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Abstract: In the present work, the catalytic behavior of nickel-based catalysts supported on ceria/zirconia,
undoped and doped with lanthanum and neodymium (3.5Ni/Ce0.8La0.5Nd0.2Zr0.13O2−x), was inves-
tigated under different reactions: steam reforming, partial oxidation and autothermal reforming of
different fuels (methane, biogas, and propane). The catalytic properties of these catalysts were evaluated
at a temperature of 800 ◦C, under atmospheric pressure, at GSHV = 120,000 h−1, using steam/carbon
and oxygen/carbon ratio, respectively, of S/C = 2.5 and O/C = 0.5 and, in the case of autothermal
conditions, with the addition of H2S (100 ppm) as a contaminant. Depending on the tested fuel, ATR, SR,
and POX reactions over doped and undoped catalysts showed different results. In particular, the doped
catalyst, due to neodymium and lanthanum doping, better distributed nickel species on the catalyst
surface, promoting a higher concentration of defect groups and oxygen vacancies. This resulted in
improved catalytic performance and resistance to deactivation. Endurance catalytic test also confirmed
the beneficial effect of the doped catalysts.

Keywords: reforming; hydrogen; sulfur tolerant catalysts; nickel; neodymium

1. Introduction

The latest IPCC report argues that stabilizing the climate will require fast actions,
highlighting that the issue of climate change, due to greenhouse gas emissions, is one of
the major challenges of this century that requires urgent operations [1]. Then, consider-
able efforts on clean energy technologies should be recommended to address this issue.
The solid-oxide fuel cells (SOFCs) and solid-oxide electrolyzer cells (SOECs) are one of
the most attractive renewable energy technologies that can allow this transition from a
high-carbon to a low-carbon economy and finally to a zero-carbon one. Generally speak-
ing, these devices can directly convert chemical energy from fuel into electricity [2,3]
and can operate with various fuels [4]. The internal reforming has advantages in terms
of energy conversion efficiency and SOFCs/SOECs system simplification reduces its
cost [5]. However, the main obstacles in industrialization of multifuel SOFCs/SOECs is
related to the high cost, gas contaminants, a high working temperature of ≥1000 ◦C and
less stability due to cell degradation [6].

By the synthesis of alternative materials, the development of SOFCs/SOECs is cur-
rently focused on reducing the manufacturing costs, lowering the operating temperatures
and increasing the in-service lifespan [7,8]. At the intermediate temperature (600–800 ◦C)
the conventional anode material Ni-YSZ cermet suffers from incompatibility with hydro-
carbon fuels because nickel catalyzes their decomposition, resulting in a severe deposition
of carbon at the anode [9–11]. Then, catalyst deactivation and structural damage can occur
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due to the carbon deposited that causes the reduction of both the cell performance and
stability. These phenomena can provoke the anode volume expansion [12]. Among the
different strategies to improve the catalytic performance to reduce carbon deposition in hy-
drocarbon fueled SOFCs/SOECs, the development of composite material is one of the most
followed. Ceria–zirconia-based catalysts allow a better metal dispersion with consequent
high carbon tolerance, thanks to their oxygen storage capacity. Recently, Escudero et al.
have reported that a Ni-Ce-ZrO2 system is suitable as anode material for direct reforming
of biogas by solid oxide fuel cells; in fact, the incorporation of cerium in ZrO2 improves the
bulk oxygen mobility and the oxygen storage capacity of composite material, so it might
mitigate the carbon deposition [13]. Moreover, the addition of the “promoters” plays a key
role in the catalytic performance and stability improvement. Adding alkali metal, alkali
earth metal or rare earth metals into Ni-based catalysts affects the acidic–basic properties
of the catalysts and boosts the removal of deposited carbon species [13]. Osazuwa et al. in
an extensive review highlighted that the lanthanide series can effectively minimize carbon
formation during any form of reforming process of methane [14]. Rare-earth metal (Nd, Ce,
and La) oxides were used to modify an Ni/SBA-15 catalyst, showing a stronger resistance
to carbon deposition in the dry reforming of methane [15]. Perovskite-type mixed metal
oxide (CoNdO3) processed strong metal-support interaction, displaying high resistance
to carbon formation at 750–900 ◦C in the CO2 reforming process [16]. The study of the
NdCaCoO3.96 catalyst in the POX of methane has shown its superior performance: both the
methane conversion and CO and H2 selectivity increased at 850–865 ◦C and approached
100% selectivity and 85% methane conversion at 925 ◦C [16]. Recently, La and Nd ions were
well incorporated in a ceria structure, in order to promote a higher abundance of defects
and oxygen vacancies, resulting in a less reducible oxygen-deficient material that improves
the CO oxidation activity, as a result of the weakened cerium-oxygen bonds [17].

With this background, we have investigated the performance of the nickel catalytic
systems with defined ceria zirconia compositions undoped and doped with lanthanum
and neodymium Ce0.8Zr0.2O2 (CZ80) and Ce0.8Zr0.13La0.5Nd0.2O2−x (dpCZ80) towards the
reforming reactions, namely steam reforming (SR), partial oxidation (POX) and autothermal
reforming (ATR), of different fuel as well as methane, biogas and propane. Previously
these system catalysts have been investigated towards dry reforming and oxidative dry
reforming of methane. It was found that at 650 ◦C the doped catalyst led to an high
conversion of both methane and carbon dioxide, with a high hydrogen selectivity and high
carbon resistance [18].

Considering that the system catalysts chosen for the anode, suitable for multifuel
internal reforming, should have high resistance to carbon deactivation and high resistance
to sulfides eventually present in biofuels, and have also been tested for the autothermal
conditions with a contamination of H2S (100 ppm).

Conversion, selectivity, and yield are valued for every process and fuel in order to find
the best operating condition to increase fuel versatility and obtain high syngas production.

2. Results and Discussion
2.1. Characterization of Catalytic Systems

XRD patterns obtained between 20◦ and 80◦ 2 theta degree are shown in Figure 1.
The bare support CZ80 showed visible peaks at about 28.4◦, 32.9◦, 47.3◦ and 56.2◦, which
correspond respectively to the indices of (1 1 1), (2 0 0) and (3 1 1) planes of CeO2.

The XRD profile of the support indicates that zirconia could be incorporated into the
ceria lattice to form a solid solution maintaining the fluorite structure, indicating that the
cubic Ce and Zr were highly homogenously distributed. According to previous studies,
it was observed a shift of peaks, relative to the cubic ceria phase, to higher 2-theta ceria
zirconia positions.

In the XRD profile it was observed a shift of the peaks to higher 2-theta values with
respect to the undoped phases, confirming the insertion of lanthanum and neodymium
into the fluorite structure. In the detail of Figure 1 the peak at 2-theta 28.6 shifts to 29.3
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after the incorporation of zirconia and to 2-theta equal to 29.8 after the incorporation of
neodymium and lanthanum. The profile of calcined catalysts exhibits a cubic NiO phase
(JCPDS 65-7545) as indicated from the (1 1 1), (2 0 0) and (2 2 0) diffraction peaks at 2-theta
37.4, 43.4 and 62.6, respectively.
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Figure 1. XRD spectra of ceria–zirconia supports, undoped and doped.

The thermal stability of the doped catalyst was investigated through the evaluation
of XRD spectra recorded at increasing temperatures from 25 ◦C to 800 ◦C, indicating that
the structure was retained (Figure 2). The absence of typical peaks of lanthanum and
neodymium species confirmed a high thermal stability of powder without exsolution of
doped elements.

Supports and catalysts were studied by SEM analysis (Figure 3). Particle distribution,
heterogeneous shapes and morphologies were maintained, confirming that no significant
modifications were caused after nickel impregnation and calcination treatments. In addi-
tion, EDX analysis showed the homogeneous distribution of the different elements in the
catalyst (Figure 4) and the loading of the nickel metallic phase, of which the results were
very close to the nominal content (3.5 ± 0.2%).

TEM images of Ni catalysts supported on undoped and doped support showed
for both samples a well-defined cubic nanomorphology. Particularly, the doped sample
(NidpCZ80) shows a reduced dimension with respect to the undoped sample. However,
for both samples it is important to notice the complete absence of the segregation related
to doping of lanthanum and neodymium, confirming the reliability of results obtained by
X-ray diffraction analysis (Figure 5). Furthermore, an almost unimodal dispersion could
be observed for both catalysts with slightly reduced dimensions for the doped sample.
The difference can be explained considering that the incorporation of dopant ions in
ceria–zirconia structure impedes the growth of the crystals, allowing the formation of
smaller nanocubes.
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Figure 3. SEM micrographs of supports (undoped CZ80 and doped dpCZ80) and Ni supported
catalysts, NiCZ80 and NidpCZ80.
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The TPR-H2 profiles of supports, undoped and doped, and Ni-catalysts are shown
in Figure 6. The TPR-H2 curve of bare supports features two peaks since the reduc-
tion occurs in two steps. In detail, the lower temperature is related to the reduction
of superficial Ce4+ and Zrx+, while the larger band up to 700 ◦C is the result of the
progressive release of the lattice oxygen from the bulk of the sample. The doped support
is characterized by a similar profile, in agreement with Sartoretti et al. [17]. The same
behavior is also observed for both Ni supported catalysts, NiCZ80 and NidpCZ80. In
particular, for the catalyst supported on the doped support, peaks ascribed to the direct
reduction of NiO to Ni are shifted to lower temperatures.
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2.2. Catalytic Test Results
2.2.1. Methane as Fuel

The autothermal reforming (ATR) of methane at 800 ◦C involves a thermal energy
balance between the endothermic reaction of steam reforming (SR—Equation (1)) and the
exothermic reaction of partial oxidation (POX—Equation (2)):

CH4 + H2O 
 CO + 3H2, ∆H◦ ' 226 kJ; ∆G◦ ' −45 kJ at 800 ◦C (1)

CH4 +
1
2

O2 
 CO + 2H2, ∆H◦ ' −22 kJ; ∆G◦ ' −234 kJ at 800 ◦C (2)

Therefore, the overall reaction equation for the autothermal process is:

CH4 + xH2O + 2(1 − x)H2O 
 CO2 + 2(2 − X)H2, ∆H◦ ' 0 J; ∆G◦ ' −192 kJ at 800 ◦C (3)

The performance in terms of CH4 conversion (average values), in different reaction
conditions, is shown for both undoped and doped catalysts in Figure 7.
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The better performance in terms of conversion was related to the reaction under the
ATR condition, for both catalysts. This could probably be due to the acknowledged indirect
mechanism of ATR, according to which oxidation of CH4 occurs producing carbon dioxide
and water and, then, the unreacted CH4 produces synthesis gas via carbon dioxide and
steam-reforming reaction [19]. Moreover, in our previous works we have observed the
better performance of ATR and POX conditions with respect to SR condition, in which
the catalytic performance is highly depleted by hydration. At high temperatures, as well
as 800 ◦C, a high-water saturation grade of reaction systems occurs, reducing active site
accessibility with negative consequences on the catalytic performances [20].

The ATR conversion of methane on doped catalyst is slightly improved by the presence
of the doping elements; on the other hand, no significant differences promoted by doping
are observed for the SR of methane. Instead, in the POX condition, the doping seems to
have a detrimental effect.

Since the conversion of fuels is quite stable in the time on stream considered, as shown
in Figure 8, it is possible to calculate the average value of the products formed during
the different reactions. By Figure 8, it is possible to notice that the product distribution
depends on the reaction conditions. The largest amount of H2 is obtained in the ATR
reaction conditions; on the other hand, the largest amount of CO is obtained in the POX
reaction conditions. The conversion value obtained for the ATR of methane is comparable
or higher than values reported in literature, even for catalysts at higher nickel contents, as
shown in Table 1.

The spent catalysts were characterized by XRD to identify possible structural mod-
ifications and/or formation of surface carbon species. No evident alterations of the
support structure were observed, and all patterns were similar to those reported, as an
example, in Figure S1.
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Figure 8. Products distribution for NiCZ80 and NidpCZ80 under ATR, SR, and POX conditions of
methane at T = 800 ◦C, GSVH = 120,000 h−1.

Table 1. List of the average conversion values of different fuels examined in ATR conditions on doped
and undoped catalysts.

Catalyst Ni Content
wt/wt%

Composition
of Inlet Feed

Duration
of Test Space Velocity Methane

Conversion % H2 Yield Ref.

Ni/CeZrO2 10% 2CH4/1H2O/0.5O2 25 h 12 mgcatalyst/
180 mL/min 50 at 800 ◦C 40% [21]

Ni/Ce0.5Zr0.5O2 10% 2CH4/1H2O/0.5O2 24 h 12 mgcatalyst/
180 mL/min 50 at 800 ◦C 90% [22]

NiPd/20La2O3/10Ce0.5Zr0.5O2/Al2O3
10%(Ni)
0.5%(Pd) 1CH4/1H2O/0.75O2 27 h – 97 at 850 ◦C 69% [23]

Ni/Cu0.05Ce0.2Zr0.1Al0.65Ox 10% 1CH4/0.5O2/2.5H2O – 4800 h−1 83 at 650 ◦C – [24]

Ni-modified LSFCO/CGO 10% C3H8/0.5O2/2.5H2O 100 h 120,000 h−1 95 at 800 ◦C 50%
(mean value) [20]

Ni/MgAl 15% C3H8/0.37O2/3H2O – 9600 mL/gcat h 100 at 700 ◦C 55% [25]

NidpCZ80 3% 1CH4/0.5O2/2.5 H2O 10 h 120,000 h−1 86.4 at 800 ◦C 52% This work

NiCZ80 3% 1CH4/0.5O2/2.5 H2O 10 h 120,000 h−1 80 at 800 ◦C 48% This work

2.2.2. Propane as Fuel

Propane auto thermal reforming proceeds combine the POX conditions (Equation (4))
and SR condition (Equation (5)):

C3H8 + 3/2O2 = 3CO + 4H2 ∆H = −227.6 kJ mol−1 (4)

C3H8 + 3H2O = 3CO + 7H2 ∆H = 498 kJ mol−1 (5)

However, other reactions can occur as hydrogenation/decomposition of unsaturated
C3Hx species [24].

Figure 9 shows the Ni supported catalysts’ performance in the propane reaction
conversion. Under ATR condition the propane conversion is very high for the two
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catalysts, suggesting that the combination of the steam and oxygen in the reagent stream
plays a decisive role in promoting catalyst activity and stability. In the SR and POX
conditions, the doped catalyst exhibits higher conversion with respect to the undoped
one. For both catalysts, products distribution is affected by operating conditions. In
accordance with our previous works, in the POX condition, the production of H2 is lower
than ATR and SR conditions [20].
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at T = 800 ◦C GSVH = 120,000 h−1.

Moreover, there is an enhanced production of CH4 and C2H4 due to a significant
decomposition of propane [26] and other products (C+ others), probably due to oxygenated
molecules that cannot be revealed by the analytical equipment used.

The distribution of products is presented in Figure 10. Under the ATR condition, the
distribution of products is not substantially modified by the doping of the support. Both
catalysts, undoped and doped, show the highest H2 content in the SR condition. In addition,
in the SR condition, the effect of doping is remarkable in the lower methane production and
in the higher C2H6 content for the reaction catalyzed by the Ni catalyst with doped support.
The formation of methane probably does not occur by hydrogenation/ decomposition of
unsaturated species and methane can be formed by methanation of carbon oxides and/or
hydrogenolysis of propane.

2.2.3. Odorized Fuel with H2S

The sulfur tolerance is one of the fundamental properties that a reforming catalyst
must possess to ensure high reaction process efficiency, especially if biofuels are used.
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Figure 10. Product distribution for NiCZ80 and NidpCZ80 under ATR, SR and POX conditions of
methane at T = 800 ◦C, GSVH = 120,000 h−1.

Biogas contains CH4 and CO2 as its main components and among of other gases, hy-
drogen sulfide (e.g., H2S, NH3, and H2) is a problematic contaminant because it can poison
the reforming catalyst. The H2S concentration is affected by the type of feedstocks/waste
sources utilized to produce biofuels. Only 10 ppm of H2S can deactivate the nickel catalyst,
but temperature, reaction time, and catalyst geometry have a significant impact on the
stability of the catalyst [27]. The irreversible chemisorption of sulfur onto catalytic active
sites is the primary cause of catalyst deactivation. Due to its high adsorption strength
relative to other species competing for catalytic sites in the reaction media, sulfur has a
poisonous effect. The direct use of odorized propane, particularly in non-conventional en-
ergy conversion technologies, such as solid oxide fuel cells, causes particular problems [28].
Actually, conventional SOFCs cannot prevent coke formation from organic fuels nor are
they resistant to sulfur poisoning [27]. These restrictions can be circumvented by utilizing
fuel processing consisting of a purification process in the first step and reforming of fuel
to syngas in the second step, with an obvious increase in the system’s complexity and
cost [29]; furthermore, the risk of poisoning cannot be eliminated entirely [30]. Using novel
catalytic materials, able to prevent the formation of coke and, simultaneously, to resist to
sulfur poisoning, is one possible response to such requirements. The promotion of supports
with proper elements can increase the catalyst’s basicity and its poison resistance related
to sulfur components. With this background, catalytic tests of autothermal reforming
were carried out over undoped and doped catalysts, in the presence of 100 ppm of H2S.
A different catalytic activity is observed for the different fuels as shown in Figure 11. In
particular, in the presence of H2S, a dramatic collapse in the conversion was detected using
methane and biogas as fuels, for both catalytic systems. This can be due to the Ni sulfide
species formation, on the catalyst surface, that results in a decrease in available catalytic
sites. In the case of propane, the loss of conversion is moderate for both catalysts.
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Figure 11. Conversion of different fuels in ATR conditions at T = 800 ◦C GSVH = 12,000 h−1 over
undoped and doped catalysts.

The different behavior in the loss of conversion for different fuels is explained
considering that the addition of H2S, that, as stated above, tended to block the catalytic
sites, makes the oxidation reaction of fuels less favored than in the case of the ATR
carried out in the absence of H2S. Instead, the catalytic cracking process became the
most favored reaction. This find is also confirmed by the highest yield of H2 and CO,
obtained in the absence of H2S (around three times higher). The addition of H2S in the
ATR of propane causes more production of CO2, CH4 and C2H4 for both doped and
undoped catalytic systems (Figure S2). Despite how the sulfur presence affected the
product distribution, however, no severe catalysts deactivation occurred.

The spent catalysts were characterized by XRD in order to identify possible structural
modifications and/or formation of surface carbon species. No evident modifications of
the support structure were observed, all patterns were similar to those reported for fresh
catalysts (Figure S3), probably due to a limit of detection of the instrument used. Then, to
investigate more in-depth the presence and the amount of coke, thermogravimetric analysis
(TGA-DSC) was employed to estimate the amount of deposited carbon. The content of
carbon for all catalytic systems was lower than 3%. The higher amount of coke (2.8 wt%)
was detected for the undoped catalyst after ATR of odorized propane with respect to the
doped catalysts (0.39 wt%). The amount of carbon detected on the catalysts used for the
other reactions was lower than 0.2%.

TEM images (Figure S4) confirm the absence of coke for the catalytic system tested
under the ATR of methane on the doped catalyst and highlighted the high sintering of the
catalyst that probably produced the loss of conversion in undoped and doped catalysts. The
random presence of carbon nanotubes (Figure S5) was detected in the ATR of propane with
undoped catalysts, confirming the low content of carbon detected by thermogravimetric
analysis and the preserved activity in the considered time of reaction.
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Based on this observation, the catalytic system obtained over the doped catalyst resulted
in high resistance to deactivation, being characterized by a higher concentration of defect
groups and oxygen vacancies (due to the doping of neodymium and lanthanum), thereby
preventing the formation of deactivating species (amorphous carbon and nickel sulfide).

2.2.4. Endurance Test

Endurance tests of undoped NiCZ80 and doped NidpCz80 catalysts were carried
out under ATR of C3H8 conditions in the presence of 100 ppm of H2S. The profiles of
conversion are reported in Figure 12. As shown, the undoped catalyst exhibited catalytic
activity for around 55 h. After that, a dramatic loss of conversion was registered, probably
due to the coke formation that hindered the gas flow, causing the block of the reaction.
In effect, as shown in Figure S6, the reactor was full of coke. Instead, the doped catalyst
showed stable catalytic activity for over 100 h.
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The characterization of spent catalysts was carried out by XRD and TG-DSC analysis
in order to identify the coke formed during reactions. XRD results of spent catalysts doped
and undoped are shown in Figures 13 and 14, respectively. For both catalysts, peaks
attributable to the carbon formation in the 2θ range 25–27◦ were clearly observed, even if
they were characterized by different profiles. In the case of the undoped NiCZ80 catalyst,
the peak was sharper than that of the doped NidpCZ80 and the corresponding d002 value
(3.432 Å) approaches the theoretical value of standard graphite (3.354 Å) [31].
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Figure 13. X‐ray diffraction spectra of NidpCZ80 catalyst, fresh and after endurance test. 
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Figure 14. X‐ray diffraction spectra of NiCZ80 catalyst, fresh and after endurance test. 
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The value of d002 (3.395 Å) for the peak of the doped catalyst was far from the theoreti-
cal value, so amorphous carbon instead of ordered graphite was obtained. As is well known,
the nature of coke formed during the reaction influences the deactivation of catalysts [32].
Therefore, some forms of carbon reduce the catalytic activity and others do not. For high
temperatures (>650 ◦C) graphitic carbon species were formed over the undoped catalyst,
encapsulating the metallic surface [32]. The above observation on coke formation led to the
conclusion that doping addresses the methanation to be a coke-insensitive reaction. The
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catalytic activity of the doped catalyst was not affected even when appreciable quantities of
“coke” were deposited on its surface, as proved by thermogravimetry curve, Figure 15. It
was probably due to the promotion effect of La and Nd being able to maintain the surface
reactive enough [33].
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3. Materials and Methods
3.1. Catalytic System

Ce0.8Zr0.2O2 and Ce0.8Zr0.13La0.05Nd0.02O2−x were prepared as reported in our pre-
vious work [18]. Briefly, proper amounts of RE(NO3)3·6H2O salt (RE = Ce3+, La3+, Nd3+;
Treibacher Industrie AG) and ZrO(NO3)2 liquid gel (Treibacher Industrie AG) were
dissolved in demineralized water, obtaining a 0.2 M solution; concentrated H2O2 (35%
Sigma-Aldrich—Italy) was then added according to the molar ratio [H2O2]/[tot metals
ions] equal to 3. After 45 min of stirring at room temperature, concentrated NH3 • H2O
(28% Sigma-Aldrich—Italy) was added to obtain a pH value of 10.5. Finally, lauric acid
(Sigma-Aldrich—Italy), using a molar ratio ([tot metal ions]/[lauric acid]), equal to 0.25,
was added in solid form in the batch and maintained under continuous stirring for 4 h.
The precipitate was then filtered and washed three times with 0.5 L of demineralized
water and the resulting cake was dried at 100 ◦C overnight. The dry precipitate was
calcined in air at 500 ◦C for 4 h. The obtained supports were impregnated with a solution of
nickel nitrate hexahydrate solubilized in ethanol and successively calcined under air flux at
500 ◦C for 1 h. The nominal content of nickel is 3.5% in weight with respect to the support.

In order to evaluate the thermal stability of the catalyst, XRD spectra versus increasing
temperatures in the range 25–1000 ◦C were collected by a Panalytical Empyrean S-2 diffrac-
tometer, using Cu Kα radiation (1.54056 Å) at 40 kV and 40 mA. The patterns were recorded
in step scan mode from 10–60◦ 2θ angles in steps of 0.02◦ and a count time of 5 s per step.

The SEM-EDX analysis was carried out to acquire information about the morphological
and compositional configurations. To this purpose, a Phenom Pro-X scanning electron
microscope equipped with an energy-dispersive X-ray spectrometer was utilized. The EDX
analysis was used to evaluate the content and dispersion of metal, acquiring for all samples
at least 20 points of investigation at three different magnifications. The counting time for
the EDX analysis was 120 s. The results were found to be reproducible to less than ±5% for
all samples.
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Temperature-programmed reduction (TPR) experiments were carried out in an
AutoChem II 2920 analyzer (Micromeritics) using a 5% H2 in nitrogen mixture flowing at
35 mL/min (STP). For TPR measurements, the temperature was increased from 50 to 950 ◦C
at a heating rate of 10 ◦C min−1. Each sample (50 mg) was treated at 500 ◦C for 1 h in an air
flow (50 mL min−1) before the analysis.

The deposited carbon content was evaluated by means of thermogravimetric (TGA-DSC)
(Netzsch). The temperature-programmed experiments were carried out in the range 25–1000 ◦C,
under a total air flow rate of 100 cc/min with a heating rate of 2 ◦C min−1.

Finally, transmission electron microscopy (TEM) analysis was performed using a
JEOL 1400 Plus instrument operated at 120 kV, able to achieve a 0.19 nm point-to-point
resolution and a 0.14 nm line resolution.

3.2. Catalytic Activity Measurements

The catalytic activity was evaluated in a quartz microreactor (internal diameter = 4 mm)
positioned in a ceramic tube furnace, at atmospheric pressure and at the temperature of 800 ◦C.

All catalytic tests were performed at 120,000 h−1 space velocity (GHSV). The gaseous
mixture flows were adjusted for the different reactions: SR (steam to carbon mole fraction
S/C = 2.5); POX (oxygen to carbon mole fraction O/C = 0.5); ATR (mole fraction S/C = 2.5
and O/C = 0.5). Some experiments were carried out with 100 ppm of H2S. In order to take
into account the variation of the number of moles in the reactions, nitrogen was fed into the
inlet stream and then was used as an internal standard. The outlet stream of the reactor was
analyzed by gas-chromatography equipped with a TCD detector and columns appropriate for
the gas identification. The time on stream was ten hours and the catalytic activity results were
generally registered 15 min after the start of reaction. Overall carbon and hydrogen balances
were close to 100% in each experiment with standard deviation lower than 3%. Catalytic tests
performed are summarized in Table S1 (reported in the supplementary information) together
with the related operational conditions.

Conversion percentages were calculated by means of the following equation:

%Conversion =
Fuelin − Fuelout

Fuelin

4. Conclusions

The reactivity of the nickel catalytic systems with defined ceria zirconia composi-
tions, undoped and doped with lanthanum and neodymium Ce0.8Zr0.2O2 (CZ80) and
Ce0.8Zr0.13La0.5Nd0.2O2−x (dpCZ80), were tested towards the reforming reactions: steam
reforming, partial oxidation and autothermal reforming of different fuels, such as methane,
biogas, and propane. Catalysts were extensively characterized by various analytical tech-
niques, highlighting (i) the insertion of lanthanum and neodymium into the fluorite struc-
ture, (ii) the homogeneity distribution of the different elements in the catalysts, and (iii) the
loading of the metallic phase very close to the nominal content (3.5 ± 0.2%). Undoped and
doped catalysts showed both a well-defined cubic nanomorphology with slightly reduced
dimension for the doped sample, together with the absence of the segregation related to
lanthanum and neodymium doping. The effect of doping on the reducibility of the catalyst
seemed to be limited to the slight anticipation of the surface reduction at low temperatures.
As shown, the doped catalyst just slightly improved the ATR conversion of methane, while
no significant differences were promoted by doping elements for the SR of methane and in
the POX conditions, where the doping seemed to have a detrimental effect. With regard to
propane conversion, under ATR condition, it was very high for both catalysts, suggesting
that the combination of steam and oxygen in the reagent stream plays a decisive role in
promoting catalyst activity and stability. In the SR and POX conditions, higher conversions
were registered for the doped catalyst compared to undoped one. The doped catalyst
dispersed nickel species on the surface with a higher concentration of defect groups and
oxygen vacancies (due to neodymium and lanthanum doping), thereby preventing the
formation of deactivating species (amorphous carbon and nickel sulfide) and resulting in a
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higher resistance to deactivation. An endurance catalytic test confirmed the beneficial effect
of the doped catalysts. Further developments will be interested in the scale up of powdered
catalyst on structured form that will be tested as anode catalysts for SOFCs/SOECs systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13010165/s1. Table S1: Experimental conditions adopted for
ATR, SR and ATR reactions over undoped NiCZ80 and doped NidpCZ80 catalysts. Figure S1: XRD
spectra of NiCZ80 spent catalyst after methane SR, POX and ATR reactions. Figure S2: Conversion
of propane in ATR, SR and POX conditions at T = 800 ◦C GSVH = 12,000 h−1 over undoped and
doped catalysts, with and without 100 ppm H2S. Figure S3: X-ray patterns of NidCZ80 fresh and after
ATR reactions of methane and propane with 100 ppm of H2S at T = 800 ◦C and GSVH = 120,000 h−1.
Figure S4:TEM image of doped catalysts after ATR of methane at T = 800 ◦C and GSHV = 120,000 h−1.
Figure S5: TEM image of undoped catalysts after ATR of propane at T = 800 ◦C and GSHV = 120,000 h−1.
Figure S6: Reactors after endurance tests of undoped NiCZ80 and doped NidpCz80. The presence of
coke is evident for the undoped NiCZ80 catalyst.
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