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1 Institute of General and Ecological Chemistry, Lodz University of Technology, Zeromskiego 116,
90-924 Lodz, Poland

2 The Australian Wine Research Institute, Waite Precinct, Hartley Grove cnr Paratoo Road, Urrbrae,
Adelaide, SA 5064, Australia

3 College of Medicine and Public Health, Flinders University, Bedford Park, SA 5042, Australia
* Correspondence: pawel.mierczynski@p.lodz.pl; Tel.: +48-42-631-31-25

Abstract: In this study, multi-walled carbon nanotubes (MWCNTs) were prepared by chemical vapour
deposition (CVD) using acetylene as a carbon source over an iron catalyst. As-prepared MWCNTs
were used to support modern mono-copper, palladium, and bimetallic palladium-copper catalysts,
and their feasibility for hydrogen production was tested during steam reforming of methanol (SRM)
and methanol decomposition (DM). The structural characteristics of the MWCNTs were evaluated
using the SEM and XRD methods. The physicochemical properties of the monometallic and bimetallic
catalysts were analysed using the TPR and XRD methods. The promotion effect of palladium on
methanol conversion rate and H2 productivity in the case of the copper catalysts was demonstrated.
The enhanced activity of the Cu/MWCNTs after palladium promotion was due to the formation of
Pd-Cu alloy compound.

Keywords: bimetallic catalysts; hydrogen production; MWCNTs; decomposition of methanol; steam
reforming of methanol

1. Introduction

The intense increase in fuel prices and the dwindling of oil and coal stocks have
increased interest in a new energy source [1,2]. One of the most promising alternative
fuels is hydrogen. It can be easily produced at low temperature and under atmospheric
pressure [3–5]. The current state of knowledge indicates that the synthesis of hydrogen
during the steam-oxygen reforming reaction of methanol needs to be explored. In partic-
ular, the direct use of hydrogen in a direct methanol fuel cell (DMFC) is at issue [6]. The
high energy density of methanol and the fact that the methanol oxidation process can be
carried out relatively easily at low temperatures lead to the generation of low power off
the grid. The electricity generated can be used for, e.g., battery chargers, digital cameras,
mobile phones, and laptop repairs. Great hopes rest on the development of a fuel cell
technology with hydrogen as an energy carrier [7]. The use of hydrogen in transport and
stationary applications is receiving a great deal of technical and political attention [8].
Hydrogen is being explored for use in IC engines and fuel cell electric vehicles [9]. Fuel
cell technology is in the initial stages of commercialisation and offers more efficient hy-
drogen use [10]. A hydrogen fuel cell vehicle offers advantages over hydrogen-fuelled IC
engines [2,11]. Hydrogen and fuel cells are often considered as key technologies for future
sustainable energy supply. Compared to traditional methods for electricity generation
from coal, a fuel cell has lower carbon dioxide emissions (40–60%) and lower nitrogen
oxide emissions (50–90%). The most used catalysts for the methanol-reforming reaction are
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copper-based catalysts. High copper dispersion, high metal surface area values, and small
particle size are the targets for achieving highly active catalysts. In the literature, many
works have studied the addition of promoters [12–16] and the influence of preparation
methods [17–20] on the catalytic properties of copper-supported catalysts. Despite the
high activity and selectivity of copper catalysts (CuO/ZnO and CuO/ZnO/Al2O3) in
methanol-oxidizing reactions, there are still ongoing studies concerned with their yield,
selectivity, and enhancement of their stability [21]. Additionally, an exchange system that
is active in the reforming of methanol is palladium catalyst. It is an effective decompo-
sition catalyst that selectively forms H2 and CO when supported on metal oxide [22–26].
However, when palladium is supported on ZnO, a high selectivity for CO2 in the SRM
reaction has been reported [27]. The formation of Pd-Zn alloys may explain this change
in selectivity [28]. These palladium alloys are formed at moderate temperatures under
reducing conditions [29,30]. An important key role in any process is the choice of support
for catalytic systems. Typical support materials for methanol-reforming catalysts are SiO2,
Al2O3, MCM-41, carbon black, ceramic slices, etc. There is little information in the literature
dealing with the use of carbon nanotubes as supports for preparing catalytic systems for
the reforming of methanol. The attractive properties of this material dictate the use of
CNT as a carrier for methanol-reforming catalysts [31,32]. Furthermore, catalysts on CNT
supports can be produced by various processes: impregnation, precipitation, colloidal
reaction, electroless plating, and hydrothermal processes [32]. The main advantages of
using CNTs as a catalyst support are their high specific surface area, high thermal and
mechanical stability, specific interaction at the support–metal interface, adsorption of active
catalytic nanoparticles in immersion and on the outer wall of the CNT, and ability to be
chemically modified. The good conductivity of carbon nanotubes promotes the ‘spillover
effect’ at the interface created by the active site [33]. Nanoparticles of the active phase that
are distributed on the functional surface of the support (CNT) ensure that the created active
sites are easily accessible to the reactants. The abovementioned properties of CNTs can
directly influence catalytic activity and selectivity [34–39]. In this study, we investigated
the promoting effects of palladium on copper catalysts supported on multi-walled carbon
nanotubes (MWCNTs). In addition, this work also investigated the possibility of using
MWCNTs prepared by the CVD method. The influence of adding palladium to copper
catalysts on their reactivity and physicochemical properties in methanol reforming (SRM)
and methanol decomposition was also studied in this work.

2. Results and Discussion
2.1. Characterization of the MWCNTs

Multi-walled carbon nanotubes were synthesised by chemical vapour deposition
(CVD) at 850 ◦C using ferrocene as a source of iron catalyst. The obtained material was
then characterized using a scanning electron microscopy (SEM) with energy-dispersive
X-ray analysis (see Figure 1 and Table 1). The obtained SEM images recorded at different
magnifications clearly confirm the formation of carbon nanotubes. In addition, it should be
emphasised that inside of the MWCNT structure, iron species (Fe3C and α-Fe2O3) particles
are present. The presence of these iron species on the surface and in the structure of the
multi-walled carbon nanotubes is confirmed by TPR and XRD experiments [40]. The surface
composition of the synthesised MWCNTs collected from the reactor was also evaluated
using the SEM-EDX technique, and the results are presented in Table 1. The results confirm
the existence of iron species on the MWCNTs’ surface.
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Figure 1. SEM (A–C) images and EDX (D) spectrum of multi-walled carbon nanotubes collected
from the reactor.

Table 1. Element composition of the pristine MWCNTs from the EDX analysis.

No. Element (Atomic %)

1 C 90.67

2 O 1.92

3 Fe 7.41

2.2. Phase Composition Studies

The XRD diffraction spectra of the monometallic palladium, copper, and bimetallic
Pd-Cu supported catalysts after their calcination in static air at 350 ◦C for four hours and
after the SRM reaction are shown in Figure 2. For the copper- and copper-doped palladium
catalysts, only after calcination at 350 ◦C, the XRD patterns (see Figure 2) show diffraction
peaks at 31.5◦, 37.0◦, 44.9◦, 59.6◦, and 65.5◦, corresponding to the crystal phase of CuO, and
a relatively sharp peak between 20◦ and 30◦ due to the graphite-like phase. Moreover, the
formation of the Fe3C (2θ = 37.7◦, 37.8, 42.9, 43.8, 44.6, 45.0◦, 45.9◦, and 49.1◦) and α-Fe2O3
(2θ = 24.2◦, 33.2◦, 35.7◦, 40.9◦, 49.5◦, 54.1◦, 62.5◦, and 64.0◦) phases are seen in all catalysts
supported on the MWCNTs prepared during the CVD synthesis. This is consistent with
the results presented in a previous paper [40]. The diffraction peaks originating from the
PdO crystalline phase are observed in the diffraction curve for the calcined monometallic
palladium catalyst. In contrast, the diffraction curve recorded for the bimetallic Pd-Cu
catalyst calcined under static air does not show any diffraction peaks that can be assigned
to the PdO phase. These results indicate that the palladium oxide particles in the case of
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the bimetallic system are too small to be detected by the XRD technique [41,42]. In the case
of the 1%Pd/MWCNT catalyst after steam reforming of methanol, the diffraction peaks
assigned to the graphite-like phase and the Fe3C, Pd, and magnetite phases are detected.
The XRD curves of the mono-Cu and bimetallic Pd-Cu catalysts tested in SRM process show
the presence of diffraction peaks originating from the graphite-like phase, and the Fe3C,
Fe3O4, metallic copper, CuO, and Cu2O phases, respectively. In our previous work [43],
we also investigated the phase composition of a mono-Cu and a bimetallic Pd-Cu catalyst
on binary oxide support after calcination and reduction processes. The results showed a
metallic copper phase and an alloy phase (Pd-Cu) formed after reduction. The alloy phase
formed was responsible for the high selectivity during the steam reforming of methanol
process [43]. In this work, the diffraction curves of the catalysts after the activation process
and reaction show the presence of the following phases: graphite-like phase, Fe3C, Fe3O4,
CuO, Cu2O, and Cu. The lack of the metallic palladium phase in the case of the tested
bimetallic catalysts could be because an alloy phase between the two elements Pd and Cu
is also formed, which plays a crucial role in the SRM process.

Figure 2. The XRD diffractograms for the monometallic Pd and Cu and the bimetallic Pd-Cu
supported catalysts calcined under static air for 4 h at 350 ◦C and after steam reforming of methanol
reaction: (1) 1%Pd/MWCNTs calcined under static air at 350 ◦C for 4 h, (2) 1%Pd/MWCNTs after
SRM process, (3) 20%Cu/MWCNTs calcined under static air at 350 ◦C for 4 h, (4) 20%Cu/MWCNTs
after SRM process, (5) 1%Pd-20%Cu/MWCNTs calcined under static air at 350 ◦C for 4 h, and (6)
1%Pd-20%Cu/MWCNTs after SRM process.

In our previous work, the same results were reported [43]. Moreover, in this work,
we saw the formation of the Cu2O phase for the catalysts only after steam reforming of
methanol. Xiong et al. [44] investigated cobalt catalysts supported on CNTs and carbon
spheres during Fisher–Tropsch synthesis. They also did not see any diffraction peaks
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on the XRD curves attributed to the cobalt particles due to their small size. The XRD
measurements also show a broad diffraction peak between the Bragg lines of Pd (1 1 1) and
Cu (1 1 1) after the reduction and SRM reactions in the case of the bimetallic catalysts. This
result further confirms that the formation of a Pd-Cu alloy phase in the case of a bimetallic
catalyst is the presence of broad diffraction peaks at 2θ in the range of 35–39◦. Lambert
et al. [45] studied the phase composition of Pd–Cu/SiO2 co-gelled xerogel catalysts. They
also detected the alloy formation between Pd and Cu. The authors confirmed the alloy
formation from the appearance of a broad peak between the (1 1 1) Bragg lines of Pd ad
Cu. The authors attributed the appearance of this diffraction peak to the formation of the
alloy phase. Neyertz et al. [42] reported copper incorporation into the palladium particle
or alloy formation, which was confirmed by the shift of the diffraction peak to values of 2θ
higher. The formation of Pd–Cu alloy was also seen in the case of carbon-supported Pd-Cu
catalysts for the system reduced under a hydrogen atmosphere at elevated temperatures
(>773 K). The authors claimed that the presence of the broad characteristic diffraction peaks
assigned to Cu and C (support) phases, located at 2θ = 43.3 and 43.7 [46], confirms the
formation of an alloy phase between Pd and Cu. In this work, we also observed a broad
diffraction peak between 2θ angle of 43.3◦ and 43.7◦ in the case of the bimetallic catalyst
tested in SRM process, what further confirms the alloy formation.

2.3. Reduction Studies

The reducibility of mono- and bimetallic catalysts was examined using temperature-
programmed reduction (TPR-H2). The TPR profiles of the monometallic and bimetallic
supported catalysts are shown in Figure 3. The TPR profiles of the monometallic copper
and palladium catalysts show three or four hydrogen consumption peaks depending on
the catalysts. The TPR profile of the palladium catalysts shows four hydrogen reduction
peaks. The first effect is related to the reduction in the PdO phase. The second reduction
peak situated in the temperature range of 220–300 ◦C is attributed to the reduction of
hematite formed in the structure of the MWCNTs during the preparation of the support
material. The third reduction peak with the maximum hydrogen consumption rate situated
at 500 ◦C is assigned to the methanation of the MWCNTs, together with the reduction of
magnetite to metallic iron. The last hydrogen consumption peak that is hardly visible on the
TPR profile above 550 ◦C is associated with further methanation of the carbon nanotubes.
Xiong et al. [44] investigated the reduction behaviour of cobalt catalysts supported on
carbon nanotubes. They also saw a high-temperature reduction peak at about 500 ◦C,
which was attributed to the catalytic decomposition of the support. The reduction studies
for monometallic copper catalysts showed three hydrogen consumption peaks in the
temperature range of 180–560 ◦C. The effect in the temperature range of 180–380 ◦C is
attributed to the reduction of copper (II) oxide and hematite that are incorporated into
the structure of the carbon material. The second peak with the maximum hydrogen
consumption rate at about 500 ◦C is attributed to the methanation of the MWCNTs and
the magnetite reduction process. The last hydrogen consumption peak that is visible on
the TPR-H2 profile is attributed to the methanation of the carbon nanotubes. The TPR
profile recorded for the copper catalyst promoted by palladium also shows three resolved
reduction effects. The first two reduction effects are connected to the same copper and
iron oxide species reduction observed for the copper supported catalysts, while the last
hydrogen consumption peak that is hardly visible on the TPR-H2 profile above 550 ◦C is
assigned to the methanation of the carbon nanotubes. It is worth noting that the addition of
palladium to the copper catalyst generates a ‘spillover effect’ that explains the shift of the
first reduction peak into the lower temperature range [47,48]. During the reduction process,
the adsorbed hydrogen dissociates from the hydrogen atoms on the palladium surface. It
passes from palladium to copper oxide, which facilitates the reduction of copper (II) oxide
species (see Figure 3).
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Figure 3. The TPR-H2 of the monometallic (Cu, Pd) and bimetallic Pd-Cu catalysts supported on MWCNTs.

2.4. Catalytic Activity

The effects of the addition of palladium to the copper catalyst and the activation
procedure (reduction in a mixture of 5%H2-95%Ar) on the reactivity of the investigated
catalytic material during steam reforming of methanol and decomposition of methanol
were studied in detail. The temperature characteristics of the catalytic activity of the
mono-Pd and Cu and bimetallic Pd-Cu supported catalysts during the steam reforming of
methanol are shown in Figure 4 and Table 2.

Figure 4. The methanol conversion results obtained for the monometallic and bimetallic catalysts
during the steam reforming of methanol reaction.
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Table 2. The catalytic activity results obtained for the monometallic copper and the bimetallic
Pd-Cu/MWCNTs catalysts evaluated during the steam reforming of methanol.

Catalysts a Temp.
(◦C)

Conv.
of CH3OH(%)

YH2
(%)

SCO
(%)

SCO2
(%)

1%Pd/MWCNT b
260 7 71 76 -
300 40 75 53 35
340 70 70 60 30

20%Cu/MWCNT b
260 40 76 12 82
300 70 78 12 87
340 80 83 17 83

20%Cu/MWCNT c
260 43 92 28 69
300 74 87 45 51
340 80 97 40 58

1%Pd-20%Cu/MWCNT b
260 63 67 31 23
300 68 73 33 37
340 87 75 12 76

1%Pd-20%Cu/MWCNT c
260 63 75 45 51
300 72 100 49 51
340 100 90 28 70

a Reaction conditions: 0.1 g of catalyst, H2O:CH3OH = 1, temperature range 260–340 ◦C, and atmospheric pressure.
b Catalytic activity tests conducted over the calcined catalysts. c Catalytic tests performed over the catalysts after
calcination and activation process in a mixture of 5%H2-95% Ar at 300 ◦C.

The activity result clearly shows that the methanol conversion value reaches 100%
for the bimetallic 1%Pd-20%Cu/MWCNTs system activated at 300 ◦C for one hour in a
reductive mixture (5%H2-95%Ar). It is worth noting that all catalysts activated in a mixture
of 5%H2-95%Ar prior to the catalytic activity test exhibit higher methanol conversion
compared to the non-activated catalysts. The lowest activity during the SRM process is
shown by the monometallic palladium catalyst, which exhibits a methanol conversion of
7% at 260 ◦C and the lowest hydrogen yield at this temperature. It is worth noting that the
palladium catalyst shows high selectivity for CO formation at this temperature. The other
carbon-containing compounds formed at this temperature are methane, dimethyl ether,
and methyl formate.

The activity measurements conducted for the monometallic catalysts show that the
activation process improves the catalytic activity of the studied material. The monometallic
catalysts activated in a reductive mixture showed higher methanol conversion values and
higher hydrogen yield in the studied temperature range. In contrast, lower selectivity
for CO2 formation was observed for the activated copper catalyst. In addition, methane,
methyl formate, and dimethyl ether were formed as by-products during the process for
both activated and calcined samples. Furthermore, the measurements of the catalytic
activity during the SRM process clearly showed that the promotion of copper catalysts
by palladium positively influenced the catalytic activity of the investigated Cu/MWCNT
system. Higher methanol conversion and hydrogen selectivity values were found for the
calcined copper catalysts promoted by palladium. It is also worth noting that the activation
process of the bimetallic catalyst further improves the catalytic activity and hydrogen
selectivity. The only drawback of the results obtained for the calcined Pd-Cu catalyst is
an improvement in the selectivity for CO and other products formed during the reaction
carried out at 260 and 300 ◦C, respectively. In the case of the activated bimetallic catalyst on
MWCNT supports, higher selectivity for the formation of hydrogen and CO2 was detected
at 260 and 300 ◦C, respectively.

The performance of the methanol decomposition reaction, which is expressed as
methanol conversion, is shown in Table 3 and Figure 5. The activity tests performed for
the calcined catalysts showed that the maximum methanol conversion was observed at
260 ◦C for all systems. The catalytic activity results showed that the less active catalyst



Catalysts 2023, 13, 533 8 of 13

was the palladium system. The product distributions during the methanol decomposition
reaction showed that carbon dioxide was not formed during the process realized on the
calcined copper and copper-palladium catalysts and an activated copper catalyst at 200 ◦C.
It was also confirmed that the activated mono- and bimetallic catalysts showed higher
methanol conversion values compared to the non-activated systems at both temperatures.
The calcined palladium and copper catalysts showed the highest hydrogen yield. The
most active system was the bimetallic Pd-Cu/MWCNTs catalyst activated in a mixture
of 5%H2-95%Ar, which showed a hydrogen yield equal to 90 and 89% at 200 and 260 ◦C,
respectively. An alloy formation between Pd and Cu also explains the highest activity of
this system in the decomposition of methanol. An alloy phase formation was confirmed
by the XRD and TPR measurements. Furthermore, the reduction studies conducted for
the bimetallic catalysts confirmed the ‘spillover effect’ between palladium and copper (II)
oxide species. The confirmation of an alloy phase formation is the shift of the reduction
effect assigned to the reduction of CuO towards a lower temperature range as a result of
the dissociation of molecular hydrogen on the surface of the palladium particles to atomic
hydrogen, which flows to the surface of copper (II) oxide and facilitates its reduction.
Various variants of catalyst activation before activity tests can be found in the literature.
Some authors reported that highly active systems with high dispersion and large specific
surface area proceed to reduction at low temperatures [49]. There is no linear correlation
between activity and reduction temperature, but more easily reducible systems have higher
activity. However, other authors claim that catalysts that are more difficult to reduce
are more active [17]. Jones et al. [50] reported that a catalyst with the highest reduction
temperature has the best activity. In our case, the activity results clearly showed that
the activation process, which was conducted before the activity tests, has an impact on
the activity of the mono- and bimetallic systems tested in both reactions. The reduction
process generates a ‘spillover effect’ between Pd and CuO, and in the final stage, an alloy
formation. The resulting alloy changes the transfer of electrons between the components
of the alloy. In addition, the presence of carbon nanotubes and the ‘spillover effect’ in the
Pd-CuO/MWCNT systems can destabilise CuO bonds and facilitate the reduction process
of CuO to Cu, which improves the activity [51,52]. Our activity studies confirmed that the
reduction process leads to an improvement in the activity of the investigated catalysts in the
studied processes. We previously tested MWCNTs [40] prepared via the CVD method in the
oxy-steam reforming of methanol process. The activity results showed that the MWCNTs
themselves are an active material of the investigated process. The results also showed that
the activation process performed in a mixture of 5%H2-95%Ar has an important influence
on the catalytic activity of the carbon nanotubes and their phase composition. In addition,
it is also proven that the purification process of the MWCNTs has a huge influence on
their reactivity properties in the studied reaction. In other works [53,54], we also studied
the influence of noble metal addition on the catalytic activity of copper catalysts during
oxy-steam reforming of methanol. The activity results showed that the addition of gold into
the copper catalyst had an enormous effect on catalyst activity and selectivity in the studied
reaction. The high activity and selectivity of the Au-Cu catalyst was explained by an alloy
formation. In other work [55], the authors investigated copper catalysts promoted by Pd in
the partial oxidation of methanol. The results showed that Pd-Cu alloy was formed during
the reduction of the bimetallic catalysts at 300 ◦C or even below. In addition, the kinetic
studies showed that the addition of palladium decreased the activation energy for steam
reforming of methanol, which agrees well with our activity results. Nomoto et al. [56]
studied Cu and Pd-Cu catalysts in the autothermal reforming of methanol process after
calcination and after reduction. In the case of the autothermal reforming (ATR) of methanol
process carried out on the copper catalysts, only trace amount of hydrogen production was
detected. The XRD diffractograms recorded for this system do not show any diffraction
peaks assigned to the metallic copper. This means that copper (II) oxide species are not
reduced during the oxidative steam reforming of methanol process. In the case of the
Pd-Cu catalysts, for both the calcined and reduced catalysts, the authors observed a higher
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yield of hydrogen production rate in the studied process, and in the case of the bimetallic
catalysts activated in a reducing mixture at 300 ◦C, the highest hydrogen production rate
was observed. In addition, the XRD pattern recorded for the Pd-Cu catalyst after the ATR
process shows the existence of diffraction peaks assigned to the metallic copper phase. It
should also be noted that even if, during the ATR process, oxygen is consumed during
the combustion and/or partial oxidation of methanol, a small amount of hydrogen is
produced via the reforming and/or decomposition processes as a result of the effective use
of exothermic heat. This result also confirms that palladium assists in the reduction process
of copper (II) oxide species via the ‘spillover effect’ and explains the highest hydrogen yield
observed in the case of the bimetallic catalysts. We obtained similar results, which confirm
the ‘spillover effect’ between Pd and CuO species and the formation of an alloy between
Pd and Cu.

Table 3. The catalytic activity results obtained for the monometallic copper and bimetallic
Pd-Cu/MWCNTs catalysts during the decomposition of methanol reaction.

Catalysts a Temp.
(◦C)

Conv. of
CH3OH (%)

YH2
(%)

SCO
(%)

SCO2
(%)

1%Pd/MWCNT b 200 3 95 96 -
260 86 96 88 11

20%Cu/MWCNT b 200 32 78 94 -
260 90 93 81 12

20%Cu/MWCNT c 200 36 71 91 -
260 100 72 84 16

1%Pd-20%Cu/MWCNT b 200 43 77 59 13
260 100 87 75 17

1%Pd-20%Cu/MWCNT c 200 60 90 84 15
260 100 89 84 15

a Reaction conditions: 0.1 g of catalyst, temperature range 200–260 ◦C, and atmospheric pressure. b Catalytic
activity tests conducted over the calcined catalysts. c Catalytic tests carried out over the catalysts after calcination
and activation process in a mixture of 5%H2-95% Ar at 300 ◦C.

Figure 5. The methanol conversion results obtained for the monometallic and bimetallic catalysts
during the methanol decomposition reaction.
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3. Materials and Methods
3.1. Catalytic Material Preparation

The multi-walled carbon nanotubes (MWCNTs) were prepared using the chemical
vapour deposition method (CVD), with acetylene as a carbon source and ferrocene as a
source of iron, and were used as the catalytic material during the synthesis. The synthesis
of the MWCNTs was performed at 850 ◦C. A scheme of the apparatus used during the CVD
synthesis is presented in Figure 6. The obtained MWCNTs were then impregnated with
an aqueous solution of palladium nitrate (V) and/or copper (II) nitrate trihydrate. Then,
all catalysts were dried and calcined for four hours under static air at 350 ◦C. The metal
loading was as follows: 20% wt. Cu, 1% wt. Pd, and 1% wt. Pd-20% wt. Cu.

Figure 6. Scheme of the apparatus used during the CVD synthesis.

3.2. Methods of Catalyst Characterization

The physicochemical properties of the synthesised catalysts were studied by using the
TPR-H2 and XRD methods (XRD, manufacturer, city, state abbrev if from USA, country),
and the detailed description of these experiments had been presented in our previous
work [40,57]. An FEI Quanta 450 FEG-ESEM equipped with an EDAX Apollo X energy-
dispersive X-Ray (EDX, Hillsboro, OR, USA) was employed to investigate the morphology
of the synthesised carbon nanotubes.

3.3. Catalytic Activity Test

The catalytic activity during methanol steam reforming and methanol decomposition
was measured using a quartz flow microreactor. About 0.1 g of the catalysts was loaded
into the microreactor for the catalytic measurements. The reaction conditions of steam
reforming of methanol were as follows: reaction temperature of 260–340 ◦C, a ratio of
H2O:CH3OH = 1, a flow rate of 40 cm3/min, and atmospheric pressure. The methanol
decomposition process was studied at two temperatures, 200 and 260 ◦C. The activity tests
were performed for the catalysts calcined at 350 ◦C and for the catalytic systems that were
calcined at 350 ◦C in the air for four hours and then reduced at 300 ◦C for 1 h in a mixture
of 5%H2-95% Ar under atmospheric pressure. The results of the catalytic activity expressed
as methanol conversion, selectivity to carbon monoxide and dioxide, and hydrogen yield
in the studied processes were determined after the stabilisation of the catalytic system for
2 h at the tested temperature in a reaction mixture. The obtained results are the average of
three analyses carried out for the organic and inorganic reaction products and reactants
(methanol, methyl formate, dimethyl ether, formaldehyde, CO, CO2, and H2) using an
on-line gas chromatography at each tested temperature. The precise description of the gas
chromatography analysis had been presented in our earlier work [40].

4. Conclusions

Monometallic Cu, Pd, and bimetallic Pd-Cu catalysts were prepared on MWCNT sup-
port and tested during the steam reforming and decomposition of methanol. The ‘spillover
effect’ between palladium and copper (II) oxide was confirmed during the reduction pro-
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cess. The catalytic activity showed that multi-walled carbon nanotubes are a useful support
material for metal catalysts in the studied reactions. The activity measurements showed
that a 20 wt.% Cu catalyst promoted by palladium was the most active in the decomposition
and steam reforming of methanol. At 300 ◦C, the order of the catalytic activity in the steam
reforming and decomposition of methanol processes was as follows: Pd-Cu/MWCNT >
Cu/MWCNT > Pd/MWCNT. Total conversion of methanol was achieved at 300 ◦C on the
copper catalyst promoted by noble metal (Pd) during steam reforming of methanol and at
260 ◦C during decomposition of methanol. The highest activity observed for the Pd-Cu
catalyst was due to the formation of a Pd-Cu alloy. These results show the potential of
MWCNTs as a support material for various mono- and bimetallic catalysts.
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