and centered at 2.6 nm; further increasing the Ni content
slightly changed the pore size distributions.

The textural properties of MCM-41 support and xNi/MCM-41 catalysts are summa-
rized in Table 1. MCM-41 support possesses the highest specific surface area and pore
volume of 1188 m2/g and 1.41 cm3/g, respectively, as well as the lowest average pore size
of 3.1 nm. While for the xNi/MCM-41 catalysts, the specific surface area and pore volume
decreased. The reason is probably due to that the pores were blocked by the Ni species.
The average pore size firstly increased and then decreased as the Ni content rose, which
was probably due to the accumulation of nickel species existed on the external surface and
formed new holes, which led to a textural change in Ni/MCM-41.

2.3. Catalyst Reducibility and Surface Properties Analysis

The catalyst reducibility and metal-support interaction can be characterized by H2-
TPR technique. Figure 6 shows the TPR profiles of calcined catalysts xNi/MCM-41 and
20Ni/SiO2. All catalysts exhibit three reduction peaks, indicating that there were three
different interactions between the metal oxide and support [27]. The first peak centered at
310−350 ◦C could be attributed to the reduction of NiO species, which had no or very weak
interaction with MCM-41 support [28]; the second peak around 360−400 ◦C ascribed to
the reduction of bulk NiO [28,29], and the last peak at high temperature could be belonged
to the reduction of very small NiO particles and/or NiO species strongly interacted with
support [29]. The 4Ni/MCM-41 catalyst shows a very weak peak intensity, and the peak
intensity significantly enhanced as the Ni content increased. Moreover, the reduction
peaks shift to higher temperatures as the Ni content increased. The 20Ni/MCM-41 catalyst
shows reduction peaks at high temperatures, indicating the presence of small NiO particles
and/or a strong interaction between the Ni species and MCM-41 support. Generally,
the strong interaction between the Ni species and support favors the enhancement of Ni
dispersion and the formation of small active Ni particles, which benefits the catalytic activity.
The referenced 20Ni/SiO2 catalyst shows a higher reduction temperature compared with
20Ni/MCM-41. Interestingly, the 20Ni/SiO2 catalyst did not present the third reduction
peaks at high temperatures, which is probably due to the poor dispersion of NiO species.
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An H2 chemisorption measurement was conducted to determine the Ni dispersion,
metal surface area, number of active Ni atoms and average particle size of Ni. All results
were estimated by assuming that one hydrogen atom is adsorbed on one active nickel
atom [30,31]. Table 2 shows the H2 chemisorption results for the reduced xNi/MCM-
41 and 20Ni/SiO2 catalysts. Obviously, the Ni dispersion of the xNi/MCM-41 catalysts
gradually decreased as the Ni content rose, while the average particle diameter of Ni
increased. The results indicate that the active Ni were highly dispersed with small particle
size at low Ni contents. The metal surface area and active metallic Ni atom numbers of
the catalysts firstly increased and then slightly decreased, indicating that there was an
optimum threshold value of Ni content on the MCM-41 support. The 20Ni/SiO2 catalyst
shows the Ni dispersion of 1.66% and the values of metal surface area and active metallic
Ni atom numbers were all lower than those of 20Ni/MCM-41 catalyst. Among the catalysts
tested, the 20Ni/MCM-41 catalyst with a Ni content of 20 wt% shows the highest metal
surface area (2.97 m2·g−1

cat) and active metallic Ni atom numbers (4.57 × 1019 g−1), which
is probably responsible for the high catalytic methanation activity [32].

Table 2. H2 chemisorption results of the reduced xNi/MCM-41 catalysts.

Catalyst DNi(%) a Scat(m2·g−1cat) b NNi(×1019·g−1) c dH(nm) d

4Ni/MCM-41 3.34 0.86 1.32 30.1
12Ni/MCM-41 3.18 2.27 3.49 31.8
20Ni/MCM-41 2.67 2.97 4.57 37.8
28Ni/MCM-41 1.80 2.62 4.04 56.3

20Ni/SiO2 1.66 1.85 2.84 60.7
a DNi: amount of exposed Ni on the surface of the catalysts. b Scat: active metal surface area per gram of catalyst.
c NNi: numbers of active metallic Ni atom. d dH: average Ni particle size.

TEM technology was employed to observe the catalyst morphology and Ni disper-
sion. The TEM images of MCM-41 support and representative calcined 4Ni/MCM-41 and
20Ni/MCM-41 catalysts are shown in Figure 7. The TEM image of MCM-41 in Figure 7a
exhibits well-ordered mesoporous structure, which was consistent with the results of BET
and XRD. Figure 7b shows that the NiO was highly dispersed on MCM-41 and part of NiO
was located inside the well-ordered channels pores as clusters or very small nanoparticles.
As the Ni content increased up to 20 wt%, the TEM image in Figure 7c exhibits small
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NiO particles in the channels of MCM-41 support, which had strong interaction with the
support. The result was confirmed by the high temperature reduction peak in H2-TPR
profile. However, parts of NiO particles accumulated and formed large particles on the
external surface of the support, which might block the pores and decrease the specific
surface areas [33].

Catalysts 2023, 13, x FOR PEER REVIEW 8 of 13 
 

 

profile. However, parts of NiO particles accumulated and formed large particles on the 

external surface of the support, which might block the pores and decrease the specific 

surface areas [33]. 

   

Figure 7. TEM images of MCM-41 support and calcined xNi/MCM-41 catalysts. (a) MCM-41 sup-

port, (b) 4Ni/MCM-41 catalyst, (c) 20Ni/MCM-41 catalyst. 

2.4. Relationship between Catalytic Activity and Surface Properties 

There are many factors affecting the catalytic methanation performance. However, it 

can be found that the active metallic Ni atom numbers of xNi/MCM-41 catalysts served 

well as a correlating parameter for the catalytic activity in a slurry-bed reactor. Figure 8 

shows the relationship between the active metallic Ni atom numbers and the initial yield 

rate of CH4 per mass of xNi/MCM-41 catalyst (rCH4(mmol·h−1·g−1)) at 300 °C, 1.0 MPa, and 

3000 mL·g−1·h−1. As mentioned above, the initial catalytic activity of CO conversion in Fig-

ure 1a firstly increased and then slightly decreased as the Ni content increased, reaching 

the maximum value at the Ni content of 20 wt%, while the selectivity of CH4 of each 

xNi/MCM-41 catalyst kept almost the same value. It should be noted that the initial CH4 

yield rate is well correlated to the active metallic Ni atom numbers (as shown in Table 2). 

In other words, xNi/MCM-41 catalysts with more amounts of active metallic Ni atom were 

favorable for improving the catalytic activity. The 20Ni/SiO2 catalyst exhibited a lower 

yield rate of CH4, which was probably due to the poor dispersion of active metallic Ni and 

the large Ni particles as shown in Table 2. 

 

Figure 8. Relationship between the numbers of active Ni atom and initial CH4 yield rate per unit 

mass of catalyst at 300 °C. 

2.5. Characterization of Spent Catalysts 

Figure 9a shows the XRD patterns of spent xNi/MCM-41 catalysts after a reaction 

time for 45 h. All catalysts exhibit the diffraction peaks at 2θ angles of 44.5°, 51.9°, and 

76.4°, corresponding to characteristic peaks of metallic Ni (JPCDS, No. 04-0850), and the 

peak intensity increased as the Ni content rose. The crystallite sizes of metallic Ni at 2θ of 

44.5° are summarized and compared in Table 3. It is found that the Ni crystallite sizes of 

Figure 7. TEM images of MCM-41 support and calcined xNi/MCM-41 catalysts. (a) MCM-41 support,
(b) 4Ni/MCM-41 catalyst, (c) 20Ni/MCM-41 catalyst.

2.4. Relationship between Catalytic Activity and Surface Properties

There are many factors affecting the catalytic methanation performance. However, it
can be found that the active metallic Ni atom numbers of xNi/MCM-41 catalysts served
well as a correlating parameter for the catalytic activity in a slurry-bed reactor. Figure 8
shows the relationship between the active metallic Ni atom numbers and the initial yield
rate of CH4 per mass of xNi/MCM-41 catalyst (rCH4(mmol·h−1·g−1)) at 300 ◦C, 1.0 MPa,
and 3000 mL·g−1·h−1. As mentioned above, the initial catalytic activity of CO conversion in
Figure 1a firstly increased and then slightly decreased as the Ni content increased, reaching
the maximum value at the Ni content of 20 wt%, while the selectivity of CH4 of each
xNi/MCM-41 catalyst kept almost the same value. It should be noted that the initial CH4
yield rate is well correlated to the active metallic Ni atom numbers (as shown in Table 2).
In other words, xNi/MCM-41 catalysts with more amounts of active metallic Ni atom were
favorable for improving the catalytic activity. The 20Ni/SiO2 catalyst exhibited a lower
yield rate of CH4, which was probably due to the poor dispersion of active metallic Ni and
the large Ni particles as shown in Table 2.
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2.5. Characterization of Spent Catalysts

Figure 9a shows the XRD patterns of spent xNi/MCM-41 catalysts after a reaction time
for 45 h. All catalysts exhibit the diffraction peaks at 2θ angles of 44.5◦, 51.9◦, and 76.4◦,
corresponding to characteristic peaks of metallic Ni (JPCDS, No. 04-0850), and the peak
intensity increased as the Ni content rose. The crystallite sizes of metallic Ni at 2θ of 44.5◦

are summarized and compared in Table 3. It is found that the Ni crystallite sizes of spent
xNi/MCM-41 catalysts slightly larger than those of the freshly reduced ones, especially
for the freshly reduced 4Ni/MCM-41catalyst, the increase in Ni crystallite size is probably
responsible for the deactivation of xNi/MCM-41 catalysts. The results were confirmed by
the TEM image of the spent 20Ni/MCM-41 catalyst in Figure 9b. It is displayed that the Ni
particle of the spent 20Ni/MCM-41 catalyst was agglomerated and the particle size was
larger than that of the fresh 20Ni/MCM-41 catalyst.
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Table 3. Textural properties and Ni crystallite size of fresh and spent xNi/MCM-41 catalysts.

Catalyst Specific Surface
Area (m2/g) a

Pore Volume
(cm3/g) b

Average Pore
Size (nm) c

Ni Crystallite
Size (nm) d

4Ni/MCM-41 783 0.78 3.25 9.0/17.7
12Ni/MCM-41 584 0.53 5.00 15.6/21.1
20Ni/MCM-41 488 0.53 4.07 17.2/23.0
28Ni/MCM-41 322 0.50 4.84 19.2/24.1

a Calculated by BET (Brunauer-Emmett-Teller) equation. b BJH (Barret-Joyner-Hallender) desorption pore
volume.c BJH (Barret-Joyner-Hallender) desorption average pore diameter. d calculated from Ni(111) plane of
fresh/spent catalyst using the Scherrer equation.

The textural properties of spent xNi/MCM-41 catalysts are summarized in Table 3. As
the Ni content increased, the specific surface area significantly decreased from 783 m2/g
for 4Ni/MCM-41 to 322 m2/g for 28Ni/MCM-41. Compared with the textural properties
of fresh xNi/MCM-41 catalysts in Table 1, it could be found that the specific surface area
and pore volume of spent xNi/MCM-41 catalysts all decreased. The catalyst with high
Ni content shows a large decrease, the reason was probably due to the blockage of the
micropores of MCM-41 by the agglomeration of Ni species.

3. Materials and Methods
3.1. Catalyst Preparation

The nickel catalysts supported on MCM-41 molecular sieve (supplied by Tianjin
Nankai catalyst company, China, 100–200 mesh) were prepared by the incipient wetness
impregnation method as follows: first, the MCM-41 was calcined in air at 550 ◦C for 4 h
and used as support. Then, the required amount of Ni(NO3)2·6H2O (purchased from
Sinopharm mbcvx, and used without further treatment) was completely dissolved in a
certain amount of distilled water, and followed by addition of 10.0 g of MCM-41, the
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resulting mixture was sealed with plastic film to avoid the quick evaporation of water
and stirred continuously at room temperature for 24 h. Finally, the mixture was held at
80 ◦C for 5 h and dried at 120 ◦C for 12 h, and then calcined in air at 550 ◦C for 4 h at a
heating rate of 2 ◦C·min–1 to form NiO/MCM-41; the obtained samples were designated
as xNi/MCM-41 catalysts, where x represents the weight content of metallic Ni (4 wt%,
12 wt%, 20 wt%, and 28 wt%). For comparison, the 20Ni/SiO2 catalyst with the Ni content
of 20 wt% was prepared by the impregnation method as described above by using silica
(Degussa, Aerosil 200) as support.

3.2. Catalyst Characterization

The N2 adsorption-desorption measurement was performed by a Beishide 3H-2000PS
specific surface and pore size analyzer, using N2 as the adsorbing medium at−196 ◦C. Prior
to the test, the sample was degassed at 250 ◦C for 3 h. The BET surface area was determined
by the Brunauer-Emmett-Teller (BET) method, the average pore diameter was evaluated
with the Barrett-Joyner-Halenda (BJH) method using the desorption isotherm branch.

X-ray diffraction (XRD) data were obtained on DX-2800A diffractometer (Dandong,
China) with a scanning step of 4◦/min using the Kα radiation of Cu (λ = 0.154056 nm)
at 40 kV and 30 mA. The crystallite size of Ni metal or NiO was calculated using the
Scherrer equation.

Temperature-programmed reduction of H2 (H2-TPR) was carried out on a Micromerit-
ics Autochem II 2920 instrument (Micromeritics Instrument Corporation, Atlanta, USA).
Prior to the measurement, 20 mg of the sample was pretreated in flowing He (50 mL/min)
at 350 ◦C for 0.5 h, after cooling down to room temperature, the He was switched to
10%H2/90%Ar (50 mL/min) and heated at 800 ◦C at a heating rate of 10 ◦C/min.

The H2-chemisorption experiment was also conducted on a Micromeritics Autochem
II 2920 instrument (Micromeritics Instrument Corporation, Atlanta, USA). Prior to the test,
200 mg of the sample was reduced by flowing 10%H2/90%Ar at 550 ◦C for 2 h, then the
sample was cooled down to 50 ◦C and the loop 10%H2/90%Ar gas was pulsed over the
sample and the TCD signals were recorded until the peak area remain constant. A 5 µL
loop was used for this purpose and the loop was calibrated to determine its precise volume
under local conditions. The metallic Ni surface area and Ni dispersion were calculated
by assuming that one hydrogen atom occupies one surface metallic Ni atom [31]. The Ni
dispersion, metal surface area, number of active nickel atoms and average particle size of
Ni are calculated from Equations (1)–(4), respectively:

DNi(%) =

(
Vad
Vm

)
×

(
SF×MNi

Ws × FNi

)
× 100% (1)

Scat

(
m2/gcat

)
=

Vad
Ws ×Vm

× SF×NA × RA (2)

NNi(Ni atoms/mol) =
Vad

Ws ×Vm
× SF×NA (3)

dH(nm) = 6× 103/(Scat/F×NiρNi) (4)

where Vad = volume of H2 chemisorbed at STP (mL) to form a monolayer, Vm = molar
volume of H2 gas (22,414 mL/mol), SF = stoichiometric factor, i.e., Ni:H atomic ratio
in the chemisorption, which is taken as 1; MNi = formula weight of Ni (58.69 g/mol),
Ws = weight of the sample (g), FNi = weight percentage of Ni in the sample. Scat = active
metal atom; NA = 6.023 × 1023; RA is the atomic cross-sectional area of Ni, which is
0.0649 nm2; ρNi = density of Ni metal (8.9 g/cm3).

Transmission electron microscopy (TEM) was performed on JEOL JEM-2100F micro-
scope (Tokyo, Japan) operated at 200 kV. Prior to the measurement, the solid was dispersed
in ethanol, ultrasonicated and deposited on a sample holder.
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3.3. Catalyst Performance Evaluation

The catalyst was firstly reduced at 550 ◦C for 6 h in a flow of 25% H2 diluted with
N2, and then used for activity test. The CO methanation reaction was carried out in
a 250 mL slurry-bed reactor (Dalian Tongda Reactor Factory, Dalian, China). In each
experiment, 2.0 g of reduced catalyst and 120 mL of paraffin were introduced into the
reactor and rotated at a speed of 750 r/min. N2 was used to purge the air, and then the
syngas of H2 and CO was switched as feed gas. The reaction was performed at H2/CO
molar ratio of 3:1 and 3000 mL/gcat·h in the temperature range of 260–320 ◦C with the
interval of 20 ◦C. The gas products were firstly cooled down at 2 ◦C, the cooled liquid was
then removed in a gas-liquid separator, the outlet gas was quantitatively analyzed by an
online gas chromatography (Agilent 7890A), which was equipped with a flame ionization
detector (FID) and a thermal conductivity detector (TCD) using He (99.999%) as the carrier
gas. The HP-AL/S column was used to analyze CH4 and C2–4, while Porapak-Q column,
HP-PLOT/Q column and HP-MOLESIEVE column were used to analyze CO, N2 and CO2.

The CO conversion, CH4, CO2, and C2–4 selectivity were calculated as follows:

XCO =
F(CO in) − F(CO out)

F(CO in)
× 100% (5)

SCH4 =
F(CH 4, out

)

F(CO in) − F(CO out)
× 100% (6)

SCO2 =
F(CO 2, out

)

F(CO in) − F(CO out)
× 100% (7)

SCi =
i× F(C i, out

)

F(CO in) − F(CO out)
× 100% (i = 2, 3, 4) (8)

where XCO, SCH4, SCO2 and SCi represent the CO conversion, the CH4, CO2, and C2–4 selec-
tivity, respectively. C2–4 represents the hydrocarbons contain 2 to 4 carbons. F represents
the volume flow of CO, CH4, and CO2 (mL/min, STP), respectively.

4. Conclusions

xNi/MCM-41 catalysts with various Ni contents were prepared by the impregnation
method, and applied for CO methanation in a slurry-bed reactor. As the Ni content
increased, the specific surface area and pore volume of xNi/MCM-41 catalysts decreased,
the crystallite size of metallic Ni increased, whereas the metal surface area and active Ni
atom numbers firstly increased and then slightly decreased. The 20Ni/MCM-41 catalyst
with the Ni content of 20 wt% exhibited the highest catalytic activity for CO methanation,
and the initial CH4 yield rate was well correlated to the active metallic Ni atom numbers.
Moreover, the 20Ni/MCM-41 catalyst shows much higher activity than the referenced
20Ni/SiO2 catalyst. The results of the optimization of reaction conditions show that the
CO conversion gradually increases as the reaction temperature or pressure rises. The
deactivation of xNi/MCM-41 catalysts was attributed to the agglomeration of Ni.
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Abstract: As we all know, the massive emission of carbon dioxide has become a huge ecological
and environmental problem. The extensive exploration, exploitation, transportation, storage, and
use of natural gas resources will result in the emittance of a large amount of the greenhouse gas
CH4. Therefore, the treatment and utilization of the main greenhouse gases, CO2 and CH4, are
extremely urgent. The CH4 + CO2 reaction is usually called the dry methane reforming reaction
(CRM/DRM), which can realize the direct conversion and utilization of CH4 and CO2, and it is of
great significance for carbon emission reduction and the resource utilization of CO2-rich natural
gas. In order to improve the activity, selectivity, and stability of the CO2-CH4 reforming catalyst, the
highly active and relatively cheap metal Ni is usually used as the active component of the catalyst. In
the CO2-CH4 reforming process, the widely studied Ni-based catalysts are prone to inactivation due
to carbon deposition, which limits their large-scale industrial application. Due to the limitation of
thermodynamic equilibrium, the CRM reaction needs to obtain high conversion and selectivity at
a high temperature. Therefore, how to improve the anti-carbon deposition ability of the Ni-based
catalyst, how to improve its stability, and how to eliminate carbon deposition are the main difficulties
faced at present.

Keywords: CO2-CH4 reforming; Ni-based catalyst; carbon deposition

1. Introduction

With the increasing use of fossil resources, such as coal, oil, and natural gas, the
global CO2 emissions will continue to rise. In recent years, some countries have been
using renewable energy; however, this trend has not been enough to prevent the climate
change, polar ice sheet melting, and hurricane intensification caused by the increase in
CO2 emissions. The massive emission of CO2 not only accelerates the deterioration of the
greenhouse effect but also wastes valuable carbon resources. Therefore, CO2 reduction
and resource utilization have become the most noticeable research issues. According
to the proportions of different greenhouse gases in the total greenhouse gas emissions
calculated by CO2 equivalent, CH4 accounts for 16% and is therefore the second villain of
the greenhouse effect. Although the emission of CH4 is far less than that of CO2, its potential
to produce a greenhouse effect is about 20 times more than that of CO2. Therefore, how to
convert the above two greenhouse gases into useful chemicals or chemical raw materials
has attracted the great attention of governments and scientists around the world [1–3].
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As early as 1928, Fischer and Tropsch discovered the carbon dioxide reforming of
methane reaction, that is, CO2 + CH4 = 2CO + 2H2 (carbon dioxide reforming of methane,
CRM, ∆H = 247 kJ/mol), also known as methane dry reforming. CRM can produce
synthesis gas; it is a strongly endothermic reaction, and the synthesis gas obtained has a
low H2/CO ratio, which is more suitable for the subsequent Fischer–Tropsch synthesis
reaction [4]. The ratio of H2/CO in the CRM product is about 1, and it can also be used in
chemical reactions such as carbonyl synthesis and hydrocarbon production and to produce
clean liquid fuels and high-value chemicals [5,6]. Hence, this reaction can also utilize CO2
and CH4, which are two main greenhouse gases; therefore, it has significant industrial
value and ecological and environmental significance. The research on this reaction has been
further developed, particularly in the past 30 years [7].

CRM and steam reforming of methane (SRM) are catalytic reactions at a high temper-
ature (about 800 ◦C). The ∆H of CRM = 247 kJ/mol, which is greater than that of SRM
(206 kJ/mol), indicating that both CRM and SRM are strongly endothermic reactions, and
the endothermic capacity of CRM is nearly 20% higher than that of SRM. Therefore, the
reverse reaction of CRM can theoretically release up to 247 kJ/mol of energy. Therefore, the
reaction can be used as a good chemical energy transmission system (CETS) to store energy.
On the other hand, CRM can be realized through fossil fuels (such as coal, petroleum, etc.),
light energy, or nuclear energy, and the above energy can be stored in the product (synthesis
gas); then, the synthesis gas can be transported to the place where it is needed for a reverse
reaction to release energy.

Over a long period of time, researchers have conducted many studies on the selec-
tion and optimization of CRM catalysts, and have achieved fruitful results, making the
research on this reaction increasingly broad and deep. Without loss of generality, the
relationship between the chemical reaction itself, the type of active component and carrier,
the modification of additives, the carbon deposition, and the catalyst performance have
been consistently discussed by many researchers. As far as the CRM process is concerned,
the main side reaction is the reverse water gas shift reaction (CO2 + H2 = CO + H2O, re-
verse water gas shift reaction, RWGS), which consumes the H2 (CH4 = C + 2H2) generated
by CH4 cracking and generates a large amount of CO, which can cause carbon deposi-
tion on the catalyst through another side reaction—the CO disproportionation reaction
(2CO = C + CO2) [8,9]. Thus, the proportion of CO2 can be increased from the perspective
of chemical equilibrium to inhibit the formation of carbon deposition (that is, the carbon
elimination reaction, C + CO2 = 2CO). Thermodynamic calculation showed that the RWGS
reaction can be inhibited or avoided at temperatures above 820 ◦C, but this needs a lot of
energy [10]. Therefore, how to optimize the catalyst structure, match the process conditions,
and selectively control the degree of carbon deposition, the reverse water gas shift reaction,
carbon elimination, and other chemical reactions involving carbon is of great significance in
improving the activity of the CO2-CH4 reforming catalyst, inhibiting catalyst deactivation,
and extending the service life of the catalyst.

Pakhare et al. [11] introduced DRM literature on a catalyst based on Rh, Ru, Pt, and
Pd metals. This includes the effect of these noble metals on the kinetics, mechanism, and
deactivation of these catalysts. The inert support catalysts are more prone to deactivation
due to carbon deposition than the acidic or basic supports.

At present, the widely used CO2-CH4 reforming catalyst is still dominated bythe
non-noble metal catalyst, especially the Ni-based catalyst. Its activity is equivalent to that
of the noble metal, but it is very easily inactivated due to carbon deposition. Therefore,
the development of the Ni-based catalyst with high carbon deposition resistance is the
key to realizing the industrialization of CO2-CH4 reforming. A large number of studies
have shown that carbon deposition in the hydrocarbon conversion process is mainly
affected by such factors as the acid–base property of the carrier, the dispersion of the active
component, and the interaction between the carrier and the active metal [12–16]. The
acid sites on the catalyst surface are not conducive to the adsorption of CO2, resulting
in the carbon deposition rate on the catalyst surface being much higher than the carbon
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elimination. Conversely, the surface basic sites can inhibit the carbon deposition caused by
CO disproportionation to a certain extent, thereby improving the stability of the catalyst.
It was found that when the particle size of the active component was less than 10 nm,
the catalyst could present a high anti-coking performance [14]. In addition, strong metal-
support interaction is also beneficial in improving the anti-carbon deposition performance
of the catalyst [15,16].

In this paper, the thermodynamics, kinetics, and reaction mechanism of the CO2-CH4
reforming reaction are reviewed. Because Ni-based catalysts exhibit high activity but have
the problem of the easy deactivation of carbon deposition, this paper further summarizes
the research situation regarding carbon deposition on Ni-based catalysts, including the
types of carbon deposition, the amount of carbon deposition, and the elimination of carbon
deposition. As to how to improve the anti-carbon deposition ability of the Ni-based
catalyst and how to eliminate carbon deposition, this paper focuses on two aspects: one
is the resistance of carbon deposition from the perspective of catalyst optimization; the
other is the elimination of carbon deposition from the perspective of process condition
matching. Finally, how to improve the carbon deposition resistance of Ni-based CRM
catalyst is prospected.

2. Thermodynamics of CO2-CH4 Reforming

CO2-CH4 reforming mainly includes the following reactions:

CH4 + CO2 = 2H2 + 2CO, ∆H (298 K) = 247 kJ/mol, (1)

H2 + CO2 = H2O + CO, ∆H (298 K) = 41 kJ/mol, (2)

2CO = CO2 + C, ∆H (298 K) = −172 kJ/mol, (3)

CH4 = C + 2H2, ∆H (298 K) = 75 kJ/mol, (4)

CO + H2 = C + H2O, ∆H (298 K) = −131 kJ/mol, (5)

Zhang et al. [17] obtained the thermodynamic equilibrium constants of the above
reactions as a function of temperature through thermodynamic calculations, as shown
in Figure 1.
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As both methane and carbon dioxide are very stable, CRM is an extremely strong
endothermic reaction. Meanwhile, the RWGS reaction is an important side reaction in the
CRM process which reduces the H2/CO ratio in the product [18,19]. In the CRM reaction
process, high temperature (>1000 K) and low pressure (~1 atm) are usually required to
obtain the efficient conversion of methane and carbon dioxide to syngas. At a higher
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pressure, it can promote the RWGS reaction and reduce the H2/CO ratio. Therefore, the
ratio of carbon dioxide and methane in the feed gas has a great influence on the H2/CO
ratio. Many experiments showed that the ideal H2/CO ratio of 1 can be achieved when
the CO2/CH4 ratio is about 1. With the increase in the CO2/CH4 ratio, the H2/CO ratio
decreases. This trend is more obvious at higher pressures (10 atm).

In addition to RWGS, there are two other side reactions, methane decomposition and
CO disproportionation, which also occur in the CRM process [11]. These two reactions lead
to the formation of carbon deposition, which leads to the deactivation of the catalyst. In
order to study the formation of the carbon deposition, Lu et al. [19] calculated the limit
temperatures of the two side reactions (where the Gibbs free energy change is zero). The
CO2-CH4 reaction can be accompanied by methane cracking at above 640 ◦C, while the
reverse water gas shift reaction starts at above 820 ◦C, without CO disproportionation
(2CO = C + CO2, the Boudouard reaction). In the range of 557–700 ◦C, carbon is mainly
formed by methane cracking or the Boudouard reaction. Under the pressure of 0.01–0.1
atm, the feed ratio of CO2/CH4 = 1 can reach the equilibrium conversion rate. At a fixed
temperature, the rate at a low pressure is always higher than that at a high pressure. Under
the pressure of 0.01 atm, the rate reached 90% at 550 ◦C, and did not reach 90% until 700 ◦C
at 0.1 atm. There is an upper temperature limit for carbon deposition, and the temperature
increases with the increase in reaction pressure and the decrease in the CO2/CH4 ratio.
Therefore, the formation of carbon deposition at a certain temperature can be inhibited
by reducing the reaction pressure and increasing the proportion of carbon dioxide in the
feed gas.

The main reactions of carbon deposition are methane decomposition and the carbon
monoxide disproportionation reaction. Severe carbon deposition will lead to blockage or
even deactivation of the catalyst bed. According to thermodynamic analysis, the carbon
monoxide disproportionation reaction is a strongly exothermic reaction, which mainly
occurs in a relatively low temperature range (<650 ◦C), and methane cracking reaction
is a strongly endothermic reaction, which mainly occurs in a relatively high temperature
range. Therefore, low temperature and high pressure are beneficial to carbon monoxide
disproportionation, and high temperature and low pressure are beneficial to methane
cracking, and the main reaction temperature is in the range of 557–700 ◦C. When the
temperature is higher than 600 ◦C, the amount of carbon deposition will increase rapidly.
However, with the increase in reaction temperature, the disproportionation reaction of
carbon monoxide will be inhibited, and methane cracking will become the main reaction
of the carbon deposition [11,20,21]. However, a high reaction temperature often leads to
both the sintering of the active metal and carbon deposition on the catalyst. Sometimes, the
fibrous carbon formed during the reaction process has a high mechanical strength, which
will damage the catalyst and lead to rapid deactivation of the catalyst [18,19,22].

Adding O2 to CRM system can remove the carbon deposition formed to promote the
regeneration of the catalyst, and the heat released from the reaction can also accelerate the
decomposition of the methane. For periodic operation, the addition of oxygen (CO2/O2
ratio of 7/3) during the regeneration process at 750 ◦C significantly improved the stability
and activity of the catalyst. During the stability experiment, the catalytic performance of
the Ni/SiO2·MgO catalyst for CRM in the presence of O2 increased with the increase in O2
content and reaction temperature [23]. In addition, the introduction of another auxiliary
means, such as light and plasma treatment, can break the energy barrier of the reaction
and improve the conversion rate of the reactants. Some researchers used Au as the plasma
promoter for the first time to improve the reforming performance of noble metal-based
catalysts. The results showed that visible light irradiation could significantly improve
the reforming activity of the Rh-Au/SBA-15 catalyst. The maximum CO2 conversion rate
under light conditions is 1.7 times higher than that under dark conditions. The test at
400 ◦C showed that the CO2 conversion rate under light conditions was 2.4 times higher
than that under dark conditions. Kinetic measurement showed that the activation energy
was reduced by 30% under light conditions [24].
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3. Kinetics of CO2-CH4 Reforming (Reaction Mechanism)

With the development of research technology at the micro-level, the perspective of the
theoretical research has gradually shifted from thermodynamics to kinetics. The view on
the adsorption and dissociation of reactants and products provides an ideal explanation for
the kinetics of the CRM reaction.

Presently, the focus of the research on CO2-CH4 reforming has two aspects. On the
one hand, it is necessary to find new catalysts and additives to improve the catalyst activity
and carbon deposition resistance. On the other hand, it is necessary to study the reaction
mechanism in detail by the kinetic method, with the aim of deeply understanding the
reforming reaction and designing a new catalyst according to the mechanism. Kinetic study
is one of the best methods to reveal the intrinsic activity of the used catalyst. Due to the high
activity and low price of Ni in CO2-CH4 reforming, the study of Ni kinetics has attracted
more and more attention. Most studies have focused on exploring the rate-determining step
in the CO2-CH4 reforming process. Discussing the rate-determining step of the reaction
can lead to further understanding of the catalytic reaction mechanism and the design and
improvement of the catalyst and reaction conditions. It was found that the kinetic process
of CO2-CH4 reforming mainly includes the adsorption and dissociation of the reactants,
CH4 and CO2, as well as the formation and desorption of the products, H2 and CO. In
order to correctly understand the kinetics and reaction mechanism of the reaction, we
should understand the adsorption, desorption, and reaction properties of the reactants and
products on the catalyst.

CRM reaction is a complex process. The mechanism of CRM varies greatly according
to the difficulty in forming reaction intermediates in different catalyst systems and reaction
conditions [25]. Many studies have shown that the key step of CRM is the adsorption and
dissociation of CH4 on the catalyst surface.

The reaction mechanism of CO2-CH4 reforming is closely related to the type and
composition of the catalyst. At present, there is no uniform conclusion on the reaction
mechanism of CO2-CH4 dioxide reforming. Many researchers have explored the mecha-
nisms of different catalysts.

Bodrov et al. [26] first proposed the CO2-CH4 reforming reaction principle on a Ni-
based catalyst, including the following basic steps:

CH4+*→ CH2* + H2, (6)

CO2+*←→ CO + O*, (7)

O* + H2 ←→ H2O+*, (8)

CH2* + H2O←→ CO* + 2H2, (9)

CO*←→ CO+*, (10)

In the above formula, “*” represents the active site, (6) represents an irreversible slow
reaction, and the other steps are reversible reactions.

Later, Hansen et al. [27] improved the above mechanism and proposed that the
dissociation of CH4 on Ni/MgO can be divided into two steps:

CH4+*→CH3* + H*, (11)

CH3* + (3 − x)*→CHx* + (3 − x)H*, (12)

Osaki et al. [28] analyzed the surface pulse reaction rate of a Ni/MgO catalyst and
found that the adsorption and dissociation of CH4 can directly generate gaseous H2, namely

CH4+*→CHx* + (4 − x)/2H2*, (13)

It was experimentally concluded that the dissociation of CH4 was the rate-determining
step of the CO2-CH4 reforming reaction.
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For Ni and Pt-based catalysts, Bradford et al. [29] believed that CH4 first dissociated
into CHx* and H2, while CO2 dissociated under the action of H* to form CO* and OH*;
then, CHx* reacted with OH* to form CHxO*, and finally, CHxO* decomposed into CO
and H2.

Wei et al. [30] studied the kinetics of the CO2-CH4 reaction on a Ni/MgO catalyst by
using carbon dioxide and methane isotopes. They observed an obvious isotope effect of
CH4 dissociation and speculated that CH4 dissociation was the rate-determining step of
the reforming reaction. In the field of theoretical research, Wang et al. [31] used the DFT
(density functional theory) method to study the principle of the CO2-CH4 reaction on the
surface of perfect Ni(111). The calculation results showed that the principle of CO2-CH4
reforming is:

1. CO2 decomposes to generate O and CO, while CH4 gradually cleaves H on the surface
to generate CH and H2;

2. CH is oxidized to obtain CHO;
3. The main product CO is obtained by the dissociation reaction of CHO;
4. H2 and CO are desorbed from Ni(111) to form free H2 and CO.

Although the activation mechanisms of different catalytic systems are quite different,
the existing research results show that the dehydrogenation cracking of CH4 on the metal
surface is a common and critical process. That is, CH4 is decomposed into surface CHx
(x = 1–3) and H (CH4→CH3→CH2→CH). On the other hand, the adsorption and activation
mechanism of CO2 is very important for the decarbonization process, because it not only
generates the key product CO, but also provides a surface oxygen species for CH4 reforming,
which is the core intermediate for the elimination of carbon deposition. CO2 activation
consists of two steps: the first step is CO2 chemical adsorption and the formation of an
anionic CO2

δ- precursor on the surface [32,33]; in the second step, the CO2
δ- precursor is

dissociated into surface adsorbed CO and O species. Therefore, CO2 is the only source of
the oxygen atom in the reaction gas and is the supplier of active oxygen species on the
catalyst surface [34–38]. In addition, the activation path of CO2 varies with the acidity
and alkalinity of the support, which has a certain effect on the anti-carbon deposition
performance of a Ni-based catalyst. Generally, at the interface between the active metal
and the support, the acidic support can promote the dissociation of CH4, but the stronger
the acidity, the easier it is to produce carbon deposition [39].

It is known that increasing the adsorbed oxygen species over the catalyst surface is
really effective in promoting the catalytic activity and restraining the side reaction (RWGS).
Simultaneously, the adsorbed oxygen species are effective in suppressing/removing the
deposited carbon, thereby alleviating catalyst deactivation [40].

The higher CO2 activity enhanced the oxidation rate of the surface carbon generated
from the side reactions, thereby resulting in a higher reforming rate and in the inhibition of
the coke formation, especially the detrimental graphitic encapsulating carbon on an active
nickel surface [41].

Based on the combined results of catalytic testing and characterization, Ni/Ce0.9Eu0.1
O1.95-HT can accelerate the rate of CO2 activation and promote the conversion of CH4 into
CO instead of into coke deposition, leading to a relatively good performance for the DRM
reaction [42].

Burghaus [43] clarified the correlation between CO2 adsorption kinetics and the surface
structure characteristics of various metals and oxides, including metals (Cu, Cr), metal
oxides (ZnO, TiO2, CaO), model catalysts (Cu/ZnO, Zn/Cu), and nano-catalysts. The
binding energy of CO2 and metal oxides is generally greater than that of metals. When
CO2 chemisorption occurs on CaO, the C atom combines with the O site of CaO, and the
surface carbonate formed is very stable. Its decomposition and desorption temperature is
as high as 1100 K.

Pan et al. [44] used DFT calculation and found that the adsorption and activation of a
3D transition metal dimer (M2/γ-Al2O3, M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu) supported
by γ-Al2O3 were consistent with the experimental results reported in many of the studies.
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CO2 adsorbed on M2/γ-Al2O3, a negatively charged species is formed, forming a metal
dimer; γ-Al2O3 supports could provide electrons to the adsorbed CO2 to activate it, and
the most favorable adsorption position was at the interface between the metal dimer and
the support; so, the highly dispersed metal particles showed good activity. In addition, the
hydroxyl group on the surface of the carrier reduces the amount of charge transferred from
the metal dimer to the CO2 and weakened the chemical adsorption of CO2.

The addition of La2O3 to the Ni/γ-Al2O3 catalyst could inhibit the carbon deposition
in CO2-CH4 reforming. Some researchers have found that in the CO2-CH4 reaction, La2O3
interacts with CO2 on the Ni/La2O3 catalyst to generate La2O2CO3 [45], and La2O2CO3
decomposes CO and provides oxygen species, and the oxygen species can react with
carbon species accumulated after the dissociation of CH4 on Ni grains to generate CO, thus
achieving the effect of inhibiting carbon deposition.

4. Carbon Deposition and Elimination on Ni-Based Catalyst

The Ni-based catalyst is widely used in industrial processes because of its high activity,
good stability, and low cost, but the biggest problem is that the catalysts are easily inacti-
vated. There are three main ways that deactivation occurs: carbon deposition, sintering,
and poisoning. Among them, the most important factor causing catalyst inactivation in
the carbon-related reaction process was carbon deposition. Hence, the reaction mech-
anism of carbon deposition and the inhibition of carbon deposition need to be further
studied. The several existing inhibition methods can be divided into two types: one in-
volves the resistance of carbon deposition from the perspective of catalyst optimization,
and the other involves the elimination of carbon deposition from the perspective of process
condition matching.

4.1. Formation and Type of Carbon Deposition

The deactivation of the Ni-based catalyst is mainly due to carbon deposition on the
catalyst surface. The raw materials for the CO2-CH4 reforming reaction are all carbon-
containing gases. Methane cracking (CH4 = C + 2H2) and carbon monoxide disproportion-
ation (2CO = C + CO2) will inevitably form carbon on the catalyst surface [11].

According to existing studies, the types of carbon deposition can be divided into amor-
phous carbon, polymerized carbon, carbon nanotubes, graphitized carbon, and filamentous
carbon [46]. Amorphous carbon is composed of carbon atoms adsorbed on the metal active
center; these atoms have high reactivity and can be removed by an oxidation reaction
(C + O2 = CO2) at about 200 ◦C. Polymerized carbon composed of partially hydrogenated
carbon-carbon chains has low reactivity, but it is still a kind of carbon species that can be
oxidized and eliminated under mild conditions or eliminated under appropriate process
conditions (such as excessive CO2). Graphitized carbon is a ring structure composed
of six carbon atoms and needs higher a reaction temperature to be oxidized and elimi-
nated. It belongs to inert carbon deposition. Filamentous carbon and carbon nanotubes
can block the pores of the catalyst and gradually reduce its activity until it is completely
deactivated [7,47,48].

Mo et al. [49] studied the effect of reaction time on carbon deposition on a Ni-Al2O3
catalyst. Figure 2 shows the TPH spectra of samples after a reforming reaction at different
times. According to the report [50], 200–350 ◦C is the first type of hydrogenation peak,
which belongs to the amorphous α type of carbon species, which is the active intermediate
of the decarbonization reaction (CO2 + C = 2CO) and is also the desired type of carbon
deposition for a carbon-related reaction. It is easy for this type of carbon to be converted
into a slightly less active carbon at a high-temperature β type of carbon species; 350–500 ◦C
is the second type of hydrogenation peak, which belongs to the β1 type carbon species,
which do not form a strong interaction with the carrier and are easy to deposit in the catalyst
pore, or they enter the catalyst lattice to form carbon nanotubes or filamentous carbon; they
have decarbonization reaction activity at higher temperatures but easily become inert when
aggregated for a long time at high-temperature γ carbon species; 500–700 ◦C is the third
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type of hydrogenation peak, belonging to the γ type of carbon species, such as graphite
carbon, whose activity is lower than α carbon and β carbon and is an important reason
for the irreversible deactivation of the catalyst due to carbon deposition. The literature
also showed that [51], after the CRM reaction occurred on the surface of the Ni-CaO-ZrO2
catalyst for 1 h, the temperature-programmed hydrogenation reaction characterization
(TPH) found that the coking hydrogenation peak at about 800 ◦C was attributable to β2
types of carbon species, namely the fourth type of hydrogenation peak. It can be seen from
Figure 2 that in the process of the CO2-CH4 reforming reaction on the Ni-Al2O3 catalyst,
the surface hydrogenation peaks of the carbon species generated are all at 200–500 ◦C, that
is, the amorphous carbon Cα and filamentous carbon Cβ1 type exists [52,53]. However,
no obvious hydrogenation peak was found at about 600 and 800 ◦C. Therefore, it can be
considered that in the range of 10 h, the CO2-CH4 reforming reaction almost did not form
the Cγ and Cβ2 types of carbon species.
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Figure 2. TPH profiles of various spent Ni-Al2O3 catalysts after carrying out the CO2-CH4 reforming
reaction for different times [49].

According to the degree of difficulty of carbon elimination under the conditions of
the reforming reaction, the above carbon deposition can be classified as active carbon
deposition (amorphous carbon), transitional carbon deposition (polymeric carbon, carbon
nanotubes, and filamentous carbon), and inactive carbon deposition (graphitized carbon).

Mo et al. [49] observed the carbon deposition on the catalyst surface at different
reaction times and found that the fibrous carbon deposition began to accumulate after 2 h
of reaction, and after 5 h, it was observed that there were many fibrous or rod-shaped
morphologies with larger diameters. With the extension of reaction time, the amount of
fibrous carbon deposition increased significantly, while the diameter of the carbon fibers
decreased significantly, which is probably because of the occurrence of a carbon elimination
reaction (C + CO2 = 2CO) in CO2-CH4 reforming (Figure 3). The results also showed that
each sample had two hydrogenation peaks, one low-temperature hydrogenation peak
and one high-temperature hydrogenation peak, corresponding to two types of carbon
deposition species [49]. With the increase in reaction temperature, the high-temperature
hydrogenation peak of the carbon deposition moves to a high temperature. The reaction
temperature increased from 650 ◦C to 850 ◦C, and the peak temperature of the high-
temperature hydrogenation peak increased from 425 ◦C to 455 ◦C, which may be due to the
fact that filamentous carbon is easily converted into graphite carbon at high temperatures,
and the hydrogenation reaction needs to be carried out at a higher temperature [54].
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Figure 4 showed the morphological characteristics of carbon on the catalyst surface
after the reforming reaction. It can be seen from the figure that a large amount of filamentous
carbon is formed on the catalyst surface and is even covering the catalyst surface in a large
range. It can be speculated that if the carbon deposition continues, it will completely cover
the catalyst surface and cause catalyst deactivation [46].
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4.2. Resistance and Elimination of Carbon Deposition

In CO2-CH4 reforming, the carbon deposition rate usually depends on its formation
rate and elimination rate. When the elimination rate of carbon deposition is higher than the
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formation, the carbon deposition can be inhibited [55]. According to the cause of carbon
deposition in the CO2-CH4 reaction, the carbon deposition can be suppressed by two
aspects: catalyst modification and process conditions optimization.

In the process of CO2-CH4 reforming, carbon deposition mainly comes from methane
cracking and carbon monoxide disproportionation. The dehydrogenation of CH4 on the
metal surface generates carbon species CHx (x = 0–3, CH4→C + 2H2), which do not react
with the surface oxygen species generated by the timely adsorption and dissociation of CO2
to generate carbon species of CO (C + CO2→2CO), and the carbon species may accumulate
on the metal surface, causing carbon deposition. As the carbon dioxide content in the
reactant gas increases, the adsorption rate of methane and its subsequent dissociation rate
(i.e., the cracking of methane) decrease. At the same time, the oxidation rate of carbon
species on the catalyst surface increases. Therefore, the amount of carbon deposited on the
active site is reduced, which can significantly improve the stability of the Ni-based catalyst.
In an atmosphere with sufficient CO2, during a long catalytic process, carbon will migrate
and accumulate in the center of the Ni crystal, forming a hollow fiber type structure from
bottom to top. The process of carbon deposition and carbon elimination on a Ni/CeO2
catalyst is shown in Figure 5 [56].
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Kuijpers [57] found the size sensitivity of CH4 activation in the study of Ni-based
catalysts, that is, CH4 preferentially dissociates on smaller Ni grains. Osaki et al. [28,58]
reported the x value of CHx species on different catalysts: Ni/MgO = 2.7, Ni/ZnO = 2.5,
Ni/Al2O3 = 2.4, Ni/TiO2 = 1.9, Ni/SiO2 = 1.0, and Co/Al2O3 = 0.75. It can be seen that for
the same metal, the x value of basic carrier is higher, that is, the degree of CH4 dissociation
increases with the increase in carrier acidity. On the other hand, the activation of the C-H
bond requires electrons from the surface of the Ni; so, the electronic environment around
the Ni is also extremely important [59]. For example, the strong metal-support interaction
will significantly affect the activity of Ni to dissociate CH4 [60,61].

Horiuchi et al. [7] believe that alkaline metal oxides can enhance the adsorption
capacity of CO2 and generate more active oxygen atoms (Oad); Oad can effectively prevent
the adsorption of CHx,ad on the active center of Ni metal through the reaction of CHx,ad
+ Oad→CO + H2, thus avoiding the surface carbon deposition caused by the cracking of
CHx,ad. Therefore, adding additives such as alkali or alkaline oxide can enhance the basicity
of the carrier surface and the ability to absorb CO2, change the electronic density of the
metal active center, effectively improve the catalytic activity of the catalyst, and inhibit the
carbon deposition on the catalyst surface [62].
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4.2.1. Resistance of Carbon Deposition from the Perspective of Catalyst
Effect of Ni Grain Size on the Deposition of Carbon

Studies have shown that high dispersion of active metal on the surface of the support
can reduce the agglomeration size and effectively inhibit carbon deposition [11,63,64]. It
has also been shown that only when the size of the active component is larger than a
certain critical size (for example, ≥9 nm) can lead the carbon simple substance to form
nuclei [7]. The small size and high dispersion of the active component can effectively inhibit
the nucleation and growth of carbon whiskers. Therefore, by selecting the appropriate
support, additive, and preparation method, the metal dispersion and particle size can
be adjusted to effectively inhibit the occurrence of carbon deposition and improve the
anti-carbon deposition performance [65]. In addition, the addition of an appropriate
additive can also improve the surface alkalinity of the catalyst, strengthen the adsorption
of CO2, promote the elimination of deposited carbon species, and enhance the anti-carbon
deposition performance of the catalyst.

XU et al. [66] prepared Ni/La2O3/γ-Al2O3 and Ni/La2O3/α-Al2O3 catalysts and
found that when the size of the Ni particles was less than 15 nm, the carbon deposition
was significantly reduced (Figure 6), which made the catalyst have higher catalytic activity
and stability. CRNIVEC et al. [67] found that the catalyst surface with metal active par-
ticles less than 6 nm has excellent resistance to carbon deposition. LIU et al. [68] found
that when nickel particles were less than 5 nm, they had an obvious inhibition effect on
carbon deposition.
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Li et al. [69] analyzed the surface carbon on a Ni/MgO catalyst based on density
functional theory and found that the size of the active component Ni had a great influence
on the anti-carbon deposition performance of the catalyst. The three different sizes of
active metals, Ni4, Ni8, and Ni12 were loaded on the surface of MgO, showing significant
differences in catalytic activity and stability. Small size Ni4 can reduce the activation
energy of the CH4 dissociation adsorption, the CH dissociation, and the Coxidation, thus
improving the CO2-CH4 reforming performance.

In their study, Mo et al. [70,71] found that after the reduction in the Ni-based catalyst
based on NiAl2O4 spinel, the size of the Ni crystal was small and could effectively prevent
the high-temperature sintering of the active component. By increasing the calcination
temperature, the proportion of NiAl2O4 spinel (the active component precursor) in the
catalyst was increased, and the size of the active component was effectively reduced; the
stability of the catalyst was improved, and the amount of carbon deposited on the catalyst
was obviously reduced. It was also found that there were two Ni precursors, crystalline
NiO (calcinated at lower temperature (≤600 ◦C) and spinel NiAl2O4 (calcinated at higher
temperature (≥700 ◦C), indicating that the calcination temperature significantly affected the
interaction force between the metal and the support. The higher the calcination temperature,
the stronger the force, and the more the spinel phase Ni species that formed. This type of
Ni species gave a small size of active component after reduction, which could obtain higher
CO2 and CH4 conversion and H2 selectivity [72].
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Inhibition of Carbon Deposition from the Stability of Ni Component

In general, researchers add some additives to the Ni-based catalyst to improve the
dispersion and stability of the nickel, promoting the reforming reaction and inhibiting the
formation of carbon deposition, which is a research hotspot in this reaction. The additives
commonly used are mainly divided into two categories. The first type of additive is alkaline
oxides, including MgO, CaO, K2O, etc. [73,74]. It was found that the addition of alkaline
oxides to a Ni-based catalyst can promote dispersion of the Ni and inhibit carbon deposition.
On the other hand, the alkaline medium can improve the adsorption performance of CO2
(weak acid gas). Some researchers [74] believed that the addition of alkali metals can inhibit
carbon deposition and improve the activity and stability of the catalyst. Mo et al. [75]
studied the effect of CaO on the structure, reforming performance, and carbon deposition
of the Ni-Al2O3 catalyst. The results showed that the activity of Ni-Ca-4 was higher, with
the conversion rate of CH4 and CO2 of 52.0% and 96.7%, respectively. The amount of
carbon deposited on the catalyst was lower, and the type of the carbon was attributed to an
amorphous one, presenting a good anti-carbon deposition performance.

Another kind of additive is rare earth oxides [73], such as CeO2 and La2O3, which
can achieve both high activity and stability for CO2-CH4 reforming. By adding rare earth
oxide, the crystal phase, pore structure, and mechanical strength of the catalyst could
be significantly changed, thereby improving the activity, stability, and selectivity of the
catalyst. For example, the addition of La2O3 to the Ni/γ-Al2O3 catalyst could inhibit the
carbon deposition in CO2-CH4 reforming. Some researchers found that in the CO2-CH4
reaction, La2O3 interacts with CO2 on the Ni/La2O3 catalyst to generate La2O2CO3 [52];
La2O2CO3 decomposes CO and provides oxygen species, and the oxygen species can react
with the carbon species accumulated after the dissociation of CH4 on Ni grains to generate
CO, thus achieving the effect of inhibiting carbon deposition. Other additives, such as metal
Cr [76] and mixed oxide CeO2-ZrO2 [77,78], can also improve the activity and stability of
the catalyst.

Mo et al. [70] prepared a series of La2O3-NiO-Al2O3 catalysts with different La loading
to improve the performance of the Ni-based catalyst for CO2-CH4 reforming. The results
showed that the precursor of the active component mainly exists in the form of NiAl2O4
spinel. The “confinement effect” of La2O3 on Ni grains can inhibit the sintering of the
active component, prevent carbon deposition, and improve the reforming performance. Mo
et al. [79] also prepared a Ni-Al2O3 catalyst with Ca, Co, and Ce as additives by the com-
bustion method. The results showed that the activity order of the catalysts was followed by
Co-Ni-Al2O3>Ca-Ni-Al2O3>Ni-Al2O3>Ce-Ni-Al2O3. Carbon deposition analysis showed
that Ca-Ni-Al2O3 presented poor carbon deposition resistance, and a certain amount of
graphitic carbon was generated on the catalyst. The dry reforming performance of Ni
catalysts supported by different supports is shown in Table 1
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Application of High-Activity Bimetallic Catalysts

The introduction of a second metal to obtain a bimetallic Ni-based catalyst is also
considered to be an effective and practical strategy to improve the performance of the CRM
catalyst. The synergistic effect between Ni and the second metal can significantly improve
the activity and carbon deposition resistance of the Ni-based catalyst [17,88–91].

In order to discuss the synergistic effect and the basic principle for improving the
performance of the used catalyst, the researchers prepared a series of bimetallic Ni-based
CRM catalysts. The results showed that Ni-Pt [92], Ni-Co [93], and Ni-Cu [94] showed better
activity and carbon deposition resistance. In general, bimetallic Ni-based CRM catalysts
include Ni-noble metals (Pt, Ru, etc.) and Ni-transition metals (Co, Fe, and Cu) [95,96].
Ni-noble metal bimetallic catalysts have three advantages: the promotion of reduction,
surface modification, and surface reconstruction. Noble metals usually contribute to the
reduction in NiO crystal, thereby increasing the number of active sites [97–100]. In terms of
surface modification, the surface properties of Ni can be changed by adding a trace noble
metal. In addition, the surface reconstruction of the bimetallic particles can be caused by
temperature or adsorbate [101,102]. GARCIÁ-DIÉGUEZG et al. [103] prepared a Ni-Pt
bimetallic catalyst for a CRM reaction. Compared with the Ni catalyst, the Ni-Pt bimetallic
catalyst formed a Ni-Pt alloy with higher activity and lower carbon deposition. Although
only a small amount of precious metals was added to the Ni-based catalyst, the production
cost of the catalyst still increased. Therefore, some researchers doped transition metals such
as Co, Fe, and Cu into a Ni-based catalyst to construct a CRM bimetallic catalyst to reduce
the industrial production cost [104]. Co, Fe, and Cu have a strong synergistic effect in the
bimetallic system. Of course, the specific effects of the three metals are different [105–109].
Some researchers discussed the effect of Ni-Co, Ni-Fe, and Ni-Cu bimetallic catalysts. The
introduction of the second active component, Co or Cu, into the Ni-based catalyst helped
to improve the catalytic activity and carbon deposition resistance [110].

The Ni-Co bimetallic catalyst shows a stronger synergistic effect [111–113]. Addition-
ally, the Ni/Co ratio, which can adjust the surface composition of Ni-Co clusters, plays a
crucial role in the Ni-Co bimetallic system [114–117]. Generally, a small amount of Co can
optimize the adjustment process, while excessive Co will cause the catalyst to be oxidized.
The promotive effect of Co is mainly due to its strong affinity for oxygen species, enhancing
the ability to eliminate carbon deposition on the catalyst [111,118,119]. The Ni-Co/Al2O3
bimetallic catalyst showed high thermal stability at 800 ◦C and effectively inhibited the
side reaction of RWGS [120]. Turap et al. [84] prepared a Ni-Co/CeO2 bimetallic catalyst
for CRM reaction and found that the strong oxygen affinity of Co and the strong oxygen
storage capacity of CeO2 were helpful in eliminating carbon deposition. As the Co/Ni
ratio was up to 0.8, the catalyst presented better activity and stability. Li et al. [121] studied
the catalytic performance of a bimetallic Ni-Co/Al2O3 catalyst for CRM and found that
the addition of metal Co can form a Ni-Co alloy, increasing the activation energy of CH4
dissociation, thus inhibiting the CH4 cracking activity. At the same time, the addition of
Co could improve the oxygen affinity of the catalyst and remove carbon deposition. Liang
et al. [122] used a one-pot method to synthesize an attapulgite-derived MFI (ADM) zeolite-
coated Ni-Co alloy. The results showed that the Ni-Co alloy existed stably in the CRM
process, which was conducive to the formation of electron-rich Ni metal and significantly
improved the fracture ability of the C-H bond. At the same time, ADM not only firmly
anchors metal sites through pore structure or layered system, but also provides rich CO2
adsorption/activation centers, realizing high CRM reaction activity and improving the
anti-carbon deposition performance.

Cu can partly replace Ni to improve catalyst activity and carbon deposition resis-
tance [110]. Song et al. [123] constructed a Ni-Cu bimetallic catalyst. The catalyst with a
0.25–0.50 Cu/Ni ratio showed good activity, stability, and carbon deposition resistance,
while the catalyst with higher and lower Cu/Ni ratios would be deactivated due to serious
carbon deposition. The excellent performance of the optimized Ni-Cu/Mg(Al)O catalyst
was related to the synergistic effect between Ni and Cu. On the one hand, the alloying of

44



Catalysts 2023, 13, 647

Ni and Cu inhibited the deep dissociation of methane, and the carbon species obtained
were more easily gasified (carbon eliminated). On the other hand, Cu provided active sites
for the dissociation of CO2, leading to the formation of active oxygen species. The alloying
of Ni and Cu reduced the decomposition rate of CH4, promoted the dissociation of CO2,
and effectively inhibited carbon deposition. Other studies showed that [124], during the
CRM reaction, the addition of Cu had a significant effect on the activity and anti-carbon
deposition performance of the Ni/CeO2 catalyst, and the formation of a Ni-O-Ce solid
solution generated more oxygen vacancies, improving catalytic activity.

Fe has always played a certain role in promoting the CRM reaction. Both Fe and
Ni are iron elements with similar element properties, and the two metals can be alloyed
in a certain proportion to make a catalyst with good catalytic performance [93,125]. The
research from Kim et al. [126] showed that the catalysts supported solely with Ni or Fe
presented the problems of fast deactivation and a low conversion rate, respectively, while
the bimetallic Ni-Fe catalyst showed good activity and stability in the CRM reaction. By
further analysis, it was found that the promotion of Fe in a Ni-Fe alloy was due to the
cracking of CH4 on the active metal Ni to produce H2 and carbon. A part of Fe reacts with
CO2 to generate FeO, which falls off from the alloy. Additionally, the carbon can react with
FeO and be oxidized to generate CO. Then, FeO is reduced to Fe, which is the original Ni-Fe
alloy. This decarburization reaction cycle is conducive to the reducing of the surface carbon
on the catalyst. The anti-carbon deposition performance of different bimetallic catalysts is
shown in Table 2.

Table 2. Carbon deposition resistance of bimetallic catalysts in DRM.

Catalysts SV
/(mL·g−1·h−1) Feed Ratio Temperature

/K

CH4 Conversion
Rate
/%

CO2 Conversion
Rate
/%

Carbon
Deposition

/%

Ru-Ni/Al2O3 [127] 60,000 1023 94.00 97.00 0.32
Co-Ni/CeO2 [84] 30,000 CH4:CO2 = 1:1 1073 80.10 82.20 10.00
NiFe/Al2O3 [128] 12,000 CH4:CO2 = 1:1 823 26.60 37.80 2.30
NiCu/Al2O3 [129] 18,000 CH4:CO2:He = 1:1:8 923 65.00 64.34 6.40
Ni-Co/Al2O3 [130] 54,000 CH4:CO2:N2 = 2:2:1 1023 96.10 92.20 1.00
NiPt/Al2O3 [100] CH4:CO2:Ar = 45:45:10 1023 86.00 87.00 7.00

Selection of Support

The support is a very important part of a catalyst. In a CO2-CH4 reforming reaction,
the commonly used supports are Al2O3, MgO, CeO2, TiO2, SiO2, etc. Although the support
itself has no activity in the reaction, it can change the overall performance of the catalyst.
The physical and chemical properties of the support, such as surface morphology, pore
structure, interaction with active component, and the resulting differences due to the
support, such as surface–interface structure, surface composition, grain size, and dispersion
of the active component, can affect the existence form of the active component precursor and
the catalyst activity, selectivity, stability, and carbon deposition resistance. Many studies
have pointed out that strong interaction between the support and the active component is
conducive to improving the dispersion and sintering resistance of the active metal, resulting
in a high carbon resistance performance.

The stronger the interaction between the support and the metal, the less likely the
catalyst will be reduced. If it can be reduced under certain conditions, then the smaller
the metal particles, the better the dispersion. The excessive surface acidity of the support
leads to catalyst deactivation through methane decomposition. Similarly, excessive surface
basicity leads to catalyst deactivation through the Boudouard reaction as well as through
the formation of metal oxides [39]. Hao et al. [131] reported that a close combination
of Ni and carrier caused by a strong metal-support interaction promoted the transfer of
transition species at the interface and the transfer of electrons, leading to the transformation
of non-inert carbon species in the reaction process and avoiding the forming of inert carbon
deposition. At the same time, strong metal-support interaction can effectively inhibit the
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sintering and growth of Ni particles under the reaction conditions and can have a certain
stabilizing effect on Ni particles, thereby improving the performance of the catalyst. Liu
et al. [60] found through their research that Ni/CeO2 was very active in the CRM reaction
and that strong metal-support interaction enhanced the dissociation reaction activity of Ni
to CH4 and inhibited the formation of carbon deposition. Ruckenstein et al. [132] prepared a
Ni/TiO2 catalyst and found that there was a strong interaction between Ni and TiO2, which
led to the reduction in the free energy of the system. TiOx can promote the elimination of
carbon to a certain extent, but TiOx molecules migrate on the surface during the reduction
process, covering the active sites of Ni. A large amount of filamentous carbon was formed
on Ni supported on CeO2 and on CeO2 doped with iso-valent Zr, while a negligible amount
was formed on Ni supported on CeO2 doped with aliovalent Sm or La (Figure 7). The ceria
dopants can change the interaction of Ni with the support [133].
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The pore structure of the support has a great influence on the performance of the
catalyst and has a limited domain effect on the active component. It has been found
that micropores (<2nm) are not conducive to the dispersion of metal particles; mesopores
(2–50 nm) can make the catalyst have a large specific surface area; macropores (>50nm)
can promote the diffusion of reactant and product molecule, make gas molecules fully
contact the catalyst, and increase the number of exposed Ni active sites [134]. Due to
the limitation of the mesoporous structure of the support, Ni particles exist in the pores
on the catalyst as much as possible, with high dispersion, which is conducive to strong
metal-support interaction, thus reducing the formation of carbon deposition [135]. The
catalyst with multistage pore structure has higher carbon capacity and a lower carbon
deposition deactivation rate due to the addition of different levels of pores [134,136]. Du
et al. [137] reported a CRM catalyst of HT-NiMgAl with a multistage pore structure. The
multistage pore structure of this catalyst effectively increased the specific surface area of
the catalyst, improving the dispersion of Ni particles; it could effectively inhibit carbon
deposition due to its role in limiting the region of the active component.

After the reduction in the catalyst, the Ni atoms are easily sintered at high temperature,
which leads to the reduction in the dispersion of Ni atoms on the surface and the increase
in the concentration difference between the bulk Ni atoms and the surface Ni atoms so that
the Ni atoms dissolved in the support will migrate to the surface under the promotion of
the concentration gradient, supplementing the dispersion of the surface Ni atoms. Studies
showed that the Co/MgO catalyst provides a strong Lewis alkaline environment due to the
formation of solid solution CoMgOx, which effectively stabilizes the Co nanoparticles on
the surface of the support. Due to the alternating polar nanolayer structure of O2- and Mg2+

and the existence of a large number of O2- Lewis alkaline sites on the surface of MgO(111),
the anti-sintering ability and anti-carbon deposition performance of the catalyst have been
improved [138,139]. In addition, the support has a Lewis base, which can increase the
alkalinity of the catalyst, promote the adsorption and dissociation of CO2, and eliminate
carbon deposition in the reaction. At the same time, the alkalinity of the support can inhibit
the growth of Ni metal particles at high temperatures, thus improving the activity, stability,
and carbon deposition resistance of the catalyst [140]. Jafarbegloo et al. [141] prepared a
NiO-MgO catalyst and found that the strong Lewis base of MgO absorbed a large amount
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of carbon dioxide, improved the conversion rate of carbon dioxide, and eliminated carbon
deposition on the catalyst surface.

Li et al. [142] prepared an iron-rich biomass-derived carbon for the CO2-CH4 reforming
and found that it had higher activity than non-iron-rich carbon. Before 800 ◦C, the order
of the iron-rich carbon promoting the reforming reaction was followed by Fe-C2 (10% Fe
content) > Fe-C3 (20% Fe content) > Fe-C1 (5% Fe content). After 800 ◦C, Fe-C2 can still
achieve the maximum CH4 conversion rate. In addition, the catalytic activity of Fe-C2 to
CH4 at 800 ◦C was better than that of other catalysts at higher temperature. By further
measuring the carbon catalyst used, it was found that the weights of iron-rich carbon
and non-iron-rich carbon increased by 0.2% and 0.9%, respectively. Therefore, it can be
proved that the carbon deposition on the carbon catalyst is less, which effectively eliminates
the carbon deposition. After the test, the iron-rich carbon had less carbon deposition,
mainly in the form of filamentous carbon, which was more easily removed by carbon
removal reaction.

Most biomass carbons are alkaline, and their ash contains a large amount of alkali
metals (K, Na) and alkaline earth metals (Ca, Mg), which can promote the formation of
alkaline sites, facilitate the adsorption and dissociation of CO2, and inhibit the formation
of carbon deposition. It has been reported that alkali/alkaline earth metals are one of the
main reasons for biomass carbon to promote CO2-CH4 reforming [142]. Zhang et al. [143]
studied the role of alkali/alkaline earth metals in tar reforming. The results showed that
alkali/alkaline earth metals promoted the interaction between the active metal Ni and
the carrier and inhibited the sintering of Ni. Alkali/alkaline earth metals cause more
oxygen to be adsorbed on the surface of the catalyst, which has strong oxidizability. It
can react with reaction intermediates or C, avoid the deposition of C on the catalyst, and
inhibit carbon deposition [142–144]. San et al. [145] studied the role of alkali metal K and
speculated that K can promote C gasification reaction and cover some active sites to inhibit
CH4 decomposition and reduce carbon deposition, but the coverage of active sites will
also have a certain negative impact on the reforming reaction. Wu et al. [146] used CaO as
the carrier to theoretically calculate that the presence of CaO adsorbed more CO2 to the
participate in the CO2-CH4 reforming and that CO2 dissociated at the interface between Ni
and CaO; in addition, the oxygen species produced by dissociation and carbon deposition
on the surface of the catalyst generated CO, which extended the service life of the catalyst.

Application of Confined Catalyst

A confined catalyst can effectively confine the active center on the catalyst in different
ways, which mainly include lattice limit, pore limit, core-shell limit, surface space limit,
and multiple limits.

Lattice confinement can effectively anchor precious metal or non-precious metal on
the regularly arranged spatial skeleton and can improve the dispersion of active centers.
Ruitenbeek et al. [147] used a catalyst composed of a single iron atom in the lattice confined
region; it had high activity and selectivity in the reaction and almost no carbon deposition.
The surface confined catalyst had a high specific surface area, highly ordered pore structure,
and narrow pore size distribution. Wang et al. [148] used dendritic mesoporous SiO2 (DMS)
as a carrier to prepare an alkali metal oxide modified low-temperature carbon deposition-
resistant Ni-based catalyst and applied it to a reforming reaction, which showed excellent
low-temperature carbon deposition resistance.

Kong et al. [149] prepared microporous molecular sieve S-1 with rich pores and high
specific surface area, and effectively embedded the active component Ni in the pores and
applied it to CO2-CH4 reforming. The results showed that the catalyst had excellent activity
and stability at 650 ◦C and 0.5 MPa for 100 h. The thermogravimetric test of the catalyst
after reaction did not find weight loss and indicated that the S-1-encapsulated Ni-based
catalyst had excellent carbon deposition resistance. The main reason was that the catalyst
channel effectively restricted the aggregation of Ni particles, which made the Ni disperse
uniformly and reduced the size of the Ni.
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Core-shell catalysts mainly include two types: one is the close contact type; the other
is the eggshell type (the active component is separated from the shell). Zhang et al. [150]
wrapped the perovskite LaNiO3 nano-cube in the mesoporous silica shell to form a new
core-shell structure catalyst, which was used in the CO2-CH4 reforming and showed
excellent carbon deposition resistance. Compared with the eggshell catalyst, the core-shell
catalyst had a contact interface between the core and shell, which resulted in enhanced
interaction, inhibition of the movement of the active center, and reduction in the particle
size. Liu et al. [151] designed a high-performance In-Ni@SiO2 close-contact nanocore-shell
catalyst. The In-Ni@SiO2 catalyst had higher activity compared to the Ni@SiO2 catalyst.
CO2 and CH4 reacted at 800 ◦C for 430 h and still maintained 90% conversion. After
reaction, compared with the other supported catalyst, they had less carbon deposition,
better stability, and anti-carbon deposition performance.

Multiple restriction can limit the active center, reduce its exposure, and improve carbon
deposition resistance on the catalyst. Wang et al. [152] prepared a Ni@La2O3/SiO2 catalyst,
and the results showed that an amorphous La2O3 layer was coated on the SiO2, while
small Ni nanoparticles were encapsulated in the La2O3 layer. As Ni nanoparticles were
encapsulated in the La2O3 amorphous layer, it could effectively inhibit the formation of
carbon deposition in CO2-CH4 reforming.

4.2.2. Eliminate Carbon Deposition from Process Condition Matching

The conversion rate of carbon dioxide and methane varies with the ratio of reaction
gas, space velocity, reactor size, and catalyst dosage.

Selection of Operating Conditions (Temperature, Pressure, etc.)

Nematollahi et al. [153] conducted the same thermodynamic simulation under differ-
ent pressures and found that the conversion rate of CH4 and CO2 and the amount ratio
of the H2/CO substances decreased significantly with the increase in operating pressure.
This is due to the fact that the CRM reforming is a reaction with an increase in volume.
The lower the pressure, the better the reaction. The high-pressure environment inhibits
the conversion of the reactants. Some researchers conducted thermodynamic simulation
on the influence of temperature, CH4/CO2 ratio, reaction pressure, and other oxidants
on the formation of carbon deposition and proposed that high conversion and less car-
bon deposition could be obtained by operating at a high temperature, low pressure, and
high CH4/CO2 ratio above 850 ◦C [17,154,155]. Bao et al. [156] prepared a NiCeMgAl
double-porous (mesoporous–mesoporous) catalyst. When the space velocity was lower
than 96,000 h−1, the larger mesopores provides a fast transport channel for the reactants
and product molecules. At a higher space velocity (such as 120,000 h−1), the conversion
rate was reduced because the reactants could not fully diffuse to the active center in the
catalyst. The thermogravimetric analysis results showed that with the (Ni15CeMgAl) the
total weight loss of the dual porous catalyst after reaction was 16.8%, of which amorphous
carbon accounted for 2.5%, carbon nanotubes accounted for 9%, graphite-like carbon ac-
counted for 1%, and the others comprised the desorption of adsorbed small molecules. It
was further found that carbon nanotubes could act as a carrier to continue the reaction and
prolong the service life of the catalyst.

Adjustment and Matching of Reaction Gases

Carbon species deposited on the catalyst surface can usually be eliminated by the
oxidation of CO2 through the carbon elimination reaction (CO2 + C→2CO). Therefore, the
total amount of carbon deposition on the catalyst depends on the balance between methane
cracking, carbon monoxide disproportionation, and the decarburization reaction [63], which
can be considered from the two aspects of the inhibition of the carbon deposition reaction
and the promotion of the decarburization reaction to improve the anti-carbon deposition
performance of the catalyst. Of course, increasing the proportion of CO2 can inhibit the
formation of carbon deposition but increasing the proportion of CO2 will promote the
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occurrence of side reactions and lead to increased separation costs in the later period.
Therefore, the determination of the CO2/CH4 ratio should be combined with various
factors. Mo et al. [49] found that with the increase in the CO2/CH4 ratio, the amount of
carbon deposition on the catalyst surface gradually decreased, and the area and intensity of
the high-temperature hydrogenation peak gradually weakened, indicating that low activity
β carbon was significantly reduced due to the increase in the proportion of CO2. The
results also showed that the addition of CO2 played an important role in preventing the
transformation from active carbon to inactive carbon.

Adding steam or oxygen to the reaction for mixed reforming can also reduce carbon
deposition on the catalyst. Li et al. [157] prepared a Ni/CeO2-ZrO2-Al2O3 catalyst, carried
out a CO2-CH4 reforming reaction with and without steam, and measured the amount of
carbon deposition. The results showed that the addition of steam to the reaction gas could
significantly reduce the carbon deposition, improving the stability of the catalytic reaction.
O’Connor et al. [158] found that the Ni/Al2O3 catalyst had high activity at 550–800 ◦C
under the conditions of CO2 reforming and the partial oxidation of methane. With the
increase in the O2 addition, almost no surface carbon deposition was found, but the activity
of the catalyst decreased with time.

LI et al. [159] conducted a study employing the action of microwave-irradiated bio-
logical semi-coke; the experimental study of CO2/steam-combined CH4 reforming was
carried out. The characteristics of the combined reforming reaction were examined, and the
effects of the combined reforming reaction on the quality of the syngas, the loss of biochar,
the surface characteristics, and the functional groups were discussed. The results showed
that the combined reforming reaction could promote the conversion of the reaction gas,
causing the the average value of the volume ratio of H2/CO in the syngas to be within 90,
the min reaction time to rise to 0.923, and the H2/CO gas volume ratio to be closer to 1.

5. Conclusions and Prospect

CRM reforming not only promotes the utilization of CH4 and CO2 but also plays an
important role in mitigating the greenhouse effect and reducing carbon emissions. It is
an effective means of achieving carbon peaking and carbon neutralization and has good
industrial value and application prospects. The key to the stable operation of the reaction
is the construction of the catalyst, and the easy sintering of the active component and
carbon deposition on the catalyst in the reaction is the core problem that needs to be solved
urgently. As the preferred catalyst for this reaction, the Ni-based catalyst also faces the
above problems. This paper briefly introduces the thermodynamics, kinetics, and reaction
mechanism of the CRM reaction and focuses on the research progress of carbon deposition
and carbon elimination on the used catalysts. The following prospects are put forward in
terms of inhibiting carbon deposition in order to improve the activity and stability of the
CRM catalyst:

1. More advanced characterization methods should be used to explore the reaction
mechanism and carbon deposition mechanism of the CRM reaction on a Ni-based
catalyst, and the reaction mechanism and anti-carbon deposition mechanism of the
Ni-based catalyst should be further clarified.

2. By introducing different types of additives to regulate the number of alkaline sites
on the surface of the catalyst, the adsorption performance of CO2 may be enhanced,
and more adsorbed oxygen may be generated; the gasification process of the carbon
deposition may also be promoted.

3. By DFT or other calculations, the formation and elimination mechanism of carbon
deposition can be discussed in depth, and the catalyst design scheme can correspond-
ingly be optimized to inhibit carbon deposition.
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Abstract: Bimetallic layered double oxide (LDO) NiM (M = Cr, Fe) catalysts with nominal composi-
tions of Ni/M = 2 or 3 were tailored from layered double hydroxides (LDH) using a coprecipitation
method to investigate the effects of the trivalent metal (Cr or Fe) and the amount of Ni species on the
structural, textural, reducibility, and catalytic properties for CH4/CO2 reforming. The solids before
(LDH) and after (LDO) thermal treatment at 500 ◦C were characterized using TGA-TD-SM, HT-XRD,
XRD, Raman, and IR-ATR spectroscopies; N2 physical adsorption; XPS; and H2-TPR. According to
the XRD and Raman analysis, a hydrotalcite structure was present at room temperature and stable up
to 250 ◦C. The interlayer space decreased when the temperature increased, with a lattice parameter
and interlayer space of 3.018 Å and 7.017 Å, respectively. The solids fully decomposed into oxide
after calcination at 500 ◦C. NiO and spinel phases (NiM2O4, M = Cr or Fe) were observed in the
NiM (M = Cr, Fe) catalysts, and Cr2O3 was detected in the case of NiCr. The NiFe catalysts show
low activity and selectivity for DRM in the temperature range explored. In contrast, the chromium
compound demonstrated interesting CH4 and CO2 conversions and generally excellent H2 selectivity
at low reaction temperatures. CH4 and CO2 conversions of 18–20% with H2/CO of approx. 0.7 could
be reached at temperatures as low as 500 ◦C, but transient behavior and deactivation were observed
at higher temperatures or long reaction times. The excellent activity observed during this transient
sequence was attributed to the stabilization of the metallic Ni particles formed during the reduction
of the NiO phase due to the presence of NiCr2O4, opening the path for the use of these materials in
periodic or looping processes for methane reforming at low temperature.

Keywords: H2 production; Ni-(Fe/Cr); layered double hydroxide; CO2 reforming

1. Introduction

The catalytic reactions for the transformation of natural gas into synthesis gas
(CO + H2) are currently highly strategic industrial targets for the production of alter-
native liquid fuels. One interesting way to valorize methane is through the dry reforming
of methane (DRM), which is undertaken in the presence of carbon dioxide (CO2) [1,2]. This
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process is mainly endothermic [3], and CO2 is used as the oxidizing agent, as shown in the
following equation:

CH4 + CO2 → 2 CO + 2H2 ; ∆H298 K = +247 kJ/mol, (1)

DRM is of particular interest because it converts two greenhouse pollutant gases,
CH4 and CO2, into synthesis gas or hydrogen, which can subsequently be converted
into valuable chemicals [4]. The methane reforming reaction is commonly carried out
in the presence of supported noble metal (Rh, Pt, and Pd) or nickel metal [5] catalysts.
Noble metals show better resistance to coke formation, but nickel is known to be a less
expensive metal, with great reactivity in reforming processes [3–5]. However, one of
the major issues associated with CO2 reforming is the rapid carbon deposition on the
catalyst, which mainly results from the carbon monoxide dissociation (reaction (2)) and/or
the methane decomposition (reaction (3)) [6]. This coke deposition brings a progressive
catalyst deactivation.

2 CO → CO2 + C, (2)

CH4 → C + 2 H2, (3)

To limit sintering and reduce coke formation, the stabilization of the particles at a
nanoscale level is necessary. Among the various solutions available to increase metal
particle dispersion on the catalyst surface, one consists in incorporating the active phase as
a well-defined structure, such as a spinel, a perovskite, or a pyrochlore [7–10]. However,
new classes of porous solids that can be used to obtain solid catalysts with high specific
surface areas for DRM are being studied and investigated. Many studies have been
published, or are still ongoing, on the design of efficient, more stable, and eco-friendly
catalysts [11]. Among the various types of materials, layered double hydroxides (LDH)
containing transition metals as active components seem to be good candidates for the dry
reforming of methane [12,13]. Indeed, the interest in LDHs relates to their two-dimensional
character, appropriate alkalinity and ability to form, through calcination, oxides with
homogeneous mesoporous textures and proper specific surface areas. LDH materials are
therefore desirable precursors for catalysts [14,15].

Thus, on one hand, this work was dedicated to the preparation of an efficient Ni-
transition metal bimetallic catalyst for DRM. On the other hand, the reactivity in the CO2
reforming reaction of two bimetallic catalysts based on nickel–iron (Ni-Fe) and nickel–
chromium (Ni-Cr) compositions was investigated. The bimetallic catalysts were built up
at 500 ◦C from LDH precursors. These latter were obtained through a coprecipitation
method with Ni/Fe and Ni/Cr molar ratios equal to 2 and 3. Finally, the Ni-Fe and Ni-Cr
mixed oxides were tested in the CO2 reforming of methane at low reaction temperatures
(400–650 ◦C). The influences of the molar ratio and the cationic composition in the prepara-
tion of the LDH precursors on the physicochemical properties of the target catalysts and on
their performance in DRM were evaluated. A set of characterizations before (LDH) and
after (LDO) thermal treatment at 500 ◦C using TGA-TD-SM, HT-XRD, XRD, Raman, and
IR-ATR spectroscopies; N2 physical adsorption; XPS; and H2-TPR were also performed to
attain structure–reactivity relationships and enhance hydrogen production.

2. Results
2.1. Structural Characterization (XRD, Raman, and FTIR) of LDH Precursors

The XRD patterns recorded at room temperature for LDH precursors (Figure 1) show
the presence of Bragg reflections located at 2θ values of 11.27◦, 22.79◦, 33.8◦, 38.6◦ and
60.6◦, related to the (003), (006), (012), (015), and (110) crystallographic planes of LDH phase
with rhombohedral symmetry (R3), in accordance with previous works [15]. The d-spacing
values calculated from the position of (003) diffraction lines of Ni2Cr, Ni3Cr, Ni2Fe, and
Ni3Fe-LDH are about 7.82 Å, 7.77 Å, 7.94 Å, and 7.94 Å, respectively. These values were
ascribed to CO3

2− anions and water molecules intercalation in the LDH interlayer space,
and hence the synthesis was performed an ambient atmosphere. Additionally, the relative
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weak intensities and wider peaks of (00l) diffractions suggest a low crystallinity of the as-
prepared LDHs [16]. The lattice parameters “a” and “c” calculated for the four precursors
are gathered in Table 1. The values are in good agreement with the literature; that is, the “c”
and “a” values decrease with lower Ni/Cr and Ni/Fe molar ratios.
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Table 1. Structural parameters of NiRFe and NiRCr LDH precursors obtained from XRD patterns.

LDH d003 (Å) d110 (Å) a (Å) 1 c (Å) 1

Ni2Fe 7.82 1.53 3.06 23.46
Ni3Fe 7.77 1.54 3.08 23.31
Ni2Cr 7.94 1.52 3.04 23.82
Ni3Cr 7.94 1.53 3.06 23.83

1 Lattices parameters a and c are equal to 2 × d(110) and 3 × d(003), respectively.

Figure 2 shows the Raman spectra of the precursors NiRFe LDH and NiRCr LDH
(R = 2, 3) in the relevant spectral range to study hydrotalcites (300–1200 cm−1), the water
molecule is better detected by infrared absorption than by Raman scattering. The line
observed at 1049 cm−1 accompanied by its shoulder at 1069 cm−1 is attributable to the
elongation vibration of the carbon–oxygen bond of the CO3

2− group in agreement with the
work of Frost et al. [17].
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Comparing with the value of 1080 cm−1 generally obtained for pure carbonates [18],
the band shift towards the low frequencies reveals interactions with the carbonate ion in the
layers, with the shoulder indicating a slightly different environment for oxygen of this ion.

The Raman spectra of the Ni2Fe and Ni3Fe LDH precursors have different spectral
features (Figure 2b). For the first, the observation of bands at 704, 571, 436, and 334 cm−1

wave numbers, indicates a strong dominance of the NiFe2O4 reverse spinel [19]. This strong
presence is not found for Ni3Fe LDH for which it is difficult to observe the most intense band
of the NiFe2O4 spectrum at about 700 cm−1, representative of the symmetrical elongation
mode of the tetrahedral entity [FeO4] composing the inverse spinel with the octahedral
[FeO6] and whose vibration modes are located in the spectral range of 300–600 cm−1 [20].
Nevertheless, for this spectral domain, three bands are recorded at 530, 462, and 300 cm−1.
The most intense one at 530 cm−1 for Ni3Fe LDH, also observable for Ni2Fe LDH, and
with the broad band at 462 cm−1 constitute a doublet attributable to the Ni(OH)2 species,
according to the reference [21], which is in agreement with the presence of hydroxyl ions in
the layers. The weak band at 300 cm−1 could be due to Fe2O3 [22].

The spectral features of the Ni2Cr and Ni3Cr LDH precursors are similar (Figure 2a).
The bands with weaker intensity are comparable to the 1049 cm−1 intensity line assigned to
the carbonate ion in the layers. The most intense and characteristic line of the tetrahedron
[CrO4], located in the spectral range 800–900 cm−1, are not detected on these precursors.
The band observed at 537 cm−1, one of the most intense in the spectrum, is attributable to
chromium oxide Cr2O3, according to the work of J. Singh et al. [23]. The band width can be
due to an overlap with the characteristic line of Ni(OH)2.

Figure 3 shows the IR-ATR absorption spectra of these different precursors for which
the spectral feature is quite similar, except in the 400–1000 cm−1 domain. The wave
numbers recorded at 3400 cm−1 for symmetrical elongation of the bond νs (O-H) and at
1630 cm−1 for angular deformation δs (H2O) clearly indicate the formation of hydrogen
bonds in the hydrotalcite layers and in particular with carbonate ions whose unsymmetrical
elongation frequency νd (C=O) shifts towards the low wavenumbers 1351 cm−1 [24]. This is
in agreement with the results obtained by Raman scattering for the symmetrical elongation
frequency νs (C=O) observed at 1049 cm−1.
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2.2. Thermal Decomposition (HT-XRD and TG-DTA) of LDH Precursors

The recorded TG-DTA thermograms when NiRFe and NiRCr LDH were subjected to
thermal decomposition are shown in Figure 4.
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Figure 4. TG-DTA curves of NiRCr and NiRFe LDH precursors.

The thermal behavior analysis indicates mainly three steps of weight loss up to
≈600 ◦C for NiRCr and NiRFe LDH. There is no weight loss or heat flow observed above
600 ◦C. This implies that there is no phase change above 500 ◦C. The total weight loss is
higher in the NiRCr LDH case (≈32%) compared to NiRFe LDH (≈24 and ≈27% for Ni2Fe
and Ni3Fe, respectively).

The species responsible for the weight loss are water, carbonates, and nitrates. Through
online mass spectroscopy (MS), m/z = 18, 30, 44, and 46, corresponding to H2O, NO,
CO2 and NO2, respectively, were followed and are reported in Figures S1 and S2 and
summarized in Table S1. During the three steps, the release of H2O was observed in the
first and second stages, while NO, NO2 and CO2 occurred in the second and third steps.
During the first step from ambient to 200 ◦C, MS analysis showed that only the removal of
water physically adsorbed on the external surface of the crystallites and interlayer spaces
with a weight loss of ~12% for NiRCr and ~8–10% for NiRFe. In the two other stages
(200→320 ◦C and 320→600 ◦C), the release of H2O is also observed and is accompanied by
the departure of carbonates and nitrates from the LDH structure. Both steps correspond
to the concurrent dehydroxylation of the brucite-like layers and the decomposition of
the intercalated anions [25]. As the temperature further increases, the weights of the
samples remain constant, with no obvious endothermic/exothermic peak, indicating that
the structure of the materials reaches relative stability. The theoretical weight loss for the
transformation of Ni(OH)2, Cr(OH)3 and Fe(OH)3 hydroxides to Ni-Cr-O and to Ni-Fe-O
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oxides is ∆m/m = 23–25%. This value was approximately reached in the NiRFe samples,
but a slight difference was observed for NiRCr LDH formulations (Table S1).

The transformation of Ni-Fe-LDH precursors was studied by HT-XRD up to 800 ◦C
in air (Figure 5). The hydrotalcite structure is observed at room temperature and up to
250 ◦C. At 275 ◦C, it fully collapsed into oxide (Layer Double Oxide-LDO) due to the
dehydroxylation of the layer and removal of NOx and CO2 from the interlayer, as observed
at a similar temperature in TGA analysis (Figure 4). Until 800 ◦C, only the lines of the
NiO (PDF: 01-080-5508) phase are observed and become sharper and more symmetric with
increasing temperature. No other crystalline structure was detected, showing that Fe(III) is
dispersed in the NiO rock salt phase as a solid solution.
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Figure 5. HT-XRD patterns of Ni3Fe LDH precursor decomposition in air.

Lattice parameters a and c and interlayer space (d003) were calculated as a function of
temperature and are listed in Table 2. During HT-XRD measurements, from 25 to 250 ◦C,
the values of the lattice parameter (a) are similar. However, the values of lattice parameter
(c) and interlayer space (d003) decrease markedly when the temperature increases as a result
of a dehydration phenomenon and a strengthening of the interaction between interlayer
anions and hydroxide layers during heating treatment. Benito et al. [26] and Kovanda
et al. [27] reported the same observations concerning the change in lattice parameter (c) and
interlayer space (d003). Further heating of the powder induces a decrease in the intensity
of LDH structure lines, which disappear completely at 275 ◦C (Figure 5). This result is in
agreement with those obtained from TGA analysis. The temperature of decomposition is
higher in TGA due to a different heating rate which yields different kinetics.

Table 2. Evolution of lattice parameters of Ni3Fe-LDH as a function of temperature.

Temperature (◦C) d003 (Å) a (Å) 1 c (Å) 1

25 7.814 3.010 23.442
50 7.694 3.015 23.082
75 7.665 3.027 22.995

100 7.576 3.027 22.728
125 7.467 3.023 22.401
150 7.399 3.027 22.197
175 7.265 3.012 21.795
200 7.221 3.015 21.663
225 7.102 3.015 21.306
250 7.017 3.018 21.051

1 Lattices parameters a and c are equal to 2 × d(110) and 3 × d(003), respectively.
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2.3. Characterization (XRD, Raman, BET, XPS, and H2-TPR) of Mixed Oxide Catalysts

X-Ray Diffraction and Laser Raman spectroscopy analyses were used to ascertain the
structural properties of catalysts obtained after calcination at 500 ◦C. The LDH structure is
fully destroyed due to the elimination of most interlayer anions (NOx and COx) and water.
As highlighted by TGA and HT-XRD analysis, LDH decomposition leads to mixed metal
oxide structures.

As can be seen in Figure 6a, XRD patterns of Ni2Cr-500 and Ni3Cr-500 show similar
diffractograms. Ni/Cr ratio used in the preparation has little effect on the structures of
the resulting materials. The diffractograms (Figure 6a) confirm the presence of NiO and
NiCr2O4 structures, where peak positions of 2θ ≈ 37.4, 43.3, 62.9, and 75.5◦ correspond to
the (111), (200), (220), and (311) family of planes of NiO structure (PDF: 03-065-2901), while
the characteristic diffraction peaks at 18.4◦, 30.3◦, 35.8◦, and 57.4◦ belongs to the (111), (220),
(311), and (511) planes of NiCr2O4 in accordance with PDF 85-0935. In contrast, for Ni2Fe-
500 and Ni3Fe-500 samples, different diffractograms were obtained (Figure 6b), suggesting
that the amount of Ni species used has a significant effect on the crystalline structure of
NiRFe-500 catalysts. For the low amount of Ni-species (R = 2), a mixture of phases was
detected containing NiO (PDF: 03-065-2901) (2θ≈ 37.4 (111), 43.3 (200), 62.9 (220), and 75.5◦

(311)) and NiFe2O4 (PDF: 00-054-0964) spinel structure by the peaks located at ≈18.4 (111),
30.3 (220), 35.8 (311,) and 57.4◦ (511). However, the sample Ni3Fe-500 matches only the
NiO oxide phase (PDF: 03-065-2901) through the reflections located at 2θ ~ 37.5, 43.6 and
75.5◦. The possibility of NiFe2O4 spinel oxide formation in Ni3Fe-500 formulation cannot
be excluded as it could be present in a very low amount or well-dispersed form which
would make it difficult to be detected by the XRD.
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Figure 6. XRD patterns of NiRCr-500 (a) and NiRFe-500 (b) catalysts.

No characteristic peak corresponding to Cr2O3 and Fe2O3 phases could be detected
for NiRCr-500 and NiRFe-500, respectively, which is probably due to their low crystallinity.
In all cases, we observed NiO oxide as the dominant phase. No obvious diffraction peaks
of the spinel phase were observed, which, considering the calcination temperature and
the relatively low Fe and Cr loadings, may be related to the formation of amorphous or
well-dispersed phases, not detected by X-ray diffraction.

The crystallite size (CS) for all samples has been calculated using XRD data and
are reported in Table 3. Both samples, Ni2Cr-500 and Ni3Cr-500, which show the same
crystalline structure (Figure 6a), exhibit similar crystallite size values (75–77 Å). In contrast,
Ni2Fe-500 and Ni3Fe-500 samples show different crystallite sizes (69 Å for Ni2Fe-500 against
53 Å for Ni3Fe-500) suggesting an effect of the amount of Ni-species incorporated in the
LDH structure.
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Table 3. Textural properties of Ni-based catalysts.

Catalysts Cs 1 (Å) SBET (m2 g−1) Pore Volume (cm3 g−1)
Mean Pore Diameter (Å)

B.E.T. B.J.H.

Ni2Fe-500 69 144 0.24 76 62
Ni3Fe-500 53 160 0.39 91 76
Ni2Cr-500 75 73 0.18 92 79
Ni3Cr-500 77 74 0.23 124 107

1 Crystallites size of NiO phase, BET surface area, pore volume, and pore diameter. The pore diameter parameter
was obtained from BET and BJH methods.

Figure 7 shows the Raman spectra of the catalysts NiRFe-500 and NiRCr-500 (R = 2, 3)
after calcination at 500 ◦C. In comparison with Figure 2b, one can note the disappearance
of the bands located at 300, 462, and 530 cm−1, accompanied by the reinforcement of the
band intensity at 578 cm−1. This indicates the transformation of Ni(OH)2 into NiO [21].
For the Ni2Fe-500 catalyst, a high proportion of NiFe2O4 in the mixture can be noted.
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The spectral feature (wide band) associated with the wavenumber values (707, 570 and
~305 cm−1) for Ni3Fe-500 suggests the coexistence of NiFe2O4 and FeFe2O4 spinels [28,29]
with NiO nickel oxide.

For the NiRCr-500 samples, the spectra (Figure 7) show an intense and asymmetrical
band, whose maximum is recorded at 791 cm−1. It characterizes the symmetrical elongation
movement of the tetrahedron [CrO4]. The anti-symmetrical elongation vibrations of this
same entity are represented by the different components forming the asymmetry of this
band. The other modes of angular deformation of the tetrahedron, of lower intensity, are
embedded in the wide and low band centered on 590 cm−1. These results are in good
agreement with the work of D’Ippolito et al. [30].

The textural properties of the catalysts after calcination at 500 ◦C were determined
from the nitrogen adsorption–desorption isotherms at 77 K. The specific surface area values
measured by BET are reported in Table 3. The N2 adsorption–desorption isotherms of
catalysts (Figure 8) are type IV according to IUPAC classification with H3-type hysteresis
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loop, indicating mesoporous materials. Furthermore, the hysteresis shape suggests slit-type
pores with a void created by particle aggregation and attributed to open pores at both
ends [31,32].
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As can be seen in Table 3, the textural parameters of the solids follow the same trend;
i.e., the values of BET surface area, pore volume, and pore diameter show a progressive
increase with increasing Ni to trivalent metal ratios. The specific surface areas of NiRFe are
approximately two times greater than that of NiRCr. The highest specific surface area value
of Ni3Fe catalyst (160 m2/g) is in accordance with the smallest respective crystallite size
(53 Å, Table 3).

Chemical state and surface compositions of the catalysts were examined by XPS
analysis. Figures S3–S6 (see SI) represent the photoemission spectra of 2p levels of nickel
(Ni2p3/2 line), 2p of iron (Fe2p3/2 line), 2p of chromium (line Cr2p3/2), and 1s of oxygen (O1s
line) obtained on the various samples calcined at 500 ◦C. The values of the binding energies
of Ni2p3/2, Fe2p3/2, Cr2p3/2, and O1s lines, as well as the results of the quantification of the
atomic ratios Ni/Fe and Ni/Cr, calculated from the photopeak intensities are gathered in
Table 4.

Table 4. Binding energy (eV) and Ni/M atomic ratios (M = Fe or Cr) obtained by XPS.

Catalysts
Binding Energy (eV) Atomic Ratio 1

Ni Fe Cr Ni/Fe Ni/Cr

Ni2Fe-500 854.7 711.1 - 0.7 -
Ni3Fe-500 854.9 711.6 - 0.9 -
Ni2Cr-500 855.0 - 576.5 - 2.2
Ni3Cr-500 855.0 - 576.9 - 3.2

1 Atomic ratio equal to 2 or 3.

The surface compositions depend on the nature of the used metals. Both chromium-
based catalysts (Ni2Cr-500 and Ni3Cr-500) show Ni/Cr ratio very close to the nominal
bulk composition, suggesting little or negligible surface segregation on these samples. In
contrast, Ni2Fe-500 and Ni3Fe-500 catalysts show a Ni/Fe atomic ratio lower than expected,
highlighting the presence of more iron species on the surface than in the bulk of the catalysts.
This excess in iron species on the surface can be correlated to the nature of NiFe2O4 inverse
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spinel structure as Fe(III+) species occupy both crystallographic positions: 50% of the ions
in the octahedral-[Oh] position and 50% in tetrahedral-[Td] sites.

The decomposition of the spectra for Ni, Cr and O species shows two components,
while only one component is observed for Fe (Figures S3–S6). For the latter, the binding
energy values are 711.1 eV for Ni2Fe-500 and 711.6 eV for Ni3Fe-500 (Figure S3), accom-
panied by the presence of a satellite peak at higher energy (7.7 eV) vs. the main peak
as a clear indication of the presence of Fe(III) species only on the catalyst surface [33].
The Ni2p3/2 peaks (Figure S4), are composed of the main peak located at ≈855 eV and
a relatively intense satellite peak at about 7 eV higher energy. The existence of such a
satellite is characteristic of the oxidation state (+II) of nickel [33,34]. According to literature
data [31,32], the decomposition of these spectra (Figure S4) shows the presence of Ni (II+)
in NiO by the lines located at ≈855. Ni(OH)2 hydroxide (Ni, II+) shows values close to that
of NiO oxide (861 and 867 eV), but its presence can be excluded because the calcination
is carried out at 500 ◦C where the total transformation of Ni(OH)2 hydroxide into oxide
is ensured. The peaks situated at ≈856 and 862 eV can therefore be attributed to nickel in
the spinel structure (Ni in NiFe2O4 or in NiCr2O4). Both Ni2Cr-500 and Ni3Cr-500 systems
show similar Cr2p spectra (Figure S5). The binding energy value of the Cr2p line is 576.5
and 576.9 eV for Ni2Cr-500 and Ni3Cr-500, respectively. These values characterize the
presence of Cr3+ in our formulations. After the decomposition of the spectra (Figure S5) of
Cr2p, we note the appearance of a band around 579.1 eV for Ni2Cr-500 and 579.3 eV for
Ni3Cr-500 which can be associated with Cr6+ species [33]. Several studies reported that a
fraction of Cr3+ ions exposed in the chromium oxide is easily oxidized to Cr6+ during the
calcination step under an ambient atmosphere [35]. The photopeak 1s of oxygen (Figure S6)
reveals two components for all formulations. The first component, corresponding to the
lowest binding energy (~530 eV), is associated with the lattice oxygen O2− and the second
component of higher binding energy (~ 532 eV), is due to the presence oxygen localized on
the outer layer of the solid and belonging to -OH groups or probably to H2O adsorbed on
the surface.

The H2-TPR profiles are given in Figure 9. The hydrogen consumption displays
different profiles depending on both the trivalent cation and the molar ratios used. The
amount of consumed H2 depends significantly on the nature of the trivalent metal (Fe or
Cr) and does not depend on the Ni/M ratios (M = Fe, Cr); the amount of consumed H2
for NiRFe-500 (16–17 mmol/g) catalysts is greater with a factor of ≈2 compared to that of
NiRCr-500 (9–10 mmol/g).
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The Ni2Cr-500 and Ni3Cr-500 catalysts possess a similar TPR with reduction peaks,
which shift slightly to higher temperature upon decreasing Ni/Cr ratio. This means that the
Ni2Cr-500 catalyst is less reducible and more stable. In Figure 9a, two domains of hydrogen
consumption can be observed in the temperature region 200–700 ◦C, which are related
mainly to the reduction of both Ni2+ species. For both chromium-based catalysts, the first
peak of H2 consumption at 227 for Ni2Cr-500 and at 224 ◦C for Ni3Cr-500 is correlated
to the reduction of surface oxygen species, which can be reduced by hydrogen at low
temperatures [36]. The peaks at about 262–276 ◦C and at 530–541 ◦C could be attributed to
the reduction of Ni2+ present in NiO and in the lattice of NiCr2O4 spinel phase detected by
XRD and Raman analyses as mentioned above.

In contrast to Cr-based catalysts, the H2-TPR of iron-based catalyst exhibits two
different profiles (Figure 9b) according to the Ni/Fe ratio. Ni2Fe-500 catalyst exhibits three
reduction peaks centered at 241, 370, and 511 ◦C. The first and the second peaks (located at
241 and 370 ◦C) may be attributed to the simultaneous reduction of (i) Ni(II+) present in
NiO and in NiFe2O4 and (ii) Fe(III+) in tetrahedral-[Td] sites of the NiFe2O4 spinel phase.
The third peak located at 511 ◦C is assigned to the reduction of Fe3+ in the octahedral-[Oh]
position of the NiFe2O4 structure. However, the catalyst richer in Ni species (Ni3Fe-500)
shows a fairly similar profile compared to NiO oxide [37] in accordance with XRD data,
which showed only NiO oxide (Figure 6). The profile reveals two neat reduction peaks
centered at 225 and 405 ◦C. The first of low intensity at ~225 ◦C and the second with strong
intensity at ~405 ◦C are attributed to the reduction of amorphous α-NiO and clustered
β-NiO, respectively.

2.4. Catalytic Properties in CO2-Reforming of Methane

The catalysts obtained after synthesis (LDH) and calcination at 500 ◦C under air
flow (LDO) were tested for DRM. Figures 10 and 11 and Table S2 show the catalytic
performances (CH4 conversion and CO2 conversion, H2 selectivity and H2/CO ratio)
obtained in temperature-programmed reaction conditions between 400 and 650 ◦C.
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Figure 10. CH4 (a) and CO2 (b) conversions obtained on the fresh NiRM-500 (M = Cr or Fe, R = 2
or 3) catalysts issued from LDH structure and calcined at 500 ◦C (CH4 = 20%; CO2 = 20%; 100 mg;
F = 100 mL/min).

Both chromium-based catalysts (Ni2Cr-500 and Ni3Cr-500) are catalytically active and
selective. The conversions of CH4 and CO2 (Figure 10), H2-selectivity, and H2/CO ratio
(Figure 11) show very similar behaviors, suggesting the little effect of Ni/Cr ratios on the
catalytic performances for these formulations.
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R = 2 or 3) catalysts issued from LDH structure and calcined at 500 ◦C (CH4 = 20%; CO2 = 20%;
100 mg; F = 100 mL/min).

This behavior is not very surprising because both systems, as shown in the characteri-
zation section, have similar structural (NiO and NiCr2O4 in their structure) and textural
(73–74 m2/g and Ni/Cr ≈ stoichiometry) properties. CH4 and CO2 conversion remain well
below equilibrium values in the full range of temperature explored. In particular, in the
450–550 ◦C range, thermodynamics should favor CH4 conversion and carbon deposition on
one side, and CO2 conversion through RWGS to form water on the other. This would lead
to significantly higher methane conversion with respect to CO2 conversion, strong carbon
deposition, and a high H2/CO ratio (above 4). The performances observed for Ni2Cr-500
and Ni3Cr-500 samples are very far from the thermodynamic conversions, confirming that
the reactivity is effectively governed by the catalytic properties of the materials.

Moreover, if one looks more carefully at the values obtained at 500 ◦C (Table 5), both
chromium-based samples show rather similar behaviors. Conversions of methane are in the
range of 16–23% for the two samples and are close to those of CO2. Hydrogen selectivity is
high (60–70%), whereas H2/CO is around 0.7. Water is certainly produced, either through
a contribution of RWGS reaction or through the reduction of the solid. These results remain
exceptional in terms of selectivity in such low temperature ranges.

Table 5. DRM performances at 500 ◦C in temperature-programmed and isothermal modes.

Catalysts X% CH4 X% CO2 S% H2 H2/CO

Ni2Cr-500 (TP 1) 16 18 59 0.6
Ni3Cr-500 (TP 1) 23 22 68 0.7
Ni2Fe-500 (TP 1) 4 1 2 -
Ni3Fe-500 (TP 1) 3 1 1 0.5

Ni2Cr-500 (ISO 2, t = 20 min) 30 18 40 1
Ni3Cr-500 (ISO 2, t = 20 min) 16 21 88 0.7

1 TP: temperature programmed mode (cf. Figures 10 and 11); 2 ISO: isothermal mode (cf. Figure 12).

Above 600 ◦C, the curves of CH4 and CO2 conversion do not increase anymore
as should be expected. On the contrary, the catalysts are progressively deactivated. This
catalytic behavior is very different from the results obtained in our previous work [36] on Ni-
Cr spinel oxide prepared by the coprecipitation method. These catalysts showed excellent
activity both in terms of conversions and selectivity at a high temperature, whereas below
700 ◦C, carbon deposition mostly occurred even though the Ni content of those catalysts
was much lower (Ni/Cr = 0.5 as compared to 2 or 3 in the present catalysts). The carbon
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deposition is usually attributed to large metallic nickel particles. The results obtained at a
low temperature on Ni2Cr-500 and Ni3Cr-500 are therefore particularly interesting.
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selectivity and H2/CO of fresh Ni2Cr-500 and Ni3Cr-500 catalyst at 500 ◦C. (CH4 = 20%; CO2 = 20%;
100 mg; F = 100 mL/min).

For Ni2Fe-500 and Ni3Fe-500, a very different catalytic behavior from those of NiRCr-
500 was noticed. In spite of their high specific surface area (144–160 m2/g, Table 3) and
their low crystallite size (53–69 Å), both samples showed poor catalytic performances at
all temperatures in the range of 400–650 ◦C (Figures 10 and 11). In addition, although
Ni2Fe-500 and Ni3Fe-500 samples have different reducibility patterns (Figure 9), the activity
remains almost negligible for both catalysts. The low activity of Ni2Fe-500 and Ni3Fe-
500 is rather surprising because the amount of Ni species used in departure, which is
responsible for DRM reaction, is the major constituent of the catalysts with respect to iron
(Ni/Fe = 2 or 3). However, the catalytic behavior of Ni2Fe-500 and Ni3Fe-500 obtained from
LDH structure is similar to ferrite spinel nanoparticles prepared by coprecipitation [19],
hydrothermal [19] and sol-gel [38] methods. We can assign the poor catalytic performances
of NiRFe-500 to the presence of excess Fe3+ species on the NiRFe-500 surface as revealed
by XPS (Table 4). The Fe3+ species mainly favor RWGS reaction. On the other hand, the
low activity can be linked to the disappearance of active Ni-metallic phase related to the
formation of Ni-Fe alloy at the expense of Ni◦ and Fe◦ reduced species under reaction
mixture, as confirmed in our previous works by in situ HT-XRD under flowing H2 [19,38].
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To better evaluate the catalytic properties of Ni2Cr-500 and Ni3Cr-500 catalysts, the
fresh catalysts were heated from RT to reaction temperature in inert gas and then exposed
to DRM mixture at 500 ◦C. Figure 12 shows the evolution of CH4, CO2 conversions, H2
selectivity, and H2/CO as a function of time. Ni2Cr-500 shows higher conversion than
Ni3Cr-500, but activity decreases progressively with time, whereas that of Ni3Cr-500 re-
mains rather stable throughout the period studied (up to 70 min). CO2 conversions are
in the same range and tend to diminish with time on both samples. Although methane
conversion increases and CO2 decreases, the H2 selectivity tends to decrease with time,
while H2/CO is very stable (Ni2Cr-500) or increases progressively (Ni3Cr-500) tending to
the optimal stoichiometry of H2/CO = 1. This is rather surprising, especially on Ni2Cr-500,
given that CO2 conversion is significantly lower than that of CH4 on this catalyst. This
suggests that the presence of Cr3+ species probably limits CO2 activation and the participa-
tion of sides reactions such as RWGS. However, in such conditions, higher H2 selectivity
and H2/CO ratio should be expected. The low values observed can only be explained by
simultaneous water production (not quantified), which would need a significant supply of
oxygen species. This could be due to the reduction of the catalytic material.

The reactions could not be studied for longer period because after approx. 1 h, the
pressure inside the reactor increased, brutally triggering the safety circuit of the setup and
stopping the reaction. This could only be caused by an increase in the pressure drop due to
severe carbon deposition in the catalyst bed.

The necessary production of water to close the mass balance and the brutal modifi-
cation of the catalytic behavior after approx. one hour suggest that the catalysts undergo
significant modifications during this period. Most probably, the NiO species are reduced
to form metallic nickel, which is then responsible for the high carbon deposition. One
would nevertheless expect that the activity and selectivity would progressively evolve,
with carbon starting to be deposited as soon as nickel particles start being formed. On the
contrary, the activity is rather stable during this reduction process, especially on Ni3Cr-500,
which, paradoxically, contains the largest amount of Ni. This suggests that the underlying
NiCr2O4 phase can stabilize the metallic particles before it starts being reduced itself. At
that moment, Ni particles may sinter rapidly and provoke sudden catalyst deactivation.

Given the evolution of the material during reaction, this catalytic behavior must
be considered transient and cannot be extrapolated straightforwardly to a continuous
DRM application. However, the selectivity towards syngas is remarkable at such low
temperatures for the Ni3Cr-500 catalyst. This opens the path for further investigation
through adequate process conditions (e.g., by varying the CH4/CO2 composition) in order
to slow the reduction of the material or through further investigation of material design and
synthesis to better stabilize the active species. Another potential route to explore is the use
of this material in non-steady state processes such as chemical looping reforming [39–43],
or reaction–regeneration cyclic processes [44,45].

3. Materials and Methods
3.1. Chemicals

Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O, ≥98%, Sigma Aldrich, St. Louis, MO,
USA), chromium (III) nitrate nonahydrate (Cr(NO3)3·9H2O, ≥98%, Sigma Aldrich), iron
(III) nitrate nonahydrate (Fe(NO3)3·9H2O, ≥98%, Sigma Aldrich, St. Louis, MO, USA),
sodium hydroxide (NaOH, ≥98%, Sigma Aldrich), and sodium carbonate (Na2CO3, ≥98%,
Sigma Aldrich, St. Louis, MO, USA) were used in LDH preparation. All reagents were
analytical grade and used without any further purification. Distilled water was used in the
synthesis and washing processes.

3.2. Catalyst Preparation

NiRFe and NiRCr LDH samples were prepared by coprecipitation method at constant
pH at 70 ◦C with a divalent-to-trivalent cation molar ratio R of 2 and 3. These materials were
denoted as Ni2Cr, Ni3Cr, Ni2Fe, and Ni3Fe LDHs. In a typical procedure, Ni(NO3)2·6H2O
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and Fe(NO3)3·9H2O were dissolved in distilled water to prepare a 1 M aqueous solution.
Then, under vigorous stirring, Ni(NO3)2 (1M) and Fe(NO3)3 (1M) were dropped simultane-
ously (with Ni2+/Fe3+ molar ratios in solution of 3:1 and 2:1) with an aqueous solution of
NaOH on 100 mL of an aqueous solution of sodium carbonate. The pH during precipitation
was maintained at a constant value of 10 by dropwise addition of NaOH solution at a
temperature of 70 ◦C. After an aging step at this temperature for 24 h, the precipitates
were recovered by filtration, washed several times with distilled water, and finally dried at
100 ◦C overnight in air. The same procedure was achieved to prepare NiRCr LDH. Finally,
the dried LDH samples were subjected to calcination at 500 ◦C (heating rate of 5 ◦C/min)
and held for 4 h. The calcined samples were labeled as Ni2Fe-500, Ni3Fe-500, Ni2Cr-500,
and Ni3Cr-500 (500 refers to the applied calcination temperature).

3.3. Catalysts Characterization

Several physicochemical methods were used for the characterization of the catalysts
before and after heating treatment.

Powder X-ray powder diffraction (PXRD) was performed using a Bruker AXS D8
Advance diffractometer (Bruker, Billerica, MA, USA) working in Bragg–Brentano geometry
using Cu Kα radiation (λ = 1.54 Å), equipped with a LynxEye detector. Patterns were
collected at room temperature, in the 2θ = 10–90◦ range, with a 0.02◦ step and 96 s counting
time per step. The EVA software was used for phase identification. The average crystallite
size (CS) is calculated from the line broadening of the most intense peak using Scherer’s
formula, Cs = (0.9.λ)/(β cosθ), where (CS) is the average crystallite size, β is the half-
maximum line width (FWHM), λ is the wavelength of radiation used (1.54056 Å), and θ is
the angle of diffraction. X-ray diffraction at variable temperatures (HT-XRD) under an air
atmosphere was carried out on the same apparatus equipped with XRK 900 chamber and a
LynxEye detector. The patterns were collected every 25 ◦C, using a 0.1 ◦C/s heating rate
between each temperature. The counting time being chosen to collect a diagram was set
to 15 min in the 10–90◦ 2θ range. The sample was displayed on a platinum sheet. After
measurement, the sample was cooled down to room temperature at a 0.3 ◦C/s cooling rate.

Thermogravimetry analysis (TGA) was performed on a SETARAM TG-92 (KEP Tech-
nologies, Caluire, France) thermobalance. The sample was heated at 5 ◦C/min in airflow
conditions from 25 to 1000 ◦C. The released gases evolved during the analysis were moni-
tored by a mass spectrometer (Pfeiffer Vacuum, Aßlar, Germany).

Laser-Raman spectra were recorded from 200 to 1500 cm−1 at room temperature
using a FT-Raman spectrometer (Dilor XY Raman, Horiba France, Palaiseau, France) at an
excitation wavelength of 647.1 nm, laser power of 3 mW, and spectral resolution of 0.5 cm−1.

Attenuated Total Reflection Infra-Red spectra (IR-ATR) were recorded at room tem-
perature using a Perkin Elmer model 400 (Perkin Elmer Inc., Waltham, MA, USA) in
transmission mode, in the range from 350 to 4000 cm−1.

The surface areas and pore size were calculated from N2 adsorption–desorption
isotherms measured on an ASAP 2020 (Micromeritics, Norcross, GA, USA) analyzer by
Brunauer–Emmett–Teller (B.E.T) and Barret–Joyner–Halenda (B.J.H) methods.

XPS analyses were recorded using a Kratos Analytical Axis UltraDLD spectrometer
(Kratos Analytical, Manchester, UK). The excitation was ensured by a monochromatic
aluminum Kα source at 1486.6 eV operating at 180 W. The Kratos charge compensation
system was applied to neutralize any charging effects. The residual pressure in the analysis
chamber was below 5 · 10−10 Torr. Survey scans were acquired at a pass energy of 160 eV
with a 1 eV step, while core level spectra were acquired at 20 eV pass energy and with a
0.1 eV step. Data were processed using Casa XPS software. All spectra were calibrated
using the C1s photoelectron peak corresponding to C-C bonds at 284.8 eV.

The reducible species which exist in the catalysts were profiled by temperature-
programmed reduction. Hydrogen temperature-programmed reduction (H2-TPR) was
measured on a AutoChem II 2920 (Micromeritics, Norcross, GA, USA) apparatus with a
thermal conductivity detector (TCD) to monitor the H2 consumption. After calibration of
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H2 on the TCD, samples were sealed in a U-shaped quartz tube reactor and pre-treated in
an argon atmosphere to remove surface impurities. Then, the temperature was raised from
25 to 1000 ◦C at 5 ◦C/min in a stream of 5% v/v H2/Ar.

3.4. Catalytic Reforming Experiments

The tests of catalytic CO2 reforming of methane were carried out at atmospheric
pressure in a fixed-bed U -type quartz reactor. A 100 mg sample of catalyst was thor-
oughly mixed with SiC powder before loading in the reactor. The gas mixture containing
CH4:CO2:He:Ar = 20:20:10:50 with a total flow of 100 mL/min was used, and the catalytic
reaction was carried out in temperature-programmed mode from room temperature to
650 ◦C at a 5 ◦C/min heating rate. The gas flow was continuously monitored online using
a Prisma 200 Pfeiffer mass spectrometer. Isothermal reactivity was performed using a new
catalyst sample heated to reaction temperature (500 ◦C) in Argon and then exposed for
approx. 1 h in the same reaction conditions.

4. Conclusions

NiRM (M = Cr or Fe, R = 2 or 3) hydrotalcite precursors were prepared using the
coprecipitation method and were subsequently tested in the dry reforming of methane
without any prior H2 treatment. All the physicochemical characterization confirms the suc-
cessful formation of the takovite structure. Upon calcination at 500 ◦C, NiRM hydrotalcites
yielded stable mixed oxides consisting of a NiO phase and spinel structure (NiCr2O4 or
NiFe2O4). Surface compositions evaluated by the XPS reveal different surface properties
with Fe3+ species mainly at the surface of NiRFe systems and, in contrast, a balanced surface
in Ni2+ and Cr3+ species for NiRCr catalysts. NiRCr catalysts are active and selective for
DRM compared to NiRFe systems, showing the role of the trivalent metal on the structural
and textural properties. Despite their high specific surface areas, the activity of NiRFe
catalysts is low and can be attributed to (i) the localization of Fe3+ species on the surface
and (ii) the loss of Ni-metal during the catalytic process, due to the formation of the Ni-Fe
alloy favoring RWGS reaction. NiRCr catalysts show remarkable activity between 450 and
600 ◦C, in particular in terms of selectivity in such a low-temperature range. The deactiva-
tion of the catalysts at higher temperatures or after a long reaction time suggests a transient
behavior associated with the reduction of NiO species to metallic Ni particles stabilized
by the underlying NiCr2O4 phase or the presence of Cr2O3 oxide. During this process, the
Ni particles remain active and selective until the NiCr2O4 start being reduced, provoking
the sintering of the active phase. The remarkable properties of these partially reduced
catalysts provide interesting perspectives for the use of these materials in non-steady state
(looping or cycling) processes for methane valorization at particularly low temperatures
for reforming reactions by CO2.
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Abstract: The determination of the catalyst’s active phase helps improve the catalytic performance of
the Fischer–Tropsch (FT) synthesis. Different phases of cobalt, including cobalt oxide, carbide, and
metal, exist during the reaction. The content of each phase can affect the catalytic performance and
product distribution. In this study, a series of cobalt carbide catalysts were synthesized by exposure
of Co/Al2O3 catalyst to CH4 at different temperatures from 300 ◦C to 800 ◦C. The physicochemi-
cal properties of the carbide catalysts (CoCx/Al2O3) were evaluated by different characterization
methods. The catalytic performances of the catalysts were investigated in an autoclave reactor to
determine the role of cobalt carbides on the CO conversion and product distribution during the
reaction. XRD and XPS analysis confirmed the presence of Co2C in the prepared catalysts. The
higher carbidation temperature resulted in the decomposition of methane into hydrogen and carbon,
and the presence of graphitic carbon was confirmed by XRD, XPS, SEM, and Raman analysis. The
Co2C also decomposed to metallic cobalt and carbon, and the content of cobalt carbide decreased
at higher carbidation temperatures. Higher content of Co2C resulted in a lower CO conversion and
higher selectivity to light alkanes, mainly methane. The higher carbidation temperature resulted
in the decomposition of Co2C to metallic cobalt with higher activity in the FT reaction. The CO
conversion increased by increasing the carbidation temperature from 300 ◦C to 800 ◦C, due to the
higher content of metallic cobalt. In the presence of pure hydrogen, the Co2C could be converted
mainly into hexagonal, close-packed (hcp) Co with higher activity for dissociative adsorption of CO,
which resulted in higher catalyst activity and selectivity to heavier hydrocarbons.

Keywords: Fischer-Tropsch; cobalt carbide; active phase; product distribution; metallic cobalt

1. Introduction

Fischer–Tropsch (FT) synthesis is a well-known catalytic process for the production of
sulfur and aromatic-free fuels and other value-added chemicals from syngas. Through FT
synthesis, which is a catalytic polymerization reaction, syngas is converted to a wide range
of products, such as paraffins, olefins, and alcohols. The catalytic performance and product
distribution are directly affected by the type of catalyst and its chemical composition and
structure. The elements of groups 8–10 of the periodic table with good ability for adsorption
and dissociation of CO and H2 are reported as active metals for the FT reaction, whereas
iron and cobalt are the most commonly used catalysts for this reaction [1–4]. Cobalt-
based catalysts with higher stability, more resistance to deactivation, lower water–gas
shift activity, and high hydrocarbon productivity were considered the ideal choice for
synthesizing long-chain hydrocarbons at moderate temperatures and pressures [5,6].

During the FT reaction over CO-based catalysts (which typically proceeds at 220–250 ◦C,
20 bar, and an H2/CO ratio of two), the chain growth and propagation of hydrocarbons
mainly occurred on cobalt metal sites. Cobalt oxide and cobalt carbide, which are formed
by re-oxidation and carburization of the metal catalyst during the FT synthesis, are known
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as inactive cobalt components in FT synthesis, and they are often considered deactivation
signs [2,5,7,8]. However, some other groups reported that cobalt carbides could enhance
the selectivity to lower olefins [9–11]; they also act as an active site for a water–gas shift
reaction and oxygenates production [12–14] or act as an intermediate reacts with hydrogen
to form methylene, acting as a chain-growth monomer for the formation of long-chain
hydrocarbons [15]. However, unlike the cobalt catalysts, during the FT synthesis over
iron-based catalysts, the Hägg carbide (χ-Fe5C2), as the real active phase, plays the main
role in catalytic performances [8,16]. The presence of cobalt carbide phases during the FT
synthesis could affect the CO conversion and product selectivity [17].

However, Co2C is often known as an inactive component in FT synthesis via Co-based
catalysts, but Co2C content, their different morphologies, and the form of the Co2C phase
could have different effects on the catalytic performance of Co-based catalysts during the
FT reaction. The Co2C(111) facet is ascribed to the nanosphere-like particles with lower
activity and higher methane selectivity under mild FT reaction conditions [10,13,18]. Co2C
nanoprisms with specific exposed facets of (101) and (020), as the FTO active phase, showed
a higher intrinsic activity for CO hydrogenation and a lower methane selectivity [9,10,18].
The presence of Co0 resulted in a lower CO2 and methane selectivity and higher selectivity
to longer-chain hydrocarbons. The Co2C was reported to be relatively stable under FT
reaction conditions [5,19]. At the same time, it was reported that the cobalt carbides appear
to be unstable and can be decomposed to metallic cobalt and carbon during the FT reaction,
especially at higher reaction temperatures and lower H2/CO ratio [1,3,20].

In the present study, a series of CoCx/Al2O3 catalysts were synthesized by carbidation
of Co/Al2O3 catalysts using methane at different temperatures from 300 ◦C to 800 ◦C.
The properties of these catalysts changed according to their carbidation temperatures.
Changing the carbidation temperature could result in the formation of different content
and types of cobalt phases, which can alter their catalyst activity and product selectivity
during the FT reaction. The physicochemical properties of the catalysts were investigated
by different characterization methods, including scanning electron microscopy (SEM),
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and Raman analysis.
The catalytic performances of the catalysts were evaluated in an autoclave reactor to
determine the role of cobalt carbides on the CO conversion and product distribution during
the reaction.

2. Results and Discussion
2.1. Catalyst Characterization

SEM images (Figure 1) of the prepared CoCx/Al2O3 catalysts at different temperatures
confirmed the formation of carbon fibers on the surface after the decomposition of methane
at higher temperatures. The formation of carbon at lower temperatures was not detected
in SEM images, but the carbon fibers can be seen on the surface of catalysts at high
temperatures of 700 ◦C and 800 ◦C, which was in good accordance with the obtained results
in XRD and elemental analysis results.

The peaks belonging to Al2O3 at ~37.5◦, 46.1◦, 56◦, and 67◦ (JCPDS 10-0425) were
observed in the XRD patterns of all prepared catalysts (Figure 2a) [21–24]. The peaks at
37.0◦, 41.3◦, 42.5◦, 45.7◦, and 56.6◦ can be assigned to the Co2C crystalline plane (110), (002),
(111), (021), and (112), (JCPDS 65-1457) [3,9,10,19,25,26] respectively. However, the peak
at 56.6◦ was not very visible in the XRD patterns shown in Figure 1a. The cobalt carbide
decomposition to graphitic carbon and metallic cobalt (Co2C → Co + C) was started at
temperatures above 275 ◦C [5,27,28], and it could be the reason for gradually decreasing
the cobalt carbide and increasing the metallic cobalt by increasing the temperature. In
addition, in the presence of Co/Al2O3 catalyst, methane also can be decomposed directly to
hydrogen and carbon (CH4 → 2H2 + C) [29–33]. At high temperatures (above 600 ◦C), due
to the decomposition of methane, the concentration of graphitic carbon also significantly
increased, as shown by the XRD spectra of the catalysts. Decomposition of methane on
cobalt catalysts led to the formation of fcc cobalt [34]. The peak at 26.3◦ (graphite, JCPDS 41-
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1478) and 51.5◦ (fcc Co, JCPDS 1-1255) [35,36] were observed only in the sample prepared
at a temperature above 600 ◦C. The peak at 44.3◦ was very weak for the samples prepared
at low temperatures, and the peak’s intensity increased by increasing the temperature.
These peaks can belong to both fcc Co (111) (JCPDS 1-1255) and graphitic carbon (JCPDS 41-
1478) [3,9,36], which could be formed due to the reduction of cobalt oxide to Co (fcc) during
the catalysts’ carbidation in the presence of 20%CH4 in H2. By increasing the carbidation
temperature, the intensity of fcc Co increased, whereas the intensity of the Co2C(111) facet
(at 2θ of 42.5◦) decreased. The Co2C(111) facet is responsible for lower CO hydrogenation
and higher CH4 selectivity during the FT synthesis under mild reaction conditions.
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Figure 1. SEM images of the 5CoCx/Al2O3 catalysts prepared at different temperatures, (a) 300 ◦C,
(b) 400 ◦C, (c) 500 ◦C, (d) 600 ◦C, (e) 700 ◦C, (f) 800 ◦C.
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Figure 2. (a) XRD patterns of 5CoCx/Al2O3 and catalysts prepared at different temperatures, (b) Con-
tent of individual phases according to SQ performed from XRD spectra (C-carbon, Co-cobalt, Co2C-
carbide) and carbon content determined by elemental analysis (elemC). 
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Figure 2. (a) XRD patterns of 5CoCx/Al2O3 and catalysts prepared at different temperatures,
(b) Content of individual phases according to SQ performed from XRD spectra (C-carbon, Co-cobalt,
Co2C-carbide) and carbon content determined by elemental analysis (elemC).

The contents of phases of C (carbon), Co (cobalt), and Co2C (cobalt carbide) were
detected from the XRD results and semi-quantitative (SQ) evaluation, and the carbon
content (elemental C) of the prepared samples was also measured using elemental analysis
(Figure 2b). Decomposition of methane at higher temperatures increased the carbon content
on the surface of the prepared catalysts. By increasing the temperature, the formed Co2C
became unstable and decomposed to C and metallic Co, and its content decreased [5,27,28].
Decomposition of cobalt carbide to graphitic carbon and hydrogen is started at temper-
atures above 275 ◦C; however, in the presence of hydrogen, it could happen at lower
temperatures [5,27,37]. The XRD pattern (Figure 2a) showed that the intensity of the peaks
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belonging to the Co2C decreased gradually by increasing the temperature from 300 ◦C to
800 ◦C [19]. Elemental analysis of the carbon (Figure 2b) also confirmed that an increase
in the temperature led to the formation of more carbon. Cobalt carbides were unstable at
high temperatures; they decomposed to metallic cobalt and carbon at high temperatures.
However, due to the overlapping of the carbon and cobalt peaks, with the similar cubic
structure, it was difficult to accurately distinguish between the two phases in XRD patterns.
XPS analysis was performed for further investigation and evaluation of the active phases
of the catalysts.

XPS analysis was used to investigate the chemical composition and elemental oxidation
states of the catalysts. The survey scan of carbide catalysts is shown in Figure S1, which
confirmed the existence of C, O, Co, and Al in these prepared catalysts. The intensity of
C 1s peaks increased by increasing the temperature, whereas the intensity of Co 2p peaks
decreased. The strong C 1s peak observed at about 284.6 eV was ascribed to sp2 elemental
carbon (C-C), such as carbon fibers or carbon nanotubes [38]. The high intensity of this
peak in the C 1s spectra (Figure 3a) of the catalysts prepared at higher temperatures (800 ◦C
and 700 ◦C) was due to the presence of graphitic carbon, as confirmed by SEM, XRD,
and Raman analysis. The Co-C peak at around 283.1 eV followed the reverse trend. By
increasing the temperature of carbidation, the content of Co-C decreased. In addition to the
C-C and Co-C bonds, other bonds at 286.5 eV and 288.5 eV were attributed to the O-C-O
and O=C-O bonds, respectively. The π → π * shake-up satellite peak was also observed at
about 291.2 eV. The obtained results are in good agreement with the reported results where
the Co-C bonds were C-Co bonds; these were detected, confirming the presence of Co2C in
the prepared catalysts [39,40].

XPS spectra of Co 2p (Figure 3b) showed that the bond at about 778.6 eV was at-
tributed to the Co2+ of carbidic Co of the prepared catalysts. The intensity of the Co-C
bond decreased by the carbidation temperature, whereas the intensity of peaks belonging
to metallic cobalt (Co0) (at around 782.3 eV) increased at higher temperatures. These
findings are in good agreement with the XRD analysis of the catalysts, where the Co2C
content decreased at higher temperatures, and metallic cobalt peaks were detected at higher
temperatures. However, by increasing the temperature to above 600 ◦C and formation of
more graphitic carbon on the surface of the catalysts, the intensity of the Co peaks in Co
2p spectra decreased, which is in good accordance with the C 1s spectra of these catalysts,
where the content of graphitic carbon increased significantly at high temperatures.

As mentioned earlier, the decomposition of cobalt carbide to cobalt and graphitic
carbon started at temperatures above 275 ◦C [5,27], and this could be the reason for the
increase in the Co0/Co-C and C-C/Co0 ratios when the carbidation temperature increased
(Table 1). However, for the catalyst with the carbidation temperature of 800 ◦C, the Co0/Co-
C ratios decreased compared with that of 700 ◦C, which could be due to the deposition of
graphitic carbon on the catalyst’s surface and blockage of metallic cobalt on the surface.
The sharp increase in the C-C/Co0 at 800 ◦C was in good agreement with this finding. The
XPS analysis of cobalt carbide nanoparticles and nanosheets performed by other research
groups also showed similar patterns for cobalt carbides, and the peaks attributed to cobalt
carbides were observed at about 283 eV (C 1s) and 778.5 eV (Co 2p 3/2) [26,41,42].

Raman spectroscopy analysis could be beneficial for the investigation of the materials’
properties and could provide information about molecular vibrations. Raman spectra of
the Co/Al2O3 catalysts at different carbidation temperatures are shown in Figure 4. The
D and G bands belonging to carbon were not clearly observed for the catalysts prepared
at the carbidation temperatures in the range of 300 ◦C to 600 ◦C. The D and G bands
were clearly detected for the catalysts prepared at 700 ◦C and 800 ◦C The peaks at around
1340 cm−1 and 1573 cm−1 were typical for D and G bands, respectively. The D and G bands
of the carbon materials could be observed if amorphous carbon or nanocrystalline graphite
existed in a metal carbide matrix [43,44].
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Figure 3. (a) C 1s spectra, and (b) Co 2p spectra of CoCx/Al2O3 catalysts prepared at different
temperatures.
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Table 1. XPS data analysis of C 1s and Co2p peaks of CoCx/Al2O3 catalysts.

C 1s Co 2p

Co-C
Peak BE (eV)

C-C
Peak BE (eV) C-C/Co-C Co-C

Peak BE (eV) Co0/Co-C

CoCx/Al2O3-300 ◦C 283.2 284.7 0.63 778.5 (2p3/2)
796.3 (2p1/2) 1.68

CoCx/Al2O3-400 ◦C 283.3 284.7 1.49 778.6 (2p3/2)
796.4 (2p1/2) 2.08

CoCx/Al2O3-500 ◦C 283.1 284.5 0.99 778.7 (2p3/2)
796.3 (2p1/2) 2.85

CoCx/Al2O3-600 ◦C 283.2 284.8 2.36 778.7 (2p3/2)
796.4 (2p1/2) 2.67

CoCx/Al2O3-700 ◦C 283.3 284.6 6.10 778.5 (2p3/2)
796.7 (2p1/2) 2.70

CoCx/Al2O3-800 ◦C 283.3 284.4 14.26 778.6 (2p3/2)
796.0 (2p1/2) 1.49
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The D mode is caused by the disordered structure of graphene, and it originates from
the A1g breathing vibrations of the sixfold carbon rings involving phonons near the K zone
boundary (Figure S2). The G band, which lies in the range of 1500–1600 cm−1, is ascribed
to the graphitic carbon with E2g symmetry that involves the in-plane bond-stretching
vibration of sp2 carbon sites. This mode does not require the presence of sixfold rings, so it
occurs at all sp2 sites, not only those in the rings [45,46]. It is worth mentioning that the G
mode is due to the relative motion of sp2 carbon atoms and can also be found in chains.

As mentioned above, the G peak could be observed in the range of 1500–1600 cm−1.
By changing the structure of crystallized graphite to nanocrystalline graphite, the peak
shifts to 1600 cm−1, and the peak shifts to 1500 cm−1 for amorphous carbon when a loss of
aromatic bonding appears. Thus, it can be confirmed that the G band positions (1573 cm−1)
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of the catalysts are close to that of nanocrystalline graphite of nanometer-sized clusters [47].
The degree of crystallinity and graphitization formed carbon on the surface of catalysts
after carbidation at 700 ◦C and 800 ◦C can be measured by the intensity ratio of ID/IG. The
higher crystallinity could be observed in catalysts with a lower ID/IG ratio (Table 2). In this
study, the ID/IG decreased from 1.18 to 1.28 by increasing the carbidation temperature from
700 ◦C to 800 ◦C, which is not clearly confirming the higher crystallinity of the deposited
carbon on the surface of the catalyst prepared at the higher temperature. However, the
higher intensities in the catalysts prepared at 800 ◦C could confirm the higher content of
the deposited carbon on the catalyst’s surface.

Table 2. Raman spectra for carbonaceous materials observed in the prepared catalysts.

Catalyst D G G′ ID/IGPeak Position
(cm−1) Intensity Peak Position

(cm−1) Intensity Peak Position
(cm−1) Intensity

CoCx/Al2O3-300 ◦C − − − − − − −
CoCx/Al2O3-400 ◦C − − − − − − −
CoCx/Al2O3-500 ◦C − − − − − − −
CoCx/Al2O3-600 ◦C − − − − − − −
CoCx/Al2O3-700 ◦C 1340 18.8 1573 16.0 2677 11.1 1.18
CoCx/Al2O3-800 ◦C 1341 45.0 1573 35.1 2677 19.1 1.28

All kinds of sp2 carbon materials exhibited a peak in the range 2500–2800 cm–1 in the
Raman spectra. The G′ band (or 2D band) was also observed at 2677 cm−1. The intensity of
the G′ band in the prepared catalysts increased by increasing the carbidation temperature.
The G′ band usually helps discriminate the differences between the layers and loading order
of the multi-layer graphene system [48]. The single-layer graphene shows a G′ band with
high intensity. By increasing the graphite layers, the peak becomes broader. In the catalyst
prepared at 800 ◦C, the intensity of the G′ band at around 2677 cm−1 peak increased due
to the higher amount of carbon on the catalyst’s surface. The catalysts prepared at lower
carbidation temperatures (≤600 ◦C) did not show any peak belonging to graphitic carbon.

The Raman peaks below 700 cm−1 are attributed to the Co-Co stretching mode. The
observed peaks for cobalt are very similar to those reported in the Raman spectra of
cobalt oxide nanoparticles [49–56]. Five (A1g + Eg + 3 F2g) Raman-active modes were
observed and identified. The band at around 187 cm−1 was ascribed to the tetrahedral sites’
(CoO4) characteristics with the F2g mode (Figure. 3b). The bands at 470, 510, and 607 are
attributed to the Eg, F2g, and F2g symmetry, respectively. Generally, the Eg and F2g modes
were related to the combined vibrations of the tetrahedral site and octahedral oxygen
motions. The band at 671 cm−1 with A1g symmetry was attributed to the characteristics
of the octahedral sites (CoO6) [49–54]. D’Ippolito and Andreozzi [56] also reported that
the Raman vibrational modes of spinel oxides are generally observed in the range of
100–800 cm−1. Diallo et al. [49], Rashad et al. [50], Jiang and Li [51], and Hadjiev et al. [52]
also observed the same Raman bands for the Co3O4 nanoparticles. The intensity of the
bands in the range of 100–800 cm−1 belonging to Co3O4 nanoparticles decreased gradually
with increasing carbidation temperature. This phenomenon was more evident in the
samples with carbidation temperature above 600 ◦C, which could be due to the coverage
of the surface by deposited carbon. The weak band at around 2330 cm−1, observed in all
spectra, could be attributed to the characteristic line of nitrogen from the air [57–59]. The
peak at around 1790 cm−1 was ascribed to the carbonyl (C=O) stretch bands [60–63], which
could be formed after the passivation of the catalyst under oxygen after carbidation.

2.2. Catalyst Evaluation

The results of the FT reaction in the autoclave reactor are shown in Figures 5 and 6.
The FT reactions were first performed using the carbide catalysts without prior reduction
(WR) by hydrogen (Figure 5a). The catalyst with higher Co2C content (300-WR, the catalyst
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prepared at the carbidation temperature of 300 ◦C and used in FT without prior reduction
with H2) showed the lowest CO conversion of about 26%. By increasing the carbidation
temperature, the catalyst activity also increased to 74% for the catalyst prepared at 800 ◦C.
As was described earlier, increasing the carbidation temperature resulted in the formation
of more metallic cobalt and lower cobalt carbide. Higher content of metallic cobalt could
increase the CO conversion. In addition to the cobalt carbide, carbon fibers were also
deposited on the catalyst’s surface due to the decomposition of methane at higher carbida-
tion temperatures. Deposited carbon could block the active sites and reduce the contact
possibility between the reactant gas and the active sites, thus leading to a lower conversion.
By increasing the carbidation temperature from 300 ◦C to 800 ◦C, the content of products
in the form of liquid decreased from 23% to 4%. It seems that the cobalt carbides were
acting as an intermediate and reacting with hydrogen to form methylene as a chain-growth
monomer for the formation of long-chain hydrocarbons. Therefore, the catalysts with
higher cobalt carbide content had a higher selectivity for the heavier hydrocarbons (liquid
products) (Figure 5a).
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Figure 5. The gaseous and liquid product distributions after FT reaction at 230 ◦C and 6 h of
reaction (a) without reduction with H2, (b) reduced with H2 (WR: without reduction step, R: with
reduction step).

During the FT reaction over non-reduced catalysts, the content of formed light alkenes
was very low and negligible (maximum 1.3% over 300-WR catalyst), whereas alkanes
(56.4%) and CO2 (42.3%) were the main products of the reaction (Figure 6a-WR). The
slightly higher alkene formation for the catalysts with lower carbidation temperature
could be attributed to the presence of more Co2C on the surface of the catalysts [9,64]. By
increasing the carbidation temperature, the selectivity to CO2 decreased and reached 10.7%
over the 800-WR catalyst, and alkanes selectivity increased to 89%. Methane was the main
produced alkane with the selectivity of 97% for the 300-WR. It was decreased to 73% for
400-WR, then again increased gradually to 97% for the 800-WR catalyst (Figure 6b-WR).
Formed alkenes are negligible, and propylene was the main formed alkene in gaseous
products of the reaction (Figure 6c-WR). Co2C with (111) facet and nanosphere-like particles
could lead to lower activity and higher methane selectivity [10,13,18]. Moreover, during
the FT reaction, some portion of deposited graphitic carbon could also be converted to
methane through a hydrogenation reaction. This could be the reason for the increase in
the methane content in the catalysts with higher graphitic carbon on their surface. The
catalysts prepared at 300 ◦C and 400 ◦C with the higher content of Co2C(111) showed lower
CO conversion, whereas increasing the Co0 content at the catalysts prepared at higher
temperatures resulted in a lower CO2 and alkane (mainly methane) selectivity.
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Figure 6. Gaseous product distribution in the FT reaction carbide catalysts: (a) hydrocarbon distri-
bution, (b) alkanes distribution, and (c) alkenes distribution (WR: without reduction step, R: with
reduction step).

In the presence of hydrogen, cobalt carbides could be transformed into the face
centered-cubic (fcc) and hexagonal close-packed (hcp) Co0, which are more efficient for the
dissociative adsorption of CO during the FT reaction, and hcp cobalt nanoparticles reported
to have higher activity compared with fcc cobalt in the FT reaction [65–67]. The reaction
route is also reported to be different over these two different Co crystallographic structures,
and the direct dissociation of CO (CO* + H → C* + O* + H*) is preferred over hcp Co,
whereas H-assisted dissociation (CO* + H*→ CHO*→ CH* + O*) is the main mechanism
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over fcc cobalt [67]. In order to investigate the stability of the cobalt carbides in the presence
of hydrogen and evaluation of the catalytic performances of catalysts after reduction with
hydrogen, the FT reactions in an autoclave reactor were repeated, while the catalysts were
first reduced under H2 at 300 ◦C for 5 h. Then, the FT reaction was performed at 230 ◦C for
6 h (Figures 5 and 6). Results of the FT reaction in an autoclave reactor revealed that CO
and H2 conversions gradually decreased by increasing the catalyst carbidation temperature.
The distribution of gaseous and liquid products is shown in Figure 5b.

Over the reduced catalysts, the products shifted from heavier hydrocarbons to lighter
hydrocarbons by increasing the carbidation temperature, which was attributed to the
content of metallic cobalt in these catalysts. The higher catalytic activity over the 300-R
catalyst (which means the catalyst was prepared at the carbidation temperature of 300 ◦C
and used in the FT reaction after reducing with H2) could be due to the formation of
more metallic cobalt during the reduction step. This provided more active sites for CO
dissociation and the production of heavier hydrocarbons. The content of the products
in the form of liquid was higher for the FT reaction over the 300-R catalyst. The catalyst
activity and production of heavier hydrocarbons in the liquid phase decreased gradually
by increasing the carbidation temperature. Compared with the FT reaction without the
reduction step, the FT reactions over the reduced catalysts resulted in the formation of a
lower amount of CO2 and methane (Figure 6a-R).

The formation of methane gradually increased from 64% to 93% by increasing the
carbidation temperature from 300 ◦C to 800 ◦C, and at the same time, the selectivity to C5+
in the gaseous phase decreased (Figure 6b-R). The presence of more cobalt carbides in the
catalysts with lower carbidation temperatures resulted in the formation of more metallic
cobalt during reduction by hydrogen, which can enhance the CO dissociation and result in
higher activity and selectivity to heavier hydrocarbons. Like the non-reduced catalyst, the
main formed alkene was propylene over the reduced catalysts, and its content increased
by increasing the carbidation temperature (Figure 6c-R). The Co0 could be carburized in
the presence of pure CO and produce Co2C [68]. However, during the FT reaction, in
the presence of CO and H2, both Co0 and Co2C were found to exist. Therefore, both of
them can affect the reaction. During the initial reaction stage, the presence of Co0 in the
reduced catalyst led to a higher selectivity for heavier hydrocarbons and a lower CH4
and CO2 selectivity. It has been reported that the higher Co2C content leads to a high
methane selectivity and a lower CO conversion [1,69]. Zhong et al. [10] prepared the Co2C
nanospheres to evaluate their activity for the FT reaction. The CO conversion over the
Co2C nanoparticles was about 10%. High selectivity to methane (~80%), C2-C4 alkanes
of ~18%, and the C2-C4 alkenes selectivity of about 2% were obtained during the reaction
at 250 ◦C, 1 bar, and H2/CO = 2. During the FT reaction over the CoMn catalyst, Co0

was transformed to Co2C, and the CoMn, which initially existed as CoxMn1−xO, was
segregated into Co2C and MnO. The Co2C formed during the reaction resulted in higher
activity and more light olefins formation. As the reaction proceeded, the formation of C5+
and oxygenates decreased.

The evaluation of the liquid phase products for both series of FT reactions (without and
with reduction step) showed that the products were a combination of alkanes, alkenes, and a
negligible amount of other products such as toluene, and ethylbenzene and propylbenzene
were the main products of the FT reaction without the reduction step (Figure 7). The liquid
product of the FT reaction with the reduction step consisted of a slightly higher amount of
other products (including some oxygenates such as diphenyl ether, acetic anhydride, and
dicyclohexyl). The formation of oxygenates was not observed over the catalysts without
the reduction step. A small amount of the cyclic products could be due to the reaction of
cyclohexane, which was used as the solvent for the FT reaction in the autoclave reactor. The
nondissociative adsorption of CO and its insertion into hydrocarbons could result in the
formation of oxygenates, which can be converted to alcohol by going through the further
hydrogenation process. The FT reaction over carbide catalysts without reduction resulted
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in the formation of alkanes in the range of C4-C22, and the lower carbidation temperature
led to the formation of slightly lighter hydrocarbons.
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By increasing the carbidation temperature, products shifted slightly to heavier hydro-
carbons. As expected, the FT reaction over the reduced catalysts resulted in the formation
of heavier hydrocarbons in the range of C8–C32, which could be due to the presence of
more active metallic cobalt with higher activity and selectivity to heavy hydrocarbons.
The formed alkenes were in the range of C4–C8 over carbide catalysts without reduction,
whereas heavier alkenes (C8–C12) were formed over the reaction of reduced catalysts.
According to the density functional theory calculations, the active sites for the CO nondisso-
ciative adsorption are provided by Co2C. Co0 provides the active sites for CO dissociative
adsorption; the insertion of CO to hydrocarbon for oxygenates at the interface of Co and
Co2C is facilitated [19]. In the presence of pure H2, Co2C could preserve its activity until
150 ◦C, whereas at higher temperatures, it starts to decompose to the fcc and hcp Co0

and C. At temperatures above 300 ◦C, Co2C is completely decomposed [19]. Due to the
presence of both H2 and CO during the FT reaction, cobalt in the form of both Co0 and Co2C
existed in the catalyst. The presence of Co0 could be beneficial for the production of heavier
hydrocarbons. The FT reaction over the reduced catalysts prepared at lower carbidation
temperature (with more carbides and less carbon formed on the surface) showed a higher
selectivity to heavier hydrocarbons.

3. Materials and Methods
3.1. Catalyst Preparation

The 5%Co/Al2O3, 5%Fe/Al2O3, and 2.5%Fe2.5%Co/Al2O3 as precursors were pre-
pared in advance using the incipient wetness impregnation (IWI) method. First, the
required amount of cobalt nitrate hexahydrate (Lech-Ner s.r.o., p.a. purity) was dissolved
in deionized water. Then, this solution was added dropwise to the Al2O3 support (SASOL,
alumina balls with 2.5 mm diameter) at room temperature and under continuous stirring
for 1 h. The mixture was then dried at 120 ◦C overnight. The dried samples were used
as precursors in the carbidation step. Prior to the carbidation step, the precursors were
preheated at 200 ◦C for 12 h under N2 atmosphere (75 cm3/min). For the preparation of
carbide catalysts, 4 g of the prepared precursor was exposed to a gas containing 20% CH4
in H2 with the flow rate of 300 cm3/min for 3 h at different temperatures in the range of
300 ◦C to 800 ◦C. After the carbidation step, catalysts were purged with N2 for 30 min and
passivated for 2 h under 1% O2 in Ar with a flow rate of 75 cm3/h.

3.2. Catalyst Characterizations

The scanning electron microscope (SEM) (JEOL JSM-IT500HR; JEOL Ltd., Tokyo,
Japan) was used to study the surface morphology of the prepared catalysts. Representative
backscattered electron or secondary electron images of microstructures were taken in high
vacuum mode, using an accelerating voltage of 15 kV. An inductively coupled plasma-
optical emission spectrometer (ICP-OES; Agilent 725/Agilent Technologies Inc., Santa
Clara, CA, USA) was used for the determination of the bulk metal content in the prepared
catalysts. X-ray diffraction (XRD) was used to determine the type of phases and crystallinity
of the catalysts using a D8 Advance ECO (Bruker AXC GmbH, Karlsruhe, Germany) with
CuKα radiation (λ = 1.5406 Å). The step time of 0.5 s and the step size of 0.02◦ in a 2θ angle
ranging from 10◦ to 70◦ were used for XRD analysis. X-ray photoelectron spectroscopy
(XPS) spectra of the samples were obtained using the XPS instrument in a high-vacuum
chamber, which was equipped with a source SPECS X-ray XR50 (SPECS Surface Nano
Analysis GmbH, Germany), where an Al anode (1486.6 eV) and a Mg anode (1253.6 eV)
were used, and with a hemispherical analyzer SPECS PHOIBOS 100 with a five-channel
detector. Thermo Scientific™ Avantage Software was used for XPS data processing. The
Raman analysis for the samples was performed using a DXR (Thermo Fischer Scientific,
Waltham, MA, USA) Raman microscope. The laser beam was focused onto the catalyst
surface using an optical microscope with a magnification of 10×. A 532 nm laser with an
exposure time of 7 s and a power of 9 mW was used for sample excitation. Analyses were
performed in the area of 100–3400 cm−1.
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3.3. Catalyst Evaluation

The FT reaction was performed in a 1 L stainless steel autoclave reactor (Parr instru-
ments). In a typical experiment, 1.5 g of catalyst and 35 mL of cyclohexane as a solvent were
added to the reactor vessel. The reactor temperature was increased to 230 ◦C (3 ◦C/min)
and pressurized to 5 MPa with syngas (H2/CO = 2). The reaction was conducted in batch
mode for 6 h under constant stirring of 800 rpm to eliminate the diffusion control region.
The conversion rate was measured according to the decrease in pressure during the reaction
and the composition of the reactant gas before and after the reaction. For the FT reaction
with the in situ catalyst reduction, the reactor was heated to 300 ◦C (3 ◦C/min) and then
pressurized with H2 to 5 MPa for 5 h. After reduction, the reactor system was cooled to
room temperature, and the gas was switched to syngas (H2/CO = 2). The FT reaction was
performed at 230 ◦C and 5 MPa for 6 h. After the termination of the reaction, the gaseous
and liquid products were analyzed using different chromatographic procedures. The resul-
tant gas sample was transferred to a gas bag and analyzed with a gas chromatograph, the
Agilent 7890A, with three parallel channels that collected data simultaneously. The chan-
nels are equipped with two thermal conductivity detectors (TCD), CO, H2, N2, and CO2
gases, and a flame ionization detector (FID) to detect hydrocarbons. The liquid samples
were analyzed using Thermo Scientific ITQ Series GC/MS Ion Trap Mass Spectrometers.

4. Conclusions

Cobalt-based catalysts with high activity and selectivity to long-chain hydrocarbons
are widely used for this reaction. Identification of the active phase could be beneficial in
enhancing the product yield of the FT reaction. A series of FT reactions were performed
in an autoclave reactor to evaluate the catalytic activity of cobalt carbide catalysts and
their role in the product distribution during the FT reaction. CoCx/Al2O3 catalysts were
prepared by carbidation of Co/Al2O3 catalysts at different temperatures and over 20% CH4
in an H2 gas stream. Different characterization methods confirmed the presence of Co2C.
By increasing the carbidation temperature, the content of Co2C decreased, whereas the Co0

content increased by temperature. The Co/Al2O3 catalyst was also active for the methane
decomposition to hydrogen and graphitic carbon at higher carbidation temperatures.
Cobalt carbides were unstable in the presence of hydrogen at high temperatures and
decomposed to metallic cobalt and carbon, which resulted in the increase of metallic
cobalt’s content. The catalysts with higher cobalt carbide had the lowest CO conversion
of 26%, which then increased to 74% for the catalyst with lower Co2C content prepared at
800 ◦C. The main products were light alkanes in the range of C1–C5 (mainly methane), and
the heavier hydrocarbons (in the range of C4–C22) decreased from 23% to 4%. By increasing
the carbidation temperature, the Co2C content decreased, and the metallic cobalt content
increased, which resulted in higher catalytic activity. At the same time, the selectivity to
CO2 decreased. The Co2C(111) facet with the nanosphere-like particles showed a lower
activity and higher methane selectivity under mild FT reaction conditions. The formation of
alkenes was negligible over these carbide catalysts, which could be due to the lower content
of Co2C nanoprisms with specific exposed facets of (101) and (020); these are known as the
FTO active phase, with higher activity for CO hydrogenation and lower methane selectivity.
In addition, a series of FT reactions were performed over the carbide catalyst with a prior
reduction step using pure hydrogen at 300 ◦C. These reduced catalysts showed a different
catalytic performance. The main products were the heavier hydrocarbons (C8–C32) with
69%. By increasing the carbidation temperature to 800 ◦C, the content of liquid products
decreased to 22%, whereas the light hydrocarbons content increased to 78%. The Co
conversion decreased by increasing the carbidation temperature in the reduced catalysts.
For the catalysts prepared at higher temperatures, the presence of lower Co2C, which is
transformed into hcp cobalt during the reduction with hydrogen, as well as the presence of
lower metallic fcc cobalt, resulted in lower CO conversion and less heavy hydrocarbons.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12101222/s1, Figure S1: Survey XPS spectra scan of carbide
catalysts, Figure S2: Carbon motions in the D and G modes [45].
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Abstract: The base-free oxidation of furfural by non-noble metal systems has been challenging. Al-
though MnO2 emerges as a potential catalyst application in base-free conditions, its catalytic efficiency
still needs to be improved. The crystalline form of MnO2 is an important factor affecting the oxidation
ability of furfural. For this reason, four crystalline forms of MnO2 (α, β, γ, and δ-MnO2) were selected.
Their oxidation performance and surface functional groups were analyzed and compared in detail.
Only δ-MnO2 exhibited excellent activity, achieving 99.04% furfural conversion and 100% Propo.FA

(Only furoic acid was detected by HPLC in the product) under base-free conditions, while the furfural
conversion of α, β, and γ-MnO2 was below 10%. Characterization by XPS, IR, O2-TPD and other
means revealed that δ-MnO2 has the most abundant active oxygen species and surface hydroxyl
groups, which are responsible for the best performance of δ-MnO2. This work achieves the green and
efficient oxidation of furfural to furoic acid over non-noble metal catalysts.

Keywords: base-free; MnO2; crystal type; furfural oxidation to furoic acid

1. Introduction

With the decrease in global fossil resources, the production of biochemical products
from biomass feedstock, such as agricultural waste and forestry waste, is important for
sustainable development and CO2 emission reduction. Furthermore, as a value-added
biochemical derived from lignin, furoic acid is widely used in the pharmaceutical, agro-
chemical, and fragrance industries. Most importantly, furoic acid can be used to synthesize
2,5-Furandicarboxylicacid (FDCA), which is a key monomer for the synthesis of polyethy-
lene furanoate (PEF), a substitute for polyethylene terephthalate (PET) [1–3].

Currently, there are three main methods for preparing furoic acid: the Cannizaro
method, the base-free esterification method [4–6] and the catalytic oxidation method.
Cannizaro method needs to consume a lot of bases, and the maximum yield is only 50%.
The base-free esterification method consumes a lot of organic solvents, and the steps are
tedious. Compared with the above two methods, the direct catalytic oxidation method
is a green process that can oxidize furfural to furfural acid in one step. Two types of
catalysts, including noble metal and non-noble metal, have been applied in this technique.
The noble metal catalysts mainly focused on Au-based [7–11] and Pt-based and Pd-based
systems [12–14]. These catalytic systems can efficiently convert furfural under low or base-
free conditions, but the use of noble metals makes the catalysts too expensive. Non-noble
metal catalysis mainly includes copper oxide [15], cobalt [16], etc., as active components.
This catalytic system needs to be carried out under high alkali conditions. In addition,
a large amount of acid neutralization is required for product separation, which is not
environmentally friendly. Consequently, the creation of non-noble and base-free furfural
oxidation catalysts remains the research focus.
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As a potential oxidation catalyst, MnO2 can activate oxygen to produce abundant
active oxygen species at low temperatures [17,18], which can activate the aldehyde group to
the carboxyl group occur at low temperatures. Thus, MnO2 is widely used in aldehyde reac-
tions, such as the oxidation of formaldehyde [19–21] and the oxidation of 5-hydroxymethyl-
furfural [22,23]. For example, in furfural oxidation, it is reported by Camila Palombo [24]
et al. found that MnO2 exhibited 55% furfural conversion and 25% furoic acid selectivity in
base-free conditions, indicating that the non-noble metal MnO2 has potential application
in furfural oxidation. However, the furoic acid yield is much lower than that in a strongly
alkaline environment [15,16].

The inherent properties such as morphology, crystalline surface, and crystalline shape
of MnO2 strongly influence catalytic performance [23,25–27], in which crystalline shape
plays a crucial role in the oxidation properties. For example, Xiao et al. [28] found that
product selectivity in the ammonization of alcohols reaction varies significantly on dif-
ferent crystals of MnO2. For further study, they found that the hydroxyl group on MnO2
plays an essential role in the activation of nitrile, and hydroxyl-rich MnO2 has higher
amide selectivity. Furthermore, Hayashi et al. [23] found that the oxidation activity of
5-hydroxymethylfurfural varies greatly on different crystalline forms of MnO2. They found
that the vacancy formation energies in different crystalline forms of MnO2 are different,
and low vacancy formation energies can promote the activation of oxygen.

In summary, the oxygen vacancy formation energy and surface groups vary greatly on
different types of MnO2, resulting in different abilities for producing reactive oxygen species
and activating reactants, which can significantly affect the catalyst activity and product
selectivity. In the furfural oxidation reaction, the activation of furfural and oxygen are both
essential for furfural conversion [1,12,29]. Thus, it inspired that the furfural conversion
and furoic acid yield might be significantly enhanced by adjusting the crystalline shape of
MnO2 in base-free conditions.

Based on the above analysis, four MnO2 with different crystalline structures were
synthesized in the present study. The obtained MnO2 was characterized by XRD, IR, XPS,
O2-TPD and other techniques. Furthermore, the catalytic activity was evaluated in the
oxidation of furfural to furoic acid. And the factors affecting the catalytic performance over
different MnO2 are discussed.

2. Results
2.1. Furfural Oxidation Properties of Different Crystalline MnO2

The catalytic performance of different MnO2 in the furfural oxidation to furoic acid is
shown in Table 1. In the reaction temperature range of 60–120 ◦C, the furoic acid selectivity
of all four crystalline MnO2 types was close to 100%, but δ-MnO2 shows much higher
furfural conversion than α-, β-, and γ-MnO2. For example, the furfural conversion on α-,
β-, and γ-MnO2 does not exceed 10% at 120◦ (Entry 4, Entry 8, Entry 12). While δ-MnO2
shows significantly higher furfural conversions, which can reach more than 69.68% at
120 ◦C (Entry 16).

Table 1. Furfural oxidation properties of different crystalline MnO2.

Catalyst
Name

Temperature
/(◦C)

O2 Pres-
sure/(MPa)

Reaction
Time/(h)

Catalyst
Weight/(g)

Conver. 1

/(%)
Propo.FA

2/(%)

Productivity/
(mmolfuroic acid/

gcat/h)

Carbon
Balance

3/(%)

α-MnO2 60 1 1 0.2 3.48 100 0.09 96.19
α-MnO2 80 1 1 0.2 3.37 100 0.09 98.47
α-MnO2 100 1 1 0.2 4.44 100 0.12 95.57
α-MnO2 120 1 1 0.2 5.02 100 0.13 91.64
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Table 1. Cont.

Catalyst
Name

Temperature
/(◦C)

O2 Pres-
sure/(MPa)

Reaction
Time/(h)

Catalyst
Weight/(g)

Conver. 1

/(%)
Propo.FA

2/(%)

Productivity/
(mmolfuroic acid/

gcat/h)

Carbon
Balance

3/(%)

β-MnO2 60 1 1 0.2 3.43 100 0.09 91.26
β-MnO2 80 1 1 0.2 3.74 100 0.10 90.20
β-MnO2 100 1 1 0.2 4.48 100 0.12 94.70
β-MnO2 120 1 1 0.2 5.89 100 0.15 91.22
γ-MnO2 60 1 1 0.2 5.79 100 0.15 96.67
γ-MnO2 80 1 1 0.2 5.80 100 0.15 93.68
γ-MnO2 100 1 1 0.2 6.76 100 0.18 96.13
γ-MnO2 120 1 1 0.2 9. 23 100 0.24 99.05
δ-MnO2 60 1 1 0.2 17.03 100 0.44 98.44
δ-MnO2 80 1 1 0.2 39.09 100 1.02 85.99
δ-MnO2 100 1 1 0.2 50.07 100 1.42 85.77
δ-MnO2 120 1 1 0.2 69.68 100 1.81 88.44
δ-MnO2 100 1 3 0.2 63.52 100 0.55 94.47
δ-MnO2 100 1 6 0.2 67.06 100 0.29 88.83
δ-MnO2 100 1 12 0.2 78.37 100 0.17 91.81
δ-MnO2 100 1 24 0.2 88.54 100 0.10 75.61
δ-MnO2 100 1 12 0.05 22.23 100 0.19 96.40
δ-MnO2 100 1 12 0.2 78.37 100 0.17 91.81
δ-MnO2 100 1 12 0.3 99.04 100 0.14 89.56

1 Conver. = (nFF in − nFF out(by HPLC))/nFF in × 100%, nFF in: Furfural feed molarity, nFF out: Molarity of furfural
in the product detected by HPLC. 2 Propo.FA = nFA (by HPLC)/nproduct (by HPLC) × 100%, nFA represents the
molar amount of furoic acid in the product detected by HPLC, and nproduct represents the sum of the molar
amounts of all products detected by HPLC. 3 Carbon balance = (nFF out (by HPLC) + nFA out (by HPLC))/nFF in ×
100%, nFF in: Furfural feed molarity, nFF out: Molarity of furfural in the product, nFA out: Molarity of furoic acid in
the product. Reaction conditions: The amount of furfural added is 50 mg, the volume of the reactor is 100 mL,
and the stirring speed is 500 rpm.

Further, the reaction conditions were optimized for the δ-MnO2 catalyst, and the
results are shown in Table 1. When only the reaction time was varied, the conversion
kept increasing with the increase of reaction time (Entry 15, Entry 17–Entry 20). However,
the carbon balance decreased sharply when the reaction time reached 24 h, which may
be related to the increased reaction time to generate the polymeric compounds (Entry
20) [14,24]. When only the catalyst dosage was changed, the furfural conversion increased
continuously with the increase of catalyst amount, but the carbon balance data decreased
slightly (Entry 21–Entry 23).

Under the optimized reaction conditions, the conversion of furfural on δ-MnO2 can
even reach 99.04% without by-products (Entry 23). And this data is much higher than the
reported 55% conversion and 25% selectivity on MnO2 [24]. The stability of the δ-MnO2 in
the reaction was further investigated. After three cycles, the δ-MnO2 still maintains a high
furoic acid yield of 96.80%, showing great potential for application (see Figure 1).
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Figure 1. Recyclability of δ-MnO2 in furfural oxidation reaction (the reaction condition is the same
as Entry 23 in Table 1, Propo.FA represents the percentage of furoic acid in the product detected by
HPLC).

2.2. Structural Properties of Different Crystalline MnO2

To further explore the reasons for the excellent performance of δ-MnO2, the physical
and chemical properties of the four MnO2 were characterized. The XRD spectrum of
MnO2 with different crystalline structures is shown in Figure 2a. A check of the XRD
standard PDF cards shows that the spectrum corresponds well with the standard α-type
(JCPDS 44-0141), β-type (JCPDS 24-0735), γ-type (JCPDS 14-0644), and δ-type (JCPDS
80-1098) MnO2 cards (see Table S2), indicating the successful synthesis of four crystalline
types of MnO2. PDF cards and previous studies have shown that α-MnO2 of Hollandite-
type exhibits a one-dimensional (1 × 1) tunneling structure, β-MnO2 of pyrolusite-type
exhibits a one-dimensional (2 × 2) tunneling structure, γ-MnO2 of Nsutite-type exhibits a
one-dimensional (1 × 1) tunneling structure, and δ-MnO2 of Birnessite-type exhibits a two-
dimensional lamellar structure. And these structural differences can be seen clearly in SEM
images (Figure 2b). The α-MnO2, β-MnO2, and γ-MnO2 are assembled by fibers, while
δ-MnO2 is assembled by sheets. All of which are composed of six-coordinated [MnO6]
basic units [23,30].
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The functional groups on MnO2 with different crystalline structures were characterized
by the infrared technique (see Figure 3). As can be seen, three peaks at 3186 cm−1 and
3557 cm−1 attributed to hydroxyl groups can be found on δ-MnO2 [31–33]. While these
peaks are very weak on α-MnO2, β-MnO2 and γ-MnO2. These phenomena indicated that
the δ-MnO2 has significantly more structural hydroxyl groups than the other three MnO2.
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The strength of the Mn-O bond of α-MnO2, β-MnO2, γ-MnO2 and δ-MnO2 was
characterized by Raman spectroscopy, and the results are shown in Figure 4. The Raman
vibration peaks in 565–580 cm−1 and 635–650 cm−1 are attributed to the Mn-O bond in the
[MnO6] octahedron [22,34,35]. As can be seen, the vibrational peaks appear near 575 cm−1

on α-, β- and γ-MnO2, which shifts to 565 cm−1 on δ-MnO2. From Hooke’s law (1), it
follows that:

ω =
1

2πc

√
k
µ

(1)

Catalysts 2023, 13, x  5 of 15 
 

 

 
Figure 3. Ex situ DRIFTS spectra of different crystalline MnO2. 

The strength of the Mn-O bond of α-MnO2, β-MnO2, γ-MnO2 and δ-MnO2 was 
characterized by Raman spectroscopy, and the results are shown in Figure 4. The Raman 
vibration peaks in 565–580 cm−1 and 635–650 cm−1 are attributed to the Mn-O bond in the 
[MnO6] octahedron [22,34,35]. As can be seen, the vibrational peaks appear near 575 cm−1 
on α-, β- and γ-MnO2, which shifts to 565 cm−1 on δ-MnO2. From Hooke’s law (1), it follows 
that: 

𝜔 = 12𝜋𝑐 𝑘𝜇      (1)

The mechanical constant k of the Mn-O bond is positively correlated with the Raman 
shift ω. Therefore, the Mn-O bond is weaker as the corresponding peak shift to a low 
wavenumber [25]. Thus, the above results indicated that the Mn-O bond in δ-MnO2 is 
weaker than those in α-, β- and γ-MnO2, which leads to the easier breakthrough of the 
Mn-O bond and might produce more active oxygen species. 

 
Figure 4. Raman spectrum of different crystalline MnO2. Figure 4. Raman spectrum of different crystalline MnO2.

The mechanical constant k of the Mn-O bond is positively correlated with the Raman
shift ω. Therefore, the Mn-O bond is weaker as the corresponding peak shift to a low
wavenumber [25]. Thus, the above results indicated that the Mn-O bond in δ-MnO2 is
weaker than those in α-, β- and γ-MnO2, which leads to the easier breakthrough of the
Mn-O bond and might produce more active oxygen species.

To further characterize the structural stability of MnO2 with different crystalline forms,
thermogravimetry characterization was carried out (see Figure 5a). For α-, β-, and γ-MnO2,
two weight loss peaks at 300–550 ◦C and 650–800 ◦C appeared, which correspond to the
transformation of MnO2 to Mn2O3 and Mn2O3 to Mn3O4, respectively [35]. While for
δ-MnO2, two weight loss peaks appeared at 50–200 ◦C and 650–800 ◦C, respectively. To
gain further insight into the cause of the weight loss observed at 50–200 ◦C, a TG-MS
analysis was conducted on δ-MnO2 (see Figure 5b). As can be seen, a large amount of water
and oxygen was detected in the temperature range of 50–200 ◦C, and the peak shapes and
emerging temperature correspond well. Combining the IR results indicating that δ-MnO2
has a significantly higher concentration of hydroxyl groups and the Raman results showing
that δ-MnO2 has the weakest Mn-O bond, the weight loss in 50–200 ◦C region on δ-MnO2
might be related to the release of oxygen from structural hydroxyl groups (2-OH→1/2O2
+ H2O), which might enhance the easier phase transformation from MnO2 to Mn2O3.
Meanwhile, δ-MnO2 contains a high amount of H-bonded hydroxyl likely evolving from
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water and other surface hydroxyls as shown by the broad 3000–3700 cm−1 band, also by
adsorbed water in 1625 cm−1 [36] (see Figure 3). Therefore, TGA from 80–200 ◦C should be
a combination of weakly adsorbed water.
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nitrogen, flow rates: 30 mL/min, temperature ramp: 5 ◦C/min.), (b) TG-MS spectra of different
crystalline MnO2.

2.3. Oxidation Capacity of Different Crystalline MnO2

The oxidation ability of α-, β-, γ-MnO2 and δ-MnO2 were characterized by H2-TPR
and O2-TPD techniques. (see Figure 6a,b). Figure 6a shows that the main H2 consumption
peaks of α, β, and γ-MnO2 appeared near 330 ◦C and 500 ◦C, respectively. While the main
H2 consumption peak on δ-MnO2 is at 328–340 ◦C with a shoulder peak near 278 ◦C. These
results indicated that the oxygen in δ-MnO2 is more easily utilized. And this deduction was
further supported by the O2-TPD result (see Figure 6b). The O2 desorption peaks of α-, β-
and γ-MnO2 mainly appeared near 500 ◦C and 750 ◦C. While, for δ-MnO2, the desorption
peak of O2 shifted to 140 ◦C, 330 ◦C and 730 ◦C. It was reported that the region lower
than 400 ◦C corresponds to the active oxygen species [37,38], while that higher than 400 ◦C
corresponds to the lattice oxygen (Olatt). Thus, the above result indicated that δ-MnO2 has
a stronger ability to generate active oxygen species than α-, β- and γ-MnO2, consistent
with the Raman and TG results.
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Figure 6. (a) H2-TPR spectra of different crystalline MnO2 (catalyst weight: 50 mg, gas type: 10%
H2/Ar, flow rates: 30 mL/min); (b) O2-TPD spectra of different crystalline MnO2 (catalyst weight:
50 mg, gas type: 5% O2/Ar, flow rates: 30 mL/min).

To verify the strong ability to produce active oxygen species on δ-MnO2, the binding
energy of Mn was further analyzed (see Figure 7a), and the average oxidation state (AOS)
of Mn was calculated by an empirical formula (AOS = 8.956 − 1.126 × ∆E) [39,40]. Where
the lower the AOS of Mn, the more electrons can be transferred to the adsorbed oxygen,
resulting in more active oxygen species. Compared with α-MnO2 (AOS = 3.76), β-MnO2
(AOS = 3.66), and γ-MnO2 (AOS = 3.64), the δ-MnO2 exhibits lower AOS of 3.52 for Mn,
indicating δ-MnO2 has a stronger ability to activate oxygen and is more likely to produce
active oxygen species than α-, β-, and γ-MnO2.
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And this deduction was further verified by the binding energy of O 1 s (see Figure 7b
and Table 2). The O 1 s spectra show that the binding energy of O is at 528–534 eV, which can
be divided into three peaks at 530 eV, 531.5 eV, and 533 eV corresponding to lattice oxygen,
active oxygen species, and water or oxygen adsorbed on the surface, respectively [39,41].
Based on the peak areas, the percentages of surface-active oxygen species on different
MnO2 have been calculated (see Table 2). The percentage of active oxygen species on
δ-MnO2 was a staggering 27.70%, which is significantly higher than those on α-, β-, and
γ-MnO2. It demonstrates that δ-MnO2 is capable of producing more active oxygen species.

Table 2. XPS O 1S peak splitting data of different MnO2.

Catalyst Oxygen Species
Type Position/Ev Area Percentage/%

α-MnO2

OL
1 530.06 82.6034

OS
2 531.44 10.5468

OW
3 532.15 6.8498

β-MnO2

OL 529.95 81.7358
OS 531.38 11.3416
OW 532.14 6.9227

γ-MnO2

OL 530.02 81.0782
OS 531.42 11.3644
OW 532.13 7.5575

δ-MnO2

OL 529.96 58.3633
OS 530.43 27.6973
OW 531.70 13.9394

1 OL: lattice oxygen, 2 OS: active oxygen species, 3 OW: water or oxygen adsorbed on the surface.

2.4. Discussion

The above results show that δ-MnO2 has a more abundant hydroxyl group and a
stronger ability to activate oxygen compared with α-, β- and γ-MnO2. Therefore, the
effect of the hydroxyl group and the oxygen activation ability of MnO2 on the oxidation of
furfural are discussed in detail below.

2.4.1. The Role of the Hydroxyl Group of MnO2

For the oxidation reaction of furfural, it is generally acknowledged that the attack
of the aldehyde group by OH− or H+ is essential for the activation of furfural. Under
homogeneous alkaline conditions, the free OH− can attack the aldehyde group leading
to opening the C=O bond of furfural. As there is no free OH− under base-free conditions
over MnO2, it is speculated that the attack of the aldehyde group of furfural might be
due to the inherent hydroxyl group of MnO2 (see Figure 8a). To verify this deduction, the
furfural-TPD was carried out over α-, β-, γ- and δ-MnO2 (see Figure 8b). On δ-MnO2, a
big desorption peak corresponding to furfural appeared at 160 ◦C, but almost no furfural
desorption peak was observed on α-, β-, and γ-MnO2. And this trend is consistent with
the changing trend of hydroxyl amount over different MnO2 in IR results. Thus, it can
be deduced that the inherent hydroxyl group on MnO2 plays an active role in furfural
activation. And this deduction was supported by the formaldehyde oxidation over CeO2
or TiO2 catalyst in the literature [42,43].
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Figure 8. (a) Schematics of the oxidation of furfural to furoic acid; (b) Furfural-TPD spectrum of
different crystalline MnO2 (m/z corresponds to the mass signal of furfural).

To verify the above deductions, the infrared spectra of different MnO2 before and after
the adsorption of furfural were characterized by the furfural-IR technique (see Figure 9).
The peaks at 3186 cm−1 and 3557 cm−1 are attributed to hydroxyl groups [33,44,45]. Before
furfural adsorption, the hydroxyl group was only found on γ-MnO2 and δ-MnO2, with
the corresponding peak intensity stronger on δ-MnO2 than γ-MnO2. However, after the
adsorption of furfural, the hydroxyl peaks in both γ-MnO2 and δ-MnO2 are much weaker
compared with the pure γ-MnO2 and δ-MnO2 without any change of other groups, which
indicated that the inherent hydroxyl group on MnO2 may act as an attacking agent for
aldehyde group of furfural.

2.4.2. The Role of Active Oxygen Species of MnO2

It is generally realized that oxidation ability and the amount of activated oxygen play
an important role in the activation of oxygen and facilitation of intermediates in aldehyde
oxidation reactions [22,42]. The H2-TPR and O2-TPD results in the present study show that
the δ-MnO2 has both the strongest ability to activate oxygen and the most abundant active
oxygen species (desorption peaks below 400 ◦C), which might be beneficial to active oxygen
and promote the conversion of the geminal diol intermediates in the furfural oxidation
reaction.
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3. Conclusions

In summary, δ-MnO2 has the weakest Mn-O bond, which can be easily broken to
produce the most abundant active oxygen species, giving rise to the beneficial oxidation of
intermediates. Moreover, the plentiful inherent hydroxyl groups on δ-MnO2 can activate
the aldehyde group of furfural and favors furfural conversion. The activation behavior of
the hydroxyl group on the aldehyde group allows the reaction to occur under base-free
conditions. Thus, a 99.04% furfural conversion and 100% furoic acid selectivity can be
obtained on δ-MnO2. Moreover, the δ-MnO2 shows super stability after three reaction
cycles.

4. Materials and Methods

Ammonium persulfate ((NH4)2S2O8, 99.99%, 7727-54-0), ammonium sulfate ((NH4)2SO4,
99.99%, 7783-20-2), manganese sulfate monohydrate (MnSO4·H2O, 99.99%, 10034-96-5),
potassium permanganate (KMnO4, 99%, 7722-64-7) and Furfural (C5H4O2, 99%, 98-01-1)
were used in the catalyst synthesis process, all of which were purchased from Aladdin
(Shanghai, China).

4.1. Preparation of MnO2 with Different Crystalline Forms

The synthesis steps of α-MnO2 were as follows: 0.056 mol of (NH4)2S2O8, 0.056 mol
of MnSO4·H2O, and 0.14 mol of (NH4)2SO4 were added into 140 mL of deionized water
and stirred for 30 min until fully dissolved, then transferred to 200 mL of PTFE liner and
hydrothermally heated at 140 ◦C for 12 h. After cooling, the obtained precipitate was
filtered and washed three times with deionized water and finally dried in a static air oven
at 80 ◦C for 12 h. The obtained catalyst was recorded as α-MnO2.
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The synthesis steps of β-MnO2 were as follows: 0.056 mol of (NH4)2S2O8, 0.056 mol
of MnSO4·H2O were added into 140 mL of deionized water and stirred for 30 min until
fully dissolved, then transferred to 200 mL of PTFE liner and hydrothermally heated at
140 ◦C for 12 h. After cooling, the obtained precipitate was filtered and washed three times
with deionized water and finally dried in a static air oven at 80 ◦C for 12 h. The obtained
catalyst was recorded as β-MnO2.

The synthesis steps of γ-MnO2 were as follows: 0.056 mol of (NH4)2S2O8, 0.056 mol
of MnSO4·H2O were added into 140 mL of deionized water and stirred for 30 min until
fully dissolved, then transferred to 200 mL of PTFE liner and hydrothermally heated at
90 ◦C for 12 h. After cooling, the obtained precipitate was filtered and washed three times
with deionized water and finally dried in a static air oven at 80 ◦C for 12 h. The obtained
catalyst was recorded as γ-MnO2.

The synthesis steps of δ-MnO2 were as follows: 0.024 mol of KMnO4 and 0.004 mol
of MnSO4·H2O were added into 140 mL of deionized water and stirred for 30 min until
fully dissolved, then transferred to 200 mL of PTFE liner and hydrothermally heated at
160 ◦C for 12 h. After cooling, the obtained precipitate was filtered and washed three times
with deionized water and finally dried in a static air oven at 80 ◦C for 12 h. The obtained
catalyst was recorded as δ-MnO2.

4.2. Evaluation of Catalysts

The evaluation of the catalyst was carried out in a 100 mL stainless-steel magnetic
stirring batch reactor. In general, 50 mg of furfural, 10 mL of deionized water, and 200 mg of
catalyst were loaded into the batch reactor, replaced with pure oxygen five times, charged
with 1 Mpa of pure oxygen, and raised to 100 ◦C for 1 h. The experimental parameters
were changed with additional explanations in the text. The reactor was cooled immediately
after the completion of the reaction, and the resulting mixture was filtered through a
syringe filter equipped with a 22 µm PTEF membrane. The filtrate was diluted and
analyzed by high-performance liquid chromatography with the following chromatographic
detection conditions. The mobile phase ratio was acetonitrile: water = 1:1, and the detection
wavelength was 220 nm. The carbon equilibrium of the reaction was calculated by standard
solutions. The equations for each parameter in Table 1 are as follows:

Conver. = (nFF in − nFF out(by HPLC))/nFF in × 100%

nFF in: Furfural feed molarity, nFF out Molarity of furfural in the product detected by
HPLC.

Propo.FA = nfuroic acid(by HPLC)/nproduct (by HPLC) × 100%

nfuroic acid represents the molar amount of furoic acid in the product detected by HPLC,
and nproduct represents the sum of the molar amounts of all products detected by HPLC.

Carbon balance = (nFF out(by HPLC) + nFA out(by HPLC))/nFF in

nFF in: Furfural feed molarity, nFF out: Molarity of furfural in the product, nFA out:
Molarity of furoic acid.

4.3. Catalyst Reuse

The used catalyst was filtered out, soaked in 100 mL 50% ethanol/50% sodium hy-
droxide (1M) mixture for 6 h, then warmed up to 80 ◦C and stirred for 2 h, and finally
filtered and washed five times, dried at 60 ◦C for 1 h and used in the reaction.
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4.4. Catalyst Characterization

H2-TPR: The H2-TPR was tested on a Tianjin Xianquan TP-5080 Automatic Multi-use
Adsorption Instrument (Xianquan Industrial and Trading Co., Ltd., Tianjing, China) with
50 mg catalyst (20–40 mesh), purged under a reducing gas (5% H2/95% Ar) atmosphere for
30 min to a smooth baseline under room temperature with a gas flow rate of 30 mL/min.
The temperature was programmed to 800 ◦C from room temperature at a ramp rate of
10 ◦C/min, and the H2 consumption was measured by TCD.

O2-TPD: The O2-TPD procedure was as follows, using 50 mg of catalyst (20–40 mesh)
in quartz tubes purged at 50 ◦C for 30 min under an Ar atmosphere, followed by the
introduction of 5% O2/95% Ar (30 mL/min) without pretreatment for 1 h to saturate the
O2 on the sample surface, and then switching to pure argon for 40 min to a smooth baseline.
Finally, the temperature was increased from 50 ◦C to 900 ◦C at a 10 ◦C/min rate in an
argon atmosphere. The m/z was used to monitor O2 and H2O by a mass spectrometer (IPI
GAM200, Pfeiffer Vacuum GmbH (Hessen, Germany)).

XRD: The crystalline phase of the catalyst was tested using an X-ray diffraction (XRD)
analyzer (PANalytical X’pert3, Malvern Panalytical Ltd., Overijssel, The Netherlands) with
the parameters Cu target, Kα (λ = 1.54056 Å), 40 kV tube voltage, and 40 mA tube current.

SEM: Morphological observation of the catalyst using a scanning electron microscope
(JSM-7001F, JEOL Ltd., Beijing, China). The sample powder adheres to the conductive
adhesive with an operating voltage of 10 KV.

XPS: XPS analysis was performed using an AXIS ULTRADLD X-ray photoelectron
spectrometer (Kratos Ltd., Manchester, UK). The spectra were charge-corrected using a C1s
signal located at 284.5 eV. The spectra of all samples were fitted using the XPS PEAK41
software (Kratos Ltd., UK), and the peaks were resolved using an 80% Gaussian/20%
Lorentzian model function.

Raman: Raman spectroscopy was performed on a LabRAM HR Evolution Raman
instrument (Horiba Ltd., Kyoto, Japan). The excitation source was an argon ion laser
532 nm visible Raman spectral line (laser power:100 mW, Acq. time: 100 s, Accumulations:
1, Hole:150). The instrument was calibrated with silica before testing.

Ex situ DRIFTS: Diffuse reflectance infrared experiments were performed on a Nico-
let iS10 infrared spectrometer (Thermo Fisher Scientific Inc., Shanghai, China, spectra
resolution: 8 cm−1, scans averaged: 64).

TG: Thermogravimetric curves of the catalysts were measured on a Setaram TGA-92
platform (Setaram Ltd., Bourges, France). About 10 mg of the sample was purged under
N2 at room temperature for 30 min and then ramped up from room temperature to 900 ◦C
under N2 at a ramp rate of 5 ◦C/min.

Ex situ DRIFTS Furfural-IR: After ~50 mg catalyst acquisition of ordinary diffuse
reflectance IR, the spectrum was acquired by adding 5 µL of pure furfural dropwise on
the catalyst. The specific details are purging it for 10 min under an argon atmosphere
(60 mL/min) by warming up to 80 ◦C in the in-situ pool (spectra resolution: 8 cm−1, scans
averaged: 64).

Furfural-TPD: 50 mg of catalyst was loaded into the reaction furnace, furfural was
placed in the wash bottle ice bath thermostat (0 ◦C), and Ar was passed through the furfural
wash bottle at a flow rate of 30 mL/min to bring the furfural vapor into the reaction furnace.
Next, the product was adsorbed for 30 min until saturation (The mass spectral signal of
furfural is not changing) at 80 ◦C, and then argon purge (30 mL/min) was switched to
for 40 min until the baseline was smooth. Finally, the product was desorbed under an Ar
atmosphere at a rate of 10 ◦C/min up to 400 ◦C, and the desorbed product was detected
using mass spectrometry (InProcess Instruments Ltd., Beijing, China).
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13040663/s1, Table S1: BET data for different crystalline
MnO2. Table S2: JCPDS main peaks data of different crystalline MnO2. Figure S1: XPS S 2p binding
energy of MnO2 with different crystal types. Figure S2: Ex situ DRIFTS spectra of pure furfural.
Figure S3: Reactor for the oxidation of furfural to furoic acid.
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Abstract: In this study, a density functional theory method is employed to investigate the reaction
mechanisms of dimethyl carbonate (DMC) formation, through oxidative carbonylation of methanol, on
four types of Y zeolites doped with Cu+, Cu2+, Cu2O and CuO, respectively. A common chemical route
is found for these zeolites and identified as, first, the adsorbed CH3OH is oxidized to CH3O species;
subsequently, CO inserts into CH3O to CH3OCO, which reacts with CH3O to form DMC rapidly; and
finally, the adsorbed DMC is released into the gas phase. The rate-limiting step on Cu2+Y zeolite is
identified as oxidation of CH3OH to CH3O with activation barrier of 66.73 kJ·mol−1. While for Cu+Y,
Cu2O-Y and CuO-Y zeolites, the rate-limiting step is insertion of CO into CH3O, and the corresponding
activation barriers are 63.73, 60.01 and 104.64 kJ·mol−1, respectively. For Cu+Y, Cu2+Y and Cu2O-Y
zeolites, adsorbed CH3OH is oxidized to CH3O with the presence of oxygen, whereas oxidation of
CH3OH on CuO-Y is caused by the lattice oxygen of CuO. The order of catalytic activities of these four
types of zeolites with different Cu states follows Cu+Y≈ Cu2O-Y > Cu2+Y > CuO-Y zeolite. Therefore,
CuY catalysts with Cu+ and Cu2O as dominated Cu species are beneficial to the formation of DMC.

Keywords: dimethyl carbonate; Y zeolite; Cu states; density functional theory; reaction mechanism

1. Introduction

Dimethyl carbonate (DMC), which is considered as one of the environmentally benign
chemicals, has been used as a low toxicity solvent and fuel additive. Its production and
utilization have recently drawn much attention [1–7]. Meanwhile, DMC synthesis by
oxidative carbonylation of methanol is suggested since phosgene is not produced during
the process [7–11]. CuO and Cu2O are p-type semiconductors with a direct band gap of
1.2 and 2.0 eV, respectively, which has been widely used as sensors and active centers
in various catalytic reactions due to their unique electronic structure [12–14]. Similarly,
Cu-exchanged zeolite catalysts, as the chloride-free catalysts, have been considered as one
of the most attractive catalysts for DMC synthesis in recent years [15–19], due to the high
catalytic activity and selectivity. CuY zeolite catalyst is one of them [17–23].

The presence of different Cu states in CuY zeolites results in distinct catalytic activities and
is achieved using different methods. King [20] reported that Cu+Y zeolite prepared by solid-
state ion exchange showed a satisfying catalytic activity in the oxidative carbonylation reaction,
while ion-exchanged Cu2+Y zeolite exhibited a poor performance. Cu+ and CuO based
Cu-FAU catalysts were prepared by Kieger et al. via ion-exchanged method and incipient-
wetness-impregnation, respectively. After characterized by UV-VIS, IR, TPR and NH3-TPD,
it was suggested that Cu+ and CuO were formed in Cu-FAU by ion-exchange method and
incipient-wetness impregnation, respectively, and Cu+ exhibited a better catalytic activity than
CuO [24]. Richter and co-workers showed that CuO was formed in CuY zeolite when the Cu
loading was above 10 wt% during incipient-wetness impregnation [25]. They pointed out that,
due to the formation of CuOx particles, oxidative carbonylation of methanol proceeded with
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and without oxygen, meanwhile, CuOx enhanced the formation of DMC [26,27]. Our study
showed that with increasing the exchange degree, different Cu states were produced, such as
Cu2+, Cu+, Cu2O, CuO and CuY zeolites, leading to different catalytic performance [28].

A number of studies investigated the possible reaction schemes of oxidative carbony-
lation of methanol to DMC on Cu-exchanged zeolite [16,20,22,25,29–31], Pd-exchanged
zeolite [9,32], Cu/AC [33], γ-Cu2Cl(OH)3 [34], CuCl [35] and Cu2O [8,36] catalysts. Gen-
erally, the molecularly adsorbed methanol is first oxidized by oxygen to methoxide or
di-methoxide species. Then the formation of DMC follows two distinct reaction path-
ways. The first starts with the insertion of CO into methoxide to produce CH3OCO, which
subsequently reacts with CH3OH to form DMC. The second involves the CO addition to
di-methoxide species. Experimental investigation by Engeldinger et al. [26,27] showed that
CuOx aggregates were formed in CuY catalyst when the Cu loading was above 11 wt%,
which promoted oxidation and oxocarbonylation reactions of methanol and enhanced the
formation of DMC. They suggested that the reaction was closely related to the CH3OCOOH
(MMC), which was produced through participation of lattice oxygen from CuOx of the
catalyst. Cu was reoxidized by gas phase oxygen according to the Mars–van Krevelen
mechanism [37]. Although the role of CuOx has been identified, there is little information
on the detailed reaction mechanism which addresses the Cu2O, CuO and Cu2+ species of Y
zeolite during oxidative carbonylation of methanol.

In this work, the reaction mechanisms governing oxidative carbonylation of methanol
to DMC were studied with Cu+, Cu2+, Cu2O and CuO species in Y zeolites using density
functional theory (DFT). An appropriate size of CuY cluster was constructed as the stable
configuration, reflecting different Cu states in Y zeolite. Then, the reaction mechanisms for
DMC formation on four types of Cu species were investigated, and the order of catalytic activity
of different Cu states in Y zeolite was characterized. It is expected that these results will provide
a theoretical clue to prepare CuY catalyst with better catalytic activity for the DMC synthesis.

2. Results

A faujasite type structure with various cationic sites and different crystallographic
oxygen positions is shown in Figure 1. As reactant molecule, CO is very difficult to diffuse
inside the sodalite cages and hexagonal prisms (2.3 Å) [38] of Y zeolite because of the large
dynamic diameter (3.76 Å), while they easily enter enter supercages (7.4 Å) [38], suggesting
that only copper species located at sites II and III are accessible to CO adsorption and act as
the active sites for the oxidative carbonylation of methanol to DMC. Based on the previous
studies [30,31,39,40], copper cations in site II are more stable than site III, therefore site II
was selected to represent the location of active center Cu species in this study.
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by H atoms [41,43]. The terminal H atoms were oriented along the bond direction of Y 
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optimization, the local structure of Y zeolite was kept unchanged for Yn−, Y, CuY cluster 
models. The compensating charges, Al atoms and adjacent SiO4 units were relaxed, while 
other atoms were fixed. For the adsorbate-CuY cluster system, the compensating charges, 
the absorbed molecules and the 6 MR occupied by the active center Cu+ species were 
relaxed.  

In order to find the appropriate cluster size, five different sized clusters, consisting 
of 6T, 12T, 24T, 42T, and 60T atoms (T represents an Al or Si atom) (see Error! Reference 
source not found.), were constructed.  

 
Figure 2. The cluster geometries of Y zeolite with different sizes. Red, yellow, pink and white balls 
stand for O, Si, Al and H atoms, respectively. 

The binding energies of Cu2+ in these five Y clusters and the adsorption energies of 
CO on CuY zeolite with these clusters were calculated, as shown in Table 1. 

Table 1. The interaction energies (Eint) of Cu2+ and the adsorption energies (Eads) of CO on the clusters 
of Cu2+Y zeolites with different sizes. 

Y Zeolite with Different Size Eint/kJ·mol−1 Eads/kJ·mol−1 
6T 2713.62 91.45 

12T 2588.76 83.33 
24T 2529.59 83.08 
42T 2454.44 83.27 
60T 2442.61 82.88 

Figure 1. Faujasite type structure with cationic sites (orange balls) and different crystallographic
oxygen positions (red balls). Here, site I is at the middle of hexagonal prism; site I’B is in the sodalite
cage adjacent to 6MR which is shared by both hexagonal prism and sodalite cage; site I’A is similar to
site I’B, but away from the sodalite cage; site II is in the supercage close to the six-membered ring
(6 MR) shared by supercage and sodalite cage; site II* is similar to site II, but located towards the
supercage; site III is in the supercage that is next to four-membered rings (4 MR) of sodalite cage.
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According to the literatures [30,41,42], the local conformation and interactions of
molecule can be described using the cluster model. The dangling bonds were saturated by
H atoms [41,43]. The terminal H atoms were oriented along the bond direction of Y zeolite.
The bond length of O-H was set to 1.0 Å, respectively. During numerical optimization,
the local structure of Y zeolite was kept unchanged for Yn−, Y, CuY cluster models. The
compensating charges, Al atoms and adjacent SiO4 units were relaxed, while other atoms
were fixed. For the adsorbate-CuY cluster system, the compensating charges, the absorbed
molecules and the 6 MR occupied by the active center Cu+ species were relaxed.

In order to find the appropriate cluster size, five different sized clusters, consisting of 6T,
12T, 24T, 42T, and 60T atoms (T represents an Al or Si atom) (see Figure 2), were constructed.
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The binding energies of Cu2+ in these five Y clusters and the adsorption energies of
CO on CuY zeolite with these clusters were calculated, as shown in Table 1.

Table 1. The interaction energies (Eint) of Cu2+ and the adsorption energies (Eads) of CO on the
clusters of Cu2+Y zeolites with different sizes.

Y Zeolite with Different Size Eint/kJ·mol−1 Eads/kJ·mol−1

6T 2713.62 91.45
12T 2588.76 83.33
24T 2529.59 83.08
42T 2454.44 83.27
60T 2442.61 82.88

The interaction energy (Eint) between Cu2+ and Y2− zeolite was defined as [44]

Eint = ECu
2+ + EY

2− − EMY

where ECu
2+ is the total energy of Cu2+, EY

2− is the total energy of Y2−, and EMY is the total
energy of MY, respectively. Here, a larger Eint represents a more stable structure of Cu2+Y
system. It can be found from Table 1 that the effect of the cluster size on the adsorption
energies of CO is negligible, while the Cu2+ interaction energies are significantly influenced
by the cluster size. Therefore, a very small cluster model cannot fully reflect the structure of
Y zeolite. Comparison of the Cu2+ interaction energies suggests that the difference between
24T and 60T cluster is within the allowable error range (<80 kJ/mol). The 24T cluster model
was selected in this study to reduce the computing cost.

To better represent the structure of Y zeolite in experiments, four Si atoms of the Y
zeolite cluster were substituted by four Al atoms according to the Lowenstein–Dempsey
rules. The Y cluster with four Si atoms replaced by Al atoms was denoted as Y4−. Based
on the 24T cluster model of Y zeolite, the most stable configurations of Y4− cluster was
obtained by evaluating the substitution energy [45] and binding energy of Y4−, which are
defined as

Esub = EY
4− + 4ESi-EY-4EAl

Ebind = 24EH + 60EO + 4EAl + 20ESi-EY
4−
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where, Esub and Ebind are the substitution energy and the binding energy of Y4−, respec-
tively. EY

4− and EY are the total energies of Y4− cluster and the Y cluster without the
replacement of Si, respectively. ESi, EAl, EH and EO are the energies of single Si, Al, H and
O atoms, respectively. With these definitions, a smaller Esub indicates an easier replacement
of Si by Al and larger Ebind means a more stable Y cluster.

Table 2 lists the calculated Esub and Ebind for different distribution of Al atoms.

Table 2. The substitution energies (Esub) and binding energies (Ebind) for the Y4− cluster with different
distribution of Al atoms.

The Distribution of Al Atoms Esub/kJ·mol−1 Ebind/Ha

1-11-12-22 27.31 21.0454
2-11-12-22 31.16 21.0440
3-11-12-22 45.15 21.0387
4-11-12-22 0.28 21.0557
5-11-12-22 37.72 21.0415
8-11-12-22 31.96 21.0436
9-11-12-22 122.11 21.0093

11-12-14-22 107.60 21.0148
11-12-17-22 210.52 20.9756
11-12-20-22 129.81 21.0064
11-12-22-24 125.49 21.0080

Due to its least substitution energy and largest binding energy of Y4−, Y4− cluster with
the distribution of 4 Al atoms, denoted as 4-11-12-22, is the most stable structure of Y4−

cluster (see Figure 3). Negative charges, which are introduced when Si atoms are replaced
by Al atoms, are usually compensated by protons associated with crystallographic oxygen
atoms adjacent to the Al atoms.
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Based on the stable structure of Y4− cluster, the configurations to reflect the different
Cu states in Y zeolite were constructed. According to the literatures [44,46], a majority of
charge-compensating protons locate at O1 sites, while the others occupy O3 sites to avoid
the formation of -OH2 group. In this study, for Y zeolite with five Al atoms, three charge-
compensating protons locate at O1 sites, and two protons are at O3 sites (see Figure 3). For
Cu2+Y zeolite, Cu2+ is used to balance the negative charge of Al11 and Al12, and charge-
compensating protons are located at the O1 site to balance the negative charges of Al4 and
Al22, respectively (see Figure 4a). For Cu+Y zeolite, Cu+ balances the negative charge of
Al12, when three protons located at the O1 site compensate the negative charges of Al4,
Al11 and Al22 (see Figure 4b). For Cu2O-Y and CuO-Y zeolite, all negative charges of Al are
compensated by four charge-compensating protons located at O1 and O3 (see Figure 4c,d).
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3. Discussion

In this section, the notation (X)* and (X)(Y)* are referred to active center Cu states,
such as Cu+, Cu2+, Cu2O and CuO interacting with species X and X and Y, respectively.
The optimized geometries of reactants, transition states and products for different reaction
pathways of DMC formation were calculated.

3.1. The Desorption and Dissociation of CH3OH

The processes of desorption and dissociation of CH3OH on these four types of zeolites
and the corresponding transition states TS1 are shown in Figure 5.
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Figure 5. The structures of reactants, products and transition states on Cu+Y, Cu2+Y, Cu2O-Y
and CuO-Y zeolite for the oxidation of CH3OH to CH3O (unit: Å). (a1) (CH3OH)*/(O)* on Cu+Y,
(a2) (CH3O)*/(OH)* on Cu+Y, (b1) (CH3OH)*/(O)* on Cu2+Y, (b2) TS1 on Cu2+Y, (b3) (CH3O)*/(OH)*

on Cu2+Y, (c1) (CH3OH)*/(O)* on Cu2O-Y, (c2) TS1 on Cu2O-Y, (c3) (CH3O)*/(OH)* on Cu2O-Y,
(d1) (CH3OH)*/(O)* on CuO-Y, (d2) TS1 on CuO-Y and (d3) (CH3O)*/(OH)* on CuO-Y. See Figure 4
for the color coding.

As shown in Figure 5, adsorbed CH3OH on the four types of zeolites are bound to dif-
ferent kinds of active center Cu species through O atom. The adsorption of CH3OH on Cu+Y,
Cu2+Y, Cu2O-Y and CuO-Y zeolites is exothermic with the energy release of 65.59, 85.81,
122.70 and 94.07 kJ·mol−1, respectively. Subsequently, for Cu+Y zeolite, with the presence
of oxygen, the O-H bond of CH3OH breaks to form the co-adsorbed (CH3O)*(OH)* config-
uration (see Figure 5(a2)). Since no TS state has been found, molecularly adsorbed CH3OH
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is converted rapidly to CH3O species. This demonstrates that the presence of adsorbed
O on Cu+Y zeolite exhibits a high surface reactivity toward the formation of CH3O. The
results are in good agreement with early reported experimental observations [15,20,22,28].

For Cu2+Y zeolite, adsorbed CH3OH is oxidized by adsorbed O to form CH3O species
via a transition state (TS1), as shown in Figure 5(b2). The O-H distance in CH3OH increases
from initial 0.975 Å to 1.126 Å of TS1, and finally to 2.275 Å, showing that the O-H bond
in CH3OH is destroyed. Meanwhile, the distance between adsorbed O atom and H atom
decreases drastically from initial 2.418 Å to 1.417 Å of TS1, then to 0.979 Å of (CH3O)*/(OH)*

(see Figure 5(b3)), revealing that a new O-H bond forms on Cu2+Y zeolite. Similar changes
are found on Cu2O-Y zeolite. For these two zeolites, the oxidation of adsorbed CH3OH with
the presence of oxygen needs to overcome activation barriers of 66.73 and 23.56 kJ·mol−1,
respectively (see Table 3).

Table 3. The activation barriers for individual reaction steps based on two proposed reaction mecha-
nisms (/kJ·mol−1).

Catalyst (CH3OH)* +
O*→(CH3O)*(OH)*

(CH3O)* +
CO*→(CH3OCO)*

(CH3OCO)* +
(CH3O)*→(DMC)*

(CH3O)*(OH)* +
CH3OH→(CH3O) 2* + H2O

(CH3O)2* +
CO→(DMC)* Ref.

Cu2O – 161.9 98.8 68.3 308.5 [36]
Cu2O-Y 23.56 60.01 40.90 116.38 253.96 This study

Cu+Y – 63.73 28.27 93.86 201.68 This study
Cu2+Y 66.73 64.45 37.95 89.49 164.95 This study
CuO-Y 39.94 104.64 15.95 115.29 210.74 This study

CuO – 114.5 200.9 25.7 109.1 [47]

It is interesting to note that for CuO-Y zeolite, adsorbed CH3OH is oxidized to CH3O
species without the presence of O, which is attributed to the presence of lattice oxygen
from CuO species. Experimental studies by Engeldinger et al. [26,27] suggested that the
formation of methoxy species from the adsorbed CH3OH proceeded with and without
oxygen, indicating that lattice oxygen of CuOx was able to participate in the oxidation
process. According to the Mars–van Krevelen mechanism [37], gas phase oxygen can
re-oxidize Cu to CuO species [26,27]. These structures in Figure 5 further prove that for
the oxidation reaction of CH3OH to CH3O, oxygen is needed for Cu2O-Y zeolite but is
not essential for CuO-Y zeolite. The oxidation reaction of CH3OH on CuO-Y zeolite is
exothermic (85.36 kJ·mol−1) and exhibits an activation barrier of 39.94 kJ·mol−1, as shown
in Table 3.

3.2. Insertion of CO into CH3O (Path I)

Figure 6 shows the processes of inserting CO into CH3O to form CH3OCO on these
four types of zeolites and the corresponding transition states TS2.

For Cu+Y zeolite, the distance between the C atom of CO and the O atom of CH3O
decreases from initially 2.787 Å of (CO)*/(CH3O)* to 1.961 Å of TS2, which suggests the
formation of a new C-O bond. It is also seen from Figure 6 that insertion of CO into
Cu-OCH3 elongates the Cu-O bond from initially 1.901 Å to 2.455 Å of TS2 and then to
2.840 Å of (CH3OCO)*, indicating that at the final product CH3OCO adsorbs on the Cu+

via the C atom of CO (this C atom is denoted as C’ for the further analysis). The CO
insertion reaction exhibits an activation barrier of 63.73 kJ·mol−1 via TS2, which agrees
with the results calculated by Zheng et al. [30] (see Table 3). Similar changes from the
initial geometries to TS2 states then to the final products happen on the three other types
of zeolites. The CO insertion reaction on Cu2+Y, Cu2O-Y and CuO-Y zeolites needs to
overcome activation barriers of 64.45, 60.01 and 104.64 kJ·mol−1, respectively (see Table 3).
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Figure 6. The structures of reactants, products and transition states on Cu+Y, Cu2+Y, Cu2O-Y and
CuO-Y zeolite for the formation of CH3OCO (unit: Å). (a1) (CH3O)*/(CO)* on Cu+Y, (a2) TS2 on Cu+Y,
(a3) (CH3OCO)* on Cu+Y, (b1) (CH3O)*/(CO)* on Cu2+Y, (b2) TS2 on Cu2+Y, (b3) (CH3OCO)* on Cu2+Y,
(c1) (CH3O)*/(CO)* on Cu2O-Y, (c2) TS2 on Cu2O-Y, (c3) (CH3OCO)* on Cu2O-Y, (d1) (CH3O)*/(CO)*

on CuO-Y, (d2) TS2 on CuO-Y and (d3) (CH3OCO)* on CuO-Y. See Figure 4 for the color coding.

3.3. CH3O Reacts with CH3OCO to Form DMC (Path I)

(CH3OCO)* adsorbed on these four types of zeolites can react with another (CH3O)*

to form DMC, via a transition state TS3 (see Figure 7).
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Figure 7. The structures of reactants, products and transition states on Cu+Y, Cu2+Y, Cu2O-Y and CuO-Y
zeolite for the formation of DMC via path I (unit: Å). (a1) (CH3O)*/(CH3OCO)* on Cu+Y, (a2) TS3 on
Cu+Y, (a3) DMC on Cu+Y, (b1) (CH3O)*/(CH3OCO)* on Cu2+Y, (b2) TS3 on Cu2+Y, (b3) DMC on Cu2+Y,
(c1) (CH3O)*/(CH3OCO)* on Cu2O-Y, (c2) TS3 on Cu2O-Y, (c3) DMC on Cu2O-Y, (d1) (CH3O)*/(CH3OCO)*
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For Cu+Y zeolite, the distance between C′ atom of CH3OC′O and the O atom of the
second CH3O (this O atom is denoted as O′ for the later analysis) decreases from initially
2.461 Å of (CH3OC′O)*/(CH3O′)* to 1.863 Å of TS3, and finally the C′-O′ bond in DMC
of 1.361 Å. In addition, the bonds of Cu-C′ and Cu-O′ are elongated to 3.433 (not shown
in Figure 7) and 2.510 Å, respectively, suggesting the weak (physical) adsorption of DMC
on Cu+Y zeolite. Similar changes from the initial geometries to TS3 states then to the final
products happen on the three other types of zeolites. The reaction of CH3O with CH3OCO
on Cu+Y, Cu2+Y, Cu2O-Y and CuO-Y zeolites exhibits activation barriers of 28.27, 37.95,
40.90 and 15.95 kJ·mol−1 via TS3, respectively (see Table 3), and the exothermic energies
are 164.16, 315.11, 313.18 and 312.58 kJ·mol−1, respectively for these four types of zeolites.

3.4. Formation of (CH3O)2 Species (Path II)

The second pathway to form DMC suggests that (CH3O)*/(OH)* reacts with CH3OH,
which results in co-adsorption of (CH3O)2

* and H2O. Figure 8 shows these adsorption con-
figurations of (CH3O)*(OH)*/CH3OH and (CH3O)2

*/H2O on these four types of zeolites,
via a transition state TS4.
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For Cu+Y zeolite, the O-H distance in CH3OH increases from initially 1.002 Å to
1.529 Å of TS3, indicating this O-H bond tends to break. Meanwhile, the distance between
the H atom of OH in CH3OH and the O atom of (OH)* decreases from initially 1.724 Å
of (CH3O)*(OH)*/CH3OH to 1.028 Å of TS4, demonstrating the migration of the H atom
away from CH3OH and towards the O atom of OH. This leads to the formation of addi-
tional (CH3O)* and H2O. Moreover, the distance between the O atom of CH3OH and Cu+

decreases from 2.855 Å of TS4 to 1.880 Å of (CH3O)2
*/H2O, which suggests the formation

of (CH3O)2
*. This reaction on Cu+Y, Cu2+Y, Cu2O-Y and CuO-Y zeolites exhibits activation

barriers of 93.86, 89.49, 116.38 and 115.29 kJ·mol−1 via TS4, respectively (see Table 3).
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3.5. Insertion of CO into (CH3O)2 to Form DMC (Path II)

The processes of inserting CO into (CH3O)2 to form DMC on these four types of
zeolites and the corresponding transition states TS5 are shown in Figure 9.
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As shown in Figure 9, on Cu+Y zeolite the distance of Cu-CO of (CH3O)2
*/CO config-

uration is 5.477 Å, and the C-O bond (1.142 Å) of CO is similar to that (1.143 Å) of CO in gas
phase. This suggests that two CH3O (i.e., (CH3O)2

*) molecules adsorbed at the active center
Cu effectively inhibit the adsorption of CO, which agrees with the stronger adsorption
of CH3O than CO (139.59 kJ·mol−1 vs. 125.25 kJ·mol−1). Starting from the adsorption
configuration of (CH3O)2

*/CO, the formation of DMC goes through a transition state TS5
(see Figure 9). On Cu+Y zeolite, the distance of the C atom of CO (denoted as C”) and the
O atom of the nearest CH3O (denotes as O”) decreases from initially 4.073 Å to 2.015 Å
of TS5. The distance between C” and the O atom of the furthest CH3O (denotes as O”’)
decreases from initially 5.477 Å of (CH3O)2

*/CO to 2.462 Å of TS5. Furthermore, in TS5, the
distance of Cu-O1 is elongated to 2.834 Å from 1.830 Å of (CH3O)2

*/CO to accommodate
the insertion of CO. Similar calculated results are found on the other three types of zeolites.
The reaction step on Cu+Y, Cu2+Y, Cu2O-Y and CuO-Y zeolites is significantly exothermic
by 256.59, 372.06, 232.24 and 323.77 kJ·mol−1, and the corresponding activation barriers are
201.68, 164.95, 253.96 and 210.74 kJ·mol−1 via TS5, respectively (see Table 3).

3.6. Desorption of DMC

Desorption of DMC from Cu+Y, Cu2+Y, Cu2O-Y and CuO-Y zeolites is endothermic with
the energy input of 24.30, 72.18, 41.31 and 65.69 kJ·mol−1, respectively. These energies needed
are compensable by the exothermic reactions of DMC formation on respective zeolites.
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3.7. Rate-Limiting Reactions of DMC Formaction

The potential energy curves for two reaction paths are plot in Figure 10.
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For the path I of DMC formation on these zeolites, insertion of CO into CH3O is
followed by the formation of DMC. On Cu+Y zeolite, the corresponding activation barriers
of these two reactions are 63.73 and 28.27 kJ·mol−1, respectively, which suggests the
insertion reaction of CO into CH3O is rate-limiting. On the other hand, for path II of
DMC formation, insertion of CO into (CH3O)2 is followed by the formation of DMC. On
Cu+Y zeolite, the rate-limiting step for path II is insertion of CO into (CH3O)2 with an
activation barrier of 201.68 kJ·mol−1. The comparison between the rate-limiting reactions
of two paths (63.73 vs. 201.68 kJ·mol−1) suggests the path I is favorable for DMC formation
on Cu+Y zeolite. Similar to these processes on Cu+Y zeolite, DFT calculations further
confirm that path I is the favorable process of DMC formation over CuO-Y and Cu2O-Y
zeolites, with the rate-limiting step of inserting CO into CH3O. For Cu2+Y zeolite, the
favorable pathway of DMC formation is also path I, while oxidation of the absorbed
CH3OH to CH3O becomes rate-limiting. Zhang et al. [36] found the favorable pathway
of DMC formation on Cu2O(111) follows path I, which agrees with the finding in this
study. However, they found that path II was favorable for the formation of DMC over
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CuO(111) and the insertion of CO into (CH3O)2 was considered as rate-limiting step [47].
Comparison of the activation barriers of the rate-limiting steps on Cu2O-Y (this study) and
Cu2O(111) (in the literature [36]) (60.01 kJ·mol−1 and 161.9 kJ·mol−1, respectively) suggest
the Cu2O species in Y zeolite should exhibit a better catalytic activity than the carrier-free
Cu2O crystalline surface (see Table 3). These results indicate that the carrier significantly
affects the activation barriers and even the reaction pathways.

Based on the aforementioned analyses, the following reaction route of DMC formation
on different Cu states in Y zeolites was proposed. First, the adsorbed CH3OH is oxidized to
CH3O species on zeolites. Then CO inserts to CH3O to form CH3OCO, which subsequently
reacts with CH3O to form DMC at a relative high reaction rate. Finally, adsorbed DMC is
released into the gas phase. A distinction exists for these four types of zeolites investigated
in this study. It is found that the rate-limiting step on Cu2+Y zeolite is oxidation of CH3OH
to CH3O, while for Cu+Y, Cu2O-Y and CuO-Y zeolites, the rate-limiting step is insertion
of CO into CH3O. Moreover, oxidation of CH3OH to form CH3O requires a presence of
oxygen on Cu+Y, Cu2+Y and Cu2O-Y zeolites, while on CuO-Y zeolite the adsorbed CH3OH
is oxidized by the lattice oxygen of CuO. The latter agrees with experimental findings by
Engeldinger et al. [26,27].

The activation barriers of insertion of CO into CH3O over Cu+Y, Cu2+Y, Cu2O-Y
and CuO-Y zeolites are found to be 63.73, 64.45, 60.01 and 104.64 kJ·mol−1, respectively.
Worthwhile to notice, oxidation of CH3OH to CH3O on Cu2+Y zeolite exhibits an activation
barrier of 66.73 kJ·mol−1, while oxidation of CH3OH on Cu+Y zeolite is a barrier free
reaction, suggesting that Cu+Y zeolite possess a better catalytic activity than Cu2+Y zeolite.
As a result, the order of catalytic activities of these four types of zeolites is derived as
Cu2O-Y ≈ Cu+Y > Cu2+Y > CuO-Y, which agrees with a previous experimental study [28].

4. Methodology

Density functional theory calculations were performed using the DMol3 program
package of Materials Studio 8.0 [48]. The generalized-gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE) exchange-correction functional was used in all
calculations [49]. The double numerical plus polarization (DNP) basis set [50], which is
equivalently accurate to the commonly used 6-31G** Gaussian basis set, was employed
to describe the Si-O-H-Al-Cu system. In this approach, for the non-metal Si, O, H and C
atoms were treated with the all-electron basis sets, which considers all valence orbitals,
while the inner electrons of the Al and Cu atoms were kept frozen and replaced by an
effective core potential (ECP), which is attributed to that the metal atom participated into
the reaction mainly occurs by the outer valence electron orbitals. The convergence criteria
of DFT calculations were set to 2 × 10−5 Ha for energy, 4 × 10−3 Ha/Å for force, 0.005 Å
for displacement. Complete linear synchronous transit (LST) and quadratic synchronous
transit (QST) were used to determine the transition states (TS).

For the reaction A + B→ AB on CuY zeolite, the reaction enthalpy (∆H) and activation
energy (Ea) were calculated by

∆H = EAB/CuY − EA+B/CuY

Ea = ETS/CuY − EA+B/CuY

where EAB/CuY is the total energy for the product AB on CuY zeolite, EA+B/CuY is the
total energies of the co-adsorbed A and B on CuY zeolite and ETS/CuY is the total energy
of the transition state (TS) on CuY zeolite, respectively. The negative ∆H represents an
exothermic reaction.

The adsorption energy (Eads) of the adsorbate-cluster system is defined as

Eads = Eadsorbate + ECuY − Eadsorbate/CuY
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where Eadsorbate/CuY is the total energy of adsorbate-CuY substrate system in the equilib-
rium state, ECuY and Eadsorbate are the total energies of CuY substrate and free adsorbate
alone, respectively. From this definition, the large adsorption energy indicates a strong
interaction between the absorbate and CuY zeolite.

5. Conclusions

In this work, the DFT method was employed to investigate the reaction mechanisms
of DMC formation on four types of zeolites doped with Cu+, Cu2+, Cu2O and CuO,
respectively, based on two proposed reaction pathways. The calculation results reveal that
path I is dominant for the formation of DMC since the activation barriers of rate-limiting
steps for path II are much higher than that of path I. Moreover, the calculation results also
suggest the following route to describe DMC formation on these zeolites. First, CH3OH is
adsorbed and oxidized to CH3O species. Then CO inserts into CH3O to form CH3OCO,
which reacts with CH3O to product DMC. Lastly, adsorbed DMC is released into the gas
phase. It is found that for Cu+Y, Cu2+Y and Cu2O-Y zeolites, adsorbed CH3OH is oxidized
to CH3O with a presence of oxygen, whereas oxidation of CH3OH on CuO-Y utilizes the
lattice oxygen of CuO. The rate-limiting step on Cu2+Y zeolite is oxidation of CH3OH to
CH3O, while on three other types of zeolites, the rate-limiting step is insertion of CO into
CH3O, and the corresponding activation barriers of these rate-limiting steps for Cu2+Y,
Cu+Y, Cu2O-Y and CuO-Y zeolites are 66.73, 63.73, 60.01 and 104.64 kJ·mol−1, respectively.
Based on above mentioned, the catalytic activities of these four types of zeolites with
different Cu states exhibit the order of Cu2O-Y ≈ Cu+Y > Cu2+Y > CuO-Y. These findings
are expected to guide the selection and preparation of CuY catalysts with the best catalytic
activity for DMC synthesis.
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Abstract: Formaldehyde is an important downstream chemical of syngas. Furniture and household
products synthesized from formaldehyde will slowly decompose and release formaldehyde again
during use, which seriously affects indoor air quality. In order to solve the indoor formaldehyde
pollution problem, this paper took the catalytic oxidation of formaldehyde as the research object;
prepared a series of low-cost, acid-treated manganese dioxide nanorod catalysts; and investigated the
effect of the acid-treatment conditions on the catalysts’ activity. It was found that the MnNR-0.3ac-6h
catalyst with 0.3 mol/L sulfuric acid for 6 h had the best activity. The conversion rate of formaldehyde
reached 98% at 150 ◦C and 90% at 25 ◦C at room temperature. During the reaction time of 144 h,
the conversion rate of formaldehyde was about 90%, and the catalyst maintained a high activity. It
was found that acid treatment could increase the number of oxygen vacancies on the surface of the
catalysts and promote the production of reactive oxygen species. The amount of surface reactive
oxygen species of the MnNR-0.3ac-6h catalyst was about 13% higher than that of the catalyst without
acid treatment.

Keywords: syngas; formaldehyde; acid treatment; MnO2; catalyst

1. Introduction

Formaldehyde is an important downstream product of syngas. Gaseous formaldehyde
can be obtained via the partial oxidation or dehydrogenation of methanol from syngas
through the methanol route. At present, 35% of the world’s methanol production is used
to meet the world’s demand for formaldehyde, making formaldehyde the first product
that is directly derived from methanol. In recent years, there have also been studies on the
direct synthesis of formaldehyde using syngas, which bypasses the production of methanol
and has a low reaction temperature, thus improving the conversion efficiency without
producing CO2 [1,2].

As an important chemical raw material, formaldehyde can be used to produce a
variety of daily products such as processed wood, paint, cosmetics, resins, polymers,
adhesives, etc. [3]. However, in artificial boards and other decoration materials that use
formaldehyde as the raw material, paraformaldehyde depolymerizes and continuously
releases [4], which seriously pollutes the indoor environment. Methods to eliminate indoor
formaldehyde pollution include ventilation [5], plant purification [6], adsorption [7,8],
plasma purification [9], catalytic oxidation [10], etc. Among these, the ventilation and air
exchange method is simple and feasible but has limitations in application scenarios due
to the influence of the house layout and climatic conditions. The removal process of the
plant purification method is relatively passive and the processing speed is slow, so it is
only suitable for the auxiliary means of formaldehyde purification [11]. The adsorption
method is simple in principle and widely used, but it is difficult for it to play a long-
term and stable purification role due to the inherent problem of adsorption saturation.
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Plasma air-purification technology has a good formaldehyde purification effect and strong
processing capacity, but the energy consumption of the process is high and there may
be secondary pollution. The catalytic oxidation method, which uses oxygen in the air
to react and generate H2O and CO2 with a good reaction stability [12], high treatment
efficiency, mild reaction conditions, and no secondary pollution, has broad application
prospects [13]. Formaldehyde oxidation catalysts can be divided into noble metal catalysts
and non-noble-metal catalysts [14–16].

Among these, noble metal catalysts have specific excellent catalytic activity at low
temperatures or even room temperature [17], but noble metals are expensive, which is
not conducive to practical application [18]. Compared with noble metal catalysts, non-
noble metals such as Mn, Co, and Ce are relatively abundant in reserves and have various
electronic structures, reducibility, thermal stability, oxidative degradability, a low price, and
other excellent characteristics that have attracted great attention in the fields of energy and
environmental protection [19]. Formaldehyde oxidation of non-noble metal oxide catalysts
is a hot research topic at present. As early as 2002, Sekinel [20] compared the catalytic
oxidation performance of formaldehyde at a low temperature for a variety of non-noble
metal oxides. The results showed that when ZnO, La2O3, and V2O5 were used as catalysts,
the reaction activity was low and the conversion rate of the formaldehyde was less than
10%; while MnO2 had a better catalytic performance and showed a conversion rate of the
formaldehyde of more than 90%.

Mn is a commonly used transition metal element in catalytic reactions [21,22]. Mn
atom has the outer electronic structure of 3d54s2, and its oxide can form the [MnO6]
octahedron, which is used as the basic structural unit. The crystal structure of a one-
dimensional tunnel, two-dimensional layer, or three-dimensional network is formed by
common edges, common angular tops, or coplanes [23–25]. Under different conditions,
crystalline manganese oxides of α, δ, γ, λ, β, and ε can be generated [21,25].

Zhang et al. [26] investigated the activity of four crystalline MnO2 catalysts (α, δ, λ, and
β) and found that the δ-MnO2 catalyst could completely oxidize formaldehyde at 80 ◦C;
while the α-, λ-, and β-MnO2 catalysts had higher formaldehyde complete conversion
temperatures of 125 ◦C, 200 ◦C, and 150 ◦C, respectively. This was due to the fact that the
delta-MnO2 layered structure had more active sites, which increased the adsorption and
diffusion rate of formaldehyde. Other studies have shown that the (310) crystal surface
of α-MnO2 had the highest surface energy, which was conducive to the adsorption and
activation of O2 and H2O, and could improve the oxidation activity of HCHO [27]; the
(100) crystal surface of α-MnO2 was conducive to the adsorption and activation of O2; and
the (001) crystal surface of layered δ-MnO2 was conducive to the desorption of H2O [28].
The pore structure of potassium manganese ore (0.26 nm) was similar to the dynamic
diameter of the formaldehyde molecule (0.243 nm) and showed high catalytic activity in
the reaction [29].

When manganese oxide has a special morphology, its unique microstructure and
texture properties were also conducive to an improvement in catalytic performance [30–32].
Boyjoo et al. [33] prepared a hollow microglobular MnO2 catalyst; subsequent studies
showed that the catalyst had a large specific surface area, a highly dispersed mesoporous
structure, and a large number of oxygen vacancies on the surface, which could promote
the migration of oxygen species in the reaction process. Bai et al. [34] prepared a 3D
mesoporous MnO2 catalyst using the template method. The results showed that 3D-MnO2
had a large specific surface area, that the Mn4+ on its (110) crystal plane provided the main
active site for formaldehyde oxidation, and that it had good catalytic performance.

Acid treatment is an important way to improve the surface chemical properties of
catalysts [35–37]. Wang et al. [37] found that after acid treatment of an MnO2/LaMnO3
catalyst, the number of oxygen vacancies and reactive oxygen species on the surface
increased significantly, which promoted toluene adsorption and a catalytic reaction. Studies
have found that acid treatment can affect the distribution and number of oxygen-containing
functional groups on the surface of carbon nanotubes [35]. Cui et al. [36] found that sulfuric
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acid treatment made a TiO2 nanoribbon surface rough and that the catalyst had an obvious
mesoporous structure, which could promote the adsorption, diffusion, and transfer of
reactants and provide more surface active sites. Gao et al. [38] found that the addition
of dilute nitric acid in the forming process of an HZSM-5 molecular sieve increased the
content of medium and strong acids and formed layered pores, which helped to reduce
the reaction capacity of cracking, aromatization, and hydrogen transfer of the catalyst;
improved the diffusion performance of the catalyst; and slowed the deposition rate of coke.
In this study, MnO2 nanorod catalysts were prepared using hydrothermal synthesis and
treated with acid. By adjusting the acid concentration and reaction time during the acid
treatment, a series of MnO2 nanorod catalysts were obtained after acid treatment under
different conditions. The structure and properties of the catalysts after acid treatment were
explored through various representations, and the influence of the acid treatment on the
catalytic oxidation activity of the formaldehyde was explained.

2. Results and Discussion
2.1. Microstructure of Catalysts

In order to study the crystal structure and phase of the catalysts treated with different
concentrations of acid and different times, an XRD characterization was carried out, the
results of which are shown in Figure 1. It can be seen that there were characteristic
diffraction peaks of α-MnO2 at 2θ = 12.8◦, 18.1◦, 28.8◦, 37.5◦, and 49.8◦, which corresponded
to the (110), (200), (310), (121), and (411) crystal planes, respectively. This indicated that
the prepared MnO2 nanorods were α-crystalline MnO2. The (310) and (110) crystal surface
energies of the α-MnO2 were higher, which was conducive to the adsorption and activation
of O2 and H2O and could improve the oxidation activity of HCHO [27,28]. It can be seen in
Figure 1a that after treatment of the MnNR catalysts with different concentrations of acid,
the increase in the acid concentration in the process of acid treatment did not change the
characteristic diffraction peak position of the catalysts, which meant that the structure of
the catalysts did not change during the treatment with different concentrations of acid. As
shown in Figure 1b, the extension of acid treatment time did not change the structure of
the catalysts.
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The SEM characterization results for the manganese dioxide catalysts treated using
different acid conditions are shown in Figure 2. Without acid treatment, as shown in
Figure 2a, the MnNR catalyst process was obviously rod-like. After the treatment with
different concentrations of acid, as shown in Figure 2b, the surface of the MnNR-0.1ac-6h
catalyst prepared via the reaction of 0.1 mol/L sulfuric acid for 6 h was rough and weakly
agglomerated, the particle size started to become large, and the rod-like structure could still
be seen. As shown in Figure 2e, with the increase in acid concentration, the acid treatment
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changed the surface energy of the nanoparticles and increased the contact interface between
the particles. The surface of the MnNR-0.7ac-6h catalyst prepared via the reaction of
0.7 mol/L sulfuric acid for 6 h was rougher with obvious agglomeration and no obvious
rod-like structure. Figure 2f–i show the catalysts of MnO2 nanorods treated with acid at
different times. It can be seen that the MnNR-0.3ac-3h catalyst prepared via a 0.3 mol/L
sulfuric acid reaction for 3 h showed weak agglomeration. With the gradual increase
in the acid treatment time, the catalyst also gradually presented obvious nanoparticle
agglomeration, the rod-like structure was no longer obvious with the extension of time,
and the MnNR-0.3ac-24h catalyst did not show an obvious rod-like structure.
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The specific surface area, pore size, and pore volume data of the MnNR series of
catalysts are shown in Table 1. As can be seen in the table, the specific surface area of the
MnNR catalyst without acid treatment was 47.6 m2/g, the average pore size was 11.6 nm,
and the average pore volume was 0.14 cm3/g. When the MnNR catalyst was treated with
different concentrations of acid, the specific surface area of the catalyst increased slightly,
and the average pore size and average pore volume increased significantly, which may have
been caused by the disappearance of a large number of micropores due to acid etching. The
MnNR-0.3ac-6h catalyst prepared via the reaction of 0.3 mol/L sulfuric acid for 6 h had the
largest specific surface area of 51.8 m2/g, which meant that this catalyst could expose more
active sites. The specific surface area of the MnNR catalyst gradually increased with time
after acid treatment for different times. After 6 h of acid treatment, the specific surface area
of the MnNR-0.3ac-6h catalyst was the largest at 51.8 m2/g. With the extension of the acid
treatment time, the specific surface area of the catalyst decreased. When combined with the
SEM characterization results shown in Figure 2, it can be seen that as the concentration of
acid treatment continued to increase and the time of acid treatment continued to increase,
an agglomeration of the catalyst occurred, which may have be the reason for the slight
decrease in the specific surface area.

126



Catalysts 2022, 12, 1667

Table 1. Physical properties of the as-prepared samples.

Sample SBET (m2/g) Dp (nm) Vp (cm3/g)

MnNR 47.6 11.6 0.14
MnNR-0.1ac-6h 49.7 18.2 0.20
MnNR-0.3ac-6h 51.8 20.2 0.21
MnNR-0.5ac-6h 49.6 20.3 0.24
MnNR-0.7ac-6h 48.0 20.6 0.25
MnNR-0.3ac-3h 48.2 17.1 0.20
MnNR-0.3ac-9h 50.9 20.9 0.20

MnNR-0.3ac-12h 48.4 21.3 0.22
MnNR-0.3ac-24h 45.5 22.2 0.22

2.2. Chemical Properties of the Catalysts

The reducibility of the catalysts was investigated using H2-TPR characterization; the
characterization results are shown in Figure 3. It can be seen in Figure 3a that the MnNR
catalyst had a low-temperature reduction peak near 330 ◦C and a high-temperature reduc-
tion peak near 357 ◦C, which corresponded to the reduction of MnO2 to Mn2O3 and of
Mn2O3 to MnO, respectively [39,40]. After acid treatment, the high-temperature reduc-
tion peak of the MnNR-0.1ac-6h catalyst increased to 368 ◦C, while the low-temperature
reduction peak did not change. With the increase in the acid concentration, the peak
reduction temperature at a high temperature increased gradually, while the peak reduction
temperature at a low temperature decreased. The high-temperature reduction peak of the
MnNR-0.7ac-6h catalyst increased to 429 ◦C, and the low-temperature reduction peak was
316 ◦C. According to Figure 3b, after 3 h of acid treatment, the MnNR-0.3ac-3h catalyst
had a low-temperature reduction peak near 330 ◦C and a high-temperature reduction peak
near 357 ◦C. With the prolongation of the acid treatment process time, the peak reduction
temperature for high-temperature reduction also increased, and the peak reduction temper-
ature for low-temperature reduction decreased. The high-temperature reduction peak of
the MnNR-0.3ac-24h catalyst increased to 381 ◦C, and the low-temperature reduction peak
was 319 ◦C. The reduction peak temperature probably decreased because the Mn-O bond
was more likely to break under the action of H+ in the acid treatment process. A lower
reduction temperature meant that the reduction was enhanced, the bond of the surface
oxygen species was more easily broken, and the surface oxygen species was more easily
activated, all of which were conducive to the enhancement of the activity. Lu et al. [41]
believed that the reducibility of catalysts was related to oxygen–oxygen vacancies and that
catalysts with a better reducibility could generate more oxygen vacancies [42]. Oxygen
vacancies can promote oxygen activation, generate reactive oxygen species, and improve
catalytic activity.
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The O2-TPD characterization results for the catalysts are shown in Figure 4. The O2-
TPD characterization could obtain the type of oxygen species on the surface of the catalyst.
It was known from a literature survey [43,44] that the desorption order of oxygen species
on the catalyst surface is: oxygen molecule (O2) > oxygen molecule ion (O2

−) > oxygen ion
(O−) > lattice oxygen (O2−). Oxygen molecules can usually be adsorbed on the surface
of a catalyst when the temperature is below 200 ◦C, while the desorption temperature
of the reactive oxygen species O2

− and O− is usually between 200 and 400 ◦C. In addi-
tion, the lattice oxygen has the highest desorption temperature, which generally exceeds
400 ◦C [45,46].

It can be seen in Figure 4a that the MnNR catalyst had a weak desorption peak at
100 ◦C, which corresponded to the adsorption peak of oxygen molecules; the desorption
peaks of reactive oxygen species O2

− and O− appeared at 300 ◦C; and the desorption
peak of lattice oxygen appeared at 540 ◦C. After acid treatment, the desorption peak of
the reactive oxygen species of the MnNR-0.7ac-6h catalyst also appeared at 300 ◦C. With
the increase in the acid concentration, the desorption peak position of the reactive oxygen
species shifted to the left; that is, the peak temperature decreased, and the lattice oxygen
desorption peak of the catalyst gradually disappeared. The reactive oxygen desorption
peak of the MnNR-0.7ac-6h catalyst appeared at 261 ◦C. It may have been that the strong
acid reacted with part of the lattice oxygen to form oxygen vacancies, which led to the
decrease in the lattice oxygen desorption peak. It can also be seen in Figure 4b that after acid
treatment for different times, the desorption peak position of the reactive oxygen species of
the catalysts also decreased with the increase in acid treatment time. The reactive oxygen
species desorption peak of the MnNR-0.3ac-24h catalyst appeared at 270 ◦C. The desorption
temperature of the oxygen was closely related to the activity of the catalysts. The lower the
desorption temperature, the more likely the reactive oxygen species were to be generated.
Reactive oxygen species can accelerate catalytic reactions [47], which is the most important
factor that affects catalytic activity. In addition, Huang [43] found that oxygen vacancies
could accelerate the generation of reactive oxygen species and that H2-TPR characterization
also proved that acid treatment could produce more oxygen vacancies in MnO2 nanorod
catalysts, so it could be predicted that acid treatment could improve the activity of the
MnNR catalyst [41].
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In order to explore the surface chemical composition and surface chemical valence of
the MnNR catalysts under different treatment conditions, the high-resolution XPS spectra
of the catalysts were obtained as shown in Figure 5. As can be seen in Figure 5a,b, all of
the catalysts had obvious diffraction peaks for Mn and O elements, which meant that the
catalysts contained manganese oxide compounds.
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Figure 5. XPS spectra of catalysts for different acid treatment conditions and high-resolution XPS
spectra of Mn 3s, Mn 2p, and O 1s. (a) high-resolution XPS spectra of catalysts treated with different
acid concentrations of Mn 3s, Mn 2p, O 1s; (b) high-resolution XPS spectra of catalysts treated with
different acid treatment times of Mn 3s, Mn 2p, O 1s; (c) XPS spectra of catalysts treated with different
acid concentrations of Mn 2p; (d) XPS spectra of catalysts treated with different acid treatment times
of Mn 2p; (e) XPS spectra of catalysts treated with different acid concentrations of O 1s; (f) XPS
spectra of catalysts treated with different acid treatment times of O 1s.
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Figure 5c,d reflect the Mn 2p spectra of the MnNR catalyst under different treatment
conditions. It can be seen from the figure that the MnNR catalyst had two energy level
peaks at 642 eV and 654 eV, which corresponded to Mn 2p3/2 and Mn 2p1/2, respectively.
By using Xpspeak41 to divide the peaks of Mn 2p3/2, the Mn3+ and Mn4+ diffraction peaks
appeared around 642 eV and 643 eV, respectively [48,49] and no Mn2+ diffraction peak
appeared, which proved that there was no Mn2+ on the surface of the catalyst. The positions
and proportions of the Mn3+ and Mn4+ peaks are shown in Table 2. As can be seen in
the table, the MnNR catalyst’s surface contained a small amount of Mn3+ (about 31%).
The Mn3+ content on the surface of the MnNR-0.5ac-6h catalyst increased with the acid
treatment; the Mn3+ content on the surface of the MnNR-0.5ac-6h catalyst was 56%. With
the increase in the acid concentration, the Mn3+ and Mn4+ contents on the surface of the
MnNR-0.7ac-6h catalyst increased continuously; the Mn3+ and Mn4+ contents were 57%
and 43%, respectively. After acid treatment for different times, the Mn3+ content on the
catalyst surface also increased while the Mn4+ content decreased. The contents of Mn3+

and Mn4+ on the surface of the MnNR-0.3ac-3h catalyst are 33% and 67%, respectively. The
contents of Mn3+ and Mn4+ on the surface of the MnNR-0.3ac-24h catalyst were 61% and
39%, respectively. The increase in the Mn3+ content may have been due to the reaction of
acid ions with lattice oxygen during the acid treatment, thereby leading to Mn electron
transfer and the formation of oxygen vacancies. Oxygen vacancies were conducive to the
adsorption and activation of oxygen molecules in the gas phase, which resulted in the
generation of surface oxygen species and also promoted the stripping of reactive oxygen
species at the adsorption site (oxygen vacancies) to enhance the activity of the catalysts.

Table 2. Chemical states of the surface elements determined using XPS.

Sample Mn3+ Mn4+ OI OII
Molar Ratio of Surface Elements

OII/OI + OII
a Mn3+ a Mn4+ a

MnNR 641.8 643 529.9 531.1 35% 31% 69%
MnNR-0.1ac-6h 641.9 643.1 529.8 531.1 40% 35% 65%
MnNR-0.3ac-6h 641.9 643.1 529.8 531.2 48% 47% 53%
MnNR-0.5ac-6h 642 643.3 529.8 531.2 42% 56% 44%
MnNR-0.7ac-6h 642.1 643.4 529.7 531.3 41% 57% 43%
MnNR-0.3ac-3h 641.9 643 529.8 531.2 48% 33% 67%
MnNR-0.3ac-9h 641.9 643.1 529.8 531.2 48% 50% 50%

MnNR-0.3ac-12h 642 643.1 529.7 531.2 47% 52% 48%
MnNR-0.3ac-24h 642 643.5 529.7 531.2 45% 61% 39%

a Surface element molar ratio calculated according to the peak areas of the XPS.

The spectra of catalyst O 1s are shown in Figure 5e,f. It can be seen that the O 1s profile
of the catalyst could be fitted into two subpeaks, which meant that there were two different
types of oxygen species. According to the literature, the OI diffraction peak around 529.8 eV
corresponds to the lattice oxygen of the catalyst itself; and the OII diffraction peak around
531.5 eV corresponds to O2

−, O−, the surface hydroxyl group, and other surface-adsorbed
oxygen species. The positions and proportions of the OII and OI peaks in Table 2 showed
that the OI and OII energy levels of the MnNR catalyst were 529.9 and 531.1 eV, respectively.
After the acid treatment, the OI level of the MnNR-0.7ac-6h catalyst was slightly decreased
and the OII level was slightly increased. This should be regarded as a negligible systematic
displacement. It can be seen in Table 2 that the proportion of reactive oxygen species on
the surface of the MnNR catalyst was 35%. After treatment at different concentrations
and times, we found that the proportion of reactive oxygen species on the surface of the
MnNR-0.3ac-6hcatalyst was the highest at 48%. The literature has proved that the surface
adsorption of oxygen plays an important role in the process of HCHO oxidation at low
temperatures. By combining the Mars–van Krevelen (MvK) mechanism and the previous
results, it can be seen that surface oxygen groups could promote formaldehyde oxidation
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at room temperature. The MnNR-0.3ac-6h catalyst exhibited a better catalytic performance
than the other catalysts.

2.3. Reaction Performance of Catalysts

The evaluation results of the formaldehyde catalytic oxidation of the MnO2 nanorod
catalysts treated with different concentrations of acid at 25–150 ◦C are shown in Figure 6. It
can be seen that the formaldehyde conversion rate of the MnO2 nanorod catalyst without
acid treatment was only 68% at 25 ◦C. With the increase in the reaction temperature, the
conversion rate of the formaldehyde increased; when the reaction temperature was 150 ◦C,
the conversion rate of the formaldehyde increased to 92%. The catalytic activity of the
MnO2 nanorods increased after acid treatment; the conversion rate of formaldehyde of the
MnNR-0.1ac-6h catalyst obtained via 0.1 mol/L sulfuric acid treatment increased to 97% at
150 ◦C. The formaldehyde conversion rate of the MnNR-0.3ac-6h catalyst reached 98% at
150 ◦C and 90% at 25 ◦C (room temperature). With the increase in the acid concentration,
the catalyst activity decreased. The formaldehyde conversion rate of the MnNR-0.5ac-6h
catalyst was 86% at 25 ◦C. The conversion rate of the MnNR-0.7ac-6h catalyst decreased
to 92% at 150 ◦C, and the conversion rate of formaldehyde was as low as 78% at room
temperature (25 ◦C).
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Figure 6. Experimental evaluation results of catalysts with different concentrations of acid treatment
(GSHV = 3000 h−1, 5 ± 1 ppm).

In addition, the effect of the acid treatment time on the catalyst activity was also
evaluated via the formaldehyde reaction. The evaluation results of the formaldehyde
catalytic oxidation of the catalysts at different temperatures are shown in Figure 7. It can
be seen that when the concentration of sulfuric acid was 0.3 mol/L, the formaldehyde
conversion rate of the MnNR-0.3ac-3h catalyst after three hours of reaction was 97% at
150 ◦C. With the extension of the reaction time, the formaldehyde conversion rate increased;
the formaldehyde conversion rate of the MnNR-0.3ac-6h catalyst was 98% at 150 ◦C. The
conversion rate of formaldehyde was still 90% at room temperature. With the increase in
the acid treatment time, the formaldehyde conversion rate of the MnNR-0.3ac-9h catalyst
decreased to 84% at 25 ◦C. When the acid reaction time continued to increase, the catalyst
activity decreased; the formaldehyde conversion rate of the MnNR-0.3ac-24h catalyst
decreased to 91% at 150 ◦C and was only 73% at 25 ◦C.
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Figure 7. Experimental evaluation results of catalysts with different times of acid treatment
(GSHV = 3000 h−1, 5 ± 1 ppm).

Under the reaction condition of 50 ◦C and a formaldehyde concentration of 5 ppm, the
effect of the space velocity on the conversion of the MnNR-0.3ac-6h catalyst was investi-
gated; the results were shown in Figure 8. When the airspeed was 3000 h−1, the conversion
rate of the catalyst was 90%. With the increasing airspeed, the reaction conversion rate
decreased gradually. When the airspeed was increased to 33,000 h−1, the conversion rate
of the reaction decreased to 70%, which was due to the reduced contact time between the
catalyst and the formaldehyde.
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Figure 8. Experimental evaluation results of MnNR-0.3ac-6h catalysts with different GSHVs.

The catalytic stability of the MnNR-0.3ac-6h catalyst was evaluated at 50 ◦C and a
formaldehyde concentration of 5 ppm; the results are shown in Figure 9. It can be seen in the
figure that during the reaction time of 144 h, the conversion rate of formaldehyde remained
around 90%, and the catalyst always maintained a high activity. When the reaction time
exceeded 144 h, the catalyst activity decreased slightly until 168 h, and the MnNR-0.3ac-6h
catalyst could still maintain a conversion rate of more than 87% under the condition of a
formaldehyde concentration of 5 ppm. It can be seen that the MnNR-0.3ac-6h catalyst had
a better stability in formaldehyde oxidation at a low temperature.
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3. Experimental
3.1. Preparation of Catalysts

For the preparation of the α-MnO2 nanorods, we added 3 mmol of KMnO4 and
4.5 mmol of MnSO4·H2O to 30 mL of deionized water and stirred for one hour [41], then
added 1.5 mL of sulfuric acid (98 wt.%), stirred the above solution at room temperature
until completely dissolved, transferred it into PTFE lining, sealed it, and loaded it into a
high-pressure reaction kettle. The reaction was conducted at 160 ◦C for 12 h. At the end of
the reaction, the product was filtered and washed until neutral and was denoted as MnNR.

For the preparation of the catalysts for acid treatment with different concentrations,
MnO2 nanorods were placed in different concentrations of an H2SO4 solution and heated in
an oil bath at 80 ◦C with reflux stirring. The ratio of the solid to liquid mass was kept at 1:60.
Under the condition of maintaining the heating temperature as unchanged, the suspension
was treated with sulfuric acid at 0.1, 0.3, 0.5, and 0.7 mol/L for 6 h; then the suspension
was filtered and washed repeatedly with deionized water until the pH value of the eluent
was about 7 and then dried at 105 ◦C. After drying, the powder was ground, pressed,
crushed, and screened; the resulting products were respectively denoted as MnNR-0.1ac-6h,
MnNR-0.3ac-6h, MnNR-0.5ac-6h, and MnNR-0.7ac-6h.

For the preparation of the catalysts for acid treatment at different times, MnO2
nanorods were placed in 0.3 mol/L of the H2SO4 solution and heated in an oil bath at
80 ◦C with reflux stirring. The ratio of the solid to liquid mass was kept at 1:60. Under the
condition of maintaining the heating temperature as unchanged, the reaction was carried
out for 3 h, 9 h, 6 h, 12 h, and 24 h, respectively. The suspension was filtered and washed
repeatedly with deionized water until the pH value of the eluent was about 7 and then
dried at 105 ◦C. After drying, it was ground, pressed, crushed, and sieved; the resulting
products were respectively denoted as MnNR-0.3ac-3h, MnNR-0.3ac-9h, MnNR-0.3ac-6h,
MnNR-0.3ac-12h, and MnNR-0.3ac-24h.

3.2. Catalyst Characterization

The crystal structure of the sample was detected using an X-ray powder diffractometer
(XRD, Bruker’s D8 ADVANCE A2) using a Cu target (Kα-ray, λ = 1.5418 Å) at a large
angle of 10~90◦. The BET surface area of the sample was measured using the nitrogen
adsorption and desorption isotherms at 77 K using a Tristar II (3020) mesoporous physical
adsorption analyzer.
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Before measurement, the samples were desorbed at 200 ◦C and 1.33 Pa for 6 h. The
chemical valence of the catalyst surface was determined using X-ray photoelectron spec-
troscopy (XPS, AXIS ULTRA DLD model). The radiation source was Al Kα, and the
modified binding energy was 284.8 eV with contaminated carbon C1s. Scanning electron
microscopy (SEM) was carried out on a JSM-7900F (Japan Electronics, Japan, Tokyo) instru-
ment. Firstly, a small amount of powder catalyst sample was coated on conductive adhesive
and then the gold-sprayed treatment was performed. The temperature-programmed re-
duction (H2-TPR) used H2 as the reducing gas and was operated on an adsorption meter
equipped with a TCD detector. The 100 mg samples were pretreated with N2 at 300 ◦C for
60 min to remove the moisture on the catalyst surface and then cooled to room temperature
(25 ◦C) under an N2 atmosphere. After the baseline was stabilized in the H2/N2 atmo-
sphere, the reduction treatment was carried out at 25–800 ◦C at a heating rate of 10 ◦C/min,
and the data were detected and recorded by the TCD detector. For the oxygen-programmed
temperature desorption (O2-TPD), which used the same equipment as the H2-TPR, 100 mg
samples were pretreated with H2 at 300 ◦C for 60 min then cooled to room temperature
(25 ◦C) under a He atmosphere, adsorbed for 60 min under an O2/He atmosphere, and then
purged with He for 60 min. The desorption was performed under pure He (25–800 ◦C).

3.3. Catalyst Evaluation

The formaldehyde-catalyzed oxidation reaction was evaluated using a fixed-bed
reactor under atmospheric pressure. A 20–40 mesh 2.0 g catalyst was weighed into the
fixed-bed reactor, then the formaldehyde solution was sucked into the heating tube with a
pump and heated and vaporized at 150 ◦C. The air carried away the formaldehyde vapor
and part of the water vapor (a formaldehyde concentration of about 5 ± 1 ppm) through
the heating tower into the fixed-bed reactor where the catalyst was located for the catalytic
oxidation reaction. The raw material and formaldehyde after reaction were tested using a
gas pump combined with a formaldehyde reaction tube.

Conversion rate of formaldehyde (%) = (Raw material formaldehyde
concentration − product formaldehyde concentration)/Raw material

formaldehyde concentration × 100%
(1)

4. Conclusions

The experimental results confirmed the reason why acid treatment can improve the
catalytic activity and why the acid treatment time and acid concentration in the process
of acid treatment will affect the catalytic activity. The MnNR-0.3ac-6h catalyst was the
most active after being treated with 0.3 mol/L sulfuric acid for 6 h. The conversion rate
of formaldehyde reached 98% at 150 ◦C and 90% at 25 ◦C. During the reaction time of
144 h, the conversion rate of formaldehyde was about 90%, and the catalyst maintained
a high activity. It was found that acid treatment did not change the crystal shape of the
catalysts. After acid treatment, the surface of the nanorods was obviously rough with
obvious mesoporous characteristics, and the specific surface area was increased. The
specific surface area of the MnNR-0.3ac-6h catalyst after acid treatment was increased
by about 9% compared to that without acid treatment, and the increase in the specific
surface area was conducive to the adsorption and diffusion of formaldehyde and oxygen.
As the acid concentration became too high and the acid treatment time was prolonged,
sulfuric acid reduced the surface energy of the nanoparticles, increased the contact interface
between the nanoparticles, and caused the nanorods to easily agglomerate and the specific
surface area to decrease. After acid treatment, MnO2 nanorod catalysts had a good low-
temperature reduction ability. The MnNR-0.3ac-6h catalyst had the best reducibility, which
could promote the formation of oxygen vacancies and bond-breaking of oxygen species on
the surface, and the oxygen molecules were more easily activated. After acid treatment,
the oxygen desorption temperature of the catalysts decreased, and reactive oxygen species
were more likely to be generated. The amount of reactive oxygen species on the surface of
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the MnNR-0.3ac-6h catalyst increased by about 13%. Acid treatment increased the content
of Mn3+ on the surface of the catalysts, and the redox reaction between Mn4+ and Mn3+

promoted the activation of oxygen and the generation of reactive oxygen species, thereby
promoting the improvement in the catalytic activity.
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Abstract: In this research, catalytic cracking of low-density polyethylene (LDPE) has been carried
out in the presence of three kinds of typical molecular sieves, including ZSM-5, HY and MCM-41,
respectively. The effects of different catalysts on the composition and quantity of pyrolysis products
consisting of gas, oil and solid material were systematically investigated and summarized. Specially,
the three kinds of catalysts were added into LDPE for pyrolysis to obtain regulatable oil and gas prod-
ucts (H2, CH4 and a mixture of C2–C4

+ gaseous hydrocarbons). These catalysts were characterized
with BET, NH3-TPD, SEM and TEM. The results show that the addition of MCM-41 improved the oil
yield, indicating that the secondary cracking of intermediate species in primary pyrolysis decreased
with the case of the catalyst. The highest selectivity of MCM-41 to liquid oil (78.4% at 650 ◦C) may
be attributed to its moderate total acidity and relatively high BET surface area. The ZSM-5 and HY
were found to produce a great amount of gas products (61.4% and 67.1% at 650 ◦C). In particular, the
aromatic yield of oil production reached the maximum (65.9% at 500 ◦C) when the ZSM-5 was used.
Accordingly, with the three kinds of catalysts, a new environment-friendly and efficient recovery
approach may be developed to obtain regulatable and valuable products by pyrolysis of LDPE-type
plastic wastes.

Keywords: LDPE; ZSM-5; HY; MCM-41; catalytic pyrolysis

1. Introduction

Global demand for plastics is growing rapidly due to their widespread applications in
many fields [1–3]. Plastic production has increased 20-fold over the past half century and is
expected to exceed 500 million tons by 2050 [4]. There are many kinds of plastics, while
polyethylene (PE) ranks first with 32%. Low-density polyethylene (LDPE) is one of the
most widely applied plastic [5]. LDPE has a high degree of short- and long-chain branching,
which prevents the chains from entering the crystal structure [4,6]. The environment and
global ecosystems are negatively affected by the excessive use, improper management and
disposal of plastics [3]. Therefore, how to achieve a clean and efficient utilization of waste
plastics with high value, for example, regulatable oil and gas products, has become an
urgent problem to be solved.

Pyrolysis is considered an emerging recycling technology that has attracted wide atten-
tion. It is the process of breaking polymer molecular chains and converting them into liquid
oil, char and gases at a high temperature (300–900 ◦C) in an inert atmosphere [7,8]. Given
the feasibility of regulatable gas, recycling waste plastics using pyrolysis is considered a
promising treatment [9–11]. However, the factors influencing the pyrolysis process, such
as temperature, pressure, catalyst type, heating mode, etc., are complex and there is still a
great difference in the yield of gas products, restraining the application. At the same time,
pyrolysis suffers from a large variety of reaction products, high pyrolysis temperatures
and low yields of valuable chemicals. However, the introduction of catalysts can decrease
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the reaction temperature as well as the activation energy of pyrolysis and change the way
of plastic pyrolysis to achieve the selective collection of target products. At the same
time, catalytic pyrolysis can promote the fracture of long-chain molecules to achieve light
pyrolysis products [12] and reduce the viscosity of the liquid phase of pyrolysis, obtaining
valuable chemical production.

There are various catalysts applied in the process of plastic pyrolysis, but the most
widely employed catalysts are ZSM-5, Y-zeolite, FCC(fluid catalytic cracking) and MCM-41 [7].
Especially zeolites have found widespread applications in plastic cracking because of their
structural advantages such as diverse skeleton structure, highly ordered pores, sufficient
acid sites, large specific surface area as well as great stability [7,11].

ZSM-5 has been generally employed in the thermal cracking of waste plastic and
gas adsorption-separation industry because of its strong acidity and shape selectivity.
Ding et al. [13] and Du et al. [14] found that ZSM-5 is a kind of crystalline aluminosilicate
material with a unique two-dimensional pore structure. The pores intersect each other with
a diameter of 0.55 nm, which is conducive to the generation of hydrocarbons with a carbon
number of less than 10. It also has excellent thermal stability and hydrothermal stability,
strong acid resistance and anti-carbon deposition, adjustable acidity, great shape selectivity,
isomerization capacity and other catalytic properties. Wei et al. [15] found that HY zeolite
shows good catalytic performance with the advantages of regular pore structure, high
stability as well as reactivity. At the same time, Ding et al. [16] found that HY is used as a
catalyst for co-pyrolysis with LDPE, increasing from 23.5% to 80.4% as the ratio of HY to
LDPE rose from 0 to 1:5. It is known that oil production and quality achieve the best balance
at the HY to LDPE ratio of 1:10. Zhang et al. [2] reported that MCM-41 is a mesoporous
material with a high surface area, which can enhance the yield of hydrocarbons and the
quality of pyrolytic oil. Chi et al. [17] found MCM-41 has a unique advantage because
its larger pore size makes macromolecular catalysis, adsorption and separation possible,
reducing the diffusion resistance of molecules in the channel. Furthermore, MCM-41
has a high specific surface (about 1000 m2/g), which provides adequate surface sites for
adsorption and catalytic reactions of active ingredients. It also gets relatively fewer coke
products. However, there have been few studies on the co-pyrolysis of different molecular
sieves with LDPE [10,18–20] and the systematic analysis of the catalytic mechanism has not
been perfected, lacking systematic analysis and summary of the pyrolysis characteristics of
different molecular sieves and waste plastics.

In this paper, we aimed to make clean and efficient utilization of waste plastics with
high value, obtaining regulatable gaseous products or liquids. Using ZSM-5, HY and
MCM-41 as catalysts, catalytic pyrolysis of LDPE was performed in a fixed-bed reactor to
achieve the three-phase products. The effect of pyrolysis temperature and type of catalysts
on the product yield was explored. Furthermore, the characteristic and distribution of
the pyrolysis products catalyzed by three kinds of catalysts were compared to obtain the
interaction path and scheme of the catalytic pyrolysis. It provides the theoretical basis
for the clean application of waste plastics, selectivity of valuable chemicals and selection
of catalysts.

2. Results and Discussion
2.1. BET Results

Table 1 shows the structural properties of the three kinds of catalysts. MCM-41 has
the largest BET-specific surface area caused by mesopores, facilitating multiple contacts of
plastics with catalytic active centers and favoring the passage of large pyrolysis products
(like olefins and aromatics) [21,22]. Compared to ZSM-5 and HY, MCM-41 obtains a larger
average pore size (3.653 nm), specific surface area (962 m2/g) and the total pore volume
(0.718 cm3/g), which is mainly manifested in the catalytic activity of MCM-41. ZSM-5
obtains the minimum average pore size of 0.411 nm, allowing the heavy chemicals to
crack further.
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Table 1. Textural properties of different catalysts.

Catalysts BET Surface Area
(m2/g)

Total Pore Volume
(cm3/g)

Average Pore Diameter
(nm)

ZSM-5 361 0.206 0.411
HY 701 0.392 0.811

MCM-41 962 0.718 3.653

2.2. Acid Properties of Zeolites

Figure 1 shows the NH3-TPD results of the three kinds of catalysts. The weak, medium
and strong acid sites of the catalysts correspond to the characteristic peaks at 155 ◦C, 275 ◦C
and 505 ◦C, respectively. The results present that most of the acid sites of ZSM-5 are as the
same as that of the HY, achieving uniform acid strength, while the MCM-41 zeolite-based
catalyst with a SiO2/Al2O3 ratio of 30 has low acid strength and no strong acid. The acidity
shown in Table 2 further confirms the results obtained.
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Figure 1. NH3 adsorption/desorption isotherm distribution of samples.

Table 2. Acidity distribution of three kinds of catalysts.

Catalysts
Acid Content (µmol/g)

Weak Acidity Medium Acidity Strong Acidity Total Acidity

ZSM-5 368 838 549 1755
HY 366 748 652 1766

MCM-41 138 221 - 359

In addition, the acid distribution of the catalyst was estimated by Gaussian fitting.
As presented in Table 2, HY has the highest total acid contents and a strong acid site,
which were 1766 µmol/g and 652 µmol/g, respectively. The MCM-41 has the lowest
total acid content (359 µmol/g). The acidity of the catalysts has a great influence on the
catalytic performance of the final product of plastic pyrolysis, which is covered in detail in
Sections 2.4–2.6.

2.3. SEM and TEM Results

The SEM and TEM images of ZSM-5, MCM-41 and HY are exhibited in Figure 2. The
ZSM-5 is constituted by clear quadrangular prism-like crystallites [23], which is consistent
with the study reported by Haswin Kaur Gurdeep Singh et al. [24], with sizes ranging
from 250–450 nm (Figure 2(a1)). And the image for ZSM-5 shows a relatively irregular
sheet structure (Figure 2(a2)). It is worth noting that, in the presence of MCM-41, various
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particles are uniformly distributed on the surface of the carrier (Figure 2(b2)), ranging from
20 nm to 90 nm, which might be conducive to its relatively higher specific surface area
among three kinds of catalysts. As seen from the SEM image (Figure 2(c1)), the hierarchical
HY zeolite retains its intact crystal structures [25,26], ranging from 50 nm to 80 nm and the
regular sheet structure is observed in the HY (Figure 2(c2)).
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2.4. Effects of Temperature on Gas–Liquid–Solid Three-Phase Yield of LDPE Pyrolysis

As depicted in Figure 3, the performance on catalytic conversion of LDPE over differ-
ent catalysts from 450 ◦C to 650 ◦C was contrasted. It is obvious that the yield distribution
was significantly affected by pyrolysis temperature. With the increase of pyrolysis tem-
perature, the total yield of gas and oil enhanced largely while the yield of solid decreased
greatly, which may be due to the decomposition and secondary reaction of LDPE pyrolysis
volatiles [27]. As the temperature continued to rise, it provided more heat to the polymer,
weakening the chain structure and causing more polymer chains to break [28] and the
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trend is consistent with most research on polymer pyrolysis [29,30]. As can be seen from
Figure 3a, the liquid phase yield was lower at 450 ◦C (31.3%) and at 500 ◦C (55.6%), with
the increase in temperature, the conversion of the polymer improved [28], so the liquid
yield rose to 82.0% at 550 ◦C. This is due to further increases in temperature causing further
cracking of the oligomer to form smaller hydrocarbons in the form of gaseous compounds,
while liquid production does not change significantly.
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Figure 3. Three-phase yield diagram of LDPE (a): no catalyst; (b): ZSM-5 catalyst; (c): HY catalyst;
(d): MCM-41 catalyst.

Compared to the case without catalysts, the pyrolysis gas yield of LDPE increased,
indicating that the catalyst has a moderate acidity, leading to obvious secondary cracking
of liquid oil [21,28]. As illustrated in Figure 3a, the liquid phase yield of non-catalytic
pyrolysis at 500 ◦C occupied about 55.6%, which is similar to that of catalytic pyrolysis at
450 ◦C in Figure 3b. It can be concluded that the catalysts could significantly decrease the
reaction temperature.

Furthermore, it can be observed that the ZSM-5 and HY catalysts resulted in much
higher gas yields with increasing temperature while the MCM-41 obtained more oil yield.
As seen from Figure 3b,c, there was no significant difference in gas yield between ZSM-5
and HY, both of which had higher gas yield than MCM-41. The yield of gas on the ZSM-5
catalyst increased from 29.7% to 61.4% as the temperature increased from 450 ◦C to 650 ◦C;
however, the yield of oil on MCM-41 increased from 51.1% to 78.4%.

For ZSM-5, the main cause of such phenomenon comes from the function of the
acidic sites and framework structure of ZSM-5 [31]. It was found that the interaction
during catalytic pyrolysis could promote the formation of light molecular gases from
chain-breaking volatiles [32]. At the same time, ZSM-5 has a smaller pore size and a larger
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intracrystalline pore structure, allowing further cracking of heavy chemicals. Since the
initial decomposition sample on the outer surface of the ZSM-5 can diffuse into the inner
cavity of the ZSM-5, further decomposition into gaseous products resulted in very high gas
yields [33]. Compared with MCM-41, the HY catalyst clearly provided a higher gas yield
as a result of the strong acid sites and high acid density of the HY zeolite, which provided
higher cracking activity than MCM-41 with only weak acid sites [34]. Additionally, the
difference in gas yield among the three kinds of catalysts is due to the difference in carbon
deposition [20,34,35], resulting in the difference in strong acid sites.

For MCM-41, it exhibited the greatest amounts of oil yield (78.4%) and the lowest
amounts of gas yield (20.0%) at 650 ◦C. HY showed the second-highest oil yield (60.9%) and
ZSM-5 presented a slightly lower oil yield (59.9%). This manifested that, in the case of these
catalysts, secondary cracking was slightly enhanced and the difference in pyrolysis yields
was largely as a result of the differences in acidity and structural properties discussed earlier.
In addition, MCM-41 with uniform morphology was easy to produce the pyrolysis product
with similar carbon distribution, leading to more oil products produced by MCM-41 than
other catalysts [21].

2.5. Effects of Catalyst on the Composition and Quality of Gaseous Products

The gaseous product composition for non-catalytic and catalytic experiments from
450 ◦C to 650 ◦C are depicted in Figure 4. The pyrolysis gas consists of H2, CH4 and C2–C4

+

gaseous hydrocarbon mixtures. The contents of H2, CH4, C2 and C3 increased by 2.35%,
1.45%, 19.21% and 19.72% as the temperature rose from 450 ◦C to 650 ◦C, while C4

+ gas
reduced by 35.59%, which was mainly due to the C4

+ gaseous products being further
cleaved to CH4 and other small molecule gases as temperature increased [27,28].
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Figure 4. Comparison of gas−phase composition during LDPE pyrolysis with three kinds of catalysts
(a) no catalysts; (b) ZSM-5; (c) HY; (d) MCM−41.
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In the non-catalytic run, a considerable amount of C2 and C3 were observed. After
adding the catalysts into pyrolysis, the number of C4

+ gaseous products raised significantly.
It is interesting that all the gaseous products of the catalyzed reactions showed a percentage
of C4

+ around 95% and MCM-41 at 500 ◦C. Additionally, the wider pore size distribution
observed in HY and MCM-41 zeolite resulted in the diffusion of the reactant and product,
which was more favorable for macromolecular hydrocarbons to enter the pore size of the
molecular sieve to react with the recombinant gas [36]. As illustrated in Figure 4d, at
temperatures of 450–500 ◦C, the gas phase products of MCM-41 had a higher content of
H2 and lower content of C4

+ compared to both ZSM-5 and HY catalysts. This is because
MCM-41 has a larger pore size and higher selectivity to heavier components. However,
due to its weaker acidity, fewer active sites, lower catalytic activity and selectivity at lower
temperatures, the content of hydrogen and methane was higher. However, as temperatures
rose further, rapid product formation did not allow more cracking gas to occur in the
reactor, so the heavier hydrocarbon component of the product increased, resulting in the
formation of heavy hydrocarbons and low hydrogen [37]. Therefore, the main component
of the gas phase product was C4

+. The difference in the pyrolysis yield can be directly
related to changes in the structural and acid properties of the catalysts.

2.6. Effects of Catalyst on Oil Distribution and Quantity

The carbon number distribution of oil is exhibited in Figure 5 and the major constituents
of the oil product as well as relative content are presented in the Supplementary Material. As
shown in Figure 5, in the experiment without catalysts, the oil products comprised four
comparable fractions (<C11, C12–C18, C19–C30 and aromatics), indicating that the carbon
number distribution was relatively uniform compared to the catalytic experiment. As
the temperature increased from 500 ◦C to 650 ◦C, the yield of light hydrocarbon fractions
improved and the yield of heavy hydrocarbon fractions decreased in the non-catalytic run
(Figure 5a). The liquid fractions are mainly composed of linear paraffins (C10~C30) and
produced almost no aromatic hydrocarbons [3] (Tables S1 and S2). The pyrolysis of LDPE
was the result of its characteristic long-carbon chain structure, converting the feedstock
into wax rather than liquid oil [3].
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Figure 5. Distribution of the oil products in terms of carbon number (a) Liquid product composition
of LDPE at different temperatures; (b) Liquid product composition of LDPE at different catalysts.

Moreover, it is obvious that the representative of diesel products is C12–C18 hydrocar-
bons and the MCM-41 catalyst has a potential application value in the use of plastic waste
to produce diesel. Among the three kinds of catalysts, ZSM-5 presented the especially high
selectivity for the aromatics and low selectivity for the C12–C18 fraction. Because ZSM-5
exhibited the second-highest total acid site, it is not difficult to infer that high diesel pro-
duction was due, in part, to the mild acidity as well as excessive cracking of hydrocarbons.
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Compared to the pyrolysis of LDPE without catalysts, the contents of mono-aromatics
and polycyclic aromatic hydrocarbons (PAHs) in ZSM-5 catalytic pyrolysis were higher by
65.9% (Figure 5b). The pore size and structure of ZSM-5 played an important role in the
formation of aromatic hydrocarbons, owing to its shape selectivity [20,38]. It is well-known
that ZSM-5 has acid sites, a suitable pore size and shape selectivity, which is beneficial for
the formation of aromatics [39] and the conversion of aliphatics to aromatic production
using the Diels–Alder reaction [40]. It is worth noting that MCM-41 displayed the lowest
selectivity for the aromatic compounds due to its weak aromatizing ability [19].

Furthermore, the results showed that the alkane content of heavy hydrocarbon frac-
tions obtained during the catalytic process was more than the olefin content (Tables S3–S5).
This is consistent with the conclusion in the study of Liu et al. [41], which may be caused
by alkylation of the primary intermediate.

2.7. Effect of Catalysts on Some Reaction Pathways

It is concluded that the pyrolysis of LDPE followed the random-chain-breaking
mechanism and the catalytic thermal decomposition of LDPE underwent the carboca-
tion theory [4,8,33]. The catalytic effect of the catalysts was primarily due to their acidity
during pyrolysis. The carbonate ion theory was based on the acid sites of the catalyst [33].

Thermal cracking of LDPE is often related to the free-radical mechanism [28]. The
thermal pyrolysis of LDPE was partly caused by the homolysis of C–C bonds in the polymer
chain under thermal action. As shown in Figure 6, LDPE formed free radical fragments
of different lengths through random fracture (Step 1 and Step 2). Then the terminal free
radical fragments generated alkenes through a hydrogen transfer reaction and further
bond-breaking reaction (Step 3) and alkanes and hydrogen gas were further generated
through a bimolecular reaction (Step 4).

As shown in Figure 7, the scheme of catalyst participation in LPDE pyrolysis reac-
tion pathways is proposed. When the ZSM-5 was introduced into the pyrolysis process,
the smaller pore size and larger pore structure of ZSM-5 allowed the initial decompo-
sition sample on the outer surface to diffuse into the interior of ZSM-5, favoring the
recombinant fraction to further decompose into gaseous products, resulting in higher gas
production. Additionally, there was a higher aromatic content in the liquid phase of the
ZSM-5 catalyst, probably due to its high acidity and shape selectivity. The acid sites could
facilitate the formation of aromatics by catalyzing hydrogen transfer reactions and the
Diels–Alder reactions [42] and the gas–liquid products underwent further aromatization.
The hydrogen transfer reaction is considered to be the main source of aromatics and alka-
nes. Dehydrogenation active sites can promote the Diels–Alder reactions and cyclization
intermediates. In addition, the heavy aromatic hydrocarbons were more easily decom-
posed into light aromatic hydrocarbons by hydrogenation than monocyclic and bicyclic
aromatic hydrocarbons.

The wider pore size distribution observed in HY zeolite contributed to the diffusion
of the reactant and product [36]. Therefore, the main component of the gas phase product
was C4

+, while the content of recombinant fraction (C19
+) in the liquid phase product was

seldom. Due to the strong acid site and high acid density of HY, it provided more pyrolysis
activity leading to a higher gas yield. Bimolecular pyrolysis and hydrogen transfer reaction
on HY can produce a large number of incondensable gas and a high yield of alkenes and
alkanes below C11.

When the MCM-41 was added to the pyrolysis, its mesoporous structure could greatly
promote the accessibility of macromolecules to zeolite, reduce residence time, inhibit the
secondary reaction and thus improve the yield of liquid [25]. Meanwhile, the mesoporous
catalyst has a large pore volume and pore size, which was conducive to the free diffusion
of the primary thermal decomposition molecules of LDPE and was easy to be converted
into liquid products [43]. Therefore, compared with ZSM-5 and HY, MCM-41 had a
greater promotion effect on crude oil fractions, which was less favorable for cracking and
aromatization reactions, resulting in a higher content of C12–C18. The lower proportion of
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aromatics obtained by MCM-41 may be related to its lower acid strength, lower catalytic
activity and poor selectivity.
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3. Materials and Methods
3.1. Materials

Powdered LDPE (100 mesh, Zhongyanshan Petrochemical Co., Ltd., Beijing, China)
was commercially available. ZSM-5 powder with a SiO2/Al2O3 ratio of 20, HY powder
with a SiO2/Al2O3 ratio of four and MCM-41 powder a with SiO2/Al2O3 ratio of 30 were
obtained from Zhongyanshan Petrochemical Co., Ltd. All of the molecular sieve cata-
lysts were about 60–100 mesh in size and were calcined in air at 550 ◦C for 3 h before
pyrolysis experiments.

3.2. Experimental Setup

The pyrolysis experiment of waste plastics was performed in a fixed bed reactor, as
pictured in Figure 8. Briefly, the device was composed of an electric heating tube furnace, a
temperature-controlled system, a quartz reactor (ID = 50 mm, L = 440 mm), as well as a
cooling system. In the typical pyrolysis run, the catalyst and the plastic sample were mixed
at a mass ratio of 1:2 (the proportion of catalyst to plastic remained constant throughout the
experiment). Each plastic sample weighed approximately 5 g, the exact catalyst and plastic
sample mixture were placed in the quartz tube between two sections of quartz wool. The
tubular furnace was first blown with nitrogen (100 mL/min) for about 30 min to remove
air and then the system was heated at a rate of 15 ◦C/min to the desired temperature (450,
500, 550, 600 or 650 ◦C) and held for 0 min.
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Figure 8. The pyrolysis experimental setup.

The gas and oil vapor generated from pyrolysis was blown into a condenser, which
was cooled by the ice–water mixture. The condensate oil products were collected in a
glass bottle and the mass of liquid oil was judged by the weight difference before and after
the glass bottle. During the pyrolysis process, a solid mass was obtained by calculating
the weight difference of the quartz tube before and after the reaction. The gas products
were collected by gas bags and the mass was calculated by the difference. The equations
involved were defined as follows:

Yp1 =
m1

m0
× 100% (1)

Yp2 =
m2

m0
× 100% (2)

Yp3 =
m0 − m1 − m2

m0
× 100% (3)

where YP1, YP2, YP3 were the yields of oil, solid products and gas after pyrolysis, respec-
tively. m0 was the mass of the LDPE sample, m1 and m2 were defined as the mass of the
liquid oil and solid product after pyrolysis.

Additionally, to ensure the accuracy of the experimental data, all experiments were
repeated three times.
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3.3. Characterization

The physicochemical properties of the three kinds of catalysts were determined by
scanning electron microscopy (SEM), N2 adsorption–desorption isotherms, temperature-
programmed desorption of ammonia (NH3-TPD) and high-resolution transmission electron
microscopy (HRTEM). The detailed characterization methods of the samples are presented
in the Supplementary Material.

3.4. Product Analysis

The determination of H2 and CH4 in cracking gas was done using GC-TCD (Ruihong,
SP-6800A, Zaozhuang, China), analysis of hydrocarbon gases such as CH4 and C2

+ was
done using GC-FID (Fuli, SP-6890, Nanjing, China). Each gas sample was measured
three times to obtain the average. An analysis of pyrolysis oil composition was done
using GC-MS (Agilent, 6890-5973, Santa Clara, CA, USA) with the HP-5MS capillary
column (30 m × 250 µm × 0.25 µm). The operating parameters of GC-MS were described
below: 60 ◦C for 3 min; 60 to 240 ◦C for 2 min at 12 ◦C/min; 240 to 300 ◦C for 10 min at
6 ◦C/min. The split ratio was kept at 100:1.

4. Conclusions

In this study, three different catalysts of ZSM-5, HY and MCM-41 were added, respec-
tively, into non-catalytic pyrolysis of LDPE for regulatable oil and gas products. On the
basis of analyzing the structure and characterization of the catalysts, the distribution of
the pyrolysis products and the reaction mechanism of LDPE on different catalysts were
discussed. The NH3-TPD and BET characterizations of these catalysts exhibited the dif-
ferences in pore size as well as acidity and their unique structural characteristics. The
results of NH3-TPD and BET presented that MCM-41 had the lowest acid strength and the
largest pore size. The morphologies of the different catalysts were characterized by SEM
and TEM. In the presence of MCM-41, a uniformly distributed granular structure could be
observed. Because of the proper combination of acidity and structural properties, MCM-41
has been observed to produce a great deal of oil products, while ZSM-5 and HY were found
to produce a great amount of gas products. Specially, ZSM-5 showed the greatest amounts
of the aromatic products. This facilitates the selection of catalysts for cleaning applications
of waste plastics and targeted access to valuable chemicals.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13020382/s1. Table S1. Liquid product composition of LDPE
at different temperatures. Table S2. Liquid product composition of LDPE at different temperatures.
Table S3. Liquid phase GC-MS table of catalytic pyrolysis of LDPE by ZSM-5 molecular sieve at
500 ◦C. Table S4. Liquid phase GC-MS table of catalytic pyrolysis of LDPE by HY molecular sieve at
500 ◦C. Table S5. Liquid phase GC-MS table of catalytic pyrolysis of LDPE by MCM-41 molecular
sieve at 500 ◦C.
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Abstract: The effects of Ti modification on the structural properties and catalytic performance of
vanadia on hexagonal mesoporous silica (V-HMS) catalysts are studied for selective methanol-to-
dimethoxymethane oxidation. Characterizations including N2 adsorption–desorption (SBET), X-ray
diffraction (XRD), UV-Vis diffuse reflectance spectroscopy (DRS UV-Vis), Micro-Raman spectroscopy,
FTIR spectroscopy, and H2 temperature-programmed reduction (H2-TPR) were carried out to in-
vestigate the property and structure of the catalysts. The results show that Ti can be successfully
incorporated into the HMS framework in a wide range of Si/Ti ratios from 50 to 10. Ti modification
can effectively improve the distribution of vanadium species and thus enhance the overall redox
properties and catalytic performance of the catalysts. The catalytic activity of the V-Ti-HMS catalysts
with the Si/Ti ratio of 30 is approximately two times higher than that of V-HMS catalysts with
comparable selectivity. The enhanced activity exhibited by the V-Ti-HMS catalyst is attributed to the
improved dispersion and reducibility of vanadium oxides.

Keywords: mesoporous titanosilicate; hexagonal mesoporous silica (HMS); vanadium catalyst;
methanol-selective oxidation

1. Introduction

Methanol synthesized from syngas is an important building block for the synthesis of
many important chemicals, e.g., dimethoxymethane, which is in high demand in various
fields, including the pharmaceutical, cosmetics, and petroleum industries, due to its excel-
lent chemical stability, desirable solubility, and low toxicity. The industrial production of
dimethoxymethane from methanol involves a two-step, formaldehyde-mediated acidic route,
which requires high energy and additional maintenance expenses [1,2]. Therefore, the de-
sign of catalysts for one-pot methanol-to-dimethoxymethane processes is of great potential.
Continuous endeavors have been dedicated to improving the efficiency of this process [3–5].

Metal oxides comprising metals of high oxidation states generally show high activity
in selective oxidation reactions, which can be correlated to the redox pair of the oxides [6].
Among these metal oxides, vanadium oxide stands out for its wide applications in catalytic
reactions, including the selective oxidation of o-xylene to phthalic anhydride [7–9], the
oxidative dehydrogenation of alkanes [10–12], and the selective oxidation of methanol to
dimethoxymethane [13–16]. The performance of vanadium oxide is dramatically influenced
by its dispersion degree. Vanadium oxides must be well-dispersed on supports due to the
non-selective behavior exhibited by their bulk forms [17–20]. Among the studied supports
(e.g., TiO2, Al2O3, ZrO2, CeO2, and SiO2), the use of TiO2 results in the best catalytic activity
due to the synergistic metal-support interaction, which greatly improves the dispersion of
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vanadium oxide [15,21–24]. However, the low surface area and poor thermal stability of
TiO2 limit its practical application.

SiO2 possesses a high surface area and excellent thermal stability, but pure SiO2 is un-
suitable to support vanadium oxides. It is surmised that calcination subjects silica-supported
vanadium oxides to agglomeration [25]. Hence, the incorporation of Ti species is suggested to
improve the dispersion of vanadium oxides on silica supports and thus result in high catalytic
activity. Compared with pure titania or silica supports, titanosilicates have high surface
areas that greatly accommodate the dispersion of active components [20,26–28]. Additionally,
titanosilicates have high thermal stability up to 800 ◦C and can stabilize the highly dispersed
amorphous vanadium oxides (up to 20 wt%) under a calcination temperature of 500 ◦C [29].

Many efforts have been made towards the fabrication of titanosilicate-based catalysts.
The conventional methods involve the coating of Ti species on the silica surface via the
impregnation method, the grafting method, or the atomic layer deposition method [30–35].
The disadvantages of these methods are the complicated procedures and calcination steps that
easily contribute to the formation of bulk Ti species, which often block the paths toward the
active components [36]. Therefore, the direct integration of Ti species into the silica framework
is a desirable alternative to the traditional coating-based methods. Although Ti species have
been directly incorporated into mesoporous silicas such as SBA-15 [37–39], HMS [40–42],
MCM-41 [43–45], and MCM-48 [46–48], there are few reports on such heterogeneous supports
involving vanadium oxide catalysts [12,19], much less in terms of selective methanol-to-
dimethoxymethane oxidation applications.

Herein, we prepared the hexagonal mesoporous silica (HMS) and Ti-modified HMS
(Ti-HMS), which were used as supports for vanadium oxide to selectively oxidize methanol
to dimethoxymethane. Characterizations including X-ray diffraction (XRD), UV-vis diffuse
reflectance spectroscopy (DRS), N2 adsorption–desorption, Raman spectroscopy, Fourier trans-
form infrared (FT-IR) spectroscopy, and H2–TPR were performed to reveal the effects of Ti
species in promoting the structural properties and catalytic performance of V2O5–HMS catalysts.

2. Results and Discussion
2.1. Physicochemical Properties of Supports and Catalysts

The small-angle XRD patterns of Ti-HMS and HMS supports are shown in Figure 1. It can
be seen that all the Ti-HMS samples exhibit a small-angle peak at approximately 1–2◦, which
is attributed to the d100 diffraction [41,49]. This observation indicates the preservation of the
HMS’s mesoporous structures after the incorporation of Ti species. With the increasing amount
of Ti species, the d100 peak shifts to lower angles with increased intensity, suggesting the
occurrences of lattice expansion, scattering-domain dimension reduction, and pore diameter
enlargement [50]. As the Si/Ti ratio reaches 10, the d100 peak becomes poorly resolved, which
may be due to the partial destruction of the HMS framework. For all the Ti-incorporated
samples, no characteristic peak of TiO2 is observed (Figure 1b), indicating the high dispersion
of Ti on the HMS surface and/or in the HMS framework.

Figure 2 shows the wide-angle XRD patterns of the supported catalysts in the range
of 10–90◦. All the supported catalysts present similar well-resolved peaks belonging to
crystalline V2O5, suggesting the formation of bulk V2O5 and/or V2O5 nanoparticles on
the surface of the supports. It is noteworthy that the V2O5 in the 28V-Ti-HMS(30) catalyst
presents less intensive XRD peaks. The relative crystallinity of V2O5 for 28V-HMS and
28V-HMS(50) is the highest (14%), followed by 28V-HMS(20) and 28V-HMS(10). 28V-
HMS(30) has the lowest relative crystallinity, which is only 8%. This could be due to the
better-dispersed V2O5 in the 28V-Ti-HMS(30) catalyst compared with the other catalysts.
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Figure 2. XRD patterns of catalysts with different supports.

Nitrogen physisorption is a practical technique used to study the textural properties
of mesoporous materials. The BET specific surface area (SBET) of supports and supported
catalysts are summarized in Table 1. The pure HMS demonstrates the highest surface
area. After the incorporation of Ti species, the SBET of the supports decreases, while the
cumulative pore volume (VP) and pore diameter increase. This is consistent with the results
of the XRD analysis, i.e., the peak position of Ti-HMS slightly shifts to lower angles due to
the increasing interplanar distance. The deposition of vanadium species on the supports
significantly decreased the SBET, which is commonly observed for impregnated catalysts.
Such surface-area loss is ascribed to the partial destruction of the support framework
and/or the blocking of catalyst pores by bulk oxide or oxide nanoparticles.

2.2. Confirmation of the Framework Ti

The IR spectra of HMS and Ti-HMS with various Si/Ti ratios in the region of 400–1400 cm-1

are shown in Figure 3. All the samples exhibit a symmetric stretching vibration band at 807 cm−1

and asymmetric vibration band at 1090 cm−1 for the tetrahedral SiO4
4− species. Meanwhile, the

pure HMS shows a weak peak at 960 cm−1, which indicates the Si-OH stretching vibration of free
silanol groups in the amorphous region [51,52]. For Ti-containing materials, the 960 cm−1 band
marginally shifts to a lower wavenumber, which has been reported in published studies [53,54].
Additionally, the bulk/crystalline TiO2 (anatase and/or rutile) with a representative broad band
at 600–650 cm−1 was not observed. These results suggest that Ti species have been successfully
embedded into the HMS framework.
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Table 1. Textural properties and Eg of the materials.

Sample SBET
a (m2/g) VP

b (cm3/g) Dads
c (nm) Eg

d (eV)

HMS 764 0.67 3.71 -
Ti-HMS(50) 730 0.97 4.46 -
Ti-HMS(30) 662 0.93 5.22 -
Ti-HMS(20) 662 0.90 4.78 -
Ti-HMS(10) 661 0.59 3.80 -
28V-HMS 382 0.45 4.68 2.47

28V-Ti-HMS(50) 364 0.43 5.66 2.59
28V-Ti-HMS(30) 329 0.38 5.22 2.73
28V-Ti-HMS(20) 345 0.44 5.24 2.57
28V-Ti-HMS(10) 343 0.39 4.84 2.55

a Specific surface area calculated by the BET method. b Total pore volume determined at P/P0 = 0.99. c BJH
adsorption average pore diameter. d Energy of adsorption edge.
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The incorporation of Ti species into the HMS framework was further verified by
UV-vis DRS. This technique has been extensively employed for the characterization of the
nature and coordination of Ti4+ ions in titanosilicates [55]. The corresponding spectra of
the Ti-substituted supports are displayed in Figure 4, along with pure HMS and anatase
(bulk). The band at ~210 nm is assigned to the titanium-to-silica charge transfer, which is
used to confirm the Ti4+ framework sites. The broad absorption band at ~325 nm denotes
the presence of bulk TiO2 (anatase) [56]. It is apparent from Figure 4 that the HMS shows
no adsorption band. The incorporation of Ti species introduces a peak centered at 210 nm
with gradually strengthening intensity with increased Ti content. Despite the high loading
of Ti for Ti-HMS(10), no visible peak at 325 nm is observed. Such a phenomenon strongly
demonstrates that most Ti species successfully occupy the isolated site positions in the
HMS framework in a wide range of Si/Ti ratios from 50 to 10. However, it is noticeable that
the position of the 210 nm band shifts to a higher wavelength when the Si/Ti ratio is 10.

2.3. Effect of Ti on the Vanadia Dispersion

Figure 5 presents the UV-vis DRS spectra of the supported catalysts. The abrupt variation
of all the spectra at 350 nm is due to the change of light source during detection. All the spectra
consist of several ligand-to-metal charge transfer absorption bands characterizing the V2O5
constituted siliceous surface. The d-d absorption bands in the region of 495–660 nm represent-
ing the vanadium (+IV) are not detected, which confirms the fact that all the vanadium species
were successfully oxidized to vanadium (+V). The region of 170–290 nm is attributed to the
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presence of coordinated tetrahedral vanadium species, whereas the 290–410 nm range features
the Oh point group vanadium species (square-pyramidal or octahedral) [57]. These results
indicate that the well-dispersed and bulk-like vanadium species coexisted in all the catalysts.
Therefore, to further understand the vanadium’s state, the absorption-edge energies (Eg) of
the spectra are obtained to retrieve information regarding the type and number of ligands
neighboring the core metal ion of the first coordination sphere, as there is a linear relationship
between Eg and the number of bridging V-O-V bonds in bulk vanadium species [19,58].
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Figure 5. UV-vis spectra of catalysts with different supports.

The Eg of the supported catalysts are tabulated in Table 1, and the spectra of V-HMS
and V-Ti-HMS in the form of [F(R∞)hν]2-against-Eg plot are depicted in Figure 6. Tian
et al. [59] have demonstrated the use of Eg values to qualitatively monitor vanadium species
polymerization. It has been verified that a high Eg value reflects the high dispersion of
vanadium species. As shown in Table 1, Ti-HMS-supported V2O5 catalysts have higher Eg
values than pure-HMS-supported catalysts, wherein Ti-HMS(30) exhibits the highest Eg
value. Our results thus suggest the better dispersion of vanadium species supported on
Ti-HMS catalysts than those on pure HMS catalysts.
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The Raman spectra of the samples in the region of 200 to 1200 cm−1 are presented in
Figure 7. The distinctive Raman characteristics of crystalline V2O5 are the bands centered
at 282, 301, 405, 478, 525, 700, and 995 cm−1, which appear for all samples [31] and thus
agree well with the XRD results as shown in Figure 2 where well-resolved V2O5 patterns
are observed. It is notable that a new band at 1035 cm−1, which is identified as the terminal
mono-oxo V=O bond of isolated surface vanadium species bonded to the surface silica
species (O=V(OSi)3) [60], is only observed for the Ti-modified catalysts. This finding further
confirms that the dispersion of V2O5 over the Ti-modified catalysts, especially for V-Ti-
HMS(30), is better than that over the Ti-free catalysts. This result is consistent with the
outcomes of UV-vis DRS studies.
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2.4. Redox Property and Catalytic Performance of Catalysts

The TPR profiles of different catalysts are presented in Figure 8. Since no reduction
peak was observed for Ti-HMS and HMS, the corresponding TPR files are not shown
here. As surmised, the addition of Ti species can improve the redox properties of catalysts.
The main H2 consumption peak of V-HMS catalysts emerges at ~890 K, with a shoulder
occurring at ~860 K. After the incorporation of Ti species into the HMS framework, the main
reduction peaks shift to lower temperatures (~865 K). Further increasing the amount of Ti,
a slight increase in the reduction temperature is observed for V-Ti-HMS(10), which may be
attributed to the destruction of HMS. Besselmann et al. [61] associated the change in redox
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properties with the different types of vanadium species. The crystalline and polymeric
vanadium species are more challenging to reduce than their monomeric counterparts. The
resultant spectra of both UV-vis DRS and Raman spectroscopy revealed the improved
dispersion of V2O5 over the Ti-HMS supports compared with that over the pure HMS
supports. Therefore, it is reasonable to believe that modification using Ti species improves
the dispersion of V2O5 and thus enhances the reducibility of catalysts.
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Table 2 presents the catalytic performance of various catalysts at a low temperature
(413 K). The V-HMS (without Ti) shows much lower catalytic activity with merely 6% of
methanol conversion. It is evident that Ti modification can enhance catalysts’ methanol
conversion to a value higher than 10% without a significant loss in selectivity. Among
the Ti-modified catalysts, V-Ti-HMS(30) exhibits the best catalytic performance with the
methanol-to-dimethoxymethane conversion and selectivity of 15% and 87%, respectively.
The improvement in catalytic performance is not related to the specific surface area since
all the samples have similar specific surface area. Well-dispersed VO4 oxides (isolated and
polymeric surface species) are considered to be the catalytically active sites for the selective
oxidation of methanol [62]. Additionally, the selectivity for DMM is mainly determined
by the acidity of the catalysts [15]. According to the characterization results above, the
incorporation of Ti significantly improved the dispersion of vanadia, which had minor
effect on the acidity. The V-Ti-HMS(30) with the best V2O5 dispersion exhibits the best
catalytic behaviors. Hence, the high dispersion of V2O5 is likely the key reason for the high
activity observed for the Ti-modified catalysts. With the improvement in the dispersion of
V2O5, the catalysts become more reducible, which has been confirmed by the TPR results.
Based on the Mars-van Krevelen mechanism [63], the lattice oxygen of vanadia participates
in oxidation. With the improved reducibility, both the oxidation of methanol and the
re-oxidation of catalysts becomes easier. Therefore, the excellent dispersibility and high
reducibility are most likely the major contributions to the improved catalytic performance
of the V-Ti-HMS catalysts. Additionally, the reusability of V-Ti-HMS(30) was also tested for
50 h. The results in Figure 9 indicate the high stability of the catalysts.

Table 2. Performance of catalysts in the methanol oxidation reaction.

Sample Conversion (%)
Selectivity (%)

DMM MF FA DME COx

28V-HMS 6 89 2 6 3 0
28V-Ti-HMS(50) 12 85 7 6 2 0
28V-Ti-HMS(30) 15 87 4 7 2 0
28V-Ti-HMS(20) 11 84 5 8 3 0
28V-Ti-HMS(10) 8 81 5 12 2 0
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Figure 9. Conversion of methanol and selectivity of DMM using V-Ti-HMS(30) in the methanol oxidation.

3. Materials and Methods
3.1. Synthesis of the Supports

The hexagonal mesoporous silica (HMS) and hexagonal mesoporous titanosilicate
(Ti-HMS) were synthesized under ambient conditions using dodecylamine (C12H25NH2,
Aldrich 98%) as a surfactant [56]. Generally, different ratios of tetraethyl orthosilicate
(TEOS) to titanium tetrabutoxide (TBOT) were added to the solution of dodecylamine
(DDA) in water and ethanol under vigorous stirring. The molar composition of the reaction
mixture is xTi: 1.0 Si: 0.2 DDA: 9.0 EtOH: 160 H2O. The reaction mixture was aged under
ambient temperature under vigorous stirring for 24 h to obtain crystalline products. The
Si/Ti molar ratios (denoted as y) used for the preparation of Ti-HMS(y) were 50, 30, 20, and
10. Pure HMS samples without Ti content were also prepared accordingly. All samples were
filtered, washed thoroughly with water, dried under ambient temperature, and calcined at
923 K for 4 h.

3.2. Preparation of the Catalysts

The vanadium oxide species were introduced onto the support using the conventional
wet impregnation method. NH4VO3 was dissolved in the oxalic acid solution and then
impregnated onto the HMS or Ti-HMS supports. After drying at 383 K for 12 h and calcined
at 673 K for 3 h, zV-HMS or zV-Ti-HMS(y) catalysts were obtained, where a and b are the Si/Ti
molar ratio and loading of V2O5 (z wt%), respectively. The powdered vanadium catalysts
were dissolved in a solution with 5% aqua regia and 30% hydrogen peroxide for 10 min.
Then the percentage of V2O5 in the obtained catalysts was confirmed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) in the range of 27.5 wt% to 28.6 wt%. This is
consistent with the estimated loading (28 wt%).

3.3. Characterization Methods

Powder XRD analysis was conducted using a Philips PANalytical X’pert Pro diffrac-
tometer equipped with the Cu Kα radiation at λ = 0.1542 nm, 40 kV, and 30 mA. The
nitrogen adsorption–desorption isotherms were obtained using the Tristar 3000 equipment.
Prior to the experiments, the samples were degassed at 543 K under vacuum for 5 h. The
volume of the adsorbed N2 was normalized to the standard temperature and pressure. The
specific surface area (SBET) was calculated by applying the BET equation in the relative
pressure range of 0.05 < P/P0 < 0.30. The average pore diameter was calculated by applying
the Barret-Joyner-Halenda (BJH) method to the adsorption branches of the N2 isotherms.
The cumulative pore volume was obtained from the isotherms at P/P0 = 0.99.
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DR UV-vis spectra were collected using a Varian Cary 5000 UV-vis-NIR spectrometer
equipped with diffuse-reflectance accessories in the range of 200–1000 nm, and dehydrated
BaSO4 was used as the reference. All the samples were dehydrated at 473 K overnight and
then stored in a sealed serum bottle to prevent the hydration of vanadium species. The Fourier
transform infrared (FTIR) spectra were recorded in the range 400–1400 cm−1 using 32 scans
and a resolution of 4 cm−1 on the VERTEX 70 of spectroscopic grade potassium bromide
(KBr). Raman spectra were obtained using the Renishaw inVia Raman System equipped with
a CCD detector and a Leica DMLM microscope. The excitation was provided by a 532 nm Ar+

ion laser. The range and resolution were 100–1200 and 0.5 cm−1, respectively.
H2-TPR measurements were carried out in a continuous mode using a quartz micro-

reactor (3.5 mm in diameter). A sample of ~50 mg was contacted with an H2:Ar mixture
(5% volume of H2 in Ar) at a total flow rate of 20 ml min−1. The sample was heated at
a rate of 10 K min−1 from room temperature to 1073 K. The hydrogen consumption was
monitored using a thermal conductivity detector (TCD). The reducing gas was first passed
through the reference arm of the TCD before entering the reactor. The exit flow of the
reactor was directed through a trap filled with Mg(ClO4)2 for dehydration, and then the
flow proceeded to the second arm of the TCD.

3.4. Catalytic Activity Measurements

The selective oxidation of methanol was carried out at the atmospheric pressure in a
fixed-bed microreactor (glass) with an inner diameter of 8 mm. Methanol was introduced
into the reaction zone by bubbling O2/N2 (1/4) through a glass saturator filled with
methanol (99.9%) maintained at 288 K. In each test, 0.2 g of catalyst was loaded, and the
gas hourly space velocity (GHSV) was 11,400 ml g−1 h−1. The feed composition was
maintained as 1 methanol:1 O2:4 N2 (v/v). Methanol, dimethoxymethane, formaldehyde,
and other organic compounds were analyzed using a GC equipped with an FID detector
connected to Porapak N columns. CO and CO2 were detected using a TDX-01 column. The
gas lines were kept at 393 K to prevent the condensation of reactants and products.

4. Conclusions

In this study, Ti was successfully incorporated into the HMS framework with a wide
range of Si/Ti ratios from 10 to 50. Compared with pure HMS, the Ti-HMS-supported
vanadium oxide catalysts exhibited higher activities with a similar selectivity in the selective
oxidation of methanol to dimethoxymethane. It was revealed that the incorporation of
Ti rendered the well-dispersed oxides on the catalyst surface and hence increased the
catalysts’ reducibility. Excellent dispersibility and high reducibility are most likely the
major contributions to the improved performance of the V-Ti-HMS catalysts.
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