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A B S T R A C T

LaNiO3 perovskites have been recently studied for H2 production from NH3 decomposition / cracking. So far, this 
material has had its catalytic performance boosted along the addition of basic doping agents. Nevertheless, little 
attention has been paid to the potential benefit to gain from its textural properties. In this work, high specific 
surface area LaNiO3 were prepared through the yet never explored combination of citric acid as complexing 
agent, SBA-15 as sacrificial hard template (to create mesopores), and exsolution (to expose and activate Ni). After 
removal of the template, the resulting mesoporous LaNiO3 reached a specific surface area as high as 200 m2/g. In 
a second step, Ni nanoparticles were exsolved to reach the final catalyst, yielding 89 % NH3 conversion at 550 ◦C 
and a GHSV of 30 000 mL/gcata.h, with a stability of at least 72 h. Due to the extended specific surface area of 
LaNiO3, exsolved Ni nanoparticles were highly dispersed which greatly enhanced the catalytic performance. This 
catalyst achieved a H2 formation rate of 29 mmol/gcata.min which is higher than any previously reported doped 
LaNiO3. This work demonstrates the feasibility to produce both noble metal and promoter-free LaNiO3 being 
particularly active and stable in efficient H2 production from NH3 decomposition.

1. Introduction

For more than a century, worldwide societies have grown and 
developed using a carbon-based energy industry [1]. Although fossil 
fuels have brought welfare and progress to our economies, it has not 
been the same for the environment [1,2]. Global warming, depletion of 
fossil fuels sources and air pollution are among the most important 
current issues. To mitigate these environmental problems, it is necessary 
to find new, eco-friendly energy sources [2,3]. In this regard, H2 with an 
energy density three times higher than diesel or gasoline (120 MJ/kg vs 
46 MJ/kg), appears as a green energy source which can replace tradi
tional carbon fuels in the upcoming decades [3]. Despite its superior 
energy density, drawbacks associated with hydrogen handling, storage 
(i.e. liquefaction at − 253 ◦C or at 500 bars) and safe distribution, have 
prevented the development of an efficient hydrogen based economy 
[2–4]. In this context, several hydrogen carriers such as metal hydrides, 
H2O and NH3 have been proposed as alternatives for H2 storage and in 

situ production [5–7]. Among them, NH3 arises as one of the most 
promising [7].

NH3 possesses a high hydrogen content (17.7 %wt) which provides 
several solutions to the above-mentioned inconvenients [4,7]. NH3 can 
be stored easier than pure H2 as a liquid (with its liquefaction at only 
–33.4 ◦C or 8.5 bars), indeed [7,8]. In addition, NH3 is a stable molecule 
with a low explosibility which makes it safer for transportation [7–9]. 
Apart from H2 and N2 formation, NH3 decomposition does not emit any 
greenhouse gas which is beneficial for our polluted environment [8,9]. 
NH3 cracking into H2 and N2 is an endothermic and reversible reaction 
that, without the presence of an appropriate catalyst, the reaction re
quires high temperatures beyond 800 ◦C to achieve a complete con
version [10]. Thereby, active heterogeneous catalysts are required to 
decrease the reaction temperature without sacrificing conversion and 
diminishing the energy input [10,11].

The catalytic decomposition of NH3 involves its adsorption on the 
catalyst surface (Eq. (1)) followed by the breaking of N-H bonds (Eqs. 
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(2)–(4)). Then, the associative recombination of N(ads) (Eq. (5)) and 
H(ads) (Eq. (6)) atoms occurs to form diatomic H2 and N2, respectively. 
As regards Eq. (5), which is the rate limiting step of the reaction, a 
transition metal-nitrogen bond (M− N) is formed on the catalyst surface 
[12,13]. This bond should be weakened to form the triple N≡N bond 
during the associative recombination of N(ads) atoms. The latter can be 
accomplished by increasing the electron donation from the transition 
metal to the M− N antibonding orbital using either a basic support or a 
dopant that boosts catalysts basicity. This electron-donation can activate 
the N≡N triple bond formation at lower temperatures which leads to an 
energy-saving process to produce H2 from NH3 [13]. 

NH3(g)→NH3(ads) (1) 

NH3(ads)→NH2(ads) +H(ads) (2) 

NH2(ads)→NH(ads) +H(ads) (3) 

NH(ads)→N(ads) +H(ads) (4) 

N(ads) +N(ads)→N2(ads) (5) 

H(ads) +H(ads)→H2(ads) (6) 

In the literature, most of the catalysts employed for NH3 decompo
sition are Ru based ones that reach complete conversions at 550 ◦C 
[14,15]. For instance, Zhang et al. deposited Ru on La2O3 to achieve 90 
% conversion at 525 ◦C under a gas hourly space velocity (GHSV) of 18 
000 mLNH3/gcata.h [14]. Similarly, Zhiqiang et al. used Ru nanoparticles 
supported on KSiO3 and accomplished complete conversion at 550 ◦C at 
30 000 mLNH3/gcata.h keeping the same catalytic activity for 70 h [15]. 
However, the high cost of Ru and its scarcity have prompted researchers 
to look for non-noble metal catalysts that are as active as Ru ones. 
Among the different transition metals available, several exploratory 
investigations have identified Ni as a potential candidate to substitute 
Ru [16]. Nevertheless, most of Ni catalysts reported in the literature 
require high temperatures to completely decompose NH3 (T > 550 ◦C) 
and most of them are not stable after a few hours of reaction due to Ni 
sintering [17,18].

To better exploit Ni, several authors have included this non-noble 
metal in an ABO3 type perovskite structure. The latter is known to 
possess high electron conductivity and high chemical stability over a 
wide range of temperature which is essential to prevent Ni sintering 
under catalytic reaction conditions [19,20]. Within ABO3, the “A” 
trivalent cation is a rare earth metal while the “B” divalent cation is a 
non-noble transition metal. The salt precursors of these cations are 
dissolved together followed by a precipitation to obtain a mixture of 
oxides. Then, a calcination step at high temperatures (T > 750 ◦C) is 
applied leading to low specific surface area perovskites (~ 4 m2/g) 
[21–23]. Among all ABO3 solids, LaNiO3 has proven to be quite active in 
NH3 decomposition [21,22]. For instance, Podila et al. managed to reach 
90 % conversion at 550 ◦C and under 6 000 mLNH3/gcata.h. To improve 
the catalytic performance of LaNiO3, authors have added dopants in the 
perovskite structure to increase its basicity. For instance, Li et al. have 
prepared La0.5Sr0.5NiO3 that achieved 88 % conversion at 550 ◦C and 
under 30 000 mLNH3/gcata.h, keeping the same conversion for 50 h [23]. 
Although the catalytic activity is comparable to that of Ru catalysts, the 
latter perovskite presents a low specific surface area (~12 m2/g) just like 
many other perovskites reported in the literature. Therefore, such 
perovskite catalysts need to be further improved.

To the best of our knowledge, boosting the efficiency of LaNiO3 in 
NH3 decomposition by specifically fostering its specific surface area has 
never been reported. Conventional techniques such as the self- 
combustion method, precipitation or the citric acid complexing 
method yield LaNiO3 with low specific surface areas due to sintering 
during the calcination step, indeed. Hence, in this work, we propose to 
prepare the catalyst along the yet never explored combination of the 

citric acid complexation method, sacrificial hard templating with SBA- 
15, and subsequent Ni exsolution to yield highly dispersed Ni nano
particles on a high specific surface area Ni and La based perovskite 
catalyst. The combined excellent textural properties and high Ni 
dispersion of our materials lead to an efficiency and a stability in the 
catalytic NH3 decomposition never reached before for clean H2 pro
duction from ammonia on both noble metal-free and promotor-free 
catalysts.

2. Experimental section

Bulk LaNiO3 was synthesized as a reference material, while meso
porous SBA-15 was used as sacrificial hard template to deposit LaNiO3 
precursors. SBA-15 bears higher thermal and hydrothermal stability 
than other silicate materials with large unit cell size to yield wide pores 
[24,25]. After SBA-15 was eliminated from LaNiO3 structure, high 
specific surface area perovskites were produced. In a final step, an 
exsolution under reducing conditions was applied to expose and activate 
Ni nanoparticles at the surface of the catalysts.

2.1. Synthesis of bulk LaNiO3

Bulk LaNiO3 perovskite was synthesized through the citric acid 
complexing method.23-25 First, 8 mmol of nickel nitrate hexahydrate 
(2.37 g Ni(NO3)2⋅6H2O, 98 %, Alfa Aesar) and 8 mmol of lanthanum 
nitrate hexahydrate (3.46 g of La(NO3)3⋅6H2O, 99.99 %, Sigma-Aldrich) 
were dissolved in 30 mL of ethanol (CH3OH, 96 %, Carl Roth) and 10 mL 
of distilled H2O. Next, 3.07 g of citric acid (C6H8O7, 98 %, TCI Chem
icals) was added to the previous solution to keep a Ni:La:citric acid ratio 
of 1:1:2. The solution was magnetically stirred at room temperature for 
30 min followed by another 12 h of agitation at 60 ◦C. The green spongy 
solid obtained was then dried at 110 ◦C for another 12 h and then 
calcined in air at 750 ◦C for 4 h with a heating ramp of 2 ◦C/min to 
obtain the LaNiO3 perovskite structure.

2.2. Synthesis of SBA-15

Mesoporous SBA-15 was synthesized by a hydrothermal method 
using poly(ethylene glycol)-block-poly(propylene glycol)-block-poly 
(ethylene glycol) (Pluronic P123, Sigma-Aldrich) as a soft template. 
Briefly, 2.82 g of P123 was dissolved in 75 mL of distilled H2O along 
with 14 mL of HCl (37 %, Sigma-Aldrich). The mixture was magnetically 
stirred for 2 h at 35 ◦C until all P123 was well dissolved. Next, 6.6 mL of 
tetraethyl orthosilicate (TEOS, C8H20O4Si, >98 %, TCI Chemicals) was 
added to the previous mixture and the agitation continued at 35 ◦C for 
12 h. The solution was then transferred into a Teflon-lined stainless-steel 
autoclave and heated under autogenous pressure at 90 ◦C for 48 h. The 
precipitate obtained was vacuum-filtered and washed 3 times with 25 
mL of hot (~85 ◦C) distilled water. Finally, the solid was calcined at 
550 ◦C for 4 h under air.

2.3. Synthesis of high specific surface area LaNiO3

SBA-15 was employed as a sacrificial hard templating agent to 
distribute the La and Ni precursors over its structure. Precisely, 4 mmol 
of Ni(NO3)2⋅6H2O and 4 mmol of La(NO3)3⋅6H2O were dissolved 
together in 30 mL of ethanol and 10 mL of distilled H2O. Afterwards, 8 
mmol of citric acid was added to the previous solution and magnetically 
stirred for 30 min at room temperature. Next, different amounts of SBA- 
15 (i.e. 0.25, 0.50 and 1.00 g) were added to the mixture and the 
resulting suspension was agitated for 4 h at 60 ◦C. The solvent was then 
removed through rotary evaporation at 70 ◦C. The green solid obtained 
was dried overnight at 110 ◦C followed by calcination at 750 ◦C under 
air for 4 h with a heating ramp of 2 ◦C/min. To remove SBA-15 and just 
leave the LaNiO3 phase, the calcined solid was suspended into 80 mL of a 
5 mol/L NaOH solution. The suspension was magnetically stirred for 12 

S. Gamez et al.                                                                                                                                                                                                                                  Chemical Engineering Journal 506 (2025) 160377 

2 



h at 90 ◦C to dissolve SBA-15. Finally, the lanthanum nickelate oxide 
without SBA-15 was vacuum-filtered and washed three times with 25 
mL of distilled H2O at 85 ◦C, followed by drying in the hood overnight at 
room temperature. Prior to catalytic tests, all samples were submitted to 
a reducing exsolution protocol flowing them with 100 mL/min of H2/Ar 
(5 v/v%) at 550 ◦C (according to H2-TPR analysis Fig. S1) for 1 h using a 
heating ramp of 5 ◦C/min (Scheme 1).

For sake of clarity Ni-La2O3 is written in the scheme, but actually it 
should be written Nix-LaNi1-xOy as likely not all the Ni is exsolved (some 
of it likely remaining in the perovskite). Moreover, the symbol − is 
purposedly used instead of / to suggest the fact Ni particles are somehow 
embedded in the perovskite and therefore resistant to sintering, whereas 
/ is conventionally used to represent particles just deposited at the 
surface of a support.

Hereafter bulk perovskite is named as LaNiO3-B, while after reduc
tion treatment it is denoted as R-LaNiO3-B. The samples synthesized 
with 1.00, 0.50 and 0.25 g of SBA-15 are denoted LaNiO3-SBA15(1.00 
g), LaNiO3-SBA15(0.50 g) and LaNiO3-SBA15(0.25 g). After the hard 
template removal, samples are named LaNiO3-S(X) with X being the 
mass of SBA-15 previously used for their synthesis. Finally, the prefix 
“R” refers to the samples treated under H2, for instance R-LaNiO3-S(X) 
with X being the mass of SBA-15 that was initially introduced.

2.4. Characterization techniques

Textural properties of LaNiO3 samples were studied by N2 phys
isorption at − 196 ◦C using a Micromeritics Tristar 3000 machine. Prior 
to analyses, about 100 mg of samples was degassed under vacuum 
(~0.1 mbar) at 200 ◦C for 12 h. The specific surface area was calculated 
by means of the Brunauer-Emmet-Teller (BET) method exploiting the 
data collected in the 0.05 < P/Po < 0.30 range of the adsorption branch 
isotherm. Pore volume and pore size distributions were estimated along 
the Barrett, Joyner and Halenda method (BJH) using the data of the 
desorption branch [26–28]. The morphology of perovskites after SBA-15 
removal was analyzed through scanning electron microscope (SEM) in a 
JEOL JSM-7600F equipment with an accelerating voltage of 0.1 kV to 
30 kV.

To confirm the formation of the lanthanum nickelate oxide phase 

and exsolved Ni nanoparticles, X-ray diffraction (XRD) was performed in 
a Bruker-D8 Advance diffractometer with a Bragg-Brentano geometry 
and a copper anode Kα = 0.15418 nm operated at 20 kV and 5 mA. 
Grinded LaNiO3 samples before and after reduction in H2 were placed on 
polished silicon sample holders previously coated with a thin layer of 
Nivea cream. Diffractograms were recorded from 5◦ < 2θ < 80◦ with 
0.015◦ increments in 26 min. Phase identification was performed with 
the ICDD-PDF2–2004 database. Metallic Ni crystallite size was deter
mined through Sherrer. The reflection from the (111) plane, occurring at 
2θ = 44.5◦ (the most intense peak from Ni pattern) was used for the 
crystallite size measurement. Pure Ni powder with a crystallite size of 
100 nm was employed as reference for all calculations. 

d =
Kλ

βCosθ
(7) 

Where d corresponds to crystalline size, K represents the Scherrer 
constant (0.98), λ is the wavelength (1.54) while β denotes the full width 
at half maximum of the selected peak.

Ni nanoparticles size distribution after exsolution was assessed 
through High resolution transmission electron microscopy (HRTEM) 
using a JEOL 2100 Plus UHR microscope operating at 200 kV. Scanning 
transmission electron microscopy (STEM) images using a high-angle 
annular dark-field (HAADF) detector were also acquired. Chemical 
mapping was performed with an energy dispersive X-ray (EDX, Oxford 
Instruments X-Max 80 SDD) spectrometer attached to the microscope 
column.

Elemental composition and Ni oxidation state on the surface of the 
samples were assessed by X-ray photoelectron spectroscopy (XPS) in a 
SSX 100/206 photoelectron spectrometer (Surface Science Instruments 
USA). The machine is equipped with a monochromatized micro focused 
Al X-ray source powered at 20 mA and 10 kV. Grinded samples of 
LaNiO3 before and after reduction treatment under H2 were placed in 4 
mm stainless steel troughs. Afterwards, the troughs were collocated on a 
ceramic carousel covered by a Ni grid. After a degassing step under 10-7 

Pa for 12 h, all samples were transferred to the analysis chamber under 
10-9 Pa with the flood gun set at 8 eV and an analysis angle of 55◦. 
Elemental composition was acquired after a survey scan. The following 
sequence of spectra was recorded: survey spectrum, C 1 s, O 1 s, La 4d 

Scheme 1. Synthesis of high specific surface area Ni-exsolved LaNiO3 perovskites for NH3 decomposition.
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and Ni 3p. Ni 3p core level was chosen for Ni oxidation state estimation 
since La 3d3/2 and Ni 2p3/2 peaks overlap, making difficult to disen
tangle the different La and Ni contributions. Data processing was carried 
out by means of the CasaXPS program (Casa Software Ltd, UK). The C- 
(C,H) contribution of the C 1 s peak was set at 284.8 eV as a reference to 
calibrate all recorded spectra. For the peaks fitting a Shirley background 
was employed with a Gaussian/Lorentzian (30/70) product function 
and after subtraction of a non-linear baseline.

Ni metallic surface area and dispersion on reduced perovskites was 
estimated by H2 chemisorption in a Microtrac Belcat II analyzer. For this 
purpose, around 100 mg of Ni-exsolved LaNiO3 samples was first 
degassed at 150 ◦C for 3 h in a He constant flow of 50 mL/min. Next, 
samples were heated up to 600 ◦C under a mixture of 20 mL/min of H2 
and 30 mL/min of He. The temperature was kept for 1 h and then 
samples were cooled down to 50 ◦C under a 50 mL/min flow of Ar. 
Afterwards, pulses of 0.5 mL of a 0.5 v/v% H2 dissolved in Ar were 
injected to the reduced samples. The H2 volume consumed was 
measured with a thermal conductivity detector (TCD) while a Ni:H ratio 
of 1 was assumed to calculate the metallic surface area [30,31].

2.5. Catalytic tests

Catalytic tests were performed in a fixed bed reactor (Volume = 0.12 
cm3, ID = 7 mm) at atmospheric pressure. First, LaNiO3 perovskites were 
reduced under 100 mL/min of H2/Ar (5 v/v%) at 550 ◦C for 1 h to 
exsolve Ni. Then, the reduced LaNiO3 was cooled down to 300 ◦C under 
N2 atmosphere. At that point, 100 vol% NH3 as fed inside the reactor to 
reach a GHSV = 30 000 mL/gcata.h. The reactor temperature was raised 
by intervals of 50 ◦C up to 650 ◦C keeping the same temperature for at 
least 2 h⋅NH3 conversion and H2 formation rate was estimated with an 
online gas chromatograph (Global Analyser Solutions CompactGC 4.0) 
equipped with a Rt-Q-BOND 15 m x 0.32 mm column and two TCD 
detectors (one focused for H2 and N2 detection and the other for NH3). 
The activation energy was estimated by keeping NH3 conversion below 
20 % at different temperatures. Finally, a stability test was performed at 
550 ◦C for 72 h under a GHSV of 30 000 mL/gcata.h.

3. Results and discussion

Fig. 1a shows the X-Ray diffractograms of LaNiO3-B and LaNiO3-S 
samples before the reducing treatment. All samples display peaks at 
23.3◦ (101), 32.9◦ (110), 40.6◦ (021), 41.2◦ (003), 47.4◦ (202), 53.7◦

(211), 58.8◦ (122), 69.7◦ (220) and 78.9◦ (312), a pattern which cor
responds to rhombohedral LaNiO3 perovskite (PDF 79–2451) [22,23]. 
On the other hand, the diffractogram of SBA-15 (Fig. S2a) displays broad 
peaks at 23◦ and 63◦ characteristic of the SBA-15 structure [32,33]. The 
former large peak is still a bit visible on LaNiO3-SBA15 diffractograms (i. 
e. before removal of the SBA, Fig. S1b) which also presents the 

characteristic peaks of LaNiO3. All of this evidences that i) the LaNiO3 
phase was successfully formed during the calcination stage without 
interference of the silicon oxide material, and 2) SBA-15 removal by 
NaOH washing does not alter LaNiO3, that remained the only phase 
detected.

Table S1 compiles the crystallite sizes of synthesized LaNiO3-S pe
rovskites. The sample prepared with 1.00 g of SBA-15 presented the 
smallest crystallite size. The connection between the decrease in LaNiO3 
crystallite size and the increase in SBA-15 amount can be explained by 
the fact that greater amounts of the hard template provided more space 
for a better distribution of La and Ni ions. Then, during the calcination 
stage, less agglomeration occurred which resulted in LaNiO3 with 
smaller crystallite sizes.

After the reducing treatment under H2/Ar (5 v/v%), LaNiO3 peaks 
vanished (Fig. 1b). As a counterpart, new peaks appeared, belonging to 
La2O3 (PDF 74–2430) and metallic Ni (PDF 65–2865) phases, confirm
ing the exsolution of the latter. This transformation is the consequence 
of LaNiO3 decomposition into oxygen deficient phases such as LaNiO2.7, 
LaNiO2.5 and finally La2NiO4 in a reducing atmosphere [34,35]. 
Through oxygen vacancies of such phases, Ni atoms start to diffuse to
wards the surface of the solid. As more Ni atoms migrate to the surface, 
they agglomerate, forming nanoparticles [34,35]. Note that the pres
ence of residual Ni remaining within the La2O3 matrix is not excluded. 
The higher the temperature is, the bigger the obtained Ni nanoparticles 
are, as a result of a bigger accumulation of exsolved Ni and the subse
quent growth of the nanoparticles [34,35]. As regards La2NiO4, it is 
finally decomposed by H2 yielding La2O3 and Ni as follows [36]: 

LaNiO3(s) +H2(g) ̅̅̅̅̅̅̅̅̅ →
400− 500◦ C La2NiO4(s) +Ni(s) +H2O(g) (8) 

La2NiO4(s) +H2(g) ̅̅̅̅̅̅̅̅̅ →
500− 600◦ C La2O3(s) +Ni(s) +H2O(g) (9) 

Among the reduced samples, R-LaNiO3-B displays peaks at 36.8◦

(111) and 43.4◦ (200) that correspond to NiO (PDF 89–3080). This 
suggests that not all Ni was reduced by H2 during the reduction process. 
Conversely, R-LaNiO-S samples only display a broad peak at 44.6◦, 
attributed to metallic Ni nanoparticles over the newly formed La2O3 
phase. As regards metallic Ni crystallite sizes, R-LaNiO3-B presents Ni 
crystals around 13 nm, whereas the smallest crystallite size is shown by 
R-LaNiO3-(1.00 g) around 8 nm (Table S1). The integration of SBA-15 in 
the synthesis (and then its removal) thus allowed to reach metallic Ni 
nanoparticles with small sizes.

The presence of NiO on R-LaNiO3-B and not in R-LaNiO3-S samples 
can be explained by the fact that SBA-15 allowed a better dispersion of 
LaNiO3. This in turn facilitated Ni diffusion through the La-containing 
phases and its reduction by H2. In the case of R-LaNiO3-B, not all Ni 
was exposed to H2 and some atoms could combine with lattice oxygen of 
the pristine perovskite yielding NiO. The latter can easily be reduced by 

Fig. 1. X-Ray diffractograms of LaNiO3 samples (bulk and after removal of SBA template) a) before reduction and b) after reduction under H2/Ar (5 v/v%) at 550 ◦C 
for 1 h.
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H2 but in the case of R-LaNiO3-B, some NiO nanoparticles still remained 
on La2O3 surface, likely because being too big.

N2 physisorption isotherms of synthesized LaNiO3 perovskites are 
shown in Fig. 2 and S2. LaNiO3-B displays a type 2 isotherm with a 
narrow hysteresis loop at P/P◦ = 0.9 (Fig. 2a). This isotherm shape is 
characteristic of macroporous/non-porous materials with a low specific 
surface area which in the case of LaNiO3-B is around 4 m2/g (Table 1). 
This value lies within the normal range of bulk LaNiO3 (1–20 m2/g) 
reported in the literature [21,22].

Pure SBA-15 displays a type IV isotherm with a H1 hysteresis loop 
(which is characteristic of mesoporous materials) at P/P◦ = 0.60. Its 
pore size distribution is centered at 5.4 nm (Figs. S3a and b). LaNiO3- 
SBA15 samples also show type IV isotherms but with hysteresis loops 
located at lower P/P◦ and extending from 0.40 to 0.60, which can be 
interpreted as due to the coating of perovskites inside SBA-15 meso
pores, inducing a decrease of SBA pore sizes (Figs. S3c and d). This is 
precisely observed in the pore size distribution graphics (Fig. S3d) where 
the mean pore diameter diminished from 5.4 nm for the pristine SBA-15 
down to 4.0 nm in the case of LaNiO3-SBA15(0.25 g). In the latter, a 
greater number of pores are filled by La and Ni precursors decreasing 
pore sizes of SBA-15. On the other hand, in LaNiO3-SBA15(1.00 g) less 
pores are filled by the same precursors and therefore the pore size dis
tribution does not diminish so markedly in comparison to pure SBA-15. 
In addition, TEM analysis confirmed the deposition of LaNiO3 inside 
SBA-15 matrix. Fig. S4a and b show aggregated particles of LaNiO3 with 
uneven spherical shape around SBA-15 surface. This asseveration was 
confirmed through EDS chemical mapping (Fig. S4c) where Si enriched 
zones remain surrounded by an La and Ni atoms belonging to LaNiO3. 
When SBA-15 is removed through NaOH washing, the texture of LaNiO3- 
S changed compared to LaNiO3-SBA-15 samples. Lower specific surface 
areas are obtained with broader pore size distributions. The broad pore 
size distribution reflects that likely the perovskite had initially formed 
inside both the meso- and macroporosity of the SBA-15. LaNiO3-S(1.00 
g) displays the largest specific surface area (i.e. 201 m2/g) achieved by 

any perovskite reported in this work or in the literature. Most of LaNiO3 
synthesized through other methodologies such as sol–gel or self- 
combustion method reach specific surface areas of about 20 m2/g to 
the best [21,37].

Even other strategies based on the addition of basic promoters like 
alkaline earth cations (i.e. Ca or Sr) to simultaneously increase 

Fig. 2. N2 adsorption–desorption isotherms of LaNiO3 samples a) before reduction and c) after reduction in H2/Ar (5 v/v%) at 550 ◦C for 1 h; Pore size distribution 
curves of LaNiO3 b) before reduction and d) after reduction in H2/Ar (5 v/v%) at 550 ◦C for 1 h.

Table 1 
Textural properties of synthesized perovskites.

Sample Specific 
surface area 
(m2/g)a

External 
surface area 
(m2/g)b

Pore 
volume 
(cm3/g)c

Mean Pore 
diameter 
(nm)c

LaNiO3-B 4 4 0.01 42.6
R-LaNiO3-B 4 4 0.01 43.7
SBA-15 926 8 0.99 5.4
LaNiO3- 

SBA15 
(0.25 g)

80 5 0.08 4.0

LaNiO3- 
SBA15 
(0.50 g)

144 7 0.14 4.5

LaNiO3- 
SBA15 
(1.00 g)

222 6 0.21 5.2

LaNiO3-S 
(0.25 g)

50 36.5 0.08 8.4

LaNiO3-S 
(0.50 g)

97 35 0.12 5.6

LaNiO3-S 
(1.00 g)

201 37 0.20 4.6

R-LaNiO3-S 
(0.25 g)

34 34 0.07 11.6

R-LaNiO3-S 
(0.50 g)

60 40 0.09 6.7

R-LaNiO3-S 
(1.00 g)

138 44 0.18 4.9

a BET equation; bt-plot method; cBJH method.
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perovskites basicity and induce deficiencies in the LaNiO3 lattice never 
led to specific surface areas higher than 40 m2/g [22,23]. In contrast, 
our LaNiO3-S can easily overtake those low specific surface areas 
without modifying the structure of the lanthanum nickelate oxide phase.

As regards the morphology of synthesized perovskites, Fig. 3 show 
SEM images of samples after SBA-15 removal and bulk LaNiO3 as 
reference. The latter presents a smooth surface compared to modified 
perovskites. Conversely, LaNiO3-S(X) shows surfaces with more defects 
which increases the surface area available for the catalytic reaction. 
These images show evidence of SBA-15 influence during the synthesis 
steps. The hard template not only permitted an increase in surface area 
but also contributed to produce catalysts with rough surface. Thereby, a 
surface with more defects can impact positively the catalytic perfor
mances in NH3 decomposition due to more area available for the 
reaction.

Since LaNiO3 is not the active phase in NH3 decomposition, the 
textural properties of our synthesized samples were investigated after 
the reducing exsolution treatment in H2-containing atmosphere. In all 
cases the same shape of the N2 physisorption isotherms were obtained 
(Fig. 2) but with moderately lower specific surface areas (Table 1).

As suggested by the reduction of pore volume of the exsolved sam
ples and the increase of the mean pore diameter (more significantly 
observed when less SBA-15 was used), this decrease of specific surface 
area can be explained by the blocking of the smallest pores during the 
exsolution of Ni atoms outward the lanthanum oxide phase. Despite the 
loss of specific surface area by plugging the smallest pores, in the case of 
LaNiO3-S(1.00 g) samples this phenomenon is not too pronounced 
(because presenting before exsolution a higher proportion of big pores 

than the two samples made from smaller SBA-15 amounts) and the 
average pore size is kept around 4.9 nm with a final unprecedented 
specific surface area of 138 m2/g.

XPS analyses were performed to estimate Ni oxidation state through 
the assessment of Ni 3p high resolution spectra (Fig. 4). Ni0, Ni2+ and 
Ni3+ species can be distinguished indeed as giving different 3p contri
butions at 65.5, 66.7 and 68 eV, respectively [29,38]. Before reduction 
in H2/Ar (5 v/v%), the synthesized LaNiO3 samples display only Ni2+

and Ni3+ ions. Since only LaNiO3 phase was detected through XRD, the 
presence of Ni2+ ions can be attributed to small amounts of NiO that do 
not belong to the perovskite structure. After H2 treatment, Ni3+ content 
diminished greatly in favor of Ni0 because of LaNiO3 transformation into 
La2O3 and exsolved Ni nanoparticles.

XPS spectra also demonstrate that not all Ni is reduced and therefore 
higher reduction temperatures could be applied to completely reduce 
Ni3+ into Ni0. However, an increase in temperature can also lead the 
exsolved Ni nanoparticles to further grow causing an undesired decrease 
in Ni dispersion as compared to what can be obtained for the same extent 
of exsolution at lower temperature.

Table 2 recaps the surface elemental composition of the four pe
rovskites assessed in this work before and after exsolution. In all cases 
the total amount of Ni increased as a consequence of Ni species migra
tion from inside the perovskite matrix towards the outer surface.

This increase in Ni content confirms that exsolution took place dur
ing the reducing treatment in H2/Ar (5 v/v%) and is consistent with XRD 
data. In addition, in LaNiO3-S samples there is still the presence of sili
con in spite of the fact that all perovskites were thoroughly washed with 
NaOH solutions. In this regard, Table S2 that shows the elemental 

Fig. 3. SEM images from: a) LaNiO3-B; b) LaNiO3-S(0.25 g); c) LaNiO3-S(0.50 g); LaNiO3-S(1.00 g).
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composition of samples before and after SBA-15 removal, confirms that 
the Si content was reduced greatly after the washings with NaOH. 
Therefore, the amount of Si that remains on LaNiO3-S samples are just 
traces of the hard template that was not removed.

From XPS analysis it is clear that all R-LaNiO3-S samples showed a 
greater amount of Ni0 than R-LaNiO3-B. Hence, a greater number of 
active sites are present on R-LaNiO3-S surface and available for NH3 
decomposition. These results also confirm what was observed by XRD 
and N2 physisorption. The small crystallites of LaNiO3 formed thanks to 
the integration of SBA-15 in the synthesis were better exposed to 
reduction under H2 which in turn transformed more Ni ions into metallic 
Ni than in the other samples, especially in the reference perovskite (i.e. 
LaNiO3-B).

Ni specific surface area and Ni dispersion from all samples were 
assessed by means of H2 chemisorption (Table 3). R-LaNiO3-B shows a Ni 
specific surface area = 4.5 m2/g which agrees to other Ni-exsolved bulk 
LaNiO3 reported in the literature [31]. On the other hand, R-LaNiO3-S 

samples displayed greater Ni specific surface areas which can be 
explained due to the large specific surface areas of the synthesized 
materials provided by SBA-15. Thanks to the created mesopores, a high 

Fig. 4. High resolution spectra of Ni 3p from a) LaNiO3-B before and after exsolution; b) LaNiO3-S(0.25 g) before and after reduction; c) LaNiO3-S(0.50 g) before and 
after exsolution; d) LaNiO3-S(1.00 g) before and after exsolution.

Table 2 
Elemental composition by XPS (in wt%) of perovskites before and after exsolution.

Sample C (%) O (%) Si (%) La (%) Ni (%) Ni/La
Ni2þ Ni3þ Ni0 Ni

LaNiO3-B 7.8 32.0 − – 47.5 7.7 5.1 − – 12.7 0.27
LaNiO3-S(0.25 g) 13.6 37.8 3.3 33.5 6.7 5.1 − – 11.8 0.35
LaNiO3-S(0.50 g) 7.7 35.2 3.7 36.5 7.7 9.2 − – 16.9 0.46
LaNiO3-S(1.00 g) 9.9 42.5 3.0 28 8.4 8.2 − – 16.6 0.59
R-LaNiO3-B 9.5 34.2 − – 45.8 5.1 4.3 1.1 10.5 0.23
R-LaNiO3-S(0.25 g) 12.9 33.2 3.2 32.0 9.7 5.1 4.0 18.8 0.59
R-LaNiO3-S(0.50 g) 8.3 34.4 3.9 33.1 10.4 4.6 5.3 20.3 0.61
R-LaNiO3-S(1.00 g) 8.6 37.2 3.1 30.2 5.6 7.4 7.9 20.9 0.69

Table 3 
Ni particle size and dispersion over reduced perovskites.

Catalyst Ni particle size 
(nm)a

Ni surface area (m2/ 
g)b

Ni dispersion 
(%)b

R-LaNiO3-B 12.0 ± 1.9 4.5 0.67
R-LaNiO3-S 

(0.25 g)
11.6 ± 2.0 5.9 0.88

R-LaNiO3-S 
(0.50 g)

7.5 ± 1.5 11.7 1.75

R-LaNiO3-S 
(1.00 g)

7.0 ± 2.5 19.5 2.92

a TEM analysis; bH2 chemisorption
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specific surface area was developed after the calcination stage. Then, Ni 
nanoparticles had more space to well distribute throughout the La2O3 
interface which led to smaller Ni nanoparticles. Thus, the higher the 
amount of SBA-15, the higher the surface area and then the greater the 
Ni dispersion achieved. This was correlated to Ni dispersion where 
samples with larger specific surface areas displayed higher Ni disper
sions. For instance, R-LaNiO3-S(1.00 g), presented a Ni dispersion 4 
times higher than in the case of R-LaNiO3-B.

Dispersion results were also consistent with Ni nanoparticle sizes 
assessed through TEM. The TEM image in Fig. 5a displays Ni nano
particles distributed on bulk R-LaNiO3-B surface with a mean diameter 
around 12 nm. This value agrees with other results reported for Ni- 
exsolved bulk LaNiO3 in the literature [22,23]. As regards the samples 
synthesized with SBA-15, Ni nanoparticle sizes decreased as the content 
of SBA-15 increased (Fig. 6a, Fig. S5a and Fig. S6a). Hence a greater 
amount of the hard template facilitated a better distribution of LaNiO3 
which in turn yielded small Ni nanoparticles after exsolution.

HRTEM images from R-LaNiO3-B and R-LaNiO3-S(1.00 g) catalysts 
(Fig. 5b and Fig. 6b) show two types of lattice fringes: 0.20 nm that 
corresponds to metallic Ni (111) and 0.30 nm ascribed to La2O3 (002). 
The same lattice fringes were also found on HRTEM images from R- 
LaNiO3-S(0.25 g) and R-LaNiO3-S(0.50 g) samples (Fig. S3b and 
Fig. S4b), which is consistent with XRD results. In addition, Fig. 6b 
shows the presence of mesopores which is the evidence that SBA-15 
removal created mesoporosity in LaNiO3 structure. Thus, Ni nano
particles were better distributed throughout the mesoporous phase after 
exsolution. The latter asseveration was confirmed through EDS analyses 
(Fig. 4c and Fig. 5c) where R-LaNiO3-B sample presented Ni nano
particles more agglomerated than the ones in R-LaNiO3-S(1.00 g). 

Therefore, the creation of porosity within the pristine perovskite struc
ture was successful in producing small Ni nanoparticles well distributed 
on the final catalyst.

NH3 conversion at different temperatures (Fig. 7a) clearly demon
strates that R-LaNiO3-S(1.00 g) displayed the best catalytic performance 
of all synthesized perovskites. Even if catalytic tests were carried out at 
high GHSV (i.e. 30 000 mL/gcata.h), R-LaNiO3-S(1.00 g) reached 89 % of 
conversion at 550 ◦C which is 1.35 higher than the conversion accom
plished by the R-LaNiO3-B (i.e. 66 %). After assessing the rest of R- 
LaNiO3-S perovskites, it is possible to observe a trend between specific 
surface area, Ni dispersion and NH3 conversion. As the SBA-15 content 
increased during LaNiO3 preparation, the different perovskites devel
oped a greater specific surface area with small mesopores.

This larger available area allowed a greater dispersion of metallic Ni 
during the reduction processes under hydrogen, which later translated 
into a greater number of active sites to achieve better catalytic activity 
during NH3 decomposition. This effect of improved Ni dispersion yiel
ded also greater results in terms of H2 formation rate (Fig. 7b). Precisely, 
R-LaNiO3-S(1.00 g) achieved 29 mmolH2/gcata.min while R-LaNiO3-B 
yielded around 16 mmolH2/gcata.min (i.e. with 4 times the metallic 
surface area it was possible to double H2 productivity). These results 
demonstrate that the sophisticated synthesis procedure we propose to 
prepare the investigated catalysts allows reaching very high dispersion 
of Ni nanoparticles on the exsolved LaNiO3 with correspondingly the 
achievement of excellent catalytic performance towards NH3 decom
position and H2 production.

A lower GHSV = 6 000 mL/gcata.h was also tested in NH3 decom
position with the reference R-LaNiO3-B perovskite and the best perov
skite found in the previous tests, i.e. R-LaNiO3-S(1.00 g). Under these 

Fig. 5. A) tem image of r-lanio3-B with histogram for Ni nanoparticle size distribution; b) HRTEM of R-LaNiO3-B and c) HADDF-STEM image with EDS elemental 
mapping from R-LaNiO3-B.
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conditions, R-LaNiO3-S(1.00 g) totally converts NH3 into H2 at 550 ◦C 
while R-LaNiO3-B still needs to reach 600 ◦C to achieve a complete 
conversion (Fig. 7c). These results again highlight the exceptional effi
ciency of our Ni-exsolved high specific surface area perovskite. Activa
tion energy (Fig. S7) was also estimated for all samples at GHSV = 30 
000 mL/gcata.h considering conversions below 20 %. In the case of R- 
LaNiO3-B, an activation energy of 76 kJ/mol which corresponds to 
values reported elsewhere [22,23].

As regards R-LaNiO3-S catalysts, activation energies are amid 74 and 
65 kJ/mol being R-LaNiO3-S(1.00 g) the sample that displays the lowest 
activation energy. In addition, these values are even lower than those 
reported by other authors with doped LaNiO3 [22,23]. Therefore, these 
results demonstrate that a better Ni dispersion allows reducing the en
ergy barriers required to achieve NH3 cracking.

Stability tests were conducted at 550 ◦C with a GHSV = 30 000 mL/ 
gcata.h for 72 h. Fig. 7d shows that catalysts keep their catalytic activity 
throughout all the catalytic test even the bulk perovskite. The maximum 
catalytic activity is attained after few minutes the reactor reached the 
targeted temperature. To understand better how these catalysts 
remained active for a long period of time post-characterization tests 
were performed (Fig. 8). N2 physisorption isotherms of R-LaNiO3-S 
samples kept a high surface area along with small mesopores as before 
the reaction (Fig. 8a). Specific surface areas and pore volumes (Table 4) 
are similar to those values before stability tests. In addition, diffracto
grams on Fig. 8b do not show evidence that catalysts suffered any 
structure degradation. Hence, there is no evidence of sintering during 
catalytic tests. The mesoporosity of catalysts remained intact and, as 

consequence, Ni nanoparticles did not agglomerate which was also 
confirmed by Ni dispersion estimated through H2 chemisorption 
(Table 4).

Catalysts’ integrity after stability tests is explained by the embedding 
of Ni nanoparticles inside La2O3 matrix. As a result of the exsolution 
process, Ni3+ (i.e. Ni in the LaNiO3 lattice) was reduced to its metallic 
state but at the same time the nanoparticles that came out towards the 
surface were embedded inside La2O3 structure [34–36]. This phenom
enon prevents Ni sintering at high temperatures which makes it possible 
to maintain the integrity of catalysts during long run tests.

These outstanding results confirm that the catalytic performance of 
LaNiO3 can be boosted not only by adding basic promoters or by 
increasing the exsolution temperature (i.e. reduction treatment) 
[21–23], but also through the development of sophisticated procedure 
for the synthesis of the catalysts, maximizing the number of active sites 
thanks to the achievement of a better dispersion of Ni nanoparticles 
thanks to its exsolution from mesoporous pristine perovskites.

Table 5 compares the catalytic results obtained by our high specific 
surface area Ni-exsolved mesoporous LaNiO3 with others published by 
different authors. Our mesoporous catalysts obtained after Ni exsolution 
from LaNiO3 shows better conversions and H2 formation rates than 
similar catalysts, even better than those of some doped with basic cat
ions such as Ce or Sr. Hence, our work demonstrates that an improve
ment in LaNiO3 porosity can help to achieve excellent catalytic 
performances without the need of adding doping agents. When our R- 
LaNiO3-S are compared with other Ni supported catalysts, the benefits of 
our Ni-exsolved mesoporous R-LaNiO3-S clearly appear.

Fig. 6. A) tem image of r-lanio3-S(1.00 g) with histogram for Ni nanoparticle size distribution; b) HRTEM of R-LaNiO3-S(1.00 g) and c) HADDF-STEM image with 
EDS elemental mapping from R-LaNiO3-S(1.00 g).
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For instance, Wu et al., [39] required 40 wt% of Ni on a mixture of 
La2O3 and MgO in order to reach a conversion ~ 10 % lower than the 
one achieved by R-LaNiO3-S(1.00 g). The same can be observed in the 
case of Ni5Co5/SiO2 catalyst where the addition of Co was not enough to 
reach similar conversion at 550 ◦C. Recent examples in literature show 

different approaches to synthesize high performing catalysts. For 
instance, Martín et al., [44] deposited Ni nanoparticles on a TiC/SiC 
matrix. A calcination pretreatment under air atmosphere transformed 
TiC to TiO2 which improved metal-support interaction reaching 90 % of 
NH3 conversion under a diluted ammonia flow (5 %NH3/Ar) at 500 ◦C 

Fig. 7. A) conversions reached by reduced lanio3 at 30 000 mL/gcata.h; b) H2 formation rate yielded by reduced LaNiO3 at 550 ◦C and 30 000 mL/gcata.h; c) catalytic 
performance of R-LaNiO3-B and R-LaNiO3-S(1.00 g) at different GHSV; d) Stability test at 550 ◦C and a GHSV = 30 000 mL/gcata.h.

Fig. 8. Post-characterizations analyses: a) N2 physisorption isotherms after stability tests; b) X-Ray diffractograms of tested catalysts.

Table 4 
Textural properties and Ni crystallite size of spent catalysts.

Samples Textural propertiesa Ni crystallite size (nm)b Ni dispersion (%)c

Specific surface area (m2/g) Pore Volume (cm3/g) Pore diameter (nm)

Spent R-LaNiO3-B 4 0.01 45 24.2 0.62
Spent R-LaNiO3-S(0.25 g) 32 0.07 7 23.1 0.82
Spent R-LaNiO3-S(0.50 g) 54 0.08 5 19.2 1.68
Spent R-LaNiO3-S(1.00 g) 132 0.15 4 17.2 2.85

a BET and BJH methods; bSherrer equation; cH2 chemisorption
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[44]. Other recent examples reported in literature employed other ma
terials such as a CeO2-conjugated cobalt ferrite heterostructure or Ni 
exsolved from a two-dimensional MWW-zeolite that attained high con
version values of 80 % and 89 % at 550 ◦C respectively [45,46]. In the 
case of Kim et al., [46] a zeolite with higher surface area yielded metallic 
Ni with higher dispersion which derived in higher NH3 conversions [46]. 
Thereby, those results also confirm what was found in this work with Ni 
exsolved from modified perovskites.

Therefore, our approach should be considered when preparing 
LaNiO3 perovskites rather than conventional preparation procedures as 
our synthesis protocol allows drastically increasing the specific surface 
area and therefore the catalytic performance. By improving its specific 
surface area and Ni dispersion, it could be possible later to add basic 
promoters to boost even more the performance of this material in the 
production of H2 via NH3 decomposition.

4. Conclusions

A yet never explored combination of the citric acid complex method, 
the use of a hard template (i.e. mesoporous SBA-15) and Ni exsolution 
through H2 heating treatment, allowed producing a high specific surface 
area mesoporous Ni-exsolved LaNiO3 that is particularly active in NH3 
decomposition. Characterization techniques demonstrated that LaNiO3 
was formed over the SBA-15 surface without any interference from the 
latter during the formation of the perovskite. Moreover, the washing 
with NaOH only dissolved SBA-15 while the LaNiO3 was conserved with 
a high specific surface area ~200 m2/g.

XRD and XPS analyses demonstrated that Ni nanoparticles were 
formed during the exsolution reduction stage under H2-containing at
mosphere. These nanoparticles were better dispersed over the Ni- 
exsolved perovskite surface when higher amounts of SBA-15 were 
used in the preparation of the pristine mesoporous LaNiO3. Precisely, the 
higher the amount of mesoporous hard template used, the more space La 
and Ni had to better distribute over the SBA-15 surface. This in turn 
drove to higher specific surface areas which at the end yielded greater Ni 
dispersions.

Catalytic tests results showed that a better Ni dispersion translated in 

higher NH3 conversion with greater H2 formation rates. Our high spe
cific surface area exsolved mesoporous LaNiO3 was not only very active 
in the reaction but also stable at the long-term as keeping a conversion 
around 89 % for 72 h at 550 ◦C under a GHSV of 30 000 mL/gcata.h. A 
comparison amid our home-made catalysts and the perovskites doped 
with different cations (i.e. Sr, Ce or even Co) reported in the literature 
revealed that our Ni-exsolved LaNiO3 with better Ni dispersions are 
much more active than doped LaNiO3 which in most of the cases present 
low specific surface areas (i.e. < 20 m2/g) with low Ni dispersions.

Hence, the development of mesoporous LaNiO3 allows boosting Ni 
dispersion during the Ni exsolution stage yielding an outstanding cata
lyst with unprecedented performance for H2 production through NH3 
decomposition.
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