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San Martín, Provincia de Buenos Aires, Argentina 
e Departamento de Química, Instituto de Ciências Ambientais, Químicas e Farmacêuticas, Universidade Federal de São Paulo, Diadema, Brazil 
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A B S T R A C T   

In this work, we analyze Sm2O3-doped CeO2 (SDC) nanopowders and NiO/SDC nanocomposites in terms of 
sample reducibility and catalytic activity for partial oxidation of methane. We assess the role of the average 
crystallite size and specific surface area in Ni and Ce reduction kinetics by in-situ X-ray absorption spectroscopy 
experiments in diluted H2 and CH4/O2 mixtures. Our results indicate that crystallite size and surface area play a 
key role in CH4 activation through modification of the sample redox behavior. The oxidation of the metallic 
phase is the main cause of sample deactivation. A clear relationship is established between the temperature of 
maximum Ni oxidation rate and grain size. An interplay between Ce atoms from the support and Ni from the 
active phase was observed during the experiments, evidencing a complex relationship between oxygen vacancy 
concentration and catalytic activity. A high Ce3+ content in catalyst support was detrimental to catalytic activity   

1. Introduction 

NiO/CeO2-based composites have received great attention due to 
their excellent catalytic properties. The incorporation of metal oxide in 
the CeO2 lattice significantly modifies the oxygen storage capacity, ionic 
conductivity and specific surface area of these materials, so a wide va
riety of materials and applications are currently under investigation. 
These applications include methane reforming [1–5], CO methanation 
[6], CO oxidation [7], oxidative dehydrogenation of propane [8], 
intermediate-temperature solid-oxide fuel cells anodes [9–12], etc. 
Particular interest is being devoted to the study of nanostructured 

materials, as the enhanced surface to volume ratio is expected to improve 
the catalytic activity [13]. 

CeO2-based materials are extensively used for catalytic and electro
catalytic applications due to their redox properties [13–16]. These ce
ramics are widely used as supports combined with an active metallic 
phase because they present high specific surface area and can exchange 
oxygen from the lattice under reducing and oxidizing atmospheres. 
Oxygen vacancies created in the presence of a reducing atmosphere 
often act as active sites for different reactions thus improving the per
formance of catalysts [17]. In particular, partial oxidation of methane 
(POM) reaction has attracted attention, since it is a means to produce 
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Syngas (CO + H2 mixtures) and also one of the main reactions taking 
place in solid oxide fuel cells (SOFC) directly fueled with CH4 [18–20]. 
In these applications, CeO2 acts as a ceramic support with oxygen 
mobility and metallic Ni stands as the active phase for methane dehy
drogenation [20]. 

In recent years, several members of our research groups have 
investigated the redox behavior and catalytic properties of CeO2-based 
and NiO/CeO2-based catalysts by dispersive X-ray absorption spectros
copy (DXAS) under different atmospheres and reaction conditions 
[21–26]. Samples with different average crystallite sizes and specific 
surface areas were analyzed, finding that materials with nanometric 
average crystallite size and high specific surface area exhibit the best 
properties, achieving high reducibility and excellent methane conver
sion at moderate temperatures (500–800 ◦C). Therefore, the control of 
these properties is crucial for catalytic and electrocatalytic applications. 

The addition of an aliovalent dopant to the CeO2 lattice generates 
oxygen vacancies to compensate charge unbalance [13]. These addi
tional oxygen vacancies increase oxygen mobility in the material thus 
improving redox properties which are crucial for catalytic and electro
catalytic applications. In particular, the use of Sm2O3 oxide has been 
intensively studied as a support for several oxidation reactions and 
reforming reactions [27–30] and as an oxygen conducting electrolyte for 
SOFC applications [31]. 

Recent progress in the development of CeO2-based catalysts for hy
drocarbon oxidation applications has put in evidence the non-linear 
dependence of oxygen vacancy concentration and catalytic activity 
[15,29–31]. The excessive increase of surface oxygen vacancies has been 
reported to discourage the replenishment of active oxygen surface spe
cies and thus decreasing catalytic activity [32–34]. 

The addition of a metallic phase such as Ni to CeO2-based catalysts for 
methane oxidation has been widely recognized to increase Ce reducibility 
by the presence of a strong metal-support interaction [24,34]. However, 
it still remains unclear if boosting Ce reducibility results in a direct in
crease in catalytic activity for partial oxidation of methane. 

In this context, the role of sample nanostructure in the redox behavior 
of NiO/CeO2-Sm2O3 samples is of key interest to understand CH4 acti
vation, particularly, in terms of the interaction between metallic and 
ceramic phases, the effect of the average crystallite sizes of both phases in 
catalytic activity and concentration of reduced species in the surface of 
the catalyst, namely Ce3+ and Ni0. 

In this work, we analyze different features of temperature pro
grammed reduction (TPR) profiles of Ce and Ni cations in several sam
ples under diluted hydrogen and CH4/O2 mixtures, namely (i) Ce 
reduction in Sm2O3-doped CeO2 (SDC) and NiO/SDC nanopowders and 
(ii) Ni reduction in NiO/SDC. For this purpose, the overall reduction of 
the same samples was determined by conventional laboratory temper
ature programmed reduction in diluted H2 and further studies were 
performed by in-situ synchrotron-based DXAS experiments to determine 
both Ce and Ni reduction degrees in both diluted H2 and CH4/O2 

mixtures. In order to study samples with different average crystallite 
sizes and specific surface areas, and potentially different redox behavior, 
samples with different calcination temperatures were prepared, from 
400 ◦C up to 1100 ◦C, thus allowing to investigate and compare the 
reducibility and catalytic activity of several materials with different 
nanostructures. Particular interest is devoted to the metal-support 
interaction, oxygen vacancy concentration and its effect in activity to
ward methane oxidation. 

2. Experimental procedure 

2.1. Synthesis of NiO/SDC nanocomposites 

NiO/SDC composites were prepared from commercial CeO2-10 mol% 
Sm2O3 nanopowders (Nextech Materials, USA) by incipient wetness 
impregnation with Ni(NO3)2⋅6H2O. Nickel nitrate was dissolved in 
ethanol using the concentration required to obtain a nominal NiO content 
of 70 wt%. After impregnation, the solids were dried at 90 ◦C and 
calcined at 400 ◦C for 2 h to convert the nickel nitrate(II) into NiO. NiO/ 
SDC samples calcined at 650, 900 and 1100 ◦C for 2 h were also prepared 
to study the influence of the average crystallite size on physicochemical 
properties. In the following sections, NiO/SDC samples calcined at 400, 
650, 900 and 1100 ◦C will be labeled as NiSDC400, NiSDC650, 
NiSDC900 and NiSDC1100, respectively. 

The NiO content of the samples was confirmed by total reflection X- 
ray fluorescence (TRXRF), using a Bruker S2 PICOFOX spectrometer 
operated with a Mo X-ray tube, with maximum power of 50 W and a 
silicon drift detector (SDD) with an area of 10 mm2 and resolution of 
160 eV. Quantitative analysis of X-ray powder diffraction data, using the 
Rietveld method, also yielded similar results (see Table 1). 

SDC nanopowders subjected to the same thermal treatments were 
also studied for the purpose of comparison. These samples will be 
denoted as SDC400, 650, SDC900 and SDC1100, according to their 
respective calcination temperatures. 

2.2. Characterization techniques 

Relevant features of NiO/SDC and SDC nanopowders were studied 
by X-ray powder diffraction (XPD), N2-physisorption and Transmission 
Electron Microscopy (TEM) coupled with Energy Dispersive Spectros
copy (EDS). 

XPD analyses were performed using a Bruker D8 Discover DAVINCI 
diffractometer operated with Cu-Kα radiation at 40 kV and 30 mA, a Ni 
filter and a Lynx-eye detector, in Bragg-Brentano configuration. Exper
imental data were collected in the angular 2θ range of 20–140◦ with a 
step size of 0.02◦ and a time per step of 1 s. Average crystallite sizes of 
the nanocrystalline phases were determined for all the samples using the 
Scherrer equation. Rietveld refinements were conducted by using the 
Fullprof Suite Software [35]. 

Table 1 
Average crystallite sizes of SDC and NiO phases (DSDC and DNiO, respectively) derived from XPD and TEM analyses, specific surface area (Sg), and phase content 
fractions (SDC and NiO mass fraction in each sample). All reported parameters excepting Sg and DTEM were determined from Rietveld refinements of the experimental 
XPD patterns. DTEM sizes marked with (*) are equal because it was not possible to discriminate between both phases. Numbers in parentheses indicate the error in the 
last significant digit.  

Sample DSDC (nm) 
XPD 

DSDC 

(nm) 
TEM 

SDC content 
(wt%) 
XPD 

DNiO (nm) 
XPD 

DNiO (nm) 
TEM 

NiO content 
XPD (wt%) 

Sg 
(m2 g− 1) 

SDC400 5.3 4.6(1) 100 – – 0 169 
SDC650 14.6 12.1(4) 100 – – 0 54 
SDC900 55 25(1) 100 – – 0 16 
SDC1100 > 100 95(3) 100 – – 0 5 
NiSDC400 5.3 8.5(3) 31.8 (0.4) 36 42(3) 68.2 (0.5) 65 
NiSDC650 9.1 8.6(4) 29.6 (0.2) 40 36(1) 70.4 (0.4) 29 
NiSDC900 41 43(2)* 28.2 (0.1) 57 43(2)* 71.8 (0.4) 12 
NiSDC1100 > 100 107(4)* 28.7 (0.1) > 100 107(4)* 71.3 (0.4) 3  
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N2-physisorption experiments were performed with a Quantachrome 
Corporation Autosorb-1 equipment. The samples were previously degassed 
with pure He at 90 ◦C during 12 h. Specific surface area was evaluated 
using the five-point Brunauer-Emmett-Teller (BET) method [36]. 

Transmission electron microscopy (TEM) micrographs were obtained 
using a Philips CM 200 UT microscope operated at 200 kV. The micro
scope is equipped with an ultratwin objective lens and an EDAX spec
trometer for chemical analysis by Energy Dispersive Spectroscopy (EDS). 
Powdered samples were suspended in isopropyl alcohol, ultrasonicated 
for 2 min and deposited in Cu/ultrathin hollow carbon TEM grids (Ted 
Pella). The samples were dried in air at room temperature. TEM images 
were obtained using bright Field (BF), dark Field (DF) and high Resolu
tion (HR) modes. Selected area electron diffraction (SAED) was used to 
confirm the polycrystalline phases, when possible. The average sizes of 
the observed (nearly isodiametric) nanoparticles were determined from 
TEM images by measuring their maximum diameters with the free soft
ware ImageJ. Nanoparticle size histograms were obtained using ca. 
hundred individual particles and combining results from the analysis of 
BF, DF and HR micrographs. The average sizes determined from TEM 
images (DTEM) are reported for all samples with their corresponding er
rors determined as σ/(N-1)0.5, being σ the standard deviation of the size 
distribution. When two clearly different crystallite size modes were 
observed in the nanocomposites, the phases were identified by EDS and, 
in these cases, two separated histograms were produced (Figs. S1–S8). 

2.3. Conventional laboratory temperature-programmed reduction (TPR) 
tests 

Hydrogen TPR experiments were performed under a flow of 5 mol% 
H2 in Ar (50 cm3(STP) min− 1) for temperatures up to 800 ◦C with a 
heating rate of 10 ◦C min− 1. These measurements were performed by 
using a conventional laboratory Micromeritics Chemisorb 2720 equip
ment. The samples were pretreated in He at 300 ◦C during 30 min to 
remove any adsorbed species on their surface. Hydrogen uptake was 
determined using a calibrated thermal conductivity detector (TCD). 

2.4. In-situ DXAS study 

X-ray absorption spectroscopy experiments in dispersive mode 
(DXAS) were carried out to study the evolution of the Ni0/Ni2+ and Ce3+/ 
Ce4+ ratios with temperature and different atmosphere compositions. 
Experiments were performed in a temperature range of 25–800 ◦C in both 
diluted H2 and CH4/O2 atmospheres. 

The DXAS measurements were performed at the D06A-DXAS 
dispersive beamline of the UVX ring of the Brazilian Synchrotron Light 
Laboratory (LNLS, Campinas, Brazil). A Si (111) monochromator was 
used altogether with a charged coupled device (CCD) detector to collect 
the absorption spectrum in transmission mode. Self-supporting disks 
were prepared by mixing the sample powder with boron nitride that has 
no significant absorption in the measured energy ranges. The catalyst 
mass in the disks was calculated in order to obtain a total absorption 
ratio of 1.5. The sample discs were located in a sample-holder with a 
thermocouple attached to it. 

The sample holder was placed in a quartz reactor, with inlet and 
outlet gas lines, and located in a furnace with temperature control. Inlet 
gas composition was set with a gas-mixing station provided with mass 
flow controllers and the exit composition was assessed with a Pfeiffer 
Omnistar mass spectrometer. 

Two series of X-ray absorption near edge structure (XANES) experi
ments were performed in diluted H2 (5 mol% H2/ He balance), namely 
Ni K-edge and Ce L3-edge tests. XANES spectra were collected at tem
peratures in the range of 400–800 ◦C. A combination of Athena software 
[37] and Python scripting was used for data normalization and pro
cessing, using a linear combination of standard spectra for analysis. NiO 
and metallic Ni were used as Ni2+ and Ni0 standards respectively, while 
Ce(NO3)3⋅6H2O and CeO2 were used for Ce3+ and Ce4+, respectively. 

Partial oxidation of methane (POM) experiments were carried out to 
assess the Ni0/Ni2+ and Ce3+/Ce4+ ratios under catalytic operation 
conditions. Reactor inlet composition was of 1 cm3 min− 1 O2, 2 cm3 

min− 1 CH4 and 197 cm3 min− 1 He. Molar feed ratio was selected to be 
the stoichiometric ratio for POM (CH4:O2 = 2) and the spatial time was 
of τ = 0.06 mg min cm− 3. 

The samples were first heated in diluted hydrogen (5% H2/He), with a 
ramp rate of 10 ◦C min− 1, from room temperature to the maximum 
operating temperature of 600 ◦C for nanometric samples calcined at low 
temperatures (LT: 400 ◦C and 650 ◦C), and of 800 ◦C for samples calcined 
at high temperature (HT: 900 ◦C and 1100 ◦C). After a 20 min dwell at 
maximum temperature, the atmosphere was changed to the conditions 
detailed above for the POM reaction. The samples remained in this at
mosphere for 25 min and were then cooled to 400 ◦C (LT samples) or 
500 ◦C (HT samples), following a cooling ramp rate of 10 ◦C min− 1. 

3. Results and discussion 

3.1. Structural characterization 

The phases present in the SDC and NiO/SDC samples, calcined at 
different temperatures were determined by XPD. Fig. 1a and b display 

Fig. 1. XPD diffractograms of fresh samples fired at the indicated temperatures, 
(from 400 ◦C up to 1100 ◦C): (a) single-phase SDC samples and (b) NiO/SDC 
two-phase nanocomposites. Bragg peaks corresponding to SDC and NiO are 
filled in blue and green, respectively. 
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the diffractograms over the 20–80◦ 2θ-range corresponding to SDC and 
NiO/SDC composites, respectively. This 2θ range includes the most 
intense Bragg peaks of both phases. 

In Fig. 1a the different SDC samples only exhibit the Bragg peaks 
corresponding to the fluorite-type crystal structure of doped ceria ma
terials. XPD patterns shown in Fig. 1b, corresponding to different NiO/ 

SDC composites, display the Bragg peaks associated to the fluorite-type 
structure, and additional peaks, which are associated to the quasi-rock 
salt-type crystal structure of the NiO phase. Rhombohedral distortions 
are not observed in NiO diffraction patterns, neither in samples calcined 
at low temperatures (400 ◦C and 650 ◦C), which show wide diffraction 
peaks, nor in samples calcined at higher temperatures (900 ◦C and 

Fig. 2. TEM micrographs for (a) NiSDC400 (squared particles are NiO), (b) NiSDC650 (polygonal particles are NiO), (c) NiSDC900, (d) NiOSDC1100, (e) SDC400, (f) 
SDC650, (g) SDC900, (h) SDC1100. 
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1100 ◦C) that exhibit narrower peaks. Only the aforementioned phases 
were detected, without signs of contamination, secondary phases or 
evidence of reaction between NiO and SDC. 

In Table 1, the average crystallite sizes of all the phases identified in 
the studied samples are reported, which were estimated from the width 
at half height of the Bragg peaks applying the Scherrer equation. As 
expected a priori, the average crystallite size of the SDC samples in
creases with increasing calcination temperature, from DSDC = 5.3 nm for 
a sample calcined at 400 ◦C to DSDC > 100 nm for those calcined at 
1100 ◦C. In the case of biphasic NiO/SDC samples, both phases exhibit 
the same trend observed for single-phase SDC, with the mean NiO 
crystallite sizes being much larger than those of the SDC phase. 

The Table 1 also reports another a priori expected result, namely the 
monotonous decrease in specific surface area in SDC samples fired at 
increasing temperatures, from Sg = 169.5 m2 g− 1 down to Sg = 5.1 m2 

g− 1 in those fired at 1100 ◦C. The specific surface area is well correlated 
with the monotonous increase in the average crystallite size at 
increasing calcination temperatures. The same trend is evident for the 
dependence of the specific surface area with the firing temperature for 
NiO/SDC nanocomposites (Table 1). 

The results derived from XPD analyses by applying Scherrer equation 
yielded the average crystallite sizes. Therefore, in order to gain an 
insight into the size distribution and shapes of the nanoparticles in NiO/ 
SDC and SDC nanopowders, we have analyzed the TEM images shown in  
Fig. 2. The average sizes determined by analyzes of TEM images (DTEM) 
are reported for all samples in Table 1. 

A set of TEM images corresponding to NiO/SDC nanocomposites 
fired at 400, 650, 900 and 1100 ◦C are shown in Fig. 2a–d, respectively. 
In particular, the image shown in Fig. 2a referring to a sample fired at 
400 ◦C shows two groups of particles with different morphologies 
which, according to EDS analysis, correspond to two different phase 
compositions: large squared NiO particles with DTEM = 42 nm and 
smaller nearly spherical SDC nanoparticles with DTEM = 8.5 nm. This 
bimodal particle size distribution is also observed for samples treated at 
650 ◦C. The TEM images of samples fired at 900 ◦C and 1100 ◦C show 
nearly polygonal nanoparticles with mean values of DTEM = 43 nm and 
DTEM = 107 nm, respectively. In these samples, it was not possible to 
discriminate between the two phases only by particle morphology, so we 
can only inform one average size. 

A set of TEM images corresponding to SDC nanopowders fired at 400, 
650, 900 and 1100 ◦C are shown in Fig. 2e–h, respectively. In the sample 
fired at 400 ◦C, the observed SDC nanoparticles exhibit a nearly spherical 
shape and are rather small (DTEM = 4.6 nm). In SDC samples calcined at 
650 ◦C the average size is larger (DTEM = 12.1 nm). and the particle 
morphology appears more irregular while in samples calcined at 900 ◦C 
polygonal nanoparticles are apparent (DTEM = 25 nm). In samples 
calcined at 1100 ◦C the average particle size is almost four times larger. 

It is worth to point out that, for all samples, BF and DF micrographs 
exhibited similar morphologies. Given the fact that DF images are produced 
by selecting a diffracted electron beam and that the sizes found in TEM and 
XPD analyses were similar in all cases, it can be concluded that the particles 
observed in BF micrographs are in fact SDC or NiO crystallites. 

Fig. 3. Selected sets of XANES spectra of NiO/SDC samples, taken at the Ce L3- and Ni K-edges upon heating under 5 mol% H2/He up to 800 ◦C. (a) NiSDC900, Ce L3- 
edge, (b) NiSDC900, Ni K-edge, (c) NiSDC1100 Ce L3-edge, (d) NiSDC1100, Ni K-edge. 
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3.2. Reducibility of SDC and NiO/SDC samples 

Fig. 3a and b display sets of XANES spectra recorded at different 
temperatures corresponding to NiO/SDC sample fired at 900 ◦C taken at 
the Ce L3- and Ni K-edges, respectively. The XANES spectra shown in 
Fig. 3c and d refer to NiO/SDC sample fired at 1100 ◦C also recorded at 
the Ce L3- and Ni K-edges, respectively (See Figs. S9 and S10 with spectra 
of samples fired at different temperatures). In all cases, the temperature 
dependences of XANES spectra during the heating process indicate a 
clear increase in both Ce3+/Ce4+ and Ni0/Ni2+ ratios as a consequence 
of the reduction of Ce and Ni cations, respectively. 

The experimental XANES spectra at the Ni K-edge for all studied 
samples were successfully fitted by using linear combinations of two (Ni 
and NiO) XANES standard spectra. This yielded the respective fractions 
of reduced Ni0 and oxidized Ni2+ atoms. An example of the quality of the 
fitting procedures is displayed in Fig. S11. In this way the relative 
amounts of NiO and Ni0 were quantified for all Ni K XANES spectra and 
from them the temperature dependence of the degree of Ni reduction 
(εNi = [Ni0/(Ni0 + Ni2+)]) was calculated. The same procedure was 
applied to all XANES spectra acquired at the Ce L3-edge. 

The temperature profiles of the degree of reduction, εCe = [Ce3+/ 
(Ce4+ + Ce3+)], under reducing atmosphere were determined and are 
plotted in Fig. 4a for different SDC samples. Notice that for samples fired 
at 400 ◦C and 650 ◦C the εCe values were determined from XANES spectra 
recorded only up to a maximum temperature Tmax = 600 ◦C. This avoided 
significant crystallite growth during XANES measurements. The reduction 
degree of Ce (εCe) exhibits increasing trends with temperature for all SDC 
samples. Nonetheless, the degree of reduction of the SDC sample previ
ously calcined at 400 ◦C exhibits values larger than those of samples fired 
at higher temperatures (650, 900 and 1100 ◦C) over the whole tempera
ture range. It is worth noticing, there is no significant difference in the 
reduction profiles for samples fired at 900 ◦C or 1100 ◦C. 

The reduction profiles derived from XANES analyses are consistent 
with the results from reduction experiments performed by using a TPR 
laboratory equipment displayed in Fig. 5a. The reduction profiles of 
CeO2-based oxides usually consist of two main peaks: a low temperature 
peak and a high temperature peak usually attributed to the reduction of 
surface and bulk species respectively [38]. In this case, it is clear that the 
low temperature peak decreases its intensity with firing temperature 
owing to specific surface area reduction and crystallite growth. In fact, 
for SDC900 and SDC1100 samples, this peak virtually disappears lead
ing to a large high temperature contribution to the reduction profile 
consistent with reduction of bulk ceria. In these samples fired at high 
temperatures there is no significant difference in the Ce reduction 
behavior observed both by in-situ and ex-situ techniques. 

The temperature profiles of degree of Ce reduction (εCe) in NiO/SDC 
cermets plotted in Fig. 4b indicate clear differences in both the Ce 
reduction light-off temperature and the degree of Ce reduction. The 
results exhibit a significant improvement in reduction kinetics for 
samples calcined at lower temperatures. It is noteworthy that for the 
NiSDC900 sample (Fig. 4b) Ce reduction is enhanced when NiO is added 
to the system thus indicating a strong interaction of the Ce from the 
support with the Ni from the active phase. 

Supported NiO reduction profiles usually exhibit two or more rele
vant features, namely low temperature contributions mostly assigned to 
reduction of NiO superficial free species, and a high temperature 
contribution generally attributed to the reduction of NiO species that 
strongly interact with the support [39,40]. Results from Ni reduction 
kinetics derived from XANES analyses are plotted in Fig. 4c. It is 
noticeable that Ni reduction kinetics is enhanced for samples with 
smaller NiO average crystallites and higher specific surface area values. 
In particular, the NiSDC400 sample exhibits a one-step NiO to Ni0 

reduction evidenced by a steep reduction growth. This is also evident 
from the results of TPR laboratory tests shown in Fig. 5b in which a single 
peak is observed in the reduction profile. In the case of the results 
referring to the NiSDC650 sample, a predominantly single step reduction 

profile is apparent, however, there is a change in the slope of the curve for 
reduction values higher than 80% (Fig. 4c). This feature is clearly seen as 
a broad shoulder in the TPR profile between 400 and 500 ◦C shown in 
Fig. 5b. In Fig. 4c it is clear that this feature becomes increasingly rele
vant for the NiSDC900 sample, and for the NiSDC1100 one it is evident as 
an abrupt change in the slope of the Ni reduction profile at T = 450 ◦C, 
correlated with a broad peak in the TPR profile plotted in Fig. 5a. The 

Fig. 4. Degrees of Ce and Ni reduction (εCe and εNi) derived from XANES 
spectra recorded for (a) SDC samples at the Ce L3-edge, (b) NiO/SDC nano
composites at the Ce L3-edge, (c) NiO/SDC nanocomposites at the Ni K-edge. 
The displayed curves refer to four samples fired at the indicated temperatures, 
ranging from 400 up to 1100 ◦C. 
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wider distribution of NiO particle size in the NiSDC1100 sample 
(Fig. S10) can explain the change in the slope in the reduction profiles 
shown in Fig. 4c and the broad shoulder in the TPR profile plotted in 
Fig. 5b. 

3.3. Partial oxidation of methane experiments 

In this section we describe the results of in-situ POM experiments 
that were performed in order to gain further insight into the role of 
crystallite size and specific surface area on the interaction between the 
active phase and the support, and consequently in the catalytic activity 
of the studied samples. This interaction was studied by simultaneously 
following the oxidation state of both Ce and Ni during the catalytic 
experiments. As previously detailed in the experimental section, all 
samples were pre-reduced in diluted hydrogen and heated up to 600 ◦C 
(NiSDC400 and NiSDC650) or 800 ◦C (NiSDC900 and NiSDC1100) in 
this atmosphere before switching to CH4/O2 atmosphere. 

Fig. 6 displays the evolution of the Ce3+ fraction with time derived 
from the results of in-situ XANES experiments referring to SDC samples 

fired at different temperatures. SDC400 and SDC650 samples exhibit Ce 
re-oxidation during the first five minutes of the experiment in CH4/O2 
atmosphere at a constant temperature of 600 ◦C. However, re-oxidation 
is faster for the sample fired at 650 ◦C and reaches a value of Ce3+

fraction lower than for the sample fired at 400 ◦C. In line with this, 
SDC900 and SDC1100 samples also exhibit Ce re-oxidation at the 
beginning of the experiment. Nevertheless, the profile referring to the 
SDC900 sample presents a very pronounced re-oxidation profile 
compared to the small and slow-changing oxidation step shown for 
SDC1100 sample. In addition, Ce in this last sample remains much more 
reduced compared to sample SDC900 achieving a value of εCe = 0.29 vs 
εCe = 0.06 at 500 ◦C. 

Fig. 7 displays the time evolution of both Ce and Ni fractions during 
the partial oxidation experiments for NiSDC samples fired at different 
temperatures. NiSDC400, NiSDC650 and NiSDC900 samples exhibit a 
stable Ce and Ni oxidation state while temperature is kept constant. On 
the other hand, NiDC1100 sample displays a slight re-oxidation of both 
Ce and Ni at the beginning of the experiment. After a 25 min dwell, the 
temperature was reduced at a rate of 10 ◦C min− 1. It can be seen that, 
upon cooling in reaction conditions, all samples exhibit Ni re-oxidation. 

Our results indicate that the samples fired at low temperatures 
(NiSDC400 and NiSDC650) exhibit a common behavior: upon cooling, at 
a given temperature, Ni begins to re-oxidize displaying a steep oxidation 
step. This stepwise oxidation is also spotted in Ce fraction (εCe) profiles. 
In both cases, Ni oxidation takes place first, triggering the subsequent Ce 
oxidation. However, there are two clear differences between them: in 
the first case, maximum Ni re-oxidation takes place at T = 437 ◦C 
whereas in the second case it does at T = 473 ◦C. Furthermore, the re- 
oxidation step is steeper in the case of NiSDC400 sample compared to 
NiSDC650 sample. This indicates that sample fired at 400 ◦C remains 
reduced in a wider temperature range and the oxidation kinetics is faster 
than that of sample fired at 650 ◦C. 

Ni re-oxidation rates calculated for all samples from the slope of εNi 
curves are: NiSDC400: 33.6% ◦C− 1; NiSDC650: 24% ◦C− 1; NiSDC900: 
23.6% ◦C− 1; NiSDC1100: 5.7% ◦C− 1. (See Fig. S12). This shows that 
samples fired at high temperatures (NiSDC900 and NiSDC1100) exhibit 
the same trend: the larger the surface area the wider the temperature 
range in which the sample remains reduced (800–542 ◦C for sample 
NiSDC900 and 800–748 ◦C for sample NiSDC1100). The temperatures of 
maximum Ni re-oxidation rate are 534 ◦C and 671 ◦C for samples 
NiSDC900 and NiSDC1100 respectively. It is noteworthy that SDC1100 
sample has a markedly broader Ni oxidation profile compared to 
NiSDC900 sample, indicating that re-oxidation in larger Ni grains is 
limited by O diffusion in the bulk. 

Mass spectrometry (MS) results from catalytic experiments are 
exhibited in Fig. 7 for all NiSDC samples (See Figs. S13 and S14 for MS 
results of SDC samples). In the first set of samples fired at low temper
ature, a stable reactant and product distribution is achieved a couple of 
minutes after the reaction conditions were established. In both cases 
(NiSDC400 and NiSDC650) there is H2O, CO2, CO and H2 production 
and low O2 values in the exhaust. However, the signals that correspond 
to products are not very intense compared to the other set of samples 
because temperature was fixed at 600 ◦C, value at which both total and 
partial oxidation of methane reactions are not expected to exhibit a high 
yield. Finally, with the reduction of the reactor temperature, CH4 and O2 
signals become more apparent and other signals of oxidation products 
begin to decrease. In samples fired at 400 ◦C and 650 ◦C, this behavior is 
attributed, first, to thermal deactivation and then enhanced because of 
Ni particle oxidation. This is evidenced with the change in the slope of 
product signals after Ni oxidation takes place. 

Regarding the samples fired at high temperature, the NiSDC1100 
sample exhibits high activity towards methane oxidation, exhibiting 
very intense signals corresponding to CO, H2, H2O and CO2. It is note
worthy that this sample remains active during dwell at 800 ◦C and even 
upon cooling down to 675 ◦C with virtually no presence of O2 in the 
reactor exhaust. On the contrary, the NiSDC900 sample exhibits intense 

Fig. 5. TPR profiles determined by using a conventional TCD detector for (a) 
SDC samples and (b) NiO/SDC nanocomposites. The firing temperatures of the 
different samples are indicated. 
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CH4 and O2 signals during the whole experiment indicating a lower 
activity towards methane oxidation. In fact, the signals corresponding to 
methane oxidation products exhibit a significant decrease during dwell 
at 800 ◦C, a tendency that is further pronounced upon cooling in 

operating conditions. These results can be explained if we consider the 
role of oxygen vacancy concentration in catalytic activity. NiSDC900 
sample exhibits a εCe value higher than 0.57 in contrast to sample 
NiSDC1100 that displays a stable εCe at around 0.35. Therefore, as εNi is 

Fig. 6. Time evolution of Ce3+ fractions (εCe) during catalytic experiments derived from XANES data for different SDC samples.  

Fig. 7. Mass spectrometry results from the reactor exhaust during in-situ POM catalytic experiments plotted altogether with Ni0 and Ce3+ fractions (εNi and εCe) for 
samples (a) NiSDC400, (b) NiSDC650, (c) NiSDC900, (d) NiSDC1100. 
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virtually stable close to unity in both cases, evidence supports that an 
optimum εCe value is required to modulate catalytic activity. 

4. Discussion 

The main aim of this work was to shed light on the relationship of 
relevant nanostructural features (average crystallite size and specific 
surface area), redox behavior and catalytic activity in NiO/CeO2-Sm2O3 
nanocomposites. To achieve this purpose, we have conducted two 
different types of in-situ experimental procedures, namely measure
ments of 1) temperature programmed Ce and Ni reduction under diluted 
H2 and 2) catalytic experiments in CH4/O2 atmosphere at different 
temperatures. In addition, we have investigated observed correlations 
between these results and the relevant structural features (crystallite 
size and specific surface area) of the fresh samples. 

The temperature programmed reduction experiments revealed a 
clear relationship between Ce reduction and calcination temperature, 
which indicates that smaller crystallite sizes and larger surface areas 
enhance significantly the kinetics of the reduction reaction, especially, 
for samples calcined at low temperatures (400 ◦C and 650 ◦C). On the 
other hand, the samples fired at high temperatures (900 ◦C and 1100 ◦C) 
exhibited virtually the same redox behavior in diluted hydrogen. 

The addition of NiO on the surface of SDC significantly affected both 
Ni and Ce reduction profiles revealing an enhancement in the SDC ca
pacity to supply oxygen from the lattice at lower temperatures in 
contrast to the bare support. This enhancement was apparent in all cases 
but especially for the NiSDC900 sample thus indicating that the high 
firing temperature allowed for a stronger interaction between the Ce 
atoms from the support and the Ni atoms from the metallic phase. This 
interplay was noticed in all cases by the change in slope of the Ce 
reduction profile when Ni is fully reduced. This evidence supports one of 
the mechanisms proposed for Ce reduction in materials consisting of Ce- 
based supports mixed with noble and transition metals as active phases, 
in particular Ni/CeO2-based systems. The proposed mechanism for Ce 
reduction consists of the adsorptive dissociation of hydrogen on the 
surface of the already reduced metallic Ni particles, followed by 
hydrogen spillover from Ni to the oxide support [43]. This effect enables 
Ce reduction at lower temperatures predominantly on samples that 
exhibit high size dispersion of metallic Ni particles. This might explain 
why Ce reduction enhancement occurs in the sample NiSDC900 and not 
in the sample NiSDC1100. As reported in Table 1, this last sample ex
hibits a very low specific surface area and a high NiO average crystallite 
size. Moreover, clear differences were spotted in Ni reduction profiles, 
displaying a transition from a single abrupt step reduction toward a 
multi-step reduction with increasing NiO particle sizes and a wider 
particle size distribution. These results agree with previous findings 
related to bimetallic composites for which NiO reduction profiles were 
different for samples with different particle sizes [24]. However, our 
work confirms that calcination of NiO/SDC composites up to tempera
ture up to 900 ◦C fully reduces NiO in a single reduction step at 
T < 550 ◦C, while for sample fired at 1100 ◦C full reduction occurs at 
T > 600 ◦C yielding a multi-step reduction profile. 

The temperature programmed experiments presented in this work 
provided information on the oxygen mobility of the samples, which 
plays a key role on the activation of the CH4 molecule. Huang et. al 
reported a clear dependence in the CO production rate during CH4 
oxidation reactions with oxygen mobility and bulk concentration [44]. 
This statement agrees with previous findings indicating that, once CH4 
molecule is dissociated, the oxygen atoms from the lattice are the ones 
involved in the oxidation of the fuel [22,44]. Considering this, since in 
our work O2 was continuously supplied in the feed flow, a sufficient 
oxygen concentration in the bulk was guaranteed. Thus, oxygen 
mobility and fast oxygen replenishment stand as the key factors limiting 
an efficient oxidation of CH4. 

Our results from samples fired at high temperatures (NiSDC900 and 
NiSDC1100) indicate that higher oxygen vacancy concentrations are 

detrimental for catalytic activity toward methane oxidation. A strong 
metal support interaction was evidenced in sample NiSDC900 that 
significantly modified the redox behavior of the sample, increasing 
drastically the Ce3+ content in the sample, thus preventing an efficient 
catalytic behavior. 

The presence of oxygen vacancies has been widely associated to a 
higher catalytic activity in CeO2-based materials. This has been attrib
uted to the highly reactive oxygen in the surface related to the oxygen 
vacancies [17,32]. Oxygen vacancies are created during Ce4+ to Ce3+

reduction as a mechanism for charge compensation in the oxide lattice. 
Thus, the larger the fraction of reduced cerium, the larger the amount of 
oxygen vacancies present in the lattice. Nonetheless, recent findings 
indicate that a moderate concentration of oxygen vacancies is required 
to boost catalytic activity. An excessive amount of oxygen vacancies can 
affect negatively oxygen mobility and, particularly affect the for
mation/regeneration of reactive oxygen species formed during the 
adsorption of O2 from the gas phase (O2 → O2

- → 2O- → 2O2-) [34]. 
These active oxygen species such as O2

- or O- deactivate through reac
tion with oxygen vacancies [33]. Therefore, less active surface capping 
oxygen (O2-) is responsible for the decreased activity in samples with 
high vacancy concentration. 

The results from the present work established the key role played by 
oxygen atoms from the Ce support on the activity for methane oxidation, 
particularly when samples exhibit different average crystallite size and 
specific surface area that result in a significantly different redox 
behavior. In NiSDC samples fired at high temperatures, the fraction of 
reduced ceria remained virtually constant during the whole experiment, 
especially in the case of the sample fired at 1100 ◦C. This can be 
explained by the low specific surface area of the support that decreases 
its redox capacity, as also noticed in laboratory H2-TPR experiments. 
Nonetheless, there seems to be an optimum Ce3+ fraction that enhances 
catalytic activity. Therefore, an increase of that fraction above the op
timum value becomes detrimental to catalytic activity. 

In samples fired at low temperatures the fraction of reduced ceria 
remains constant even during Ni oxidation, thus indicating a fast redox 
exchange and a surface oxygen replenishment while the catalyst is still 
active with a Ce3+ fraction that does not exceed 0.32 in any case. It is 
important to point out that immediately after Ni re-oxidation ends, Ce 
oxidation is triggered. These results highlight the relevance of H2 spill
over over metallic Ni in the reduction of the support in NiO/SDC 
nanocomposites. In line with this, another interesting result is the 
markedly different behavior of the SDC support in absence of Ni phase 
compared to that of SDC support in NiSDC samples. In the first case, Ce 
re-oxidation occurs faster in the CH4/O2 atmosphere, whereas, in the 
second case, the fraction of Ce3+ in impregnated samples remains 
invariant while temperature is kept constant. This suggests that there is a 
clear interplay between Ce atoms from the support and Ni atoms from 
the active phase thus tuning the redox capacity of the sample. 

It is worth noting that the variation in the specific surface area and 
average crystallite in both NiSDC400 and NiSDC650 samples determines 
the temperature at which the Ni phase becomes oxidized. Our results 
indicate that the larger the Ni crystallite size the slower the oxidation 
kinetics, thus indicating that re-oxidation is limited by oxygen diffusion 
in the bulk. Furthermore, the higher the specific surface area, the wider 
the temperature range over which sample remains active. It also worth 
pointing out that catalyst oxidation is one of the main causes of deacti
vation in Ni-based catalysts because metallic Ni sites stand as the active 
phase for methane decomposition [45]. Therefore, during our experi
ments, we have identified the temperature below which samples begin to 
deactivate due to re-oxidation of the active phase. In particular, as shown 
in Fig. 8, Ni oxidation temperature decreases with increasing specific 
surface area. In addition, taking into consideration that specific surface 
area, Sg, is inversely proportional to the average grain size, DBET, a clear 
relationship between sample grain size and activity towards fuel oxida
tion was established. In this case, an increase in grain size triggers Ni 
re-oxidation of the sample at a higher temperature. This was evidenced in 
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the change in the slope of the signals corresponding to oxidation product 
in the reactor exhaust upon cooling in all samples except for sample 
NiSDC900. This sample presented signs of deactivation from the begin
ning of the experiment because of the high εCe value in the support. 

5. Conclusions 

We have studied by in-situ XANES spectroscopy the relationship 
between catalytic activity and relevant structural features – such as 
average crystallite size and specific surface area – of NiO/CeO2-Sm2O3 
nanocomposites. 

Our experimental results demonstrate that the redox behavior of the 
studied samples depends significantly on their average crystallite size and 
specific surface area. SDC samples fired at different temperatures exhibit 
different reduction kinetics, particularly in the case of those fired at low 
temperatures, which exhibit decreasing light-off temperatures for smaller 
crystallite sizes. The addition of a NiO phase to the SDC support enhances 
oxygen supply from the lattice and reinforces the influence of grain size 
in the Ce reduction profile. NiO reduction profiles in Ni/SDC samples 
exhibit a transition from a single step reduction to multi-step reduction 
profiles for increasing NiO particle sizes and wider particle size distri
butions. Not only the reduction kinetics is modified but also a shift to
ward low temperature was observed for samples with smaller crystallite 
sizes, achieving in all cases a full phase reduction at T < 600 ◦C. 

During the course of the experiments in diluted H2 and in CH4/O2 
atmospheres, a clear interplay between SDC and NiO phases was 
observed. When Ni is added to the system, a shift in the reduction 
temperature is observed. Moreover, when full Ni reduction is achieved, a 
change in the slope of Ce reduction profile is apparent. This provides a 
strong evidence of the presence of H2 spillover in the metallic phase that 
enhances Ce reduction. This enhancement in Ce reduction is further 
accelerated when complete Ni reduction is achieved. This behavior was 
visible in all cases but especially for the NiSDC900 sample, indicating 
that higher firing temperatures promote a stronger interaction between 
Ce atoms from the support and Ni atoms from the metallic phase. 

After sample activation, the decrease in temperature revealed a 
deactivation effect due to active phase re-oxidation. We have deter
mined the point at which both metallic and oxide support are oxidized 
and what is the overall effect in the product distribution derived from 
POM reaction. A clear relationship is established between the temper
ature at which the Ni phase becomes oxidized and the grain or crystallite 
size. Our results evidence that the larger the Ni crystallite size the slower 
the oxidation kinetics, thus indicating that re-oxidation effect is limited 

by oxygen diffusion in the bulk. In addition, evidence of the presence of 
a spillover mechanism when oxidation of Ce phase takes place was also 
obtained during POM experiments as oxidation of Ce phase took place 
immediately after Ni oxidation. 

In-situ catalytic tests for partial oxidation of methane revealed a key 
role of the oxygen of the Ce support in the reaction mechanism and, 
particularly, a significant modification of the sample activity with grain 
or crystallite size and specific surface area. Evidence is provided to 
support that the relationship between oxygen vacancy concentration 
and catalytic activity is not direct. A higher Ce3+ content in the NiSDC 
catalyst support was found to be detrimental to catalytic activity in the 
NiSDC900 sample compared to the NiSDC1100 one, that exhibited a 
moderate concentration of oxygen vacancies. These results highlight the 
importance of tuning oxygen vacancy concentration in CeO2-supported 
Ni catalysts to modulate catalytic activity for methane oxidation. 
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