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A B S T R A C T

Upgrading of biogas and biomethane into H2-rich streams by steam reforming is regarded as an effective strategy
to reduce fossil fuel consumption contributing to the transition towards a green energy system. In this context,
novel reactor configurations such as membrane reactors appear a promising route for process intensification, but
they require novel catalysts more active at low temperatures, stable, and resistant to coke formation. In this
work, we prepared and tested structured catalysts characterized by a low Ni content (7 wt%) and a very low Ru
content (≤1 wt%) supported on ceria and deposed onto SiC monoliths. Catalysts were tested at low temperatures
(<600 ◦C), i.e. at temperatures suitable for applications in Pd-based membrane reactors. Fresh and used catalysts
were characterized by ICP-MS, N2 physisorption, XRD, TEM, SEM-EDS, XPS and H2-TPR to identify the physi-
cochemical properties affecting the catalytic activity. The catalysts showed good activity towards methane
reforming, stable performance, and good resistance to coke formation. Ruthenium affects both the intrinsic
catalytic activity and the resistance to the inhibiting effect of steam on the reaction rate. This is related to
improved redox properties due to the intimacy between the active metals and their strong-metal-support-
interaction with the ceria. Finally, our catalysts show self-activation under reaction conditions, which is an
interesting property for applications.

1. Introduction

Hydrogen is a crucial energy carrier, and its production from both
fossil and renewable sources is pivotal for the future energy system [1].
Currently, hydrogen production is predominantly performed using fossil
sources, primarily methane gas in the steam methane reforming (SMR)
process. An intriguing topic is the enhancement of the value of biogas
and biomethane, as effective means to reduce fossil fuel consumption
and contribute to the transition towards a green energy system [2], that
can be converted into H2-rich streams by steam reforming as well.

In the energy transition phase, blue hydrogen (by steam reforming of
natural gas) is the short-to-medium-term opportunity, while green
hydrogen represents the long term solution [3]. Moreover, by replacing
natural gas with biogas or biomethane, hydrogen production charac-
terized by low (or even negative through CCS) carbon emissions can be
achieved.

Reforming reactions, as endothermic reactions, are thermodynami-
cally favored at high temperatures and occur with an increase in the

number of moles, making them favorable at low pressures. Moreover,
the carbon monoxide content in the exiting stream is relatively high and,
consequently, it has to be reduced through the two water gas shift (WGS)
stages and a purification stage. To simplify the process scheme novel
reactor configurations have been explored. In particular, simultaneous
hydrogen separation in membrane reactors has been proposed [4]. In
these reactors, thanks to the removal of hydrogen through membranes,
the thermodynamic equilibrium of the reaction is shifted towards the
products and then the same or even higher conversions can be achieved
with respect to the traditional process [5–7].

Studies on membrane reactors for methane reforming have focused
on palladium-based membranes due to their high-temperature applica-
tion and hydrogen selectivity at 99.99% [4,5]. However, the limitations
of palladium-based membranes in reforming processes are mainly
related to their long-term instability, especially at temperatures
exceeding 600 ◦C.

In this context, the development of novel catalysts more active at low
temperatures can pave the way for the development of effective
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processes based on membrane reactors.
Nickel-based catalysts have been the most used catalysts due to their

high catalytic activity, good availability and relatively low price [8,9].
Despite their long application in traditional methane steam reforming
processes, some of the major issues including sintering, carbon deposi-
tion, and sulphur poisoning still need to be investigated [10–13]. Many
innovative strategies have been developed recently to overcome some of
these challenges, such us the addition of promoters, including noble
metals (Pt, Ru, Rh) [14–19], and coinage metals (Au, Ag, and Cu) [11,
20–23], and alkali metals (K) [24], the former being the most active
systems.

In this respect, bi/polymetallic catalysts gained increasing attention
in recent years [9,11,25], and the synergistic effect has been studied
experimentally and numerically, also by combining doping and sup-
porting on “non-traditional” supports. For instance, Ru–Ni catalysts
have been tested by Jeong et al. [26] to study the promoting effect of Ru
to Ni/Al2O3 and Ni/MgAl2O4 systems A small amount of Ru significantly
improved the fouling resistance and redox properties of nickel, espe-
cially on Ni/MgAl2O4. Similarly, Li and co-workers carried out several
studies on the doping effect of noble metals (Ru, Rh, Pt, and Pd) on
Ni/Mg(Al)O catalysts in a daily start-up and shut-down operation
[27–32]. Noble metal doping improved the reducibility of the catalyst
by affecting nickel reduction temperature and oxygen release. However,
there is not a consensus on the positive effect of Ru. In fact,
Morales-Cano et al. [16] showed that, while Rh and Ir form Rh–Ni and
Ir–Ni alloy that could enhance both the activity and sintering resistance
of Ni/Al2O3, the formation of Ru–Ni is more difficult due to the lower
miscibility of Ru in Ni. Kim et al. [33] demonstrated that Ru addition
increased the stability of Ni catalyst by enhancing Ni dispersion and
reducibility due to the interaction between metals and hydrogen spill-
over from Ru. Similar results were reported by Fazlikeshteli et al. [34],
according to which, the greater synergy between Ni and Ru led to higher
activity and stability of the RuNi/CeO2 catalyst towards the catalytic
partial oxidation of methane.

The catalyst activity and resistance to coke formation are also
significantly affected by the support material [35–37]. The most
commonly supports (Al2O3, CeO2, ZrO2, TiO2, MgO) are usually
required to overcome the rapid Ni-based catalyst deactivation, improve
the activity and stability of the catalysts, enhance catalyst resistance to
oxidation, improve thermal stability and mechanical strength [38]. As
reviewed by Manan et al. [39], many studies revealed that catalysts
containing or supported on ceria exhibit superior performance due to
the ceria excellent redox properties and oxygen storage capacity. As a
matter of fact, CeO2 can readily release lattice oxygen species through
reduction from Ce4+ to Ce3+, promoting the oxidation of intermediate
carbon species [39]. The reasons for the great interest in ceria include
not only its excellent redox capacity, and remarkable oxygen storage and
release capabilities but also its environmental compatibility. García--
Vargas et al. [40] showed that Ni/CeO2 had better catalytic activity,
stability, and conversion rates than Ni/Al2O3 due to its higher reduc-
ibility. Moreover, the oxygen vacancies and Ce3+ cations formed under
reducing atmosphere activate C–O bonds dissociation and promote CO2
activation on the nickel sites close to the interface between the metal
and the support [41–43]. This reduces the deposition of carbon deposits
and promotes catalyst stability during the methane reforming process.

Combining doping with ruthenium and supporting on ceria appears
an interesting strategy to further improve the catalytic properties of Ni-
based catalysts towards methane steam reforming in terms of intrinsic
activity, stability, and resistance to coking. It is worth noting that
ruthenium is the cheapest among the noble metals [44]. Moreover, is-
sues related to sintering and unmixing of Ni and Ru, should not be
detected at low temperatures, typical of membrane reactors. Zakrzewski
et al. [454] demonstrated that the simultaneous presence of Ru and
CeO2 promotes the activity of Ni/Al2O3 catalyst due to the formation of
Ru–Ni clusters, the greater Ni dispersion, and the presence of Ru parti-
cles themselves acting as active sites. However, the Authors did not

investigate the effect of Ru loading (fixed at 1 wt%); moreover, Ni
content was high (20 wt%) and the stability of this catalyst was not
tested.

The aim of the present work is to evaluate the effect of Ru loading on
Ni catalysts supported on ceria with low Ni content (7 wt%) towards
methane steam reforming. More specifically, the low-temperature ac-
tivity (T < 600 ◦C) will be investigated for applications in membrane
reactors. Catalytic activity was studied on structured catalysts. The
active phase was dispersed onto SiC monoliths, exhibiting high thermal
conductivity and mechanical resistance, low specific weight, and
chemical inertia. It is worth noting that recovery of the active phase is
extremely easy through acid or basic washing, reducing the investment
cost of the process for the final disposal of the spent catalyst and the full
reuse of the support [46]. In addition, the use of monolith-based cata-
lysts for reforming reactions could improve catalytic performance
providing many advantages such as high surface-to-volume ratio, low
pressure drop, good mass and heat transfer [47,48]. Fresh and used
catalysts were characterized by several techniques (ICP-MS, N2 phys-
isorption, XRD, TEM, SEM-EDS, XPS, H2-TPR) to identify the physico-
chemical properties affecting the catalytic activity. Specific transient
reaction tests were carried out to highlight the role of ruthenium in the
reaction mechanism.

2. Materials and methods

2.1. Catalyst preparation

Both structured and reference powder catalysts were prepared ac-
cording to the procedures reported in Section S.1.1 (Supplementary
materials). Table 1 shows the compositions of the prepared catalysts and
the corresponding labels.

Before catalytic tests, catalyst reduction with H2 is expected to
convert nickel oxide into its metallic form, which is the actual active
phase [49]. In this work, the catalysts will be tested without a
pre-reduction step.

2.2. Activity tests

The structured catalysts (composed of 3 g of SiC and approximately
1.1 g of Ni–Ru/CeO2) were tested in the experimental setup described
elsewhere [50]. A detailed description is reported in Section S.1.2
(Supplementary Materials).

Catalytic tests were performed at fixed contact time, defined as the
(catalyst weight)/(flow rate) ratio and equal to 0.08 g s cm− 3. The re-
action temperature varied from 450 to 550 ◦C.

The effects of temperature and feed composition on methane con-
version were calculated as:

xCH4 =
CHIN

4 − CHOUT
4

CHIN
4

where CHIN
4 and CHOUT

4 are the inlet and outlet methane concentrations
measured by the analysis system on dry basis. Due to the high dilution of
gaseous streams used in this work, the change of the total mole number

Table 1
Labels, nominal compositions (wt. %), specific surface areas (SSA; m2 g− 1) of the
prepared catalysts.

Sample Ni Ru SSA

Ni 7.0 – 29
NiRu0.2 7.0 0.2 32
NiRu0.5 7.0 0.5 32
NiRu0.7 7.0 0.7 27
NiRu1.0 7.0 1.0 26
Ru1.0 – 1.0 25

* Weight percentages are reported with respect to the weight of the active phase.
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can be considered negligible, i.e. the overall flow rate can be considered
constant independently from the methane conversion. The carbon mass
balance (MBC) was calculated as:

MBC =
CHIN

4 −
(
CHOUT

4 + COOUT
2 + COOUT

)

CHIN
4

where COOUT
2 and COOUT are the outlet CO2 and CO concentrations

measured by the analysis system on dry basis. Carbon balance was
closed within ±5%.

CO conversion was defined and calculated as:

xWGS
CO =

COIN,SR − COOUT

COIN,SR

where COIN,SR is the concentration of CO produced solely from the steam
reforming of methane, following the stoichiometry of eq. (1), i.e.:

COIN,SR = xCH4 CHIN
4

Cyclic reduction and oxidation tests were conducted on the reference
powder catalysts in the experimental setup described in Ref. [51]. A
detailed description is reported in Section 1.2 (Supplementary Mate-
rials). Each cycle involves an oxidation phase, in which the sample is
exposed to a stream of water vapor in nitrogen, and a reduction phase, in
which a methane/nitrogen stream is fed onto the oxidized sample. The
composition of the feed mixture is 8% H2O in N2 and 4% CH4 in N2 at
constant temperature (500 ◦C) and contact time is equal to 0.09 g s
cm− 3. Each test is composed of two cycles. The amount of consumed and
produced species were calculated by the numerical integration of the
concentration profiles measured at the reactor outlet (integration per-
formed by OriginPro 8.5 software) and then calculating the moles of
each species according to the following equations:

Ai =

∫ tf

ti
ci(t)dt

ni =
F • Ai • P
100 • R • T

Where Ai is the area (vol%⋅s) of the concentration profile of the i species,
ti and tf (s) are the initial and final integration time respectively, ci(t)
(vol%) is the concentration of the i species at time t (for reactants ci(t) is
equal to c0-cj(t), where c0 is the feed concentration and cj(t) is the
measured concentration at time t), ni (mol) is the amount of consumed/
produced species, F (l/s) is the total flow rate (measured at atmospheric
pressure and temperature), P (atm) is the atmospheric pressure, R
(atm⋅l⋅mol− 1⋅K− 1) is the universal gas constant, T (K) is the atmospheric
temperature.

Equilibrium calculations were performed using Aspen Plus (Aspen-
Tech). The equilibriumwas calculated using Gibbs free energy under the
specified operating conditions.

2.3. Materials characterizations

The fresh and used catalysts were characterized using ICP-MS, SEM-
EDS, XRD, N2-physisorption, NH3-TPD, CO2-TPD, H2-TPR, and TEM
analysis. The catalyst composition was determined by ICP-MS analysis
using an Agilent 7500CE instrument. The results (Table S2) show that
the measured metallic contents correspond to the nominal values within
the experimental error.

The internal morphology of monolith channels was observed using
an FEI Inspect scanning electron microscope (SEM) equipped with an
energy dispersive X-ray (EDX) probe for the elemental mapping.

XRD spectra were collected with an XRD diffractometer, PANalytical
X’Pert Pro. The measurements were carried out with a step size of 0.02◦
and a counting time of 80 s per step.

Brunauer-Emmett-Teller (BET) SSA of fresh and used materials were

measured by N2 adsorption at 77 K with a Quantachrome Autosorb-1C
instrument after degassing the samples at 150 ◦C for 1.5 h.

Temperature-programmed desorptions of ammonia (NH3-TPD) and
carbon dioxide (CO2-TPD) were performed by a Micromeritics
Autochem II 2020 (Micromeritics, Norcross, GA, USA) equipped with a
TC detector (Norcross, GA, USA). profiles were deconvolved using
Origin 8.5 software.

Temperature-Programmed Reduction (TPR) was performed on the
reference powder catalysts in the same test rig used for steady-state and
cyclic experimental tests on powder samples. All the catalysts were pre-
treated in a 20 vol% O2/N2 stream at 600 ◦C. During TPR, catalysts were
reduced in a 2 vol% H2/N2 mixture (flow rate: 35 Nl/h) heating up to
600 ◦C (heating rate: 10 ◦C/min). Temperature-Programmed Oxidation
(TPO) was carried out on structured catalysts at the end of the experi-
mental campaign. During TPO, the used catalysts were exposed to a 2
vol% O2/N2 stream (flow rate: 35 Nl/h) heating up to 600 ◦C (heating
rate: 10 ◦C/min). Reduction and oxidation profiles were deconvoluted
using OriginPro 8.5 software.

High-resolution transmission electron microscopy (HR-TEM) and
energy-dispersive X-ray spectroscopy (EDX) mapping images were ob-
tained using a cold field transmission electron microscope (JEM-F200,
Jeol, Japan) at an operating voltage of 200 kV.

X-ray photoelectron spectroscopy (XPS) was conducted on a SPECS
system equipped with a XR50 source operating at 150 W and a Phoibos
150MCD-9 detector. The analysis chamber was maintained at a pressure
below 10− 7 Pa. The binding energy (BE) values were measured with
pass energy of 25 eV and energy step of 0.1 eV. Quantification of surface
composition was based on the peak fitting and normalization of Ni (2p
3/2), Ce (3d 5/2 and 3/2), Ru (3p 3/2), and O1s primary peaks.

3. Results

3.1. Characterizations

The BET surface areas of the fresh samples are given in Table 1. In
comparison to the support (ceria: 137 m2g-1) [52], the specific surface
areas (SSAs) of the prepared catalysts are markedly lower. This is due
the heat treatment at 550 ◦C; in fact, pure ceria nanoparticles calcined at
550 ◦C show an SSA equal to 35 m2/g. Used samples exhibit SSA similar
to the fresh ones, suggesting that no structure changes occur under re-
action conditions.

SEM/EDS results on Ni and NiRu0.7 are reported in Figure S4
(Supplementary Materials). Images recorded on other samples are
similar and are not reported. Continuous distribution of ceria is detec-
ted, suggesting the penetration of ceria into the SiC walls. This is due to
the nanometric size of ceria, whose characteristic dimension is signifi-
cantly lower than that of SiC pores (11 μm) [53].

Metals distribution along the channel appears quite homogeneous
with a good overlap of Ni and Ru. This means that a segregation of the
metals cannot be observed. However, a detailed discussion of their
interaction requires a deeper investigation.

The XRD patterns of fresh catalysts (shown in Figure S5) show typical
peaks of fluorite structure with reflections at 2θ = 28.7◦, 32.9◦, 47.5◦,
and 56.0◦ (JCPDS card n◦ 43–1002), as expected for CeO2 systems. No
diffraction peak due to ruthenium oxide was detected.Only peaks
attributed to the ceria structure are observed on the Ru1.0 sample. On all
other samples, diffraction peaks related to nickel oxide were also
detected, with reflections at 2θ = 37.3◦, 43.3◦, 62.9◦ (JCPDS card n◦
04–0835).

In Table 2, quantitative XRD analysis data for the fresh samples are
presented. In the mixed samples, an increase in the Ru content is
accompanied by an increment in the cell parameter of ceria. This sug-
gests that a portion of Rumay be incorporated into the fluorite structure,
leading to increased distortion. Concerning NiO, there is no observed
difference in the cell parameter with the increase in Ru content, whereas
a noticeable difference appears in the crystallite size of NiO, suggesting
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an increase in dispersion with the rise in Ru content up to 0.7%, in
agreement with previous works [53].

In Figure S6, the XRD pattern of the fresh and used NiRu0.2 catalyst
is shown as representative of all other catalysts. The fluorite structure
remains unchanged in the used catalyst, but the peaks associated with
NiO disappear, and those related to metallic Ni (2θ = 44.5◦, 51.86◦;
JCPDS card n◦ 04–0850) arise. In the used sample, the interplanar dis-
tance of ceria is 0.3123 nm. The crystallite size of Ni is comparable to
that of the initial NiO, suggesting that there is no redistribution of Ni
following the reaction.

Low-magnification (a-c,g-i) and high-magnification (d-f,j-l) HR-TEM
images of used samples are shown in Fig. 1. All samples exhibited

Table 2
Quantitative XRD analysis of fresh samples.

Sample CeO2 NiO

2θ (◦) d (nm) 2θ (◦) d (nm) τ (Å)

Ni 28.633 0,31175 43,31 0,20893 5,00
NiRu0.2 28.639 0,31169 43,27 0,20909 6,02
NiRu0.5 28.623 0,31186 43,34 0,20877 4,58
NiRu0.7 28.623 0,31186 43,36 0,20868 3,70
NiRu1.0 28.596 0,31214 43,26 0,20916 6,36
Ru1.0 28.679 0,31126 – – –

Fig. 1. Low-magnification (a-c,g-i) and high-magnification (d-f j-l) HR-TEM images of (a,d) Ni, (b,e) NiRu0.2, (c,f) NiRu0.5, (g,j) NiRu0.7, (h,k) NiRu1.0, and (i,l)
Ru1.0 catalysts.
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agglomerates of almost spherical nanoparticles, which form a meso-
porous network. High-magnification TEM images in Fig. 1d–f,j-l display
a variety of lattice fringes with an average interplanar spacing of 0,312,
0,203 and 0,206 nm, indexed to the mainly exposed (111) crystal planes
of CeO2 (JCPDS card no. 431002), (111) crystal planes of Ni (JCPDS card
no. 040850), and (101) crystal planes of Ru (JCPDS card no. 060663),
respectively. Overall, these observations are consistent with the XRD
analysis (Figure S5). The dispersion and interaction of metallic nano-
particles, as well as the elemental distribution across the catalytic
samples, were further investigated through additional TEM analysis.
Fig. 2 shows HR-TEM images (a-c), coupled with STEM-EDX elemental
mapping (d-h) of used NiRu0.7 catalyst. The latter is essential to provide
valuable information about the location of the catalytically active Ni and
noble metal (Ru) phases and, consequently, about the presence of Ni–Ru
alloy formation [54]. The composition based on the EDX data was found
to be 1.7 wt% (Ru), 23.1 wt% (Ni), and 47.9 wt% (Ce), quite in accor-
dance with the nominal composition and signal of a high Ru distribution
on the CeO2 support. As a first evidence, Ru is located both on the CeO2
support and on the metallic Ni-rich particles (Fig. 2f–h). Moreover, it
appears to be present as small Ru clusters (10–20 nm) or even as highly
dispersed Ru single atoms (Fig. 2h). Ru clusters appear to be closely
attached to the Ni phase (Fig. 2g and h), resulting in the formation of
substantial inter-element interfaces [55]. However, the partial existence
of Ru as Ni–Ru alloy or heterostructure could not be excluded due to the
high overlap between Ru single atoms and Ni phase (Fig. 2f–h). Our
observations agree with literature results previously reported for Ni–Ru
bimetallic catalysts [54,56,57].

XPS was performed to investigate the chemical composition and the
environment at the surface of the as-prepared NiRu0.7 catalyst. The XPS
spectra of the Ce3d region (Fig. 3a) is deconvoluted into ten peaks,
whose energies are the typical values for Ce(IV) and Ce(III). The peaks
denoted as v (881.3 eV), v’’ (887.9 eV), v’’’ (897.2 eV), u (899.7 eV), u’’
(906.4 eV), and u’’’ (915.2 eV) are attributed to the Ce4+ species, while
v0 (878.8 eV), v’ (883.8 eV), u0 (898.7 eV), and u’ (902.3 eV) correspond
to Ce3+ species [58–61]. The ratio of Ce3+ ion peaks area to that of the
total Ce3+ and Ce4+ ions peaks area, revealed that ca. 11% of the ceria
surface consisted of Ce3þ species. This could be ascribed to the forma-
tion of oxygen vacancies into the ceria lattice caused by the insertion of
metal Ru cations, in accordance with XRD results [61,62]. The XPS
spectra in the O1s region (Fig. 3b) showed two distinct peaks ascribable
to the surface lattice oxygen (Oα, 528.3 eV) and the surface hydroxyl
groups or adsorbed oxygen (Oβ, 529.7 eV) [63,65]. The Ni2p spectra
(Fig. 3c) is deconvoluted into three peaks: two adjacent bands with
maximum at 852.9 eV and 854.6 eV, labelled as Ni(II) and Ni(II)*, and a
broad satellite peak at 860.2 eV, consistent with the presence of Ni2+
species [64,66]. This double peaked structure suggess the presence of
surface Ni species with different environments. In particular, the peak at
highest binding energy (Ni(II)) was ascribed to presence of NiO highly
dispersed on the support surface which created higher metal-support
interaction. Instead, the second feature on the low binding-energy side
(Ni(II)*) belonged to bigger NiO particles, being their photoemission
affected by the presence of Ni cations as next-nearest neighbors [67,68].
Moreover, no peak corresponding to reduced nickel (Ni0) was detected
(Fig. 3c), suggesting that Ni species were almost not reduced under the
adopted conditions, in agreement with XRD results (Figure S5).The Ru
3p XPS spectra were analyzed due to the difficulty in distinguishing
Ru3d signal from C1s signal. The fitting revealed the presence of four
peaks, the two located at 462,2 and 484.4 eV corresponded to Ru in the
zero valence state whereas the other two at 464.3 and 486.3 eV evi-
denced the presence of Ru at high valence state, Ru(IV) [63,64,69].

3.2. Temperature programmed measurements

Powder samples were used to evaluate the redox properties. Each
sample underwent a Temperature-Programmed Reduction (TPR) in
hydrogen. It is essential to emphasize that the activity tests presented in

the following sections were performed on calcined catalysts without any
reducing pretreatment, which is typical for nickel catalysts used in steam
reforming [70].

To evaluate the actual oxidation state of nickel and ruthenium under
reaction conditions, TPR after a reaction test was conducted on the
powder catalysts. Before the reaction tests, each sample was pretreated
in a 20 vol% O2/N2 stream to ensure the full oxidation of metals. A re-
action test is then carried out on powder samples in the experimental rig
used for H2-TPR measurements under the same reaction conditions re-
ported in Section 3.3, followed by an H2-TPR to identify any differences
between pre- and post-reaction states. It is worth noting that the cata-
lytic performance obtained on the powder samples are comparable with
those reported in Section 3.3.

On the fresh Ni sample (Fig. 4 left), a single reduction peak is
observed at 330 ◦C, associated with the reduction of nickel oxide into its
respective metallic state [71]. Hydrogen consumption on the used Ni
sample (Fig. 4 left) is negligible, suggesting its full reduction under the
reaction conditions.

On the Ru1.0 sample (Fig. 4 right), a single reduction peak is
observed at 122 ◦C, associated with the transition from ruthenium oxide
(RuO2) to metallic ruthenium (Ru) [72]. As occurred on Ni, the used
sample does not undergo measurable reduction, suggesting that it is
fully reduced under the reaction mixture.

The corresponding hydrogen consumptions are given in Table 3. The
ratio of actual to theoretical H2 consumption is greater than 1, sug-
gesting that the reduction degree of the two monometallic catalysts is
greater than 100%. The observed “over-reduction” of the sample may be
addressed to the reduction of the ceria beyond that of Ni and/or Ru
oxides [73,74].

For the “mixed” fresh catalysts, Fig. 5 shows two reduction peaks, at
low (~100 ◦C) and high temperature (~300 ◦C), both slightly lower
than those corresponding to the peaks of the twomonometallic catalysts.
This result suggests a synergistic behavior, since each metal slightly
increases the reducibility of the other, in agreement with literature re-
sults [71,73,75]. The high intimacy between Ni and Ru clusters shown
by TEM results, explains the enhanced Ni reducibility in the bimetallic
system.

As shown in Table 3 and Figure S7, even for the bimetallic catalysts,
the H2/H2_t ratio is greater than 1, due to ceria contribution. Table 3 and
Figure S7 show the ratios between the actual H2 consumption of each
peak and the theoretical consumptions due to the complete reduction of
Ru (H2/H2_Ru) and Ni (H2/H2_Ni). Interestingly, at low Ru content higher
H2/H2_Ru ratios are measured; this can be related to a higher Ru
dispersion, thus significantly improving Ru-ceria interaction. On the
other hand, H2/H2_Ni is quite constant with a slight increase at high Ru
loads, confirming the beneficial effect of metallic Ru on the Ni reduc-
ibility, due to the high intimacy detected by TEM. Thus, the improved
redox properties of NiRu catalysts can be addressed to both metal-metal
interaction and to metal-ceria interaction, in accordance with XRD and
XPS results. The latter is a well-known phenomenon, reported in the
literature as strong-metal-support-interaction (SMSI) [76] and elec-
tronic metal support interaction (EMSI) [77].

TPR analysis conducted on used powders (Fig. 5) shows a marginal
H2 consumption at low temperatures, while the high-temperature peak
disappears, indicating no H2 consumption due to NiO reduction, in
agreement with the XRD results. This result suggests that, under reaction
conditions, the catalyst tends to self-reduce to the metallic phases, which
are active for the steam reforming reaction, confirming the self-
activation of the proposed catalysts. This phenomenon is reported in
the literature [26,53,74], but our catalysts show self-reduction under
milder conditions.

It is worth noting that the powder catalyst undergoing activity tests
showed methane conversions and product distributions comparable to
those found in activity tests on the monoliths (see Section 3.3).

Selected used catalysts (Ni, Ru1.0, and NiRu1.0) were further char-
acterized by NH3 and CO2 TPD to titrate both acid and basic sites.
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Fig. 2. HR-TEM images at different magnifications (a–c), bright-field image (BFI, d), and EDX elemental mapping (e-h) of NiRu0.7 catalyst.

G. Sorbino et al.



International Journal of Hydrogen Energy 137 (2025) 961–975

967

Desorption profiles are reported in Figure S8, while desorbed amounts
are reported in Table 4.

According to Refs. [78,79], weak, medium, and strong acidity are
related to desorption peaks at temperatures <300 ◦C, 300–500 ◦C, and
>500 ◦C respectively. NH3 desorption profiles (Figure S8, bottom) show

a pronounced low temperature acidity on both Ni-containing catalysts.
Themedium acidity is very different among the samples. Ni shows a very
large desorption peak, which is significantly reduced on NiRu1.0. On
Ru1.0 a wider desorption peak, centered at higher temperatures, is
detected. NiRu1.0 shows the larger amount of strong acid sites, which

Fig. 3. XPS spectra of Ce 3d, O 1s, Ni 2p, and Ru 3p regions of as-prepared NiRu0.7 sample.

Fig. 4. H2-TPR profiles on fresh (black lines) and used (red lines) Ni and Ru1.0 catalysts. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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disappear on Ru1.0. In conclusion, Ru addition to Ni/CeO2 reduces the
overall acidity of the catalysts, mainly the medium one. With respect to
the literature results [78–83] a straightforward comparison is very
difficult due to the very different findings reported. For instance, more
complex desorption profiles and larger NH3 desorbed amounts (about 1
mmol/g) are reported on Ni/CeO2 catalysts by Zhao et al. [79]; more-
over, in this work the main contribution is related to strong acid sites. On
the contrary, Ni et al. [84] on their Ni/CeO2 reported the dominance of
weak acid sites (no quantitative analysis is reported).

CO2 TPD provides information about not only basic sites, but also the
interaction between a reaction product (CO2) and the catalyst surface.
Ru1.0 shows a wide desorption that can be divided into two large peaks
at about 330 and 500 ◦C. Ni shows a well-defined desorption at low
temperatures, fitted with two peaks at about 90 and 150 ◦C, and a wide
peak at about 400 ◦C. Ru addition to Ni/CeO2 results in a reduction of
the basicity of the sample, as occurred for the acidity. In particular, the

Table 3
Peak temperatures (◦C), H2 uptakes (mmol/g), and ratios between actual and
theoretical H2 consumptions for fresh catalysts.

Sample Ta T b H2
uptakea

H2 uptake
b

H2/
H2_t

H2/
H2_Ru

H2/
H2_Ni

Ni / 330 / 1.70 1.43 / 1.43
NiRu0.2 113 317 0.150 1.68 1.49 3.79 1.41
NiRu0.5 116 299 0.242 1.65 1.46 2.45 1.38
NiRu0.7 113 305 0.362 1.94 1.73 2.61 1.63
NiRu1.0 112 291 0.338 1.96 1.65 1.71 1.64
Ru1.0 122 / 0.305 / 1.54 1.54 /

a first peak.
b second peak.

Fig. 5. H2-TPR profiles on fresh (black lines) and used (red lines) NiRu catalysts. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 4
Peak temperatures (◦C), NH3 and CO2 uptakes (mmol/g) for used catalysts.

Ni Ru1.0 NiRu1.0

Temp. Amount Temp. Amount Temp. Amount

NH3 Peak 91 5.83⋅10− 3 113 2.66⋅10− 3 86 4.24⋅10− 3

Peak 205 1.36⋅10− 2 250 1.83⋅10− 2 285 2.12⋅10− 2

Peak 322 1.49⋅10− 2 432 7.49⋅10− 3 331 4.12⋅10− 3

Peak 517 6.28⋅10− 3 – – 537 1.03⋅10− 2

Overall - 4.02⋅10¡2 - 2.84⋅10¡2 - 3.99⋅10¡2

CO2 Peak 92 6.04⋅10− 3 – – 93 5.15⋅10− 3

Peak 155 6.18⋅10− 3 – – 170 6.52⋅10− 3

Peak 393 1.77⋅10− 2 333 1.07⋅10− 2 – –
Peak 507 6.84⋅10− 3 487 3.17⋅10− 3

Overall - 3.03⋅10¡2 - 1.75⋅10¡2 - 1.48⋅10¡2
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strong basicity, detectable at high temperatures, is significantly reduced.
This suggests that CO2 more easily desorbs from the dual metal catalyst
with respect to Ni sample. Our results are similar to those reported by
Ma et al. [84] from both the qualitative and quantitative points of view.
Actually, assigning each peak to a specific component of the catalyst (i.e.
Ni, Ru, CeO2) is quite difficult. As a matter of fact, CO2 desorption at low
temperatures has been related to both Ni [85,86] and CeO2 [81,84,87,
88]. Pan et al. [85] addressed CO2 desorption at medium temperatures
(300–700 ◦C) to ceria-zirconia support.

3.3. Steady-state catalytic tests

Steady-state catalytic tests were carried out under the same process
conditions (τ = 0.08 g s cm− 3, T = 450–550 ◦C) to assess the effect of Ru
loading on the SR activity. Fig. 6 shows the results at different feed
compositions and the corresponding equilibrium values.

The monometallic catalysts (especially Ni) show the lowest catalytic
activity. By increasing the Ru content in the Ni–Ru catalysts, the cata-
lytic activity increases; the effect does not appear additive, thus sug-
gesting a promotional effect of ruthenium and/or a synergy between the
two metals. At the lowest reactant partial pressures (Fig. 6a), the
NiRu0.7 catalyst is the most effective, showing methane conversions
approaching the steam reforming equilibriumvalue. The NiRu1.0 cata-
lyst shows a similar behaviour. By increasing the steam partial pressure
(Fig. 6b), a reduction of the conversions is found, despite more favorable
thermodynamic conditions, due to an inhibiting effect of water on the
catalytic kinetics. This effect depends on the Ru content: the higher the
Ru content, the lower the conversion reduction. Accordingly, the
NiRu1.0 catalyst becomes the most active, achieving higher conversions
compared to the samples with lower ruthenium loading. By increasing
the methane concentration at fixed H2O/CH4 ratios (Fig. 6c and d), a
slight but not negligible inhibiting effect of methane content is found.
Even at higher CH4 concentration, the positive effect of the Ru content
on the inhibiting effect of the steam partial pressure can be evidenced.

Under the above reaction conditions, methane conversions do not
generally reach those corresponding to the equilibrium values. How-
ever, it is well known that the product distribution depends not only on
methane conversion to CO and H2 but also on the water gas shift

reaction.
To evaluate the extent of the WGS reaction, CO conversions to CO2

were calculated and compared to the equilibrium values of the WGS
reaction alone.

Fig. 7 shows the CO conversion as obtained over two samples under
different reaction conditions (NiRu0.2 at 3% CH4 and 6%H2O; NiRu0.7
at 4% CH4 and 8% H2O). CO conversions through WGS reach the ther-
modynamic equilibrium at each temperature on both samples, while
methane conversions are far from the equilibrium values. This condition
is observed for each reaction condition and for each catalyst (not re-
ported). Thus, the overall performance of the system is limited by the
kinetics of the steam reforming reaction, while the activity towards the
water gas shift reaction is higher. The activity of the water gas shift
reaction is significantly improved, also thanks to the intrinsic activity of
ceria toward CO oxidation [89].

Table S3 shows the catalytic performance of Ni–Ru catalysts reported
in the scientific literature [18,37,45,72]. As often occurring in catalysis,
a straightforward comparison among the performance is quite difficult
due to the wide range of operating conditions reported. However,
comparing the results reported in Table S3 reveals that our catalysts
show very good performance, comparable with those of the other cat-
alysts but at lower temperatures.

It is worth noting that a TPO was conducted after various reaction
tests (i.e. about 50 h under reactionmixtures), as reported in Section 2.3.
No CO2 production was found, thus suggesting no coke formation during
the steam reforming reaction.

3.4. Transient catalytic tests

Despite the H2-TPR showing no bimetallic interaction between Ni
and Ru, a synergic effect between the two metals is found by analyzing
the catalytic results. To elucidate the roles of each metal in the catalytic
activity, cyclic reduction and oxidation tests in transient regime were
performed on the reference powder catalysts.

Tests run on the monometallic Ru catalyst are shown in Fig. 8. By
feeding H2O after a reaction test (Fig. 8a), the catalyst is oxidized and a
transient H2 production is found. Replacing H2O with CH4 (Fig. 8b),
methane is oxidized to CO and CO2 and H2 is also detected as a partial

Fig. 6. Effect of the composition of the catalysts and the mixture of the input reagents; (a) 3%CH4 6%H2O (b) 3%CH4 12%H2O (c) 4%CH4 8%H2O (d) 4%CH4 16%
H2O, Nitrogen: balance.
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oxidation product. By feeding H2O again (Fig. 8c), H2 is produced, while
no COx are detected in the exiting stream, suggesting no coke formation
during the previous reduction in the CH4 atmosphere. A further reduc-
tion under CH4 (Fig. 8d) shows a very similar trend to the previous cycle,
suggesting no coke formation and a repeatable behavior of this catalyst
under the adopted cyclic operating conditions.

The results of tests conducted on the monometallic Ni catalyst are
shown in Fig. 9. In the first step with H2O (Fig. 9a), the behavior is
similar to that observed on the Ru catalyst, i.e. mild oxidation of the
catalyst with consequent hydrogen formation and negligible formation
of CO and CO2. During the first reduction phase with methane (Fig. 9b),
a transient phase is observed where H2, CO, and CO2 are formed,

Fig. 7. WGS contribution: (a) 3% CH4 6%H2O on NiRu0.2 (b) 4% CH4 8%H2O on NiRu0.7, solid lines represent equilibrium conversion.

Fig. 8. Cyclic oxidation and reduction tests in transient regime on monometallic Ru catalyst. Arrows indicate the time when the reaction environment is modified.
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followed by a second phase (not detected on the Ru catalyst) in which
the consumption of methane and the simultaneous production of H2
cannot be associated with the production of CO and CO2. Methane is
decomposed into H2 and C, as expected on Ni-based catalysts [90]. By
re-feeding H2O (Fig. 9c), simultaneous production of H2 and CO2 due to
coke gasification is found. CO production is very low, probably due to
ceria activity towards CO oxidation. By re-feeding methane (Fig. 9d) a
behavior similar to the first reduction step is found.

Fig. 10 shows the H2O oxidation and CH4 reduction steps on
NiRu0.7; the other Ni–Ru catalysts exhibit similar behaviors (Figures S9-
S11 in Supplementary Material). From a qualitative point of view, the
behavior of Ni–Ru catalysts is similar to that observed on monometallic
Ni catalyst: H2 production during the first oxidation step (Fig. 10a), CO
and CO2 production at the beginning of the first reduction step, followed
by methane decomposition (Fig. 10b), large CO2 and H2 production with
negligible CO formation during the second oxidation step (Fig. 10c), a
second reduction step in CH4 similar to the first reduction step
(Fig. 10d).

The quantitative analysis of the above experiments is reported in
Table 5, confirming the qualitative analysis reported above. In partic-
ular, during the oxidation steps under H2O, more than 99% of COx
produced is CO2, while during CH4 feeding on Ni-containing catalysts
the CO/CO2 ratio is about 4:1. Moreover, it is worth noting that, in the
absence of H2O, methane is mainly converted to coke on monometallic
Ni and NiRu catalysts (selectivity to COx calculated on CH4 conversion
≤10%; i.e. coke selectivity ≥90%). It is worth noting that, considering
the first reduction and the second oxidation step, the carbon mass bal-
ance was closed within ±8%, which is a good result, taking into account

the uncertainty of the experimental procedure here proposed, confirm-
ing that all the coke deposited during CH4 reduction is converted to CO2
during H2O oxidation. On Ru1.0, the carbon balance on each reduction
step is closed±5%, i.e. converted methane is fully balanced by produced
COx, confirming that no coke deposition occurs.

Initial production rates were calculated (Fig. 11) according to the
procedure reported in the Supplementary Materials (Section S3.2). It
was found that they do not depend on coke content but only on oxygen
availability. Reaction rates increase linearly with the Ru content, and
the ratio (ΔH2/ΔCO2) is approximately 2, in line with the stoichiometry
of the step: C + 2H2O → CO2 + 2H2.

On the monometallic Ru-based catalyst, there is no coke formation
during the reduction phase.

All the characterizations reported in the previous Sections explored
the metal-metal and metal-support interactions. The partial incorpora-
tion of Ru into the ceria lattice has been revealed from XRD and XPS
results, whereas the presence of Ni highly dispersed and in intimate
contact with the support has been revealed by XPS and H2-TPR char-
acterizations. In addition, TEM analysis confirmed the high intimacy of
Ru and Ni metals. The combination of the above results suggests a
limited formation of bi(multi)-metallic structures, while each metal (Ni
and Ru) strongly interacts with ceria. Notwithstanding, redox properties
of each Ni/ceria couple is affected by the presence of ruthenium and vice
versa, as evidenced by H2-TPR results. These results suggest that each
active phase (Ni and Ru) can be positively affect a reaction step (Ni can
activate methane decomposition faster than Ru, Ru can activate water
dissociation faster than Ni). From these results, it can be inferred that the
enhanced catalytic activity of Ni–Ru/CeO2 catalysts can be attributed to

Fig. 9. Cyclic oxidation and reduction tests in transient regime on monometallic Ni catalyst. Arrows indicate the time when the reaction environment is modified.

G. Sorbino et al.



International Journal of Hydrogen Energy 137 (2025) 961–975

972

a cooperative reaction mechanism as follows. Methane is rapidly acti-
vated on Ni/CeO2 sites leading to H2 and C; the oxidation of C to CO and
CO2 depends on the availability of active oxygen species on the surface,
which is improved by the decomposition of H2O on Ru/CeO2 sites. The
oxygen transfer between the two sites reasonably occurs through the
mobility of oxygen on the ceria surface. These results also explain the
catalyst’s good resistance to fouling.

It is worth noting that the cyclic tests reported above may have a

Fig. 10. Cyclic oxidation and reduction tests in transient regime on NiRu0.7 catalyst. Arrows indicate the time when the reaction environment is modified.

Table 5
Quantitative analysis in cyclic oxidation and reduction tests. Selectivities are
calculated on COx distribution; in brackets, selectivities calculated on methane
conversion.

First cycle Second cycle

Sample Feed xCH4 sCO sCO2 xCH4 sCO sCO2

Ni H2O/
N2

– – – 0.3 99.7

CH4/
N2

17 75.0
(3.0)

25.0
(1.0)

14 80.0
(4.0)

20.0
(1.0)

NiRu0.2 H2O/
N2

0.3 99.7

CH4/
N2

19 75.0
(3.0)

25.0
(1.0)

10 77.8
(7.1)

22.2
(1.9)

NiRu0.5 H2O/
N2

0.5 99.5

CH4/
N2

10 80.0
(8.0)

20.0
(2.0)

15 80.0
(4.0)

20.0
(1.0)

NiRu0.7 H2O/
N2

0.5 99.5

CH4/
N2

21 75.0
(3.0)

25.0
(1.0)

17 80.0
(4.0)

20.0
(1.0)

NiRu1.0 H2O/
N2

0.8 99.2

CH4/
N2

14 83.3
(5.0)

16.7
(1.0)

9 81.8
(9.0)

18.2
(2.0)

Ru1.0 H2O/
N2
CH4/
N2

2% 87.8
(36.0)

12.2
(5.0)

2% 89.1
(41.0)

10.9
(5.0)

Fig. 11. Initial production rates of H2 ( ) and CO2 ( ) and their ratio ΔH2/
ΔCO2 (△) during the oxidation step in H2O/N2 as a function of the Ru content.
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practical significance. In the reduction phase with methane, there is the
production of a high-purity CH4–H2 mixture, while a CO2–H2 mixture is
formed in the oxidation phase with water. This could be beneficial for
CO2 capture, given the low CO content, not requiring further purifica-
tion steps. From the applicative point of view, the cyclic operation here
reported can be compared to chemical looping steam reforming (CLSR).
Several results are reported in the literature on this topic [91–94].
However, a full comparison with other Ni-containing materials is not
straightforward due to the higher temperature generally used in chem-
ical looping reforming [95–99]. The material composition, the (material
weight)-to-(CH4 flow rate) ratio, the (material weight)-to-(H2O flow
rate) ratio, the time periods of the reduction and oxidation steps
significantly affect the methane conversion and the composition of the
gaseous streams during the reduction and the oxidation steps (including
hydrogen purity during H2O oxidation). For instance, Ma et al. [96]
reported no coke deposition on 5 wt% NiO supported on red mug at
900 ◦C, allowing pure H2 production during the H2O oxidation step. On
the contrary, coke formation was reported on other Ni-based materials
[95–97].

4. Conclusions

Bi-metallic nickel-ruthenium catalysts supported on ceria by wet
impregnation were designed, prepared and tested. The catalyst was
designed to obtain a steam methane reforming catalyst more active at
relatively low temperatures (below 600 ◦C) to be used in Pd-based
membrane reactors. The catalysts, with low Ni content (7 wt%) and a
very low Ru content (≤1 wt%) show good activity towards methane
reforming, stable performance, and a good resistance to coke formation.
Ruthenium addition not only improves the intrinsic catalytic activity but
also enhances the resistance to the inhibiting effect of steam on the re-
action rate; the latter is directly related to the ruthenium content.

The CO/CO2 ratio in the exiting streams appears regulated by the
water gas shift equilibrium. This could be related to the CO oxidation
activity of ceria at temperatures higher than 400 ◦C. Moreover, the
overall performance appears limited by methane conversion to CO and
hydrogen, rather than CO shift to CO2.

Physico-chemical characterizations suggest that the enhanced cata-
lytic properties of Ni–Ru/CeO2 catalysts are related to the intimacy
between the active metals and their strong-metal-support-interaction
with the ceria, resulting in improved redox properties.

Moreover, all the ceria-supported catalysts show self-activation
under reaction conditions, thus requiring no pre-treatment under a
reducing atmosphere, as generally occurs with Ni-based catalysts.
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