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Abstract: In this study, we investigated the catalytic performance of Ru nanoparticles (NPs) supported
on Ni-nanowires for the first time. This appears to be a highly efficient catalyst for low-temperature
methanation, e.g., ca. 100% conversion and 100% of CH4 selectivity can be achieved at ca. 179 ◦C,
while the turnover frequency (TOF) value was 2479.2 h−1. At the same time, the onset of a reaction
was observed at a temperature as low as 130 ◦C. The comparison of nano-Pd and nano-Ru supported
on Ni-nanowires enabled us to prove that oxidized surface metals are highly important for the
high activity of the investigated nano-Ru@nanowired-Ni. Moreover, similar to the microscopic
Sabatier rule, which indicates that some optimal reactivity level of a catalyst exists, we showed that
Ni-nanowires (a higher specific surface area than a standard metal surface, e.g., in the form of a metal
foam, but lower than nano-sized materials) significantly enhances the performance of the Ru-Ni
catalytic system.

Keywords: methanation; carbon dioxide; nanoparticles; nanowires; catalysis

1. Introduction

Carbon is an essential element in human life. Its fragile environmental balance has recently seen
increasing concerns about its high level of involvement in the anthropogenic impacts that affect climate
change. On the one hand, the production of carbon dioxide endangers the security of the energy
supply because of the potential need for a significant down-regulation of the energy flue gas emissions.
On the other hand, however, the availability of CO2 is a chance for developing new environmentally
benign, sustainable technologies that are based on this raw material [1]. Accordingly, CO2 is potentially
a safe and cheap C1 building block for organic chemistry and fuel engineering. However, the high
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thermodynamic stability of this molecule is a clear disadvantage. Therefore, we need new technologies
for efficient CO2 processing.

The methanation of CO2 is a fossil-free technology that produces a synthetic replacement for
natural gas while simultaneously controlling CO2 emissions into the atmosphere and enabling the
production of valuable fuels or chemicals [2–4]. In particular, methane in the form of natural gas
is considered to be the most favorable among the different types of fuels from the environmental
point of view [5,6]. Its combustion process is easy to control. Its efficient transport through pipelines,
liquid gas terminals, and wide distribution networks are evident advantages. Therefore, synthetic or
substitute natural gas (SNG) production from alternative or renewable materials is attracting increasing
attention [7,8]. SNG production from carbon dioxide can be expressed by the formula below.

CO2 + 4H2→ CH4 + 2H2O, ∆H = −252.9 kJ mol−1

The methanation of carbon dioxide is thermodynamically favorable (∆G298K = −130.8 kJ mol−1).
However, the reduction of fully oxidized carbon to methane is a reaction with significant kinetic
limitations requiring a catalyst to be used to achieve acceptable rates and selectivity [9]. Moreover,
methanation is a complex multistep process. For example, a detailed study of Ni-catalyzed
methanation [10] revealed as many as six steps for carbon formation and carbon methanation [11].

A variety of metals, e.g., Fe, Co, Ni, Ru, Rh, Pd, Ir, and Pt, which are usually active at the
temperatures of 300–400 ◦C, have been determined to be usable catalysts for methanation [12–20].
In turn, the engineering of a variety of metal oxide catalysts as well as the mechanisms for their activity
were reviewed in detail in Reference [21]. In particular, the importance of the defects in the oxide
structures was detailed in this study.

One of the most important requirements for the efficient catalysis of methanation is a low
temperature. First, methanation is an exothermic reaction whose thermodynamics becomes more
and more favorable as the temperature decreases. The thermodynamic K constant significantly
increases at low temperatures. Second, the sintering processes that destroy active species are less
important at a lower temperature. In the current practice, catalysts are designed to operate below
320 ◦C because, at higher temperatures, the reverse water-gas shift (RWGS) reaction starts to play a
role [22]. At the same time, the uniform distribution of active species on a support, a high porosity,
and a large surface area of the support material appeared to be the decisive issues that determine the
successful construction of low-temperature catalysts. For example, the surface area of the metal-organic
framework that has recently been tested as a potential support for Ni is 2961 m2g−1. The conversion
rate of this system reached ca. 75% at 300 ◦C with a CH4 selectivity of 100% at 200–300 ◦C [23]. In turn,
the Ru nanoparticles (NPs) that were supported on TiO2 using the sophisticated barrel-sputtering
technology likely had the lowest operating temperature of 160 ◦C. Moreover, a similar Ru/TiO2 system
prepared using the wet method was efficient at about a 100 ◦C higher reaction temperature of ca.
260 ◦C [24]. In turn, the oxide-passivated Ni-supported Ru nanoparticles in silica can be an efficient
catalyst for methanation at an onset reaction temperature as low as ca. 150 ◦C [25].

In this report, we present a novel catalytic system for the low-temperature carbon dioxide
methanation. The Sabatier rule provides the most general hint for catalyst engineering. According
to this rule, the catalyst should enhance the reactivity, but some optimal catalyst activity exists.
This enables efficient reagent adsorption and reaction but, at the same time, the products can be
desorbed from the catalyst surface. The volcano type plot illustrates the fact that, above an optimal
activity, the overall catalyst efficiency decreases. The Sabatier rule describes a microscopic law.
However, the same rule can apply to the macroscopic catalyst structure, which should be engineered
into a form suitable for the catalyst bed. In particular, for nano-catalysts, an important issue is a
construction of the catalyst-support system. For example, we observed that, if catalytic systems were
targeted for a high activity by a specific surface expansion of the carrier, then the overall activity
decreased because unspecific processes such as cocking or product polymerization blocked the catalyst
surface [25]. Therefore, macroscopically, some optimal surface is also required. In particular, in this
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study, we show that nanowire structured Ni can be an efficient support for Ru nanoparticles. To the
best of our knowledge, this is the first example of a catalyst that appears to be a novel, highly efficient
catalytic system for low-temperature carbon dioxide methanation. The onset of the reaction occurs at
130 ◦C and a 100% conversion into methane was observed at 179 ◦C and the reaction proceeds with a
high TOF value of 2479.2 h−1. Pd and Ru are often investigated as alternative catalysts. A number
of investigations reported the location of these metals on the volcano curve. Foams are attractive
catalyst carriers because of their low-flow resistance, which results from the significant free volume
(approximately 90%). However, the Ni foams that have been tested as alternative carriers or Pd NPs as
potential Ru NP replacements appeared to be much less effective.

2. Results and Discussion

2.1. The Design, Preparation, and Structure of the Catalysts

The Energy dispersive X-ray fluorescence (EDXRF) spectrum of the 1.0% Ru/Ni at a nanowire
carrier (Figure 1) has high-intensity Ni Kα and Ni K β peaks at 7.48 and 8.26 keV, Ru Kα and Ru
Kβ peaks at 19.28 and 21.66 keV and Fe Kα, Zn Kα and Zn Kβ peaks at 6.40, 8.64, and 9.57 keV,
respectively. The EDXRF spectrum also revealed several sum and escape peaks that corresponded with
the high-intensity Ni Kα and Ni Kβ peaks. A quantitative analysis performed using the fundamental
parameter method is presented in Table 1. The Ni foams that were used for the comparison were
purchased commercially. However, the specific surface of the tested Ni foams was relatively low
compared to the nanowires.
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tube operating at 30 kV and 300 µA.

Table 1. Results of the EDXRF analysis of the SiO2 and Ni supported catalysts.

Catalyst
Chemical Element [wt.%]

Pd Ru Zn Fe Ni Si Ca P Cl

SiO2 - - N\D N\D N\D N\D N\D N\D N\D
1.0% Pd/SiO2 1.14 ± 0.035 - N\D N\D N\D N\D N\D N\D N\D
1.0% Ru/SiO2 - 1.12 ± 0.023 N\D N\D N\D N\D N\D N\D N\D

Ni a - - 2.2 ± 0.10 0.21 ± 0.015 96 ± 3.9 - - 0.34 ± 0.023 -
1.0% Pd/Ni a 0.98 ± 0.057 - 1.72 ± 0.074 0.19 ± 0.014 97 ± 5.1 0.15 ± 0.011 0.10 ± 0.010 0.28 ± 0.018
1.0% Ru/Ni a - 1.33 ± 0.068 1.70 ± 0.083 0.23 ± 0.013 95 ± 5.7 0.67 ± 0.042 0.15 ± 0.010 0.26 ± 0.015 -

Ni b - - - - 92 ± 5.2 0.23 ± 0.013 5.4 ± 0.35 0.42 ± 0.025 0.62 ± 0.032
1.0% Pd/Ni b 0.65 ± 0.057 - - 87 ± 4.3 2.91 ± 0.15 7.0 ± 0.44 0.58 ± 0.035 0.79 ± 0.046
1.0% Ru/Ni b - 0.86 ± 0.045 - - 95 ± 4.8 0.22 ± 0.018 2.3 ± 0.12 0.66 ± 0.035 0.25 ± 0.016

a
\Nanowires. b

\Nickel foam shape fitted to catalyst bed. N\D—not determined.
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The X-ray diffraction patterns of the 1.0% Ru/Ni, 1.0%Pd/Ni, and Ni nanowire samples are
presented in Figure 2. The peaks at about 44.5, 51.8, 76.4, 92.9, and 98.4 were attributed to the (111),
(200), (220), (311), and (222) lattice planes of the crystalline Ni [JCPDS no. 03-065-2865], respectively.
The patterns clearly showed peaks that could be attributed to the Ni nanowires (NWs), whereas only
the most intense peak was observed for metallic Pd (2θ111~39). Because the strongest Ru (101) and Ni
(111) diffraction lines overlapped at 2 θ~44◦ (see Figure 2B), the less intensive peaks of Ru NPs were
analyzed. A qualitative phase analysis showed that small amounts of Zn and Si were also detected on
the diffraction patterns of 1.0% Ru/Ni and 1.0% Pd/Ni in the nanowire samples. An X-ray diffraction
line broadening analysis was used to characterize the Ni NWs-supported Pd and Ru nanoparticles and
the Scherrer formula was applied to estimate the average particle size. An analysis of the experimental
profiles showed that both the Ru and Pd diffraction lines were very broad (FWHM is about 2–3◦),
which suggests that the nanoparticles are very small. The particle size was estimated from the strongest
diffraction lines (2θ111~39 for Pd NPs and 2θ100~38.4 and 2θ002~42.2 for Ru NPs) and they were about
3–5 nm for the studied catalysts. For the Ni nanowires, the values were larger at about 8–9 nm. The
lattice parameters of the investigated samples were also calculated using the “Chekcell v.4” computer
program. The results are listed in Table 2.Catalysts 2020, 10, x FOR PEER REVIEW 5 of 15 
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Figure 2. (A) The X-ray diffraction patterns of the 1.0% Pd/Ni, 1.0% Ru/Ni, and Ni nanowires (NWs)
samples in the 20–130 2θ range. The Miller indices for the experimental peaks of Ni NWs are marked.
(B,C) The larger diffraction patterns in the 30–58◦ 2θ range. The main peaks of Pd and Ru nanoparticles
(NPs) are shown.

Table 2. The average crystallite size and lattice parameters of the investigated nanomaterials as
determined by the X-ray diffraction technique (XRD) method.

Catalyst Lattice Parameters [Å]
D [nm]

Ni
D [nm]

Pd
D [nm]

Ru

Ni NWs for Ni a

a = 3.527 (±0.006) - 8 - -

for Ni a for Pd a

1.0% Pd/Ni NWs a = 3.524 (±0.002) a = 4.060 (±0.008) 9 3–4 -

for Ni a for Ru b

1.0% Ru/Ni NWs a = 3.526 (±0.003) a = 2.711 (±0.006)
c = 4.277 (±0.007) 9 - 4–5

a
\cubic, Fm3m. b

\hexagonal, P63/mmc.

In order to further understand the composition and elemental states in bimetallic Ni/(Pd, Ru)
nanowire systems, X-ray photoelectron spectroscopy (XPS) was used to obtain the surface information
of the products. Because of the limited inelastic mean free path of photoelectrons, only the chemical
state of the surface layers was reachable, and, therefore, the in-depth analysis was limited to about
2–4 nm. We paid particular attention to the electronic structure of the components of the examined
systems by analyzing the Ni2p, Pd3p, and Ru4p core levels.

The structure of the Nip2p3/2 core level of the examined systems is presented in Figure 3. For the
reference sample (see Figure 3a), multiple states of Ni were observed including metallic Ni (peak at
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852.66 eV [26], 852.04 eV, which is similar to other nanostructured [27] forms) and nickel(II) dihydroxide
(Ni(OH)2, which peaked at 855.52 eV [28]). The remaining peaks in the spectrum of the reference
sample were characteristic for nickel and its oxide satellites. In the bimetallic systems, a trace of metallic
nickel was observed in both Ni/Pd and the Ni/Ru systems (see Figure 3b,c, respectively). However, the
dominant contribution to the chemical states of nickel was detected for Ni(OH)2. The content of the
individual Ni states was different for each examined system. For the reference sample, 80.3% of the Ni
atoms were in an Ni2+ state (Ni(OH)2) and 19.7% were in an Ni0 state (6.4% for the metallic state at a
lower binding energy and 13.3% for the metallic state at a higher binding energy). In the bimetallic
systems, a share of metallic Ni decreased. For the Ni/Pd system, the Ni2+ states constituted 93.4% of all
of the Ni atoms, whereas, for Ni0, it was only 6.6%, while even a lower content of the metallic state
were observed for the Ni/Ru system in which only 4.1% of all the Ni atoms were in the Ni0 state.Catalysts 2020, 10, x FOR PEER REVIEW 6 of 15 
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Figure 3. The high-resolution XPS spectra of Ni2p3/2 for (a) the reference sample, (b) the Ni/Pd system,
and (c) the Ni/Ru system. A black line represents the measured data, the red line represents the fitted
data, and the dotted red line represents the difference between the measured and fitted data. Individual
contributions to the fitted data are represented by the colored lines and were assigned to a specific
chemical state.

The relative Ni/Pd ratio, which was determined from the calculated atomic concentration, was 38.8
atomic %, whereas, for the Ni/Ru system, the Ni/Ru ratio was about 47.8 atomic %. For the Ni/Pd system,
an additional analysis of the palladium chemical state (see Figure 4a) revealed that the palladium
in the examined system existed in two chemical states. About 78.7% of all of the palladium atoms
occurred in the metallic state (Pd3d5/2 at 335.33 eV similar to [29]), while the remaining 21.3% of Pd
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(Pd3d5/2 at 336.9 eV) existed in the form of PdO oxide, which is similar to Reference [30]. Analysis of
the Ru3p3/2 core level in the Ni/Ru bimetallic system revealed (see Figure 4b) the presence of three
different chemical states. The first chemical state, which was detected at 461.06 eV, was related to
metallic Ru [31,32] and represented 33.5% of all of Ru atoms. Additionally, 40.9% of all of Ru atoms
were in the second chemical state, which was visible at 462.66 eV. This can be ascribed to the RuO2

oxide [32,33], while the last chemical state of Ru was related to the peak at 465.07 eV and was assigned
to non-stoichiometric oxide RuOx/Ru as in Reference [34]. For both the Ni/Pd and Ni/Ru systems,
there was no evidence of chemical states that indicated a chemical bonding between Ni and Pd or Ni
and Ru atoms. However, the formation of an alloy cannot be excluded since any expected chemical
shift could be very small.Catalysts 2020, 10, x FOR PEER REVIEW 7 of 15 
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measured and fitted data. The individual contributions to the fitted data are represented by the colored
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The transmission electron microscopy (TEM) (Figure 5) confirmed the nanosized character of
the Ni wires. As can be seen in Figure 5a,d, the Ni wires were composed of blocks that were joined
in wires. Both Pd and Ru nanoparticles were observed on the surface of the Ni wires. The presence
of nanoparticles on the nanowire surface was confirmed by their selected area electron diffraction
patterns and by an energy-dispersive spectroscopy (EDS). The TEM micrographs show that both types
of nanoparticles were arranged individually and as conglomerates.



Catalysts 2020, 10, 513 7 of 14

Catalysts 2020, 10, x FOR PEER REVIEW 8 of 15 

 

 
Figure 5. TEM micrographs of the Ni nanowires (NWs) with (a–c) Pd nanoparticles and with (d–f) Ru 
nanoparticles. (a,b) and (d,e) show the recorded bright field images at different magnifications. (c) 
and (f) present the recorded selected area electron diffraction patterns from regions that are shown in 
(b) and (e), respectively. Red circles correspond to the theoretical diffraction rings for Ni whereas the 
blue circles correspond to the theoretical diffraction rings for (c) Pd and (f) Ru. The EDS spectra were 
shown inside. 

Figure 5. TEM micrographs of the Ni nanowires (NWs) with (a–c) Pd nanoparticles and with (d–f) Ru
nanoparticles. (a,b) and (d,e) show the recorded bright field images at different magnifications.
(c,f) present the recorded selected area electron diffraction patterns from regions that are shown in (b,e),
respectively. Red circles correspond to the theoretical diffraction rings for Ni whereas the blue circles
correspond to the theoretical diffraction rings for (c) Pd and (f) Ru. The EDS spectra were shown inside.
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2.2. Methanation of CO2

The relationship between the methane yield (conversion degree) and temperature for the novel
catalyst are plotted in Figure 6. The nano-Ru/nanowired-Ni system appeared to be the most active
catalyst and produced a 100% conversion at a temperature of ca. 179 ◦C. Moreover, we observed
the onset of the reaction at ca. 125 ◦C. At these points, the reaction was 100% selective toward
methane. This means that the activity of the nanowire system clearly exceeded that of the Ni carrier
as the reference material, which needed 358 ◦C for a conversion of 100%. A comparison of the
nano-Ru/nano-wired-Ni to the analogous nano-Pd/nanowired-Ni clearly illustrated the advantageous
performance of the Ru-based system or Ru/SiO2 ca. 400 ◦C to achieve a conversion of 100%. The new
catalyst also appeared to be better than other systems reported in the literature for which the Ru-Ni
bimetallics required 400 ◦C to achieve an 82.7% conversion with a 100% methane selectivity [25,35].
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Table 3 compares our results with those reported in other studies. For this comparison, we
used the turnover frequency (TOF), which is a parameter that allows a direct comparison of the
catalytic measurements from various experiments. The Ru NPs supported on the Ni nanowires whose
TOF productivity was 2479.2 at 179 ◦C (Table 3, entry 1) appeared to be superior to all of the other
reported systems (Table 3, entries 11–12). We observed a 100% conversion to methane at this high
TOF. The catalytic ability of all of the other Ru/Ni catalytic constructs were lower and were similar to
those that have been reported in the literature for the Ru/Ni systems. Similarly, replacing nano-Ru
with nano-Pd resulted in a significant decrease in the catalyst activity TOF = 2265.4 at 281 ◦C (Table 3,
entry 2). However, similar to the Ru-nano-wired-Ni system, the activity of the Pd-nanowired-Ni
compared advantageously to the other nano-Pd/Ni system (Table 3, entry 4). Practically, the large
gap in the reactivity of the investigated systems at low temperatures compared to all of the other
investigational or commercial systems is of crucial importance in this case because methanation can be
significantly enhanced at low temperatures [22–25].
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Table 3. CO2 methanation on the Ru and Pd nanoparticles deposited on different nickel and silica
carriers compared to the literature data.

Entry Catalyst T [◦C] TOF [h−1] Ref.

1 1.0% Ru/Ni
nanowires (NWs) 179 2479.2 -

2 1.0% Pd/Ni NWs 281 2265.4 -
3 1.0% Ru/Ni foam 544 442.3 -
4 1.0% Pd/Ni foam 549 419.1 -
5 Ni NWs 358 528.6 -
6 Ni 522 514.0
7 Ni foam 537 499.7
8 1.0% Ru/SiO2 381 1208.6 [25]
9 1.5% Ru/Ni 204 940.0 [25]

10 0.5% Pd/Ni 505 2423.0 [25]
11 0.8 Ru/TiO2 180 487.3 [24] a

12 Ru–CeO2/Al2O3 300 2256.0 [36] a

a
\for a broader comparison, compare Reference [25].

An interesting issue is that the surface of the high activity nano-Ru-nanowired-Ni catalyst was
composed of the oxidized forms of the metals to a great extent. In particular, the Ni and Ru were mainly
in the form of Ni(OH)2 and RuO2. Up to ca. 92% of Ni occurred in the form of Ni2+, while barely 4%
took the form of Ni0. The presence of the non-stoichiometric oxides RuOx/Ru is also worth mentioning
because the presence of metal oxides, in the form of nonstoichiometric compounds, especially those
with defects, can greatly contribute to the catalytic activity of the oxide compositions. This can enable
the efficient heterogeneous hydrogenation of gaseous carbon dioxide [21]. Moreover, the nano-Ru that
was supported on the Ni-nanowires differed from the nano-Pd that was supported on the Ni-nanowires
whose activity were notably lower, namely, 179 ◦C with a TOF = 2479.2 vs. 281 ◦C with a TOF = 2265.4
(see Table 3 entry 1 vs. 2). We observed that Pd was present in the form of well-defined compounds,
i.e., almost 80% of all of the palladium atoms occurred in a metallic state and ca. 21% of Pd existed in
the form of PdO. Therefore, we can speculate that this difference also explains the difference in the
reactivity of the systems. Therefore, our study demonstrates how important the imperfect catalyst
oxide structures are in the catalysis of the methanation reaction.

The nano-wired Ru/Ni system appeared to be very stable. The high performance of the catalyst
could always be restored when it was used for a long time (10 h) or cycled between the ambient
temperature and active temperature modes. One of the reasons for this is the low-temperature activity
of the catalyst. Therefore, the active surface species could have not been destroyed under a high
temperature. One question is: how did the surface species of the virgin catalyst compared to the catalyst
affect the reaction? By comparing the surfaces of the virgin and used catalytic systems, we could also
have expected information on the potential mechanism of CO2 methanation. Flight-Secondary Ion
Mass Spectrometry (TOF-SIMS) is a method that is able to provide information from the one to three
topmost monolayers of a sample surface. Accordingly, we used the TOF-SIMS method to compare the
Ru/Ni nanowires before and after CO2 methanation ( Supplementary materials Figures S1 and S2).
This enabled us to observe the presence of the carbon species associated with Ru (RuCO2H- (m/z = 147)
and CORu− (m/z = 130)) on the catalyst surface after the reaction. A series of hydrocarbons (C1−C7)
were also observed. This complies well with the alleged mechanism of CO2 reduction in an Ru/Ni
system that involves the adsorption of CO2. CO2 is then converted to CO in a slow process in which it
is reduced to hydrocarbons and to CH4 [37]. The TOF-SIMS of the virgin catalyst was practically the
same as the catalyst after the reaction. To explain this we should observe the atmosphere is a source of
CO2 which adsorption on Ru at low temperatures is a well-known fact [38]. Therefore, CO2 could be
adsorbed at a surface of the virgin Ru catalyst or catalyst precursor. In turn, the products of reduction
can be formed when preparing the Ru nanoparticles using hydrogen. Accordingly, the surface carbon
species on a virgin Ru/Ni catalyst surface are formed when preparing or storing a catalyst. Accordingly,
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the structure of the catalyst surface species is stable. Higher temperatures and a new portion of reactive
hydrogen are needed to desorb methane from the surface and to induce a reaction. On the other hand,
the stability of the surface species of the catalyst explains the high degree of stability and durability of
a catalyst. The TOF SIMS spectra indicate various modes of CO2 adsorption at the Ru component.
In turn, hydrogen adsorption is connected to the Ni component. This mode complies with what was
previously observed for the Ru/Ni system [21,37].

We also tested the applicability of Ni foams as potential supports for decorating with
nanostructured Ru and Pd. Both catalytic systems appeared to be much less active than the nano-wired
systems. The reason is likely due to the specific surface of the foams being too small when compared
to the 83.14 m2/g Ni nanowires (Table 3 entries 1 and 2) versus the Ni foams 3.45 m2/g for Pd/Ni and
3.06 m2/g for Ru/Ni (Table 3 entries 3 and 4). It could also be the result of the high porosity of the
Ni nanowires of 99.31% (reaching the level of aerogels). From the practical point of view, we have
presented in this paper a completely novel nano-Ru supported on a nano-wired Ni that appears to be
highly reactive in the methanation of CO2 at temperatures as low as 130 ◦C.

3. Materials and Methods

3.1. Materials

Commercially available chemical reagents were used in the study: nickel chloride (II) hexahydrate
(NiCl2·6H2O, 99.9%, Sigma-Aldrich), ethylene glycol (EG, 99%, Chempur), sodium hydroxide (NaOH,
99%, Chempur), and hydrazine hydrate (N2H4·H2O, 64–65% content, 98%, Sigma-Aldrich), Ni powder
(Sigma-Aldrich), and Ni foams (Racemat BV, Netherlands). All of the chemicals were used without
further purification. A neodymium magnet (1.3 T) was used to separate the nickel nanowires from
the liquid medium. The Ni foam was Ni-4753 (number of pores/inch—47–53, estimated average
pore (Ø)—0.4 mm, average density—0.4–0.7 g/cm3, relative density (foam/solid Ni)—4.8%, porosity
(100% rel. density)—95.2%, specific surface—5400 m2/m3, specific surface area density—0.079 kg/m2,
sheet length—900 mm and sheet width—600/500 mm).

3.2. Preparation of the Nickel Nanowires

The nickel nanowires (NiNWs) were prepared according to the method published elsewhere [5],
which we optimized. In a typical procedure, 70 mL of 0.1 M NaOH in ethylene glycol (EG) was
combined with 20 mL of hydrazine. The mixture was heated on a hot plate under constant stirring and,
once it reached 100 ◦C, 10 mL of 0.1 M NiCl2 in ethylene glycol (EG) was added dropwise. The reaction
was carried out until the gray magnetically active precipitate stopped forming and aggregating in the
vicinity of the magnet. The solid was then separated from the solvent using magnetic decantation.
It was rinsed with plenty of isopropanol and distilled water to remove the adulterants. Afterward,
the NiNWs were dried overnight at 100 ◦C under ambient conditions.

3.3. Preparation of the Catalyst

3.3.1. Preparation of 1.0% Pd or Ru NPs on the Sol-Gel Silica Carrier

The monometallic Pd or Ru nanoparticles (NPs) were supported on silica according to the
optimized procedure. To prepare the carrier, we used the Stöber tetraethyl orthosilicate (TEOS)
method in a mixture of a 25% aqueous ammonia solution with methanol and water [39–41]. After the
obtained precipitate underwent sonication, concentration, and drying, it was reduced under hydrogen
(at 500 ◦C). In the main steps, a 1500 mL solution of anhydrous 99.8% methanol and 528 mL of 25 wt.%
of the ammonia solution were mixed with 305 mL of deionized water for 10 min. Next, 100 mL of TEOS
was added and stirred for 5 h (25 ◦C). The colloidal silica was centrifuged and stirred in an ultrasound
bath for 90 min. The precipitate was washed with distilled water to a neutral pH. A solution containing
a Pd or Ru precursor (0.435 g PdCl2 or 0.00285 g 35–40% RuCl3·H2O) in deionized water (10 mL for
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RuCl3·H2O and 8 mL with 2 mL 35% HCl for PdCl2) was added dropwise into the obtained carrier,
i.e., colloidal silica, stirred for 30 min, dried at 60–90 ◦C (12 h in dark), ground, and sieved. Lastly,
the obtained product was reduced under hydrogen (500 ◦C, 4 h).

3.3.2. Preparation of the Bimetallic Pd/Ni and Ru/Ni Catalysts

The Ru and Pd NPs, which were supported on Ni nanowires or Ni powder or Ni foam,
were transferred from the intermediate carrier, i.e., SiO2 to the target carrier [25,40]. In a multistep
procedure, the target carrier Ni (10.00 g) and Pd or Ru NPs of the desired polydispersity were deposited
onto the intermediate carrier, e.g., 1.0% Pd/SiO2 (10.10 g) or 1.0% Ru/SiO2 (10.10 g), stirred mechanically,
and sonicated with deionized water (80 mL). The resulting suspension was stirred for 10 min. Sodium
hydroxide (23.3 mL 40% w/w) was added for the next 2 h at room temperature. The obtained product
was allowed to sediment (ca. 18 h) and then centrifuged. After decantation, the resulting supernatant
was washed with deionized water (eight times) and centrifuged to a neutral pH. The catalyst obtained
after washing the precipitate was dried at 120 ◦C.

3.4. Methods of Catalyst Characterization

An Epsilon 3 energy-dispersive X-ray fluorescence (EDXRF) spectrometer (Panalytical, Almelo,
The Netherlands) with a Rh target X-ray tube operating at a maximum voltage of 30 keV and a
maximum power of 9 W was used for the chemical analyses. The spectrometer has thermoelectrically
cooled the silicon drift detector (SDD) with 8-µm of Be window. The resolution was 135 eV at 5.9 keV.
The Omnian software was used for the quantitative analysis based on the fundamental parameter
method and the following measurement conditions: 5 kV, 300 s counting time, helium atmosphere to
determine Si and P, 12 kV, 300 s counting time, helium atmosphere, 50 µm Al primary beam filter for
Ca, 20 kV, 120 s counting time, air atmosphere, 200 µm Al primary beam filter for Fe and 30 kV, 120 s
counting time, air atmosphere, and 100 µm Ag primary beam filter for Ni, Zn, and Ru. The current of
the X-ray tube was fixed to not exceed a dead-time loss of ca. 50%.

A JEOL high resolution transmission electron microscopy (HRTEM) JEM 3010 working at a 300 kV
accelerating voltage and equipped with a Gatan 2 k × 2 k OriusTM 833SC200D CCD camera and an
EDS detector was used for the TEM characterization of the resulting materials. Isopropanol was used
to suspend the samples, which were then deposited on a Cu grid that had been coated with amorphous
carbon film standardized for the TEM observations.

The structural features of the catalysts were studied using the X-ray diffraction technique (XRD).
The experiments were performed on a high-resolution PANalytical Empyrean diffractometer with Cu
Kα radiation (40 kV, 30 mA) with a PIXcel detector. The data were collected in the 10◦−140◦ 2θ range
with a 0.0131◦ step. The “X’Pert High Score Plus” computer program and data from the ICDD PDF-4
database was used for the phase analysis.

X-ray photoelectron spectroscopy (XPS) using a Physical Electronics PHI 5700 spectrometer was
used to analyze the Ni-based bimetallic systems. Monochromatic AlKαX-ray radiation (hν = 1486.7 eV)
was operated to generate the photoelectron spectra of the core levels of particular elements. The obtained
XPS spectra were analyzed using the Multipak v. 9.0 software from Physical Electronics.

The sample was degassed under a vacuum at 350 ◦C for 5 h before the adsorption measurements
in a 3Flex apparatus (Micromeritics, Norcross, Georgia, USA). The N2 adsorption isotherm at 77 K
in the range of 0.05 to 0.3 relative pressure was determined and the Brunauer–Emmett–Teller (BET)
surface area was calculated.

The porosity of the NiNWs was measured using helium pycnometry (Accu Pyc 1330, Micromeritics).
Prior to the measurement, the sample was kept at 200 ◦C for 4 h for degassing purposes.
The measurement, which was carried out at room temperature, was repeated 10 times to ensure the
reproducibility of the results.

The Flight-Secondary Ion Mass Spectrometry (TOF–SIMS) measurements were performed using a
TOF-SIMS.5 (ION-TOF GmbH, Munster, Germany) reflection-type spectrometer, which was equipped
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with a bismuth liquid metal ion gun. Double-sided adhesive carbon tape was used to place the
powdered samples into the sample holder. Positive and negative secondary ion spectra were collected
by rastering the bismuth ion beam (30 kV, ~1 pA) across predetermined 500 × 500 µm areas. To ensure
the maintenance of the static conditions, a primary ion dose was kept below 1012 ions/cm2 for all
samples. An electron flood gun was used to compensate charging of the surfaces of the samples.
SurfaceLab6.4 software was used for the analysis. The spectra positive spectra were internally mass
calibrated using H+, CH3

+, C2H3
+, C3H3

+, and C3H5
+ ions, whereas the negative ones were internally

mass calibrated H−, C−, CH−, C2
−, C2H−, C3

−, and C3H−.

3.5. Methanation

A quartz flow microreactor with a fixed catalyst bed (7.5 mm diameter) was used to investigate the
methanation. The feeding gas mixture was composed of 20% CO2 + 80% H2. This was continuously
injected at a flow rate of 3 dm3/h under atmospheric pressure. The composition of the tail gases was
measured using a thermal conductivity detector-equipped SRI gas chromatograph (1/8-inch diameter,
3-m long column, micro-packed with active carbon 80–100 mesh. The column temperature was 80 ◦C
and Ar was used as the effluent gas (10 dm3 h−1).

4. Conclusions

In summary, the low-temperature methanation of CO2 can open a novel strategy for engineering
this reaction because the thermodynamics of the reaction gets more advantageous at lower temperatures.
However, a low temperature is usually considered to be 300–400 ◦C in the literature. We have shown
in this study that a completely novel system of nano-Ru, which was supported on nano-wired Ni,
appeared to be highly reactive in the methanation of CO2 at temperatures as low as 130–179 ◦C.
A comparison of nano-Pd and nano-Ru, which was supported on Ni-nano-wires, enabled us to
prove that oxidized surface metals are highly important for the high activity of the investigated
nano-Ru@nanowired-Ni. Moreover, similar to the microscopic Sabatier rule, which indicates that
an optimal reactivity level of the catalyst exists, we showed that the Ni nanowires (with a higher
specific surface area than the standard metal surface, e.g., in the form of a metal foam, but smaller than
nano-sized materials) significantly enhances the performance of the Ru-Ni catalytic system.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/5/513/s1,
Figure S1 Positive TOF-SIMS spectra obtained from sample 1 before (blue) and 2 after (red) process presented
in narrowed mass range (A) 5–40 u (B) 40–80 u, (C) 80–145 u. The coincidental cover of some Ni and carbon
species is possible, e.g., O-CO2+ (m/z = 60) and 60Ni+ (m/z = 60), Figure S2 Negative TOF-SIMS spectra obtained
from sample before (blue) and after (red) process presented in narrowed mass range (A) 5–40 u, (B) 40–80 u,
(C) 80–151 u.
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17. Zaǧli, E.; Falconer, J.L. Carbon dioxide adsorption and methanation on ruthenium. J. Catal. 1981, 69, 1–8.
[CrossRef]

18. Weatherbee, G.D.; Bartholomew, C.H. Hydrogenation of CO2 on group VIII metals: II. Kinetics and
mechanism of CO2 hydrogenation on nickel. J. Catal. 1982, 77, 460–472. [CrossRef]

19. Erdöhelyi, A.; Pasztor, M.; Solymosi, F. Catalytic hydrogenation of CO2 over supported palladium. J. Catal.
1986, 98, 166–177. [CrossRef]

20. Zhang, Z.; Kladi, A.; Verykios, X.E. Effects of carrier doping on kinetic parameters of CO2 hydrogenation on
supported rhodium catalysts. J. Catal. 1994, 148, 737–747. [CrossRef]

21. Jia, J.; Qian, C.; Dong, Y.; Li, Y.F.; Wang, H.; Ghoussoub, M.; Butler, K.T.; Walsh, A.; Ozin, G.A. Heterogeneous
catalytic hydrogenation of CO2 by metal oxides: Defect engineering—Perfecting imperfection. Chem. Soc.
Rev. 2017, 46, 4631–4644. [CrossRef] [PubMed]

22. Xu, X.; Moulijn, J. Mitigation of CO2 by chemical conversion: Plausible chemical reactions and promising
products. Energy Fuels 1996, 10, 305–325. [CrossRef]

23. Zhen, W.; Li, B.; Lu, G.; Maa, J. Enhancing catalytic activity and stability for CO2 methanation on Ni@MOF-5
via control of active species dispersion. Chem. Commun. 2015, 51, 1728–1731. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.aad4998
http://www.ncbi.nlm.nih.gov/pubmed/28082532
http://dx.doi.org/10.1016/j.cattod.2006.02.029
http://dx.doi.org/10.1039/c3ee41272e
http://dx.doi.org/10.1007/s12665-013-2609-3
http://dx.doi.org/10.1186/s11671-016-1330-z
http://dx.doi.org/10.1016/S1003-9953(10)60192-2
http://dx.doi.org/10.1016/j.apcata.2013.04.038
http://dx.doi.org/10.1016/j.fuel.2014.01.036
http://dx.doi.org/10.1016/j.jcat.2009.05.018
http://dx.doi.org/10.1006/jcat.1997.1469
http://dx.doi.org/10.5012/bkcs.2005.26.11.1682
http://dx.doi.org/10.1006/jcat.1994.1180
http://dx.doi.org/10.1016/j.apcata.2006.12.017
http://dx.doi.org/10.1016/0021-9517(73)90159-0
http://dx.doi.org/10.1016/0021-9517(78)90143-4
http://dx.doi.org/10.1039/f19817701003
http://dx.doi.org/10.1016/0021-9517(81)90122-6
http://dx.doi.org/10.1016/0021-9517(82)90186-5
http://dx.doi.org/10.1016/0021-9517(86)90306-4
http://dx.doi.org/10.1006/jcat.1994.1260
http://dx.doi.org/10.1039/C7CS00026J
http://www.ncbi.nlm.nih.gov/pubmed/28635998
http://dx.doi.org/10.1021/ef9501511
http://dx.doi.org/10.1039/C4CC08733J
http://www.ncbi.nlm.nih.gov/pubmed/25518948


Catalysts 2020, 10, 513 14 of 14

24. Abe, T.; Tanizawa, M.; Watanabe, K.; Taguchi, A. CO2 methanation property of Ru nanoparticle-loaded TiO2

prepared by polygonal barrel-sputtering method. Energy Environ. Sci. 2009, 2, 315–321. [CrossRef]
25. Polanski, J.; Siudyga, T.; Bartczak, P.; Kapkowski, M.; Ambrożkiewicz, W.; Nobis, A.; Sitko, R.; Klimontko, J.;
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