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Abstract: Dry reforming of methane (DRM) is one of the most important processes allowing transfor-
mation of two most potent greenhouse gases into a synthesis gas. The CH4 and CO, are converted at
high temperatures in the presence of a metal catalyst (usually Ni, also promoted with noble metals,
supported over various oxides). The DRM process is not widely used in the gas processing industry
because of prompt deactivation of the catalyst owing to carbon deposition and the blockage of the
metal active sites. This problem can be hindered by proper design of the catalyst in terms, e.g., of its
composition and by providing strong interaction between active metal and catalytic support. The
properties of the latter are also crucial for the catalyst’s performance in DRM and the occurrence
of parallel reactions such as reverse water gas shift, CO, deoxidation or carbon formation. In this
paper we show for the first time the DRM performance of the ceria-zirconia and metal (Ni and/or Pt)
supported on carbon fibres. The obtained Ni and Ni-Pt containing catalysts showed relatively high
activity in the studied reaction and high resistance towards carbon deposition.

Keywords: methane dry reforming; carbon fibres; sustainable CO, reuse; ceria-zirconia; Ni; Pt

1. Introduction

Climate change caused by increasing emissions of greenhouse gases (GHGs), such
as carbon dioxide (CO,), methane (CHy4) and nitrous oxide (N,O), is one of the biggest
challenges of our times. The emissions of the two former, i.e., CO, and CHy, cause more
than half of the total greenhouse effect [1] and have the greatest impact on the increase in the
average global air temperature [2]. Moreover, those emissions are constantly growing (for
COy, from 22.15 Gt in 1990 to 36.14 Gt in 2014, while for CHy (as CO; equivalent), from 6.67
to 8.01 Gt [3]). To minimize GHGs emissions several methods have been developed [4], one
of which is dry reforming of methane (DRM) (Equation (1)), which allows converting both
GHGs, i.e., CO; and CHy, into a syngas—a valuable raw material for the chemical industry.
During the DRM process, H, and CO are formed in a ratio close to 1:1, which is appropriate
for hydrocarbon production via the Fischer-Tropsch synthesis [5]. The DRM is an extremely
endothermic reaction; thus, it requires higher operating temperatures (700-1000 °C) than
other reactions of methane conversion to syngas, such as steam reforming (SRM) [6] or
partial oxidation (POM) [7].

Moreover, the DRM is followed by several side reactions, including the reverse water-
gas shift (RWGS) (Equation (2)) that leads to a H,/CO <1 [8], and a few reactions re-
sponsible for carbon formation, and thus, catalyst deactivation [9]. Those are favoured at
temperatures above 700 °C methane dehydrogenation (Equation (3)), and privileged below
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a 550 °C Boudouard reaction (Equation (4)), and reactions of CO/ CO, hydrogenation
(Equations (5) and (6)).

CHy4 + CO, = 2H, + 2CO AH = 247 k] /mol 1)
CO; + H, +» H,O + CO AH = 41.2 kJ/mol @)
CHy =C +2H, AH = 74.9 kJ/mol 3)
2C0=CO, +C AH = 172.4 k] /mol (4)
CO +H, =C + H,0 AH = —131.3 kKJ /mol ()
CO; + 2H, = C + 2H,0 AH = —90 kJ /mol (6)

Catalyst deactivation due to carbon formation may be reduced by proper selection
of the active metal that catalyses the DRM reaction, and the support, which stabilizes
the active phase, keeps it well dispersed and—in some cases—protects it from carbon
deposition. In addition, the application of CO, excess during DRM can reduce carbon
formation [10].

Noble and transition metals are known to promote the DRM reaction [11-13]. Those
catalysts are usually supported on metal oxides, e.g., Al,O3 [14,15], MgO [16], ZrO, [17],
Si0; [14] or zeolites [18,19]. Moreover, some studies on DRM catalysts supported on carbon
materials such as carbon nanotubes (CNT) [20,21], carbon fibres (CF) [22] or activated
carbon (AC) [23] have been reported. The most widely used are nickel catalysts because
they are cheap, available and reveal high catalytic activity [24]. Unfortunately, Ni is also
prone to carbon deposition because it catalyses all the above-mentioned side reactions
occurring during DRM (Equations (3)-(6)). The reaction of carbon formation via CHy
decomposition (Equation (3)) is structure-sensitive [25] and is privileged to occur rather
over the Ni (100) and Ni (110) than Ni (111) surface. On the other hand, noble metals are
resistant to coke formation [26]. It was found that the amount of carbon deposited on metal
catalysts during DRM decreased in the following order: Ni >> Rh > Ir = Ru > Pt ~ Pd (at
500 °C) and Ni > Pd = Rh > Ir > Pt >> Ru (at 650 °C) [24]. Platinum catalysts were found
to be very active in DRM [27,28] and resistant to carbon deposition owing to a very good
metal dispersion. The main drawback of noble metals application as DRM catalysts is
their high price and limited accessibility. At this point, putting together the transition and
noble metals in a proper way may lead to a bimetallic catalyst having improved activity,
selectivity, and stability. For example, Pt, Ru or Pd stabilizes nickel in its reduced state
which results in improved activity and stability of the DRM catalyst [29,30]. The activity of
modified Ni/Al,O3 in DRM was studied by Choi et al. [31]. It was found that the addition
of Co, Cu and Zr to the catalyst caused some increase in CH4/CO, conversions, whereas
the introduction of Mo, Ti, Ag and Sn resulted in decreased activity. The Mn-promoted
Ni/Al,Os exhibited slightly lower activity in DRM compared to the unmodified catalyst,
but it also showed a significant reduction in coke deposition.

The performance of the catalyst is not limited to the metal active phase only, but
it is also linked to the catalytic support that plays different roles in the whole system.
From one hand, the support has an impact on the size of the supported metal particle
and its dispersion [32]. From the other hand, its acid-base properties determine the
method of CO; activation [12,26,33] and are affecting carbon deposition [34]. It was found
by many researchers [35-39] that larger metal particles are more prone to generating
carbon deposits during DRM. Thus, it is important to obtain small, well dispersed metal
nanoparticles (NPs). It is known that providing Ni NPs of <8 nm inhibits carbon formation
but those nanoparticles are also prone to aggregation at temperatures above 700 °C [40].
Improving the metal-support interaction by proper selection of catalytic support can
enhance thermodynamic stability of Ni NPs, thus prevent them from sintering, and at
the end, affect the catalytic activity in DRM. Ghani et al. [41] reported that adding the
MgO to the Ni-Co/Al,O3 caused the formation of MgAl,Oj3 solid solution that provided
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high metal-support interaction resulting in high stability and activity of the catalyst and
improved carbon suppression during DRM reaction.

Considering the acid-base properties of the support, catalyst deactivation during DRM
caused by carbon deposition can be reduced by using metal oxide supports with Lewis
basicity [42] such as La;O3 and CeO,. Those oxides increase the ability of the catalysts to
chemisorb CO; that further reacts with carbon to form CO instead of carbon build-up.

Cerium oxide and its solid solution with ZrO, (i.e., CeZrO;) have been widely used
in catalytic reactions, including the DRM [43]. The most important advantages of CeZrO,
over other supports are: high specific surface area (SSA), good thermal stability (owing
to the presence of Zr), excellent redox properties, and related to them ability to store and
release oxygen [44—47]. The CeZrO; has already been considered as a support in DRM
catalysts by some researchers [48-52]. The presence of ceria in the DRM catalyst improves
its resistance towards carbon deposition, from one hand—by regular scavenging of carbon
species from the active sites, and from the other hand—by providing good dispersion of
nickel NPs [53-57].

The exposition of active Ni NPs to the DRM reaction mixture is important. Wolf-
beisser et al. [49] found that the synthesis method of Ni/CeZrO, has a significant im-
pact on its morphology and in particular, metal-support interaction. It was found that
surfactant-assisted synthesis of the catalyst resulted in some Ni encapsulation and this
negatively influenced its performance in DRM. Similarly, Smirnova et al. [58] observed
lower CH4/CO; conversion over the catalyst with a lower amount of Ni exposed to re-
action mixture. Therefore, providing good dispersion and exposition of Ni, and strong
metal-support interaction is crucial for providing high catalytic activity in DRM reaction.
Different approaches have been applied to meet these criteria, one of which is immobil-
isation of active metal inside the structure of thermally stable metal oxides, e.g., spinels,
perovskites or fluorites [59]. However, maintaining the active metal accessible to reagents
is challenging.

Another option is deposition of catalytically active phases on crystalline carbon sup-
ports that show chemical neutrality, and provide very good charge and heat transfer.
Carbon fibres (CF) obtained from polyacrylonitrile (PAN) have been studied as catalytic
supports from the early 1980s [60,61]. Since then, a great improvement has been made
regarding their thermal resistance. Activated carbon fibres (ACF) have also been used as
catalytic supports [62—67]. Unlike CF, the ACF show developed specific surface areas that
reach up to 3000 m?/g [68]. Production of CF from PAN has an environmental impact.
However, it can be obtained in an eco-friendly way from cellulose. The important approach
to create a sustainable society is utilisation of the cotton fibres from waste clothes, fabrics,
and threads [69]. Functionalisation of the CF by their surface oxidation (using acids or
moieties) makes them ready to decorate with metals or metals oxides that are catalytically
active, e.g., in the DRM reaction.

In our previous paper we reported the DRM performance of Ni and CeZrO, supported
over CNT [20]. Whereas, in this paper we show the results of our study on the carbon
fibres supported CeZrO;, Ni-CeZrO,, Pt-CeZrO, and Pt-Ni-CeZrO, used as catalysts for
CH4/CO; conversion. Therefore, we take advantage of combining metals (noble and
non-noble) and metal oxide to form active catalysts for converting two greenhouse gases

to syngas.

2. Results and Discussion
2.1. Catalyst Characterization

Four catalysts containing functionalised (via oxidation in HNO3) carbon fibres (CFF)
and one, two or three of the following active phases: Ceg ¢1Zr( 390, (20 wt.%), Ni (1.6 wt.%)
and Pt (0.16 wt.%), were obtained. The CFF-supported CeZrO, (CZ/CFF), Ni-CeZrO,
(Ni-CZ/CFF), Pt-CeZrO, (Pt-CZ/CFF) and Pt-Ni-CeZrO, (Pt-Ni-CZ/CFF) were subjected
to typical characterisation analyses that allowed determination of their composition, mor-
phology, textural properties, and thermal stability.
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The X-ray diffraction (XRD) was used for determining the crystallinity of the obtained
samples and their qualitative composition. The diffractograms displayed in Figure 1
characterise with high intensity reflexion at 20 = 26.5° and low intensity peaks at 42.7,
54.6 and 76.5°, all of which are assigned to carbon fibres (CF) and correspond to the
(002), (100), (004) and (110) crystalline planes, respectively [70]. Diffractograms for all
CFF-supported catalysts show reflexions at 26 = 28.8, 33.6, 47.8 and 56.9° corresponding to
(111), (200), (220) and (331) planes of typical cubic fluorite structure of CeO; [71]. During
synthesis, the smaller zirconium ions easily solute into the ceria lattice; therefore, the
obtained crystal structure retains as cerium oxide. In addition, the XRD did not show a
ZrOy diffraction peak, proving the same that there was no segregation between CeO, and
ZrO; phases [72]. The sizes of CeZrO; crystallites calculated from the Scherrer equation in
(111), (200) and (220) directions are similar for all catalysts and range from 2.40 to 3.50 nm
(Table 1). Owing to very low Ni and Pt loadings, no reflections of those phases are observed
on diffractograms for Ni-CZ/CFF, Pt-CZ/CFF and Pt-Ni-CZ/CFE

Table 1. The crystallite size (D) for CeZrO, in (111), (200) and (220) direction.

Sample D111 (nm) Dogo (nm) D330 (nm)
CZ/CFF 3.50 243 3.18
Ni-CZ/CFF 3.42 2.48 3.20
Pt-CZ/CFF 3.40 2.46 3.22
Pt-Ni-CZ/CFF 3.37 2.40 3.40
V CF
v 0 CeZrO,

= d
< |
i
£ /‘\« c
f
\‘ o b

10 20 30 40 50 60 70 80 90
26 (%)

Figure 1. X-ray diffraction (XRD) patterns of CFF (a), CZ/CFF (b), Ni-CZ/CFF (c), Pt-CZ/CFF (d),
and Pt-Ni-CZ/CFF (e).

Scanning and transmission electron microscopy (SEM, TEM) were used for determin-
ing the morphologies of catalysts and detecting the active phases that were deposited over
the CF support. Results of SEM and TEM observations are presented in Figures 2-5, and in
Figures S1 and S2. They show that carbon fibres used as catalytic support were 100-300 nm
wide and over 10 pm long. It can be clearly seen that the active phases not only deposited
directly on the carbon fibres but also formed bigger agglomerates that were in a looser
contact with the support. The selected area electron diffraction (SAED), energy-dispersive
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spectroscopy (EDS) and elemental mapping allowed to determine the chemical composition
of the phases supported on CFF, and the mutual contact between them. It can be seen form
Figure 2 that the synthesis of CZ/CFF resulted in the formation of agglomerates of CeZrO,
nanoparticles that attached to the walls of carbon fibres. As was detected by TEM, in most
those agglomerates were exceeding 300 nm in size. In the case of Ni-CZ/CFF, Pt-CZ/CFF
and Pt-Ni-CZ/CFF catalysts, the formation of mixed ceria-zirconia oxide was also proved
by SAED and elemental mapping (Figures 3-5), whereas those agglomerates were usually
of >50 nm in Ni-CZ/CFF and of >100 nm in Pt-containing samples. The nanoparticles of
nickel of 2-4 nm diameter were detected in Ni-CZ/CFF sample (Figure 3b). Some of them
were present in the same area with CeZrO, nanoparticles suggesting strong Ni-CeZrO,
contact, whereas the others were loosely dispersed over CFF in the regions where CeZrO,
was absent. Such a difference in the Ni surroundings may result in the performance of the
catalyst in DRM. Moreover, those observations are different from what we had noticed
when examining the Ni-CZ/CNT catalyst [20] in which Ni and CeZrO, were located rather
in the same areas over CNT support. It must also be mentioned here that in the case of
Ni-CZ/CNT [20] the Ni loading was over 6 times higher than in presented in this work
Ni-CZ/CFF. Thus, it can be concluded that Ni ions preferentially attach to the functional
groups on the surface of oxidised carbon fibres than react with the Ce and Zr salts to form
a Ni-CeZrO,, and this phenomenon is more pronounced at low Ni loadings.
In the case of Pt-Ni-CZ/CFF, nickel particles were also found outside the region where
Pt and CeZrO, were existing (Figure 5b). In contrary to nickel, Pt was more likely to
be in proximity with ceria-zirconia in both Pt-CZ/CFF (Figure 4b) and Pt-Ni-CZ/CFF
(Figure 5b). However, the high-resolution TEM (HRTEM) observations of Pt-Ni-CZ/CFF
(Figure 6 showed the co-existence of all three phases, i.e., CeZrO,, Pt and Nj, in vicinity.
Those phases were detected by the fast Fourier transform (FFT). Strong interaction between
those phases, known as strong metal-support interaction (SMSI), may result in formation
of bonding between them and has significant impact on catalyst activity by inhibiting or
promoting chemisorption of reagents. The SMSI effect in CeO,-containing systems has
been studied, e.g., by Matte et al. [73], Thill et al. [74] or Mao et al. [75]. As well as HRTEM,
X-ray photoelectron spectroscopy (XPS) and X-ray adsorption spectroscopy (XAS) are often
applied to study this phenomenon. Co-precipitation of Ni and Pt on a catalytic support can
lead to formation of Pt-Ni alloy that are known for having excellent catalytic properties
arising from their surface structure (developed surface area), reconfigurable electronic
structure, and mechanical stability [76]. In our case, the existence of Pt-Ni alloy in the fresh
Pt-Ni-CZ/CFF catalyst was not proved.

Figure 2. Bright field transmission electron microscopy (TEM) with selected area electron diffraction (SAED) (a) and

elemental mapping for C, Ce and Zr (b) in CZ/CFF sample.
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Figure 5. Bright field TEM with SAED (a) and Ce, Zr, Ni, Pt (b) for Pt-Ni-CZ/CFFE.

The specific surface area (SSA), total pore volume (V;) and average pore diameter (d)
of pristine carbon fibres (CF), oxidised carbon fibres (CFF) and CFF-supported catalysts
are presented in Table 2. As was expected, the SSA of carbon fibres increased after their
oxidation in HNOj3 (from 26 m? /g for CF to 100 m? /g for CFF). Whereas deposition of the
active phases over CFF resulted in partial coverage of its surface and blockage of pores,
which decreased the SSA. The most important drop of SSA was observed for the material
with the highest content of the active phase, i.e., Pt-Ni-CZ/CFF, whose BET surface area

was 44 m?2/ g.
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fl CezrO, (012) Bl

Figure 6. High-resolution TEM (HRTEM) of Pt-Ni-CZ/CFF sample.

Table 2. Textural properties of CFF supported CeZrO,, Ni-CeZrO,, Pt-CeZrO,, Pt-Ni-CeZrO, catalysts.

Sample SSA (m?/g) Vi (cc/g) d (nm)
CF (pristine) 26 0.10 3.0
CFF 100 0.17 3.7
CZ/CFF 69 0.23 39
Ni-CZ/CFF 51 0.25 1.9
Pt-CZ/CFF 52 0.12 3.7
Pt-Ni-CZ/CFF 44 0.15 2.5

The catalysts obtained were also subjected to thermogravimetric analysis (TGA) that
allowed to determine their thermal stability in inert and oxidizing atmosphere. Ceria, alone,
and doped with zirconium, is well known for its ability to store and release oxygen. That
is one of the main advantages of this material that makes it resistant to carbon formation
taking place, e.g., in reforming reactions of hydrocarbons (including DRM reaction), and
resulting in catalyst deactivation. Nevertheless, when ceria or ceria-zirconia is deposited
on carbon supports, such as CNT or CF, it may cause damage to this support by oxidizing
it with the oxygen that is released from the CeO lattice. Such phenomenon is even more
likely to occur when metal nanoparticles are deposited in ceria vicinity. Strong interactions
between ceria and metal nanoparticles (SMSI) allow electron transfer from metal to ceria
(regardless to the morphology of the latter), and oxygen transfer from ceria to metal
(requires the presence of nanostructured CeO;) [77]. Nevertheless, the charge transfer
depends on the kind of metal NPs that is supported on CeO, [74].

The TGA in flowing N, (Figure 7a) revealed that carbon fibres (CFF) are stable up to
800 °C and show some insignificant mass decrease (0.4%) above this temperature, which is
probably due to the presence of functional groups. The other materials were found less
stable and some linear mass decrease was observed to take place from 620 °C. In addition,
the Ni-CZ/CFF and Pt-Ni-CZ/CFF showed rapid mass decrease from 820 °C. The total
mass decrease of 1.0, 1.4, 2.2 and 2.4% was observed for CZ/CFF, Pt-CZ/CFF, Ni-CZ/CFF
and Pt-Ni-CZ/CFF. Since the observed mass loss is caused by the CFF oxidation with
oxygen form CeZrO,, one can conclude that the presence of Pt and Ni (that were already
found to be in good contact with ceria-zirconia) enhances the oxygen transfer in the ceria
lattice and increased oxidation of carbon fibres. Anyhow, those results imply that CFF
based CeZrO, containing catalysts can be considered thermally stable at high temperatures
in the inert atmosphere.

In the oxidizing medium, however, the stability of those catalysts is significantly
reduced. As is presented in Figure 7b, the oxidation of CFF starts at 670 °C and takes place
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until 890 °C, where all carbon is combusted. The temperature of CFF oxidation in CZ/CFF,
Pt-CZ/CFFE, Ni-CZ/CFF and Pt-Ni-CZ/CFF catalysts is shifted towards lower values, i.e.,
620, 590, 586, and 580 °C, respectively. Such a decrease of thermal stability of carbon fibres
is caused by the presence of CeZrO; that utilizes its lattice oxygen for C oxidation, which
is followed with formation of oxygen vacancies. During TGA in flowing air, the oxygen
vacancies in ceria-zirconia lattice are being replenished with gaseous oxygen, so the CFF
oxidation is faster than in the case of TGA in flowing N,. Moreover, the presence of Ni and
Pt enhances the adsorption of oxygen and its release from the ceria—zirconia lattice, which
in consequence lowers the temperature of carbon oxidation.

Vayssilov et al. [77] showed that the oxygen transfer through the CeO;-Pt boundary
takes place only when a nanoscale ceria is in a strong contact with Pt, whereas it does not
exist on the ordered bulk CeO;. From the TGA we can assume that the obtained catalysts
can work at operating temperatures up to ca. 580 °C in the presence of gaseous oxygen.

b)

CZ/CFF
Pt-CZ/CFF
Ni-CZ/CFF

Pt-Ni-CZ/CFF

X 60
£
Qo .
@ 40 Ni-CZ/CFF
2
Pt-CZ/CFF
20 Pt-Ni-CZ/CFF
I~ cz/cFF
0 . CFF
500 550 600 650 700 750 800 850 900 0 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)

Figure 7. Thermogravimetric analysis (TGA) in Ny (a) and air (b) for CFF (black), CZ/CFF (green), Pt-CZ/CFF (red),
Ni-CZ/CFF (blue) and Pt-Ni-CZ/CFF (purple).

2.2. Catalytic Tests of Dry Reforming of Methane (DRM)

The performance of CFF-supported catalysts in DRM reaction was proved by tests
in temperature-programmed (TP) conditions that allowed determination of temperature
regions at which this reaction occurs, and in isothermal conditions to determine the conver-
sion of CHy and CO,, and the occurrence of parallel reactions.

It was revealed during TP tests (Figure 8) that CeZrO, supported on carbon fibres
exhibited negligible activity at temperature as high as 800 °C. However, introduction of
only 0.16 wt.% of platinum to the system significantly improved conversions of CO; and
CH,. The Pt-CZ/CFF was found to be active in DRM above 600 °C. Even better results
were observed for Ni-CZ/CFF catalyst over which the consumption of CHy /CO; and
production of H, /CO started above 500 °C. In addition, a complete methane conversion
was noticed at 620 °C. A rapid increase in CO formation above 700 °C, together with
increased CO, consumption and some decrease in Hj can evidence the occurrence of the
reverse water gas shift (RWGS). The Pt-Ni-CZ/CFF catalyst showed the DRM activity
in the same temperature region as Ni-CZ/CFF but its performance was worse, probably
owing to predominant phase separation, i.e., Pt being in a good contact with CeZrO; and
Ni deposited alone on CFF.
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Figure 8. The evolution of CHy (blue), CO; (red), H, (purple) and CO (black) during dry reforming of methane (DRM)
catalytic tests in temperature-programmed (TP) mode over CZ/CFF (a), Pt-CZ/CFF (b), Ni-CZ/CFF (c), and Pt-Ni-CZ/CFF
(d) catalysts. Reaction mixture: 4 vol. % CHy, 10 vol. % CO,, balanced with Ar. Gas Hourly Space Velocity (GHSV) = 5000 h 1.

The performance of CFF-supported catalysts in DRM during catalytic tests in isother-
mal conditions is presented in Figure 9. Carbon and hydrogen balance are shown in
Table S1. The results obtained are consistent with the results of TP tests, i.e., the CZ/CFF
revealed the lowest, negligible activity and Ni-CZ/CFF was the most active. The con-
versions of CHy and CO, over CZ/CFF after 2 h-on-stream at 800 °C were as low as
0.58% and 2.58%, respectively. Whereas CZ/CNT catalyst that was previously studied
by us in DRM [20] and contained the same amount of CeZrO, as reported in this work
CZ/CFE, exhibited over 49% conversion of methane, which is drastically higher compared
to CZ/CFE

The difference in DRM performance between those two kinds of catalyst, i.e., deposited
on CNT and CF, can be linked to the differences in the morphology and textural properties
of those supports. Both the carbon nanotubes and carbon fibres are composed of graphene
layers but they possess different dimensions. The CNT used as catalyst support in our
previous work [20] had the inner diameter of 2-6 nm, the outer diameter of 613 nm and
were 2.5-20 um long; whereas the external diameter of carbon fibres used in this work
was usually 200-300 nm and their length was exceeding 10 pm. According to this, carbon
fibres, also after oxidation, have lower surface areas than their CNT-counterparts. The
dispersion of the active phases over carbon fibres (this work) was not as good as over the
CNT (presented in [20]); therefore, the contact of reagents with the active sites was reduced
over the former and this naturally resulted in decreased catalytic activity.

Significant improvement of the CFF-supported CeZrO, was observed after introduc-
tion of platinum—at 800 °C almost 40% conversion of CH4 was noticed for Pt-CZ/CFF.
The Ni-CZ/CFF was found to be the most active among all catalysts and showed 58% of
CHy4 conversion whereas the Pt-Ni-CZ/CFF catalyst, that was expected to show superior
performance compared to monometallic catalysts, was less active than Ni-CZ/CFF, and
exhibited 52% CH, conversion. The surface area of Pt-Ni-CZ/CFF was lower than for
monometallic catalysts (Table 2). According to the Langmuir-Hinshelwood model which is
most often used for DRM, both the CH4 and CO; are adsorbed on the catalyst surface, and
the rate-determining step is CH4 decomposition. Hence, the decrease in specific surface
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area, and thus reduced number of the active sites available for reagents, can explain the
decrease in catalytic activity of the Pt-Ni-CZ/CFF. Moreover, according to microscopic
observations (Figure 5) the co-precipitation resulted mostly in formation of two phases:
Pt-CeZrO, and Ni being separately deposited on carbon fibres. The co-existence of all
three phases: Pt, Ni and CeZrO,, was minor (Figure 6), and HRTEM in those regions did
not detect the presence of Pt-Ni alloy that has been known for its superior performance
in DRM. Mahoney et al. [78] studied the Pt promoted Ni/CeZrO; in the DRM reaction
and observed that the introduction of platinum does not change significantly the CO,
conversion compared to Ni/CeZrO; alone, but it improves the stability of the catalyst
owing to the oxygen spill-over, and increases its catalytic activity in Hy production at
moderate temperatures. The enhanced reducibility of the Pt-Ni/CeZrO, and its improved
catalytic performance arises from the Pt-Ni alloy formation. In our case, the formation
of Pt-Ni alloy has not been proven which may explain the worse performance of the
Pt-Ni-CZ/CFF in DRM compared to Ni-CZ/CFFE. Araiza et al. [79] found that the catalytic
activity of Ni/CeO, was improved when Pt was added. They studied the DRM activity
of Pt-Ni/CeO, with different Pt:Ni atomic ratios obtained by the wetness incipient im-
pregnation. Again, the key for the superior catalytic activity of the bimetallic catalyst was
the formation of Pt-Ni alloy and enhanced contact between those two active metals. The
results of the 8 h on-stream DRM tests over Ni-CZ/CFF and Pt-Ni-CZ/CFF were very
similar to the results obtained after 2 h-on-stream. The CH,4 conversions at 750 and 800 °C
for Ni-CZ/CFF were 52 and 57%, while for Pt-Ni-CZ/CFF were 35% and 54%, respectively.

b) 100
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Figure 9. The conversions (conv.) of CHy and CO; (a), and yields of H, and CO (b) over CZ/CFF, Pt-CZ/CFF, Ni-CZ/CFF,
and Pt-Ni-CZ/CFF during catalytic test of DRM in isothermal conditions. Reaction mixture: 4 vol. % CHy, 10 vol. % CO5,,
balanced with Ar. GHSV = 5000 h~!. Time-on-stream (TOS) = 2 h.

Figure 9 gives the general view on how the CFF-supported catalysts work in DRM,
whereas to determine how the individual single active phases (i.e., CeZrO,, Pt and Ni)
contribute to the catalyst activity, the rates of CHy4 and CO; conversions, and H; and CO
productions per mol of the active phase (AP) were calculated taking into consideration the
molar fraction of each, single active phase (Equations (7)—(9)) and the obtained results were
presented in Figure 10.

Fi

Ci= % @)
F;

P = ' ,

=% (8)
naA

xj = n]?’ ©

where:
Ci—moles of reagent i (CHy4, CO;) converted per 1 mole of the active site (mol/mol/s);
P;—moles of reagent i (Hp, CO) produced per 1 mole of the active site (mol/mol/s);
Fi—molar flow rate of reagent i (mol/s);
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nap—total number of moles of the active phase (AP), a sum of moles of CeZrO,, Ni
and Pt (mol);

xj—molar fraction of the single active phase, where j is CeZrO;, Ni or Pt;

nj—moles of the single active phase, where j is CeZrO,, Ni or Pt (mol).

From Figure 10a,b it can be observed that the rates of CHy and CO, conversions,
and Hj and CO productions increased when Pt was added to the catalyst, which was
caused by the already mentioned SMSI effect occurring between CeZrO, and Pt. The
effect of Ni addition to Pt-CZ/CFF had a minor effect on reagents conversion/production
over CeZrO, and this can be linked to the fact that most of the nickel was deposited on
CFF outside the Pt-CeZrO; area. Conversely, the Ni-CZ/CFF showed the highest rates
of CHy/ CO, conversions over CeZrO, because in this catalyst Ni was in better contact
with CeZrO,. Similar trend is observed in Figure 10c,d showing somewhat higher rates of
reagents conversions/productions over the Pt sites in the bimetallic Pt-Ni-CZ/CFF. But
that increase, compared to Pt-CZ/CFF, can arise from the presence of a few areas of the
occurrence of three phases together, i.e., Pt-Ni-CeZrO,. Examining the rates of CH4 and
CO, conversions, and Hy and CO productions over Ni (Figure 10e,f) one can observe that it
was much higher in the Ni-CZ/CFF than in the bimetallic Pt-Ni-CZ/CFF. This is explained
by the fact that in the former, a majority of Ni was in close contact with CeZrO,, unlike in
the latter. Hence, the morphology of the Pt-Ni-CZ/CFF catalyst, especially regarding the
distribution of individual active phases, that gives chances for creation of SMSI or disables
it, is of great importance for its activity in DRM.
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Figure 10. The comparison of the rates of CH4 and CO; conversions (a,c,e), and H, and CO productions (b,d,f) over CZ, Pt
and Ni active sites in CFF-supported catalysts during DRM tests in isothermal conditions. Reaction mixture: 4 vol. % CHy,
10 vol. % CO,, balanced with Ar. GHSV = 5000 h—!. TOS =2 h.
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The Hy /CO ratio at the reactor’s outlet (Figure 11) gives some information about the
parallel reactions taking place during DRM. H; /CO exceeding 1, which a stoichiometric
ratio for DRM, suggests carbon deposition as a result of two most common phenomena tak-
ing place on metallic active sites (*): CH4 decomposition (Equation (10)), or the Boudouard
reaction (Equation (11)). However, in the presented cases the H, /CO was much lower
than 1, and that evinces the occurrence of the reverse water gas shift reaction (RWGS)
(Equation (12)). Furthermore, such a low H,/CO ratio can be caused by the occurrence
of CO, deoxidation “deOx” (Equation (13)), that produces CO and decreases the over-
all concentration of Hj in the product gas. This reaction is an elementary step in DRM
and occurs on oxygen vacancies in CeZrO, lattice and neighbouring Pt and Ni sites (* in
Equation 13 denotes all of them). Usually, this reaction is an elementary step in DRM and
delivers the oxygen to oxidize carbon species formed on the catalyst surface by methane
dehydrogenation (Equation (10)). In our tests we used a DRM mixture containing CO,
in excess; therefore, it can be reduced beyond the DRM catalytic cycle and independently
from the RWGS reaction.

CHy +* < C*+2H, (10)
2CO +* 4+ C*+ COy (11)
CO, + Hy +» CO + H,O (12)
CO; +*+ CO+*0 (13)

1.6
* CZ/CFF

14 = pt-CZ/CFF
12  ® Ni-CZ/CFF
A Pt-Ni-CZ/CFF

1.0 e
o
% 0.8 ry ° Py
T 06 . e 4 s .
0.4 ° A .
0.2 —
0.0

500 550 600 650 700 750 800 850
Temperature (°C)

Figure 11. The H; /CO ratio during DRM over CZ/CFF, Pt-CZ/CFF, Ni-CZ/CFF and Pt-Ni-CZ/CFFE.
Reaction mixture: 4 vol. % CHy, 10 vol. % CO,, balanced with Ar. GHSV = 5000 h—1. TOS =2 h.

Figure 12 shows the contributions of three reactions that consume CO, during DRM
over CFF-supported Pt-CZ, Ni-CZ and Pt-Ni-CZ catalysts. The CZ/CFF was not taken into
consideration because it showed minor activity in this reaction. In the case of Pt-CZ/CFF,
the contribution of CO, deoxidation was significantly higher than for Ni-CZ/CFF, and
this can be explained by the very good deposition of Pt over CeZrO,, that allows the so
called “reverse oxygen spillover”—a migration of oxygen from Ce** to Pt® which results in
PtO and increased concentration of Ce®* ions that are the active sites for CO, reduction.
Moreover, the PtO was detected by XRD in the spent catalyst (denoted Pt-CZ/CFF(s))
(Figure 13c). For the Ni-CZ/CFF, the participation of DRM, RWGS and CO; deoxidation
was similar from 700 °C, with the most important contribution of DRM reaction. In this
catalyst two “kinds” of Ni were present: first—being in a good contact with CeZrO,, and
the second—deposited directly on CFF support. The contribution of DRM, RWGS and
deOx over Pt-Ni-CZ/CFF at 800 °C was like that for Ni-CZ/CFFE, whilst with lowering the
temperatures the impact of the Pt-CeZrO, became more important and the contribution of
the reaction of CO, deoxidation increased. Thanks to this reaction, the catalyst was supplied
with active oxygen species that prevent carbon deposition followed by catalyst deactivation.
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Figure 12. Contribution of DRM, reverse water-gas shift (RWGS) and CO, deoxidation (deOx) in CO, conversion during
catalytic tests of DRM in isothermal conditions over Pt-CZ/CFF (a), Ni-CZ/CFF (b) and Pt-Ni-CZ/CFF (c). Reaction
mixture: 4 vol. % CHy, 10 vol. % CO,, balanced with Ar. GHSV =5000 h—1. TOS =2 h.
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Figure 13. X-ray diffraction (XRD) patterns of spent catalysts denoted CZ/CFF(s), Ni-CZ/CFFE(s),
Pt-CZ/CFF(s) and Pt-Ni-CZ/CFF(s).

After DRM tests the catalysts were characterised with XRD, SEM/TEM and TGA (See
the Supplementary Materials). The morphology of the catalysts changed to some extent
after exposition to reaction conditions. First, the XRD for spent catalysts (Figure 13) showed
the presence of the Ni phase, unlike in the case of fresh samples (Figure 1). The application
of the Scherrer equation allowed to estimate the size of CeZrO, and Ni crystallites in
(220) and (111) directions, respectively (Table 3). Depending on the sample, from 50%
to 57% increase in the size of the CeZrO; crystallite after DRM was observed. Such an
increase is usually a result of a catalyst’s exposition to high temperatures. Moreover, the
microscopic observations (Figure 14d) revealed that in the spent bimetallic catalyst (Pt-Ni-
CZ/CFE(s)) nickel occurred in the same areas as Pt and CeZrO,, Taking into consideration
that in the fresh catalyst separation of Pt + CeZrO, phase and Ni phase was observed, one
can conclude that during catalyst exposition to DRM at high temperatures, Ni probably
migrates to the places of Pt occurrence, forming the Pt-Ni alloy. To prove this, more
detailed study on the evolution of the catalyst surface under DRM conditions is needed.
The structure changes during DRM caused by Ni migration in the Pt-Ni bimetallic layers
supported on alumina supports were observed by Gould et al. [80]. Under DRM reaction
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conditions (high temperature, presence of CHy and CO,) and, at a certain Ni/Pt ratio in
the catalyst, the Ni tended to increase its concentration at the surface of the Pt-Ni alloy
owing to its strong driving force to diffuse into the Pt crystal.

Table 3. The crystallite size (D) for CeZrO, (220) and Ni(111) in spent catalysts.

Sample D (nm) D (nm)
CeZrO; (220) Ni (111)
CZ/CFF(s) 4.99 -
Ni-CZ/CFEF(s) 4.83 9.87
Pt-CZ/CFE(s) 4.99 -
Pt-Ni-CZ/CFFE(s) 5.34 7.35

Element  Weight (%)

Figure 14. Bright field TEM after DRM: CZ/CFEF(s) (a), Pt-CZ/CFEF(s) (b), Ni-CZ/CFEF(s) (c) and Pt-Ni-CZ/CFFE(s) (d). Red
squares designate the areas of the energy-dispersive spectroscopy (EDS) analyses (results showing catalyst composition are
shown in tables). The elemental mapping was performed for the yellow-square areas.

One of the biggest problems during DRM is deactivation caused by carbon deposition.
Although the carbon balance (Table S1) showed some (minor) carbon consumption, the
TEM did not detect filamentous carbon deposits that often form during DRM. No CNT or
other forms of carbon deposit were observed on the bright field TEM pictures depicted in
Figure 14. Moreover, the thermogravimetric analysis-derivative thermogravimetry (TGA-
DTG) analyses of Ni-CZ/CFF and Ni-Pt-CZ/CFF spent in the 8 h-on-stream catalytic tests
at 750 and 800 °C (Figure 15) also did not prove the presence of carbon deposits. Therefore,
we may assume that some insignificant amounts of coke might have formed on the catalysts.
Regarding the carbon balance, one can also assume that carbon deposition on Ni-CZ/CFF
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was slightly higher than over Pt-Ni-CZ/CFF. As mentioned before, the formation of carbon
deposits during DRM occurs mainly via methane decomposition (Equation (10)) and CO
disproportionation (Equation (11)). The first reaction is structure-sensitive and can be
inhibited by controlling the structure of the catalyst surface. The growth of filamentous
carbon, e.g., nanotubes or nanofibers (CNF), is easier on large Ni particles.

It was calculated using density functional theory (DFT) simulations [81,82], that the
terrace Ni(111) is a low-energy surface for producing carbon atoms from methane dehy-
drogenation. It is exposed to the CH; molecules and allows easy migration of the carbon
atoms that can diffuse to the adjacent step sites and contribute to the growth of carbon
nanotube. Whereas in the bimetallic Pt-Ni(111) catalyst the C—H dissociation barrier is
higher than on pure Ni(111), so the former shows better coke resistance [83,84]. In addition,
the incorporation of Pt to the catalyst stabilizes the size of Ni particles and prevents Ni from
encapsulation in carbon. That phenomenon is a result of the anchoring of nickel particles
by multiple carbon layers that grow in multiple directions. Garcia-Diéguez et al. [85]
reported that Pt addition to the Ni/ Al O3 catalyst inhibits global carbon formation, and the
C formed in the bimetallic catalysts (Pt-Ni/Al,O3) seems to be less strongly bound to the
Ni than in the monometallic Ni/Al,O3 catalyst. Moreover, unlike in the case of Ni, carbon
does not diffuse on Pt particles but is gasified providing a constant-level activity of Pt sites.
According to Niu et al. [86], in bimetallic catalysts a modification of the electronic structure
of active sites takes place. It influences the adsorption of particular reagents. Specifically,
it reduces the activation energy of CHy dissociation and CO; activation, compared to
monometallic catalysts. Moreover, it enhances the reactivity of surface oxygen species
which improves the suppression of carbon species. The DFT calculations showed that
reduced carbon deposition on Pt-Ni compared to Ni arises from (i) higher energy barrier
for decomposition of *CH species that result in *C (*CH = *C + *H), and (ii) lower energy
barriers for oxidation of *CH species (*CH + *O = *CHO + *, where *CHO is an intermediate
for CO) and *C species (*C + *O = *CO + *). Owing to this, the concentration of carbon
on the surface of Pt-Ni is reduced. In addition, Pt-Ni weakens the hydrogen dissociation,
thus decreases the RWGS and increases Hy production.

The surface orientation of Ni is also very important for the CO, activation pathway.
By using DFT calculations Cai et al. [87] determined that CO, adsorption on Ni(111) (that
was detected by HRTEM on the CeZrO; surface in our work) results mostly in surface
carbonates because chemisorbed CO, easily reacts with surface oxygen, while on Ni(100)
the major species are adsorbed CO* and graphitic carbon that are results of the successive
C—0O bond cleavage. In our study, neither the monometallic Ni nor the bimetallic Pt-Ni
supported together with CeZrO; on carbon fibres were deactivated during DRM owing to
carbon deposition.

100

80
Paor o3 22 N
i ~Q
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Figure 15. TGA and DTG for Ni-CZ/CFF and Pt-Ni-CZ/CFF catalysts spent in 8 h tests of DRM at
750 and 800 °C.
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3. Materials and Methods
3.1. Catalyst Preparation

All catalysts were obtained using PAN-based carbon fibres (CF) as a support (Sigma
Aldrich, Poznan, Poland, product No. 719781, purity > 98%, conical platelets). Prior to
syntheses, the CF were oxidised in HNOj3 (65%, Chempur, Warszawa, Poland) at 60 °C
for 5 h with continuous mixing. Oxidised carbon fibres (CFF) were washed with distilled
water until pH =7, and dried at 120 °C for 12 h.

The active phases (CeZrO,, Pt and Ni) were deposited on CFF support via the simple
co-precipitation method. The 0.5 g of CFF was suspended in 100 mL of acetone and placed
in a three-necked round-bottom flask equipped with a reflux condenser. Preparation of
the CZ/CFF: each of the salts, i.e., Ce(NO3)3-6H,O and N,O7Zr-xH,O (both purchased
in Sigma Aldrich, Poznar, Poland), was dissolved in 10 mL of the 1:1 mixture of distilled
water and acetone. Next, the solutions were simultaneously instilled in the CFF/acetone
suspension under continuous stirring. The mixture was then sonicated for 35 min and
an aqueous, 1M NaOH solution was instilled until pH = 10. Subsequently, the mixture
was heated at 70 °C for 5 h, cooled down to room temperature, and left overnight under
continuous stirring. The next day the product was filtered off under reduced pressure and
washed with distilled water several times until pH = 7. Afterward, the obtained material
was dried at 120 °C for 12 h, and then calcined at 500 °C for 2 h in flowing Nj. Pt-CZ/CFF,
Ni-CZ/CFF and Pt-Ni-CZ/CFF were obtained according to the same procedure described
above, but the Pt precursors was aqueous solution of H,PtClO4 while Ni precursor was
Ni(NOg3),-6H,O (both purchased in Sigma Aldrich, Poznan, Poland). In each synthesis the
solutions of metal salts were being instilled to the CFF/acetone suspension simultaneously.
The composition of prepared CFF-supported catalysts is presented in Table 4.

Table 4. The composition of prepared CFF-supported catalysts.

Sample CeZrO; (wt. %) Ni (wt. %) Pt (wt. %)
CF (pristine) - - -
CFF - - -
CZ/CFF 20 - -
Ni-CZ/CFF 20 1.6 -
Pt-CZ/CFF 20 - 0.16
Pt-Ni-CZ/CFF 20 1.6 0.16

3.2. Catalyst Characterisation

The X-ray diffraction (XRD) measurements were performed using MiniFlex600 diffrac-
tometer (Rigaku, Tokyo, Japan) equipped in Cu K« anticathode (A = 1.54 A) for 20 ranging
from 10 to 90° with steps of 0.01° and scanning rate of 1°/min.

The Brunauer-Emmet-Teller (BET) specific surface areas of catalysts were determined
by the Nj adsorption/desorption at 77 K using the Autosorb 3.01 (Quantachrome Instru-
ments, Boynton Beach, FL, USA). Before analyses, the samples were outgassed at 150 °C
for 12 h. The average pore size and pore volume were calculated using the Barrett-Joyner—
Halenda (BJH) method.

The TGA of the fresh catalysts were performed using thermogravimetric analysers
(Mettler-Toledo, Columbus, OH, USA). The changes in catalysts weights were recorded
both in flowing air and N at temperature being increased from 25 to 900 °C with a rate
of 10 °C/min). The TG and DTG curves for spent catalysts were recorded in flowing air
under heating from 25 to 900 °C with a rate of 10 °C/min, using the STA 449 F5 apparatus
(Netzsch, Berlin, Germany).

The study on catalysts morphology was conducted using a S/TEM Titan 80-300 micro-
scope (FEI Company, Hillsboro, UK) equipped with energy dispersive X-ray spectroscopy
detector (EDAX EDS). An accelerating voltage of 300 kV was applied.
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3.3. Catalytic Tests

Catalytic tests of the DRM reaction were carried out in a U-shaped, fixed bed, quartz
reactor under atmospheric pressure. The reaction mixture was composed of CHy (4 vol. %),
CO; (10 vol. %) and Ar as balance. The gas hourly space velocity (GHSV) was 5000 h~!.
Catalytic tests were conducted in (i) temperature programmed conditions (TP), and (ii)
isothermal conditions. During TP experiments the temperature in the reactor was increased
from 25 to 800 °C with a rate of 10 °C/min. Next, the catalyst performance was being
examined in isothermal conditions starting at 800 °C, and decreasing the temperature
by 50 °C until 600 °C. The residence time at each temperature was 2 h. In addition, Ni-
CZ/CFF and Pt-Ni-CZ/CFF catalysts were subjected to 8 h on-stream catalytic tests at
750 and 800 °C. The composition of the gas at the reactor’s outlet was determined using a
gas chromatograph (GC) equipped with thermocouple detector (TCD). Before and after
the catalytic test, the reactor with the catalyst sample was weighed in order to detect any
changes in the mass of catalyst bed caused, e.g., by oxidation of CFF (mass decrease) or
carbon deposition (mass increase).

4. Conclusions

Four DRM catalysts containing oxidised carbon fibres (CFF) and supported on it
CeZrO, with Ni, Pt or Pt + Ni were obtained. Those catalysts were characterised by using
XRD, N; sorption, SEM/TEM and TGA that allowed determination of their composition,
morphology, textural properties, and thermal stability. The catalysts were also subjected to
DRM tests that indicated that their activity decreased in the following order: Ni-CZ/CFF >
Pt-Ni-CZ/CFF > Pt-CZ/CFF >> CZ/CFF, whereas the morphologies of those catalysts
and the contact between deposited phases were the most important factors. Microscopic
observations proved that in Pt-containing catalysts platinum tended to deposit on CFF
in the proximity with CeZrO,, whereas nickel (in Ni-containing catalysts) was detected
both in the areas of CeZrO; occurrence and in the regions where CeZrO, was absent.
The HRTEM for Pt-Ni-CZ/CFF showed some areas where CeZrO,, Pt and Ni were in
close vicinity, which suggested strong interaction between those phases and improved
catalytic performance of such a system. Nevertheless, that catalyst did not show higher
activity in DRM compared to Ni-CZ/CFF, which could be due to the absence of the Pt-Ni
alloy, whose formation has significant impact on the superior CHy and CO; conversions
and has been observed in various Pt + Ni-containing catalytic systems reported in the
literature. Moreover, the Ni-CeZrO, contact has also been found important for good
DRM activity. According to the elemental mapping, in Pt-Ni-CZ/CFEF, nickel in most was
allocated over CFF alone, and to a lesser extent over the CeZrO, whereas in the Ni-CZ/CFF
nickel deposition in the vicinity of CeZrO, was more important, which finally resulted
in higher activity of this catalyst in the DRM. The morphology and the contact between
active phases deposited on CFF was also found important for the mechanism of DRM and
the occurrence of parallel reactions, such as RWGS or CO; deoxidation. It was noticed
that in Pt-CZ/CFF and Pt-Ni-CZ/CFF catalysts, owing to very good deposition of Pt over
CeZrO, that enhances the “reverse oxygen spillover”, the contribution of the reaction of
CO, deoxidation was higher than for Ni-CZ/CFF. This reaction supplies the active oxygen
species to the catalyst inhibiting the same carbon deposition.

The CFF supported catalysts obtained in this work were found to be thermally stable
up to 800 °C in inert atmosphere, and up to about 580 °C under flowing air. No change in
the weight of the catalyst sample was observed after catalytic tests of DRM. Taking into
consideration that SEM, TEM and TGA of spent catalysts did not evidence the presence of
carbon deposits, one can conclude that CO, that was present in excess in the DRM reaction
mixture did not oxidize the carbon fibre support.

Carbon fibres supported Ni, Pt and Pt-Ni catalysts were found to be less active in
DRM than reported in our previous work on CNT-based Ni and Ni-CeZrO;. It arises from
the differences in morphology and textural properties of both carbon supports. Despite this,
presented in this paper CFF-based catalysts are good candidates for CH,;/CO, conversion
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into syngas, especially taking into consideration the possibility of CF manufacturing
from waste clothes, fabric, etc., which will make the DRM process even more sustainable.
Moreover, it is important that obtained CFF-supported catalysts were resistant to carbon
deposition (even after 8 h on-stream DRM) which was proved by SEM, TEM and TGA.
However, the modification of the synthesis procedure for Pt-Ni-CeZrO, /CFF catalysts is
required to improve the contact between Pt and Ni, and allow formation of Pt-Ni alloy for
superior activity in DRM.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ catal11050563 /51, Figure S1: SEM pictures of CZ/CFF, Ni-CZ/CFF, Pt-CZ/CFF, and Pt-
Ni-CZ/CFF before and after DRM reaction; Figure S2: TEM pictures of CZ/CFF, Ni-CZ/CFF, Pt-
CZ/CFF, and Pt-Ni-CZ/CFF before and after DRM reaction. Table S1: Carbon and hydrogen balance
(calculated from Equations (S1) and (S2)) during catalytic tests of DRM over CZ/CFF, Pt-CZ/CFF,
Ni-CZ/CFF, and Pt-Ni-CZ/CFF catalysts. Reaction mixture: 4 vol. % CH4, 10 vol. % CO;, balanced
with Ar. TOS =2 h. GHSV = 5000 h™!; Table S2: Performance of various Ni and Pt-Ni catalysts
supported on CeZrO, and carbon supports.
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