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A B S T R A C T

Dry reforming of methane has industrially appealing advantages over other routes towards syngas production: 
CH4 and CO2 DRM conversion simultaneously tackles two main greenhouse gases to obtain a H2/CO ratio close to 
unity, ideal for long-chain hydrocarbons production via Fischer-Tropsch method. Designing high-performing and 
stable catalysts is pivotal for long-lasting operation. Ni-supported systems are by far the most used, owing to their 
outstanding activity and cost-effectiveness. Nevertheless, Ni promotes carbon deposition which results in severe 
deactivation. Supported noble metals combine high performance to coking resistance but this comes at a high 
cost. Here, the effects on DRM activity of low (≤3.0 wt%) ruthenium strategical loading onto a calcium zirconate 
perovskite oxide were investigated. In the CaZrO3, Zr substrate was partially substituted with samarium 
(CaZr0.85Sm0.15O3-δ, CZSm) to increase the extent of oxygen vacancies, favoring reactants adsorption on a highly 
basic surface. Ru was added during the perovskite synthesis to obtain RxCZSm (x = 0.5, 1.5, 3.0 wt% Ru). 
Structural and textural analyses revealed partial Ru inclusion in the oxide lattice leading to a net surface area 
increase (>50%). Different DRM activity depending on Ru oxidation state, substrate NPs coverage and reaction 
temperature was observed. R0.5CZSm displayed higher CH4 conversion (97.6 %) at 850 ◦C, while R3.0CZSm 
outperformed the lower Ru-loaded compounds at 550 ◦C, showing an H2/CO ratio of 0.77. Durability tests 
revealed high stability of all RxCZSm catalysts, with no carbon deposition. Low Ru loading on a tailored oxide 
substrate is an effective alternative for active and durable DRM catalysts.

1. Introduction

The European Union (EU) has set ambitious goals for the reduction of 
greenhouse gases emissions to rapidly reach economic independence 
from the intensive exploitation of fossil fuels. The EU Strategic Energy 
Technology Plan (SET Plan) outlines the priorities and actions needed to 
achieve such targets. The key factor for the transition towards a climate- 
neutral or negative system is the implementation of low-carbon tech
nologies [1]. Developing reliable and high-performing dry reforming of 
methane reaction (DRM) is a promising way to address the actions ob
jectives stated in the EU’s SET Plan, allowing for faster integration of 
renewables within the energy system and increasing energy efficiency of 

industrial processes.
DRM process (1) converts methane and carbon dioxide, both major 

greenhouse gases, into syngas, a mixture of carbon monoxide and 
hydrogen. 

CH4 +CO2 → 2CO+ 2H2 ΔH0 =247.3 kJ
/

mol (1) 

Having the proper H2/CO ratio, the syngas can be used to produce 
various fuels such as dimethyl ether or long-chain hydrocarbons in 
Fischer-Tropsch process [2–4]. Electrical energy can be also directly 
obtained from syngas if it is exploited as fuel in solid oxide fuel cells 
[5–7]. Many studies have been focused on the design of novel catalysts 
and reactors implementing DRM, since it represents a greener solution 
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with respect to the conventional syngas sources [8–16]. Compared to the 
steam methane reforming (SMR) (2) or to the autothermal reforming 
(ATR), a combination of SMR and catalytic partial oxidation of methane 
(CPOM) (3), the DRM is the most endothermic process: 

CH4 +H2O → CO+3H2 ΔH0 =206.8 kJ
/

mol (2) 

CH4 +
1
2
O2 → CO+ 2H2 ΔH0 = − 36 kJ

/

mol (3) 

This is due to the higher stability of CO2 as oxidizing agent, 
compared to water or oxygen; anyways, the DRM reaction is thermo
dynamically favored at temperatures compatible with standard SOFC 
operation, thus making the coupling of the two systems beneficial.

Concomitant and unwanted side reactions take place alongside DRM, 
such as reverse water gas shift (RWGS) (4), which partially consumes the 
produced hydrogen reducing the overall H2/CO ratio, the methane 
cracking (5) and the Boudouard reaction (6), which are directly involved 
in the formation of various carbonaceous deposits, responsible for the 
deactivation of the DRM catalyst, both at higher temperature (methane 
cracking) and at lower temperature (Boudouard reaction) [9]: 

CO2 +H2 → CO+H2O ΔH0 =41.2 kJ
/

mol (4) 

CH4 → C+ 2H2 ΔH0 =75 kJ
/

mol (5) 

2CO → C+CO2 ΔH0 = − 171.0 kJ
/

mol (6) 

Noble metals, such as rhodium, platinum and palladium, have shown 
high activity and selectivity for DRM, due to their ability to adsorb and 
activate both methane and carbon dioxide [17–19], although the high 
cost prevents their widespread utilization. Among the less expensive 
transition metals, only Ni showed comparable activity towards DRM. On 
the other hand, Ni suffers from rapid deactivation due to sintering over 
prolonged operation and, most crucially, coking [20,21].

The choice of a suitable DRM catalyst depends on various factors 
other than activity, cost, and availability of the metal, such as selectivity 
and stability over time, according to the specific application. Ru is a 
well-known catalyst for DRM, as it can promote the activation of both 
methane and carbon dioxide on its surface, being also the cheapest 
among noble metals [22–24]. Unlike the more commonly used 
nickel-based catalysts, ruthenium has a higher resistance to coking and 
prevents the formation of carbon whiskers, which are the principal cause 
of nickel-based catalysts fast deactivation at higher temperatures [20,
25–27]. Recently developed systems with supported or substitutional Ru 
have shown remarkable and stable performance for DRM [28–30]. 
Furthermore, the exsolution of Ru nanoparticles from a Ru containing 
fluorite oxide structure (Sm2Ru0.2Ce0.8O7) was proven to ensure 70% 
CH4 conversion at 700 ◦C and a H2/CO ratio of 0.85, together with 
coking resistance for over 100 h operation [31].

Catalyst supports include perovskite-based materials with ABO3 
structure [32], such as zirconates AZrO3 (A = Ca, Sr, Ba) [33–35], which 
have attracted considerable attention due to their unique physico
chemical properties: relatively large surface area, thermal and redox 
stability, and surface basicity to favor carbon dioxide adsorption [36]. 
CaZrO3, SrZrO3 and BaZrO3 compounds have also been largely studied 
for proton-conducting fuel cells materials [37–41]. As reported by Wu 
et al. [42], the presence of oxygen vacancies increases the formation of 
adsorbed oxygen species and their mobility due to the oxygen imbalance 
on the catalyst support surface: this aspect, crucial for highly O2− con
ducting oxides [43], has the overall effect of promoting the anti-coking 
properties [25]. To this extent, samarium inclusion within the support 
lattice up to 20 mol% was reported to increase the amount of oxygen 
vacancies, enhancing coking resistance both in fluorite [44] and 
perovskite oxides [45]. Another advantage of using such perovskite 
oxides as support is the possible implementation on the anode side of a 
SOFC in Indirect Internal Reforming (IIR) configuration, since the 

physical-chemical characteristics are compatible with SOFC anodic 
materials [46]. The thermal stability of the ceramic catalyst support is 
directly related to the high endothermicity of DRM reaction: under these 
conditions, significant local cooling can result in the failure of the 
ceramic component [47]. In this respect, zirconates have also the 
advantage of a better mechanical resistance over other rare-earth-based 
mixed perovskite oxides [48].

Aim of this work is to design an efficient and stable catalyst for the 
dry reforming of methane, active in the 550 ◦C–850 ◦C temperature 
range, able to operate in a wide range of operational conditions. 
Ruthenium supported on a calcium zirconate mixed oxide in which 15 
mol% of Zr is replaced by samarium at the B-site (RuX-CaZr0.85Sm0.15O3- 

δ) is proposed as DRM catalyst. Zr substitution with Sm results in the 
perovskite oxide lattice distortion and introduces a large extent of ox
ygen vacancies. To achieve the highest degree of phase purity, ensuring 
at the same time a high specific surface area, the glycine solution 
combustion synthesis route was chosen. As a matter of fact, this method 
ensures pure perovskite crystal formation with little-to-none amounts of 
secondary phases [3,49–51]. Moreover, the use of glycine as fuel has the 
advantage of increasing the final surface area of the catalyst as 
compared to other commonly used fuels. The ruthenium nitrosyl nitrate 
precursor was directly added during the perovskite support synthesis, as 
this procedure has been observed to ensure a fine dispersion of the active 
catalyst onto the oxide support [44,52]. The interaction between Ru and 
CaZr0.85Sm0.15O3 improved the dispersion and stability of Ru, allowing 
for a finer control over the particle size of the catalyst, also reducing the 
sintering effect, which is a crucial aspect in high-temperature applica
tions. The effect of varying the amount of supported ruthenium (0.5, 1.5 
and 3.0 wt%) was evaluated on the catalytic activity and catalyst 
stability.

2. Materials and methods

2.1. Catalysts synthesis

The x wt.% Ru–CaZr0.85Sm0.15O3-δ (x = 0.5, 1.5 and 3.0) catalyst 
samples were prepared by the solution combustion method [3] using 
glycine (NH2CH2COOH) (Aldrich, ≥99%) as fuel for the following oxi
dants: Ca(NO3)•4H2O (Aldrich, 99.95%), ZrO(NO3)•6H2O (Aldrich, 
99.99%), Sm(NO3)3•6H2O (Aldrich, 99.999%) and Ru(NO)(NO3)3 
(Thermo Scientific Chemicals). The NO−

3 :glycine ratio was set at 1.15. 
The reagents were dissolved in a minimal amount of H2O and heated to 
80 ◦C to promote the formation of a gel. The temperature was then 
rapidly increased to 250 ◦C and the combustion was ignited by a 
vigorous flame with the subsequent formation of voluminous ashes. XRD 

Table 1 
– Stoichiometry and labels used in the following for each sample. For RxCZSm 
samples, elemental composition obtained by Energy Dispersive X-Ray analysis is 
also reported.

Sample 
Label

Sample stoichiometry Elemental composition of Ru-containing 
samples

Ca (mol 
%) on 
Ca site

Zr (mol 
%) on 
Zr site

Sm 
(mol%) 
on Zr 
site

Ru 
(wt 
%)

CZ CaZrO3-δ ​ ​ ​ ​
CZSm CaZr0.85Sm0.15O3-δ ​ ​ ​ ​
R0.5CZSm 0.5 wt% 

Ru–CaZr0.85Sm0.15O3-δ

94 ± 1 88.0 ±
0.3

15 ± 2 0.5 
±

0.1
R1.5CZSm 1.5 wt% 

Ru–CaZr0.85Sm0.15O3-δ

97 ± 6 85 ± 6 14 ± 2 1.7 
±

0.3
R3.0CZSm 3.0 wt% 

Ru–CaZr0.85Sm0.15O3-δ

96 ± 6 81 ± 6 15 ± 2 3.1 
±

0.3
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analysis reported representatively for R3.0CZSm sample in Fig. S1a
revealed that the ashes were not fully crystalline and TGA analysis in 
flowing air of Fig. S1b showed that residual water desorption, nitrates 
and carbonates decomposition ended at 800 ◦C. To obtain a pure phase 
while ensuring suitable surface area, the ashes were calcined at 850 ◦C 
for 5 h. The same synthesis route was followed for the Ru-free Sm-sub
stituted CaZr0.85Sm0.15O3-δ and for the Sm-free CaZrO3-δ oxide supports.

Energy Dispersive X-ray analyses (EDX) were performed on the 
RxCZSm (x = 0.5, 1.5 and 3.0 wt%) samples using an INCAx-sight, 
Model: 7426 apparatus, by Oxford Instruments. An acceleration 
voltage of 20 kV was employed and five different sites were measured 
for each sample. In Table 1 the labels for the samples used in this work 
are reported, together with the averaged elemental compositions, that 
resulted very close to the nominal values.

To investigate the effects of the exposure to reducing conditions, all 
samples were subjected to a reducing treatment in 100 ml/min of 5% 
H2/Ar at 850 ◦C for 10 h.

2.2. Catalyst characterization

X-ray powder diffraction patterns were recorded using a Philips 
X’Pert Pro 500 diffractometer equipped with a Cu Kα (λ = 1.5418 Å) 
source and the Bragg-Brentano θ–θ configuration in the 10◦–80◦ 2θ 
range, with 0.01◦ step size and 2 s acquisition time.

Thermogravimetric analyses (TGA) were performed using a Mettler 
Toledo TG-DSC 1 Star System. 25 mg of samples were loaded in platinum 
crucibles and the mass variation was monitored upon heating. TGA 
analysis was performed on RxCZSm precursor ashes to select the proper 
calcination temperature. For this purpose, 100 ml/min air flux was used 
up to 1000 ◦C with a 10 ◦C/min heating ramp, with no sample pre- 
treatment. TGA was also used to assess the relative amount of oxygen 
vacancies of CZ and CZSm. The measurement was performed in 100 ml/ 
min N2 flux up to 1000 ◦C, with a 10 ◦C/min heating ramp. A pre- 
treatment step at 100 ◦C for 1 h was applied prior to the measure
ment, to ease adsorbed water release. Finally, to evaluate the amount of 
possibly formed carbonaceous deposits after the time on stream stability 
experiment, the spent mixture of RxCZSm catalysts and silicon carbide 
(SiC), used for catalytic tests, was collected from the bed reactor and 
sieved with a 25 μm sieve to exclude most of the SiC. Thus obtained 
RxCZSm samples were put in a Pt crucible and the mass variation was 
monitored upon heating in 100 ml/min air flux up to 1000 ◦C, with a 
10 ◦C/min heating ramp. No pre-treatment was performed on spent 
RxCZSm samples. A correction for buoyancy effect was applied in all 
TGA experiments.

N2 adsorption/desorption isotherms were measured at − 196 ◦C 
using an adsorption apparatus ASAP 2020 from Micromeritics. Samples 
were degassed at 350 ◦C under vacuum for 4 h prior to the analysis. 
Specific surface area (SSA) was determined using the Brunauer-Emmett- 
Teller method (BET) in the linear range of relative pressure (p/p0) of 
0.07–0.3. The pore–size distributions were calculated from the desorp
tion branches using the Barrett–Joyner–Halenda (BJH) model. The total 
pore volume was estimated to be the liquid N2 volume at relative 
pressure p/p0 of 0.95.

Temperature-programmed reduction (H2-TPR) experiments were 
performed using a flow-through automatic instrument (AutoChem 2950 
HP Micromeritics). The calcined samples were placed in a quartz reactor 
and pre-treated with 30 cm3 min− 1 of a 5% O2/He gas mixture at 850 ◦C 
for 1 h and cooled to 50 ◦C. Then, 30 cm3 min− 1 of a 5% H2/Ar gas 
mixture was introduced into the reactor and the temperature was raised 
to 1000 ◦C at a heating rate of 10 ◦C/min. H2 consumption was 
measured using a TCD detector calibrated by reducing a known amount 
of CuO (99.99% purity from Sigma Aldrich).

Morphological analysis was performed with a Zeiss Leo SUPRA 35 
scanning electron microscope equipped with a cold field emission 
electron source (FE-SEM); SmartSEM V05.04.02.00 software was used 
for images acquisition. Prior to the analyses, samples were dispersed 

with isopropyl alcohol in an ultrasonic bath and the dispersion was drop- 
cast onto the aluminum stubs, which were then heated at 50 ◦C to favor 
solvent evaporation.

The elemental surface composition was determined by X-ray 
photoelectron spectroscopy (XPS) using a VG Escalab MkII Spectrometer 
equipped with oil-free pumps to avoid carbon contaminations. An 
aluminum source (Al Kα 1486.6 eV) was employed to perform the 
analysis. The catalysts powders were pressed into pellets and a reference 
gold wire was placed on their surface to account for possible sample 
charging. The XPS measurement was performed in a base vacuum of 3.0 
× 10− 9 mbar.

2.3. DRM tests set-up

Reactions were monitored in a continuous fixed bed reactor (ID 10 
mm) heated with a tubular oven equipped with a temperature controller 
(Carbolite Gero TS1 12/60/150). The gases were regulated by four mass 
flow controllers (Bronkhorst EL-Prestige). The reactor outlet was ana
lysed every 3 s with an Advance Optima 2000 (ABB) equipped with a 
Peltier device to remove water, and the following systems: a) infrared 
detector (URAS 14) to measure CO2 (vol%), CO (vol%) and CH4 (vol%); 
b) TCD detector (Caldos 15) to measure H2 (vol%). A catalyst amount of 
200 mg was mixed with 2.00 g of silicon carbide (SiC Sigma Aldrich dp 
< 550 μm) and loaded into the quartz reactor to obtain a catalytic bed 
volume of 2.00 cm3. A gas mixture with a total flow rate of 200 cm3 

min− 1 was used with a specific inlet composition capable of meeting the 
detection limits of the ABB instrument. For the RWGS reaction, the 
composition of the H2:CO2:N2 mixture was 20:20:60 vol% and for the 
DRM reaction, the composition of the CH4:CO2:N2 mixture was set to 
10:10:80 vol%. Under these conditions, a gas hourly space velocity 
(GHSV) of 60000 cm3 h− 1 g− 1 was established. During the reaction, 
balance of carbon (Cbalance(%)) (eq. (7)), H2 and CO selectivity (Si(%)) 
(eqs. (8) and (9)), CH4 and CO2 percent conversions (Xi(%)) (eq.(10)– 
(12)), and the ratio between H2 and CO (eq. (13)) were calculated ac
cording to the equations: 

Cbalance(%)=
F •

∑
Ci

F0 •
∑

C0
i
× 102 (7) 

SH2 (%)=
CH2,out

CH2,out + CCO,out
× 102 (8) 

SCO(%)=
CCO,out

CH2,out + CCO,out
× 102 (9) 

XCO2 (%)=
CCO2,in − CCO2,out

CCO2,in + ϵCCO2,out
× 102 (10) 

XCH4 (%)=
CCH4,in − CCH4,out

CCH4,in + ϵCCH4,out
× 102 (11) 

∈=
V − V0

V0 (12) 

H2

CO
=

H2,mol out

COmol out
(13) 

where: Ci and C0
i are the molar fractions of the components in the outlet 

and inlet of the reactor respectively, F and F0 are the total molar flow at 
the inlet and outlet of the reactor, ∈ is the expansion factor that con
siders the volume change during the reaction [53].

3. Results and discussion

3.1. Perovskite oxide support structural characterization

The CaZr0.85Sm0.15O3-δ support structure was characterized and 
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compared to the Sm-free CaZrO3 oxide. XRD patterns of as prepared CZ 
and CZSm, together with the Size-Strain plot are reported in Fig. S2c
while the obtained structural parameters are listed in Table S1. Both 
diffractograms exhibit the presence of a single oxide phase for CZ and 
CZSm, revealing the complete inclusion of 15 mol% Sm into the CZ 
lattice. The diffraction peaks of CZ are indexed using Pcmn (62) space 
group symmetry with an orthorhombic structure belonging to CaZrO3 
(PDF 76–2401) and the obtained peak positions match those reported on 
the reference PDF card. For CZSm, the XRD pattern showed a shift to 
lower diffraction angles as compared to the CaZrO3 reference. The shift 
of the peaks indicates that the interplanar spacing increases when 15 
mol% substitutional Sm ions are present in the parent perovskite lattice. 
This lattice expansion is due to the substitution of Zr4+ B-site ions (ionic 

radius = 0.840 Å) with larger Sm3+ ions (1.132 Å) [4]. The presence of 
trivalent ions in the crystalline structure caused a charge imbalance that 
was mainly compensated by the formation of oxygen vacancies and led 
to a distortion of the host structure symmetry. Moreover, such a large Sm 
substitution resulted in a minor segregation of Ca ions, observable as a 
weak peak at 53.9◦ 2θ (* in Fig. S2a) ascribable to CaO (PDF 37–1497) 
[3]. The CaO secondary phase likely reacted over time with atmospheric 
H2O to form Ca(OH)2 and eventually with CO2 to form stable CaCO3. 
According to data reported in Table S1, Zr substitution with Sm resulted 
in a 1.6% unit cell volume increase in CZSm, a slight decrease of crys
tallite size D and an order of magnitude increase of inhomogeneous 
lattice strain εS− S, which passed from 0.57 × 10− 3 for CZ to 5.7 × 10− 3 

for CZSm. The increased amount of oxygen vacancies introduced by Sm 

Fig. 1. – a) XRD diffraction pattern of as prepared samples: (i) CZSm; (ii) R0.5CZSm; (iii) R1.5CZSm; (iv) R3.0CZSm. Reference patterns of CaZrO3 and RuO2 are 
included; b) 27◦ < 2θ < 36◦ magnification of a; c) N2 adsorption and desorption isotherms of (i) CZSm, (ii) R0.5CZSm, (iii) R1.5CZSm and (iv) R3.0CZSm. The BET 
transform plot in the 0.07–0.3 p/p0 range is reported in the inset; d) BJH desorption cumulative volume of pores, open symbols, and the corresponding average pore 
width, closed symbols.
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substitution was confirmed by means of thermogravimetric analysis in 
N2 environment, carried out on CZ and CZSm samples. TGA results are 
reported in Fig. S3: both CZ and CZSm show a continuous mass decrease 
with increasing temperature, displaying a step-like loss around 600 ◦C. 
The former continuous loss is due to lattice oxygen progressive thermal 
release, the latter is likely attributable to CaCO3 derived from calcium 
oxides impurities reaction with atmospheric CO2, which degrades back 
to CaO when heated, according to Eq (14) [3]. 

CaCO3 → CaO + CO2 ΔH0 =178.2 kJ
/

mol (14) 

While for CZ the mass loss at 1000 ◦C is around 3.2%, it accounts for 
7.3% in CZSm, indicating how 15 mol% of Sm substitution dramatically 
increased the amount of oxygen vacancies (steeper slope of the TGA 
curve up to 600 ◦C), and favored the formation of a larger extent of 
calcium-based impurities (larger loss at around 600 ◦C due to CaCO3 
decomposition).

3.2. Structural and textural properties of the Ru-supported catalysts

XRD patterns of RxCZSm samples are reported in Fig. 1a for x =
0 (CZSm), 0.5, 1.5 and 3.0 wt%. CaZrO3 and RuO2 reference PDF pat
terns are also present. An enlargement around the set of (002), (121) and 
(200) peaks, 2θ = 27◦–36◦, is reported in Fig. 1b, while lattice param
eters and Size-Strain analysis results are reported in Table 2. Fig. 1b 
shows how increasing the amount of ruthenium, the CZSm pattern shifts 
towards higher 2θ values, reducing the unit volume cell down to 259.64 
Å3 for R3.0CZSm. The addition of Ru during CZSm synthesis did not 
affect the inhomogeneous lattice strain as much as the crystallite size, 
that showed a net decrease from the 44 nm of CZSm to 34–36 nm of 
RxCZSm. The most intense peaks belonging to RuO2 (2θ = 28.04◦ and 
2θ = 35.09◦) are not observable in RxCZSm samples. Nevertheless, in Ru 
containing samples R0.5CZSm and R1.5CZSm the presence of CaCO3 
impurities (PDF 47–1743) was observed as a very low intense peak at 2θ 
= 29.4◦. As previously observed from TGA results of Fig. S3, CaZrO3 
lattice alteration by 15 mol% Zr replacement with Sm increased the 
amount of calcium-based secondary phase [3]. Furthermore, ruthenium 
addition led to a further Ca ions segregation and subsequent CaCO3 
phase formation (weak peak in Fig. 1a) indicating how Ru cations likely 
entered the host perovskite lattice.

N2 adsorption-desorption isotherms of CZSm and RxCZSm samples 
are shown in Fig. 1c, while BJH cumulative pore volume obtained from 
the desorption branch of the isotherms is reported in Fig. 1d, together 
with the corresponding average pore width. BET specific surface area 
values are reported in Table 2. According to the International Union of 
Pure and Applied Chemistry (IUPAC) classification, the isotherms 
belong to a Type II, typical of macroporous materials with unrestricted 
multilayer adsorption [54]. A 40% increase of SSA was observed for 
R0.5CZSm and R1.5CZSm, going from 16.4 m2/g for CZSm to 22.9 and 
22.3 m2/g, respectively. The sample containing 3.0 wt% Ru witnessed a 
57% increase in surface area as compared to CZSm, showing nearly 26 
m2/g. The average pore diameter decreased with Ru content.

The results of structural and textural analyses indicate how Ru cat
ions are likely partially in solid solution within the CZSm lattice, while 
the presence of free RuO2 domains, not detectable with the employed 
XRD apparatus, cannot be excluded.

3.3. Catalysts reducibility

The H2-TPR profiles of CZSm support and RxCZSm catalysts are 
shown in Fig. 2 and the respective hydrogen consumption, expressed in 
mmol H2/g, are given in Table 3. H2-TPR profiles can be divided into 
three regions according to the temperature ranges: the α-region denotes 
hydrogen consumptions occurring up to 300 ◦C, the β-region those 
occurring from 300 ◦C to 600 ◦C and the γ-region comprises the re
ductions occurring at T > 600 ◦C [36]. The slow but ever-increasing 
consumption of hydrogen in the 200–600 ◦C range (α- and β-regions), 
in the reduction profile of CZSm support, should be ascribed to the 
formation of oxygen vacancies, see Equation (15). This is consistent with 
TGA results of Fig. S3 and with literature reports dealing in particular 
with the reducibility of systems containing similar perovskite structures, 
such as BaZrO3 [55–57]. 

OO +H2 → H2O+V⋅⋅
O + 2e− (15) 

At T > 600 ◦C, the hydrogen consumption shows a low intense 
asymmetric peak in the γ-region, which starts at about 600 ◦C and rea
ches a maximum at 640 ◦C. As already observed in the TGA profiles of 
Fig. S3, the presence of this peak is most likely due to the decomposition 
of CaCO3 carbonate impurities [58–60] forming CO2, as indicated in 
Equation (14). This is also confirmed by the slight pressure increase 
observed in the outlet stream near the temperature maximum of the 
γ-peak, reported in Fig. S4.

The addition of ruthenium dramatically affected the H2-TPR profile. 
The sharp, intense peaks due to ruthenium reduction were observed at 
low-temperatures, between 100 and 350 ◦C (α-region), and at interme
diate temperatures, between 350 and 550 ◦C (β-region). The first, sharp 
peak occurs in the α-region around 150 ◦C for R0.5CZSm and R1.5CZSm, 
respectively, while for R3.0CZSm the peak was observed at a slightly 
higher temperature (180 ◦C). Since this feature is particularly narrow 
and the intensity is proportional to the amount of Ru present in the 
sample, it is plausible that the associated hydrogen consumption is 
related to the superficial reduction of oxidized ruthenium domains and 
initial formation of Ru0 aggregates that trigger the release of atomic 
hydrogen and favor the rapid reduction of surrounding species, as also 
pointed out by Madhavaram H. et al. [61]. The shift at higher temper
atures observed for R3.0CZSm is coherent as larger RuO2 particles 
expose less surface to the reducing agent, slightly increasing the acti
vation energy of the reduction. A further consumption of hydrogen be
tween 200 ◦C and 300 ◦C was observed, hardly visible in the case of 
R0.5CZSm but well resolved, with a maximum at 232 ◦C for R1.5CZSm. 
In R3.0CZSm, such feature was more intense, with a maximum at 238 ◦C 
followed by a shoulder at about 320 ◦C. A plausible interpretation is that 
these contributions in the 200–350 ◦C interval originate from Ru4+

species in solid solution with the perovskite lattice. As expected, the 
intensity of such features increased with Ru content.

The peaks in the β-range are only present in RxCZSm samples and are 
probably due to the production of methane owing to the partial con
version of carbonate impurities, as indicated in Equations (16) and (17). 
Carbonate impurities that are in closer contact with the Ru0 particles 
formed in the α-region, can be easily hydrogenated through a Ru- 
hydrogen spill-over effect. This hypothesis is consistent with several 
experimental results where direct methanation of CaCO3 was catalysed 
by metals such as Ni or Ru [62,63]. 

Table 2 
– Structural and textural parameters obtained for CZSm, R0.5CZSm, R1.5CZSm, and R3.0CZSm samples.

Sample Lattice parameters Size–Strain Plot Specific Surface Area

a (Å) b (Å) c (Å) Volume (Å3) D (nm) εS− S ( × 10− 3) R2 BET (m2/g)

CZSm 5.613 8.057 5.787 261.69 44.2 5.70 0.999 16.35 ± 0.06
R0.5CZSm 5.614 8.052 5.779 261.24 34.6 6.57 0.991 22.92 ± 0.08
R1.5CZSm 5.603 8.043 5.778 260.39 36.8 3.52 0.999 22.28 ± 0.06
R3.0CZSm 5.599 8.033 5.773 259.64 36.8 7.68 0.994 25.98 ± 0.07
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CaCO3 +4H2 → Ca(OH)2 + CH4 +H2O ΔH0 = − 95.7 kJ
/

mol (16) 

CaCO3 +4H2 → CaO + CH4 +2H2O ΔH0 =13.4 kJ
/

mol (17) 

In the γ region, the bulk decomposition of CaCO3 observed for CZSm 
occurred and, as reported in Table 3, the TCD registered a higher signal, 
indicating a larger amount of decomposed CaCO3. In fact, the partial Ru 
introduction into the crystal structure further destabilized the perovskite 

oxide support leading to a minor increase in carbonate impurities (minor 
increase in H2 consumption): the corresponding pressure change in the 
gas outlet stream was registered for RxCZSm samples as well (Fig. S4). 
Finally, according to the previous discussion of the processes occurring 
in the β- and γ-regions, clearly only the area under the peaks belonging 
to the α-region corresponds to an effective consumption of hydrogen due 
to Ru4+/Ru0 reduction and the amount of consumed H2 (Table 3) is 
proportional to the nominal Ru content. The larger reducibility observed 

Fig. 2. – a) H2-TPR profiles of the CZSm perovskite support (i), and Ru-containing catalysts: R0.5CZSm (ii), R1.5CZSm (iii) and R3.0CZSm (iv); b) XRD pattern of 
samples after 10 h reduction at 850 ◦C in 5% H2/Ar: CZSm (i), R0.5CZSm (ii), R1.5CZSm (iii) and R3.0CZSm (iv). The PDF cards of CaZrO3 and Ru were added as 
references; c) 35◦ < 2θ < 45◦ magnification of b highlighting Ru0 (101) peak position.
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for R3.0CZSm might be attributed to a larger overlap between α- and 
β-regions or to the presence of Ru oxidized states other than RuO2.

Fig. 2b shows X-ray diffraction patterns of x wt.% Ru - 
CaZr0.85Sm0.15O3-δ reduced samples. Structural parameters are listed in 
Table 4. The main orthorombic zirconate phase observed in the as pre
pared samples was mainly preserved, denoting remarkable redox sta
bility of the oxide support. Nevertheless, in Ru-containing samples a 
larger presence of secondary phases was observed, most likely due to 
structural rearrangement after the oxide reduction process. The 

secondary phases due to Ca segregation during reduction are mainly 
identified as Ca(OH)2 (PDF 01–1079), with minor traces of CaCO3.

On one hand, as expected, the prolonged exposure to a highly 
reducing environment at operational temperature (850 ◦C) enlarged the 
crystallite size (D) as compared to the as prepared compounds (Table 4), 
yet on the other hand it increased the inhomogeneous strain (εS− S). The 
strain displayed an increasing trend, scaling with the amount of ruthe
nium, further supporting the hypothesis of Ru cations lattice inclusion.

Fig. 2c reports a magnification of the reduced RxCZSm diffraction 
patterns in the 35◦–45◦ 2θ region: the presence of metallic ruthenium 
can only be observed for the R3.0CZSm sample, as the presence of a 
broad signal at 2θ = 44.04◦, belonging to (101) Ru peak, is clearly 
observed, especially when R3.0CZSm XRD pattern is compared to those 
of the other reduced samples (detail reported in Fig. S5).

The morphologies of the CZSm and RxCZSm samples (x = 0.5, 1.5 
and 3.0 wt %) after reduction are reported in Fig. 3. Fig. 3a shows the 
Ru-free catalyst support: CZSm appears made up of interconnected 
grains with a sponge-like surface on which irregularly shaped cavities 
are randomly distributed. This peculiar aspect is likely due to the gas 
release in the combustion step that occurred during the catalyst syn
thesis, and the same morphology is observed also for the oxide support 
in Ru-containing samples. Fig. 3b reveals the presence of few round 
nanoparticles with average diameter of 4.4 ± 0.9 nm, anchored on the 
surface of R0.5CZSm. As observed in Fig. 3c and 3d for R1.5CZSm (d =
5.1 ± 1.3 nm) and R3.0CZSm (d = 6.9 ± 1.5 nm), respectively, the NPs 
appear to increase in number and size together with the Ru content in 
the samples (size distributions for each sample are reported in Fig. S6). 
This result is coherent with the trend reported in H2-TPR profiles of 
Fig. 2a and it is likely that the observed NPs consist of metallic Ru. In the 
R3.0CZSm sample it is possible to see how the Ru nanoparticles are 
distributed throughout the entire surface of CZSm, uniformly covering 
the oxide support. Such structure, ideal for a highly performing and 
long-lasting DRM catalytic system, has been obtained thanks to the 
direct addition of the Ru nitrate precursor in the solution combustion 
synthesis reactor. Since the previous characterizations supported the 
idea of a partial inclusion of Ru cations into the CaZr0.85Sm0.15O3 lattice, 
ruthenium NPs exsolution upon the reduction treatment cannot be 
excluded. This phenomenon commonly occurred for perovskite oxides 

Table 3 
The consumption of hydrogen in the α-, β- and γ-regions obtained from H2-TPR 
profiles observed in Fig. 2a after baseline correction. Theoretical consumption 
and reducibility have been added for α-peaks considering the following reaction: 
RuO2 + 2H2 → Ru + 2H2O. * In the β- and y-peaks the TCD signal does not 
correspond only to the hydrogen consumption but also to the possible formation 
of CH4 and the thermal decomposition of CaCO3, respectively.

Sample H2 consumption (mmol/g)

α H2 theoretical 
cons. in 
α-region 
(mmol/g)

Reducibility 
(%)

β* γ* Total

CZSm ​ ​ ​ ​ 0.032 0.032
R0.5CZSm 0.102 0.105 97 0.163 0.073 0.338
R1.5CZSm 0.301 0.301 100 0.192 0.086 0.580
R3.0CZSm 0.713 0.59 121 0.195 0.084 0.992

Table 4 
– Structural parameters obtained for reduced samples: CZSm, R0.5CZSm, 
R1.5CZSm, and R3.0CZSm.

Sample Lattice parameters Size–Strain Plot

a (Å) b (Å) c (Å) Volume 
(Å3)

D 
(nm)

εS− S ( ×
10− 3)

R2

CZSm 5.596 8.026 5.760 258.69 51.9 12.48 0.969
R0.5CZSm 5.599 8.035 5.770 259.62 80.1 12.90 0.932
R1.5CZSm 5.596 8.030 5.765 259.09 75.4 14.10 0.886
R3.0CZSm 5.599 8.024 5.761 258.84 54.5 15.42 0.927

Fig. 3. FE-SEM images of the catalysts after 10 h reduction at 850 ◦C: a) CZS, b) R0.5CZSm, c) R1.5CZSm and d) R3.0CZSm.
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with limited amounts of noble metals included in the stoichiometry [24,
64,65]. Thus, the presence of Ca(OH)2 and CaCO3 upon reduction in 
RxCZSm samples is likely ascribable to a structural rearrangement after 
metallic ruthenium exsolution. Indeed, the structural stress caused by 
Ru NPs growth and the produced rearrangement explain the observed 
progressive increase with Ru content of the inhomogeneous strain εS-S 

reported in Table 4.

3.4. XPS analysis

XPS analyses of the reduced samples are reported in Fig. 4. The 
photoelectron peaks of Ru 3d, overlapped with the signal arising from C 
1s, are shown in Fig. 4a, the peaks of Ru 3p3/2 and Ca 2s are displayed in 
Fig. 4b, while O 1s spectra are reported in Fig. 4c. Full survey spectra 
together with Ca 2p, Zr 3d and Sm 3d details are also reported in Fig. S7. 
A semi-quantitative analysis of the different species is reported in 
Table 5 for ruthenium, samarium, calcium and zirconium. Despite XRD 
patterns of Fig. 2b revealed how CZSm perovskite is the prevailing phase 
in the bulk of the samples, a larger amount of calcium was revealed on 
the surface via XPS analysis: this was expected due to the observed 
calcium hydroxide and carbonate superficial segregation after 
reduction.

Ru 3d5/2 signal is usually deconvoluted in three major components 
[66–68], with the respective 3d3/2 peak at constant 4.2 eV separation. 
The feature around 280 eV arises from metallic Ru, while the two 
components at higher binding energies belong to oxidized Ru states: one 

Fig. 4. XPS spectra of Ru 3d and C 1s region (a), of Ru 3p3/2 and Ca 2s (b), and of O 1s (c), for reduced RxCZSm samples.

Table 5 
– Elemental abundance of the elements Ru, Sm, Ca and Zr on the surface of the 
reduced catalysts.

Sample Ru %wt. Sm %wt. Ca %wt. Zr %wt.

Nominal CZSm – 12 21 41

R0.5CZSm 0.7 15.8 43.6 22.8
R1.5CZSm 1.8 14.7 41.8 21.7
R3.0CZSm 3.1 12.3 39.9 22.9
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at ~281.2 eV and another at ~282.5 eV. The nature of the former is 
usually related to Ru4+ states in RuO2, while the latter peak is associated 
to Ruδ+ cations, likely included in the oxide lattice: it was reported to 
result from different RuOx components and spans broadly from 281.55 
to 283.1 eV [67]. Wang et al. recorded XPS spectra of LaFe0.9Ru0.1O3 
during progressive reduction and Ru exsolution [66], observing how for 
the oxidized compound the prevailing ruthenium state was RuOx, while 
the contribution at ~281.2 eV progressively appeared with increasing 
reduction, together with the Ru0 peak. Here we believe that this latter 
contribution is related to RuO2 formed on the Ru NPs surface after air 
exposure. The three components are clearly visible in R3.0CZSm, in 
which Ru0 and RuO2 signals arise respectively from the inner core and 
the outer shell of nanoparticles observed in Fig. 3d, while a significant 
amount of RuOx is present in the oxide lattice. This latter contribution 
diminishes in R1.5CZSm and it is not revealed in R0.5CZSm, in which 
most of the ruthenium is exsolved at the surface. A low intense and 
broad C 1s contribution around 290.5 eV is present in all three spectra 
and it is related to surface carbonates (CaCO3) species, while a further C 
1s contribution is observed only in R3.0CZSm species at 285.7 eV. This 
feature is likely associated to carbonyl groups adsorbed on Ru NPs [69] 
and its higher intensity in R3.0CZSm is ascribable to the larger oxide 
surface coverage with Ru NPs.

The Ru 3p3/2 peak in the range between 450 eV and 470 eV is shown 
in Fig. 4b together with the signal arising from Ca 2s, that serves as a 
reference. Increasing the amount of ruthenium, the Ru 3p3/2 peak in
creases in intensity and shifts towards higher B.E. This indicates how the 
presence of oxidized Ru increases with Ru content [24,70].

The position and shape of the O 1s signal (Fig. 4c) is similar to that of 
CaZrO3 samples obtained via similar synthetic routes [71] and can be 
deconvoluted into two main binding energy contributions at 529.5 and 
531.8 eV. Here, a minor feature around 527.5 eV is also observable.

The former ones derive respectively from lattice O2− bonded to Ca2+

and Zr4+ cations, respectively: it has been observed that when Zr4+ ions 
are doped into the CaO lattice the O 1s peak progressively shifts to lower 
binding energy [72]. The latter, lower intensity contribution at 527.5 
eV, denotes the presence of superficial Ca(OH)2 [73] and it is less intense 
in R3.0CZSm. The results of Ru 3d and O 1s spectra reveal how, 
increasing Ru content, Ru cations are partly retained within the perov
skite lattice even after the reduction treatment. In fact, the XRD com
parison of the most intense peak of all oxidized and reduced compounds 

provided in Fig. S8 shows how R3.0CZSm pattern retains a shift towards 
higher 2θ values after reduction. This likely limits the formation of 
Ca-based secondary phases.

In the Ca 2p spectra region (Fig. S7d), the prominent peak at 346.2 
eV along with a satellite at 350 eV corresponds to the photoelectron 
emission from the Ca2p3/2 and Ca2p1/2 states. These peaks are charac
teristics of Ca2+ ions in oxides environment [72]. In the same region also 
the Zr 3p3/2 feature can be detected at 332 eV and the Zr 3p1/2 at 343 eV, 
overlapped with the calcium 3p3/2 emission. Fig. S7e shows Zr 3d3/2 and 
3d5/2 overlapped peaks. Finally, in Fig. S7f the results for Sm 3d region 
are reported, where it is possible to see the doublet at 1083 eV and at 
1110 eV relative to the samarium oxide inserted in the structure. No 
significant differences can be found in the Ca, Zr and Sm XPS spectra of 
RxCZSm samples.

3.5. Reverse water gas shift activity

Assessing the activity for RWGS allows to evaluate the catalysts 
behavior towards the main competitive reaction to DRM. The RxCZSm 
were thus tested in a mixture containing H2:CO2:N2, using a volumetric 
ratio of 20:20:60.

Fig. 5 illustrates the trend of CO2 conversion and selectivity to CH4 
and CO for the RWGS reaction as a function of temperature. The con
versions showed a rapid initial growth at temperature < 500 ◦C, which 
levelled off and then gradually increased again, almost reaching the 
thermodynamic value, 55% CO2 at 850 ◦C. Initially, the conversion was 
low up to 300 ◦C then it was triggered, as ruthenium started to be 
reduced to Ru0: an increase between 300 ◦C and 400 ◦C was observed 
and conversion values increased according to Ru content. In the region 
between 400 ◦C and 600 ◦C the CO2 conversion scaled inversely with Ru 
content. This effect was due to the occurrence of the concomitant 
methanation reaction, that is favored in this temperature range, 
although the H2/CO2 ratio is far from the stoichiometric value. The 
performance towards methanation of Ru-supported systems was 
recently shown to be highly dependent on Ru content, with the highest 
activity observed for 2.5 wt% Ru on ceria [74]. However, RWGS 
returned to be favored for T > 600 ◦C, and no significant difference was 
observed in the conversion, which remained essentially the same up to 
850 ◦C for all catalysts.

The selectivity for CH4 and CO reported in Fig. 5b confirmed the 

Fig. 5. CO2 conversions (a), CH4 and CO selectivities (b) for RWGS reaction. The activity was monitored with a temperature programmed reaction (3 ◦C/min) from 
200 to 850 ◦C.
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RxCZSm activity towards methanation. Below 600 ◦C a maximum was 
observed for the formation of CH4 (corresponding to a minimum for CO 
formation), which was clearly proportional to the Ru content: i.e., 
relatively to CH4, 58% at 438 ◦C for R3.0CZSm, 17% at 463 ◦C for 
R1.5CZSm and 5% at about 463 ◦C for R0.5CZSm. Basically, the Ru 
content at lower temperatures promoted the formation of methane with 
a 1:1 H2/CO2 ratio. However, above 650 ◦C there was no significant 
difference with Ru content, as the conversion and selectivity to CO 
showed the same trend for all catalysts tested.

For T > 600 ◦C, when DRM reaction is favored, methanation activity 
is negligible while RWGS activity resulted in the same CO2 conversions 
(55%) and selectivity towards CO for all the tested catalysts, indepen
dently from Ru content.

3.6. DRM activity

Fig. 6 shows the temperature-programmed DRM reaction results, 

showing the CH4 and CO2 conversions, the corresponding H2/CO ratio, 
and the Arrhenius plot of the reaction rates.

For all samples, the conversion curves showed a sigmoidal trend that 
flattened at temperatures above 750 ◦C, reaching about 98% conversion 
for both reactants CH4 and CO2 at 850 ◦C. The increase in Ru content 
progressively lowered the temperature at which a 50% CH4 conversion 
was achieved: 640, 631, and 602 ◦C for R0.5CZSm, R1.5CZSm, and 
R3.0CZSm, respectively. This positive effect was found also in the case of 
CO2 conversion, which showed 50% conversion at 615, 604, and 574 ◦C 
for R0.5CZSm, R1.5CZSm, and R3.0CZSm, respectively. The higher 
conversion of CO2 at each temperature is due to the simultaneous RWGS 
reaction.

The H2/CO ratio, plotted versus temperature in Fig. 6c, increased 
with temperature, and at 550 ◦C reached values of 0.64, 0.70 and 0.76 
for Ru0.5CZSm, Ru1.5CZSm, and R3.0CZSm, respectively. The ratio 
then levelled off to about 0.98 at the maximum temperature of 850 ◦C, 
independently on the amount of Ru. It is possible to see how the effect of 

Fig. 6. CO2 (a) and CH4 (b) conversions and H2/CO molar ratio (c) for DRM reaction from 300 to 850 ◦C with (4 ◦C/min). Arrhenius diagram of reaction rate for CO2 
(open symbols) and CH4 (closed symbols) (d).
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temperature changed the selectivity of the overall reaction. At lower 
temperature the three catalysts exhibited a decreasing selectivity in 
function of the ruthenium content. Furthermore, above 750 ◦C no dif
ferences in conversion can be observed for the three cases, confirming 
that in these conditions the effect of RWGS was independent on the Ru 
loading. The apparent activation energy for the reagents was calculated 
from the Arrhenius plot of Fig. 6d and values are reported in Table S2. 
Linear fits of reaction rates data in all cases showed an R2 greater than 
0.9. The apparent activation energy decreased proportionally to the 
increase in Ru content: from 94.1 to 76.5 kJ mol− 1 for the CH4 con
sumption rate in R0.5CZSm and R3.0CZSm, respectively, and from 82.1 
to 64.1 kJ mol− 1 for CO2 consumption rate in R0.5CZSm and R3.0CZSm, 
respectively. The higher activation energy for CH4 indicates that, in the 
considered temperature range, the rate-determining step is the activa
tion of CH4 at Ru sites to form H*- and C*-active species. However, the 
contribution to overall CO2 conversion due to the RWGS parallel reac
tion must be considered.

As previously reported in literature [75–77], the use of supports with 
moderate oxygen mobility enhances the metal-support interaction and 
possibly the rate of conversion of methane. Here CH4 is activated on 
metallic Ru sites while CO2 activation is also promoted by the surface 
oxygen vacancies of CZSm support.

3.7. Time-on-stream (ToS) durability tests and spent catalysts 
characterization

The catalysts stability was tested monitoring the CH4 conversion, the 
CO2 conversion and the H2/CO ratio over time, and results are reported 
in Fig. 7a, 7b and 7c, respectively. To assess the catalysts durability and 
tolerance to carbon formation, the temperature was also varied during 

the test: first from 850 ◦C to 700 ◦C and to 550 ◦C, then up again to 
700 ◦C and to 850 ◦C. Overall the stability tests consisted of a total 
duration of over 65 h, considering the initial heating ramp and final 
cooling ramp (1 ◦C/min) performed in the DRM feed composition, not 
shown in Fig. 7. At the initial isothermal conditions of 850 ◦C, the 
reactant turnovers were stable and very similar for the three systems. 
The dependence on Ru content was minimal, although CH4 conversion 
scaled inversely with respect to Ru amount. Likely, the presence of few, 
highly distributed Ru nanoparticles in R0.5CZSm represented the 
optimal loading to favor metal-support interaction at 850 ◦C resulting in 
a constant 2% higher methane conversion as compared to R3.0CZSm 
observed both in the first and the last 850 ◦C steps. Decreasing the 
temperature down to 700 ◦C, R3.0CZSm sample showed high and con
stant conversion, R1.5CZSm had lower activity, yet still constant, while 
R0.5CZSm showed the lowest performance and a slower activation, 
reaching stability only in the final part of the isothermal segment. This 
trend was even more evident at 550 ◦C, where the catalytic activity was 
observed to be highly dependent on Ru content. Oscillations are clearly 
visible at 550 ◦C in the H2/CO trend of Fig. 7c, which are directly related 
only to CH4 conversion (Fig. 7a), not revealed in CO2 conversion 
(Fig. 7b), and decreased in magnitude with Ru content. While at higher 
temperature CH4 undergoes direct dissociation on a metal surface, the 
activation is believed to occur via intermediate formations at 550 ◦C 
[17]. Recently, the presence of oxidized ruthenium (Ruδ+) in 
Ru-supported systems has been proven to be pivotal in favoring methane 
activation at 500 ◦C, while oxygen vacancies in the support lattice 
contribute to directly activate CO2 [78]. Here, Ru XPS spectra of Fig. 4a 
and 4b revealed a remarkably larger RuOx/Ru0 ratio for R3.0CZSm. 
Moreover, according to Fig. 5a RWGS scaled inversely with Ru content 
at 550 ◦C: as a result, CO2 conversion was 58% larger than CH4 

Fig. 7. Time-on-stream reaction at 550, 700, and 850 ◦C with temperature changes of 3 ◦C/min and each isothermal step of 5 h for RxCZSm samples: CH4 (a) and CO2 
(b) conversions and H2/CO molar ratio (c).
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conversion for R0.5CZSm while only 30% larger for R3.0CZSm. Overall, 
while fewer Ru sites are optimal to promote DRM at 850 ◦C, a larger 
coverage of the CZSm support with ruthenium in a partially oxidized 
state promoted adsorption and activation of methane, limiting at the 
same time RWGS at 550 ◦C. In Table S3 the performance of R3.0CZSm is 
compared to recently published Ru-containing DRM catalysts [28,31,
79].

Fig. 8a reports the XRD pattern of R3.0CZSm after the stability test. 
Despite the intense and sharp peaks ascribable to SiC residues in the 2θ 
= 34◦–44◦ region, the characteristic peaks of R3.0CZSm structure are 
clearly visible, showing that the catalyst structure was preserved after 
ToS. Fig. 8b and 8c report the FE-SEM morphology of the spent catalysts. 
No significant sintering of the oxide support grains is visible. No visible 
signs of sintering or coarsening of the surface Ru nanoparticles were 
revealed: these appear homogeneously distributed and well-anchored to 
the substrate both for R1.5CZSm and for R3.0CZSm. Their average 
diameter, 4.1 ± 0.8 nm for R1.5CZSm and 4.6 ± 0.8 nm for R3.0CZSm is 
smaller if compared to those reported in Fig. 3c and 3d (size distribu
tions for each sample are reported in Fig. S9). This can be attributed to 
the exposure to different reducing environments: 10 h in 5%H2/Ar for 
RxCZSm samples reported in Fig. 3 and over 65 h in DRM mixture for 
samples reported in Fig. 8. No readily identifiable carbon deposition 
could be detected and, to provide a more reliable evidence, the spent 
catalyst powder was collected, sieved and subjected to a thermogravi
metric analysis in air to favor the combustion of any carbonaceous 
formation. TGA results are reported in Fig. 8d: the total mass loss up to 

1000 ◦C remained below 3 wt% and it was equally distributed between 
desorption of adsorbed species at T < 250 ◦C and decomposition of 
calcium carbonates in the 600–650 ◦C, which are typically observed on 
calcium zirconates, as stated in section 3.1. No evidence of mass loss due 
to the combustion of carbon-based material was observed.

4. Conclusions

Three different ruthenium loadings (0.5, 1.5 and 3.0 wt%) on a B-site 
Sm-substituted calcium zirconate perovskite oxide support Ru x wt.% - 
CaZr0.85Sm0.15O3-δ (CZSm) were tested as catalysts for dry reforming of 
methane. A calcium zirconate substrate was chosen for its high redox 
stability and surface basicity. 15 mol% samarium doping greatly 
increased the extent of perovskite lattice oxygen vacancies. The adopted 
glycine solution combustion synthesis method endowed the system with 
high surface area, reaching 25.98 ± 0.07 m2/g for R3.0CZSm. The 
ruthenium precursor was directly added in the initial nitrates solution 
and largely affected the obtained perovskite oxide structural and 
textural properties. After exposure to reducing conditions, Ru nano
particles (d < 10 nm) were revealed on the oxide surface, whose extent 
and substrate surface coverage depended on Ru content: from few and 
isolated NPs for R0.5CZSm to a homogeneous surface distribution for 
R3.0CZSm. XPS analysis on the reduced samples revealed the simulta
neous presence of metallic and oxidized Ru states, the latter increased 
with Ru content. The catalysts were first tested for RWGS reaction: the 
presence of Ru favored CO2 conversion at lower temperatures (T <

Fig. 8. a) XRD pattern in the 21◦–46◦ 2θ range of R3.0CZSm sample after ToS test reported in Fig. 7. The sharp peaks between 33◦ and 42◦ belong to residual SiC 
fragments, remained after sieving the spent catalyst powders; representative FE-SEM images of R1.5CZSm (b) and R3.0CZSm (c) samples after ToS test; (d) Ther
mogravimetric analyses results of spent RxCZSm samples after ToS test.
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300 ◦C), yet a net decrease was observed between 400 ◦C and 600 ◦C due 
to the concomitant methanation reaction, favored by a larger presence 
of ruthenium. RWGS activity reached 55% CO2 conversion at 850 ◦C, 
independently on the Ru content. R0.5CZSm catalyst showed highest 
activity towards DRM reaction at 850 ◦C, which, on the other hand, was 
proportional to the amount of supported ruthenium for T < 700 ◦C. In 
fact, R3.0CZSm displayed a 50% CH4 conversion at 602 ◦C, a H2/CO 
ratio of 0.77 at 550 ◦C and apparent activation energies of 76.5 kJ mol− 1 

and 64.1 kJ mol− 1 for CH4 and CO2, respectively. The catalytic behavior 
vs time-on-stream was monitored at 850 ◦C, 700 ◦C and 550 ◦C for over 
40 h. All the three systems revealed remarkable stability over time 
without losing performance or deactivating. The catalyst with the lowest 
amount of ruthenium (0.5 wt%) displayed the highest CH4 conversion, 
97.6% at 850 ◦C, while the one with the highest loading, R3.0CZSm, 
outperformed the others at 550 ◦C. Post ToS analyses on spent catalysts 
revealed structural integrity and the complete absence of formed carbon 
species.
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