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A B S T R A C T

By exploiting the lanthanum – nickel – titanate model system for methane dry reforming (DRM), we show how 
different (double) perovskite precursor structures can be used to tailor the structure and phase composition of 
specific Ni – (double) perovskite interfaces by activation in different reducing atmospheres. The key parameter 
for successful steering of the interface structure is the stability of the parent perovskite material in the respective 
hydrogen or CO2–CH4 mixture. Rietveld refinements of both the precursor perovskite and the interfacial struc
tures verify the sole presence of exsolved Ni and the respective perovskite. Hydrogen reduction of the double 
perovskite La2NiTiO6 leads to exsolution of nm-sized Ni particles and the formation of a Ni–La2NiTiO6 interface. 
Structure refinements based on X-ray and neutron powder diffraction, combined with temperature-programmed 
hydrogen adsorption, reveal that the prevailing La2NiTiO6 is mostly unaffected by the hydrogen treatment and 
formation of reduced sites is largely suppressed. Treatment of the Ti-doped single perovskite LaNi0.5Ti0.5O3 in a 
CO2–CH4 mixture equally yields Ni exsolution and consequently, a Ni–LaNi0.5Ti0.5O3 interface. Similarly, 
LaNi0.5Ti0.5O3 is essentially unaffected by the treatment, with interfacial structure and phase composition 
remaining stable over several DRM cycles. Only hydrogen reduction of LaNi0.5Ti0.5O3 causes complete trans
formation of the parent perovskite into a Ni–La2TiO5/LaTiO3 mixture. All interfaces, including Ni particles 
impregnated on La2TiO5 with outstanding anti-coking behavior, exhibit inherent DRM activity, rivaling or even 
outperforming undoped LaNiO3. Differences in the stability of (transient) structures during exsolution along the 
decomposition pathway are mainly due to the Ti dopant, which stabilizes the perovskite structures in reducing 
atmospheres. This enhanced stability allows us to approach specific Ni-perovskite interfaces and assess their 
inherent DRM activity.

1. Introduction

Dry reforming of methane (DRM) is a promising reaction to convert 
the two green house gases CO2 and CH4 into syngas, i.e., a hydrogen and 
carbon monoxide mixture. Depending on the hydrogen/carbon mon
oxide ratio the latter can be used as feedstock for a variety of synthetic 
chemicals, including Fischer-Tropsch products, aldehydes, ketones or 
alcohols. DRM is a highly endothermic reaction and usually needs high 

reaction temperatures between 600 ◦C and 1000 ◦C. A set of parasitic 
side reactions accompanying the main DRM reaction, including the 
(reverse) water-gas shift reaction, methane decomposition, water-gas 
reaction or the Boudouard equilibrium, also occur. The latter is con
nected to one of the main issues limiting the wide-scale technological 
use: coking of the catalyst surface by unreactive carbon arising from 
methane activation. This coking phenomenon is most pronounced in the 
most widely used catalyst material, metallic Ni. The search for 
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alternative catalyst materials and preparation routines with enhanced 
carbon reactivity has been ongoing for the last decades. A very prom
ising technique which was widely studied in the last few years is metal 
exsolution from perovskite oxides [1–3].

Perovskites are complex oxides or halogenides with the general 
formula ABX3, where A and B are mostly di- and trivalent cations and X 
is occupied by oxygen or halogen anions (for the A-site, typically earth 
alkaline and lanthanum are used; the B-site is mostly occupied by 
transition metal cations) [2]. In contrast, double perovskites are highly 
ordered structures with the most general formula AA’BB’X6 [4,5]. While 
a general advantage of (double) perovskites is the possibility of tuning 
the physico-chemical properties by adjusting the chemical composition 
by doping at the respective A- and B-sites and an even finer adjustment 
of these properties by the use of double perovskites due to the possible 
accomodation of unusual oxidation states like +6 or +7, a particular 
benefit is connected to their use as precursor materials. Partial or total 
decomposition of the perovskites leads to exsolution of metal particles 
from the perovskite and the associated formation of metal-perovskite or 
metal-oxide interfaces. Controlled decomposition usually yields in
terfaces with defined extents. For DRM applications, there is common 
agreement that the exsolution of Ni from the perovskite host lattice 
produces better anchored Ni particles with a more extended interface, 
which enables the bifunctional synergistic action between Ni and 
perovskite to work more efficiently. In this respect, for LaNiO3, which 
yields a Ni – La2O3 interface after activation, Ni activates CH4, while the 
CO2 activation is provided by a reversible La2O2CO3 oxycarbonate for
mation/decomposition cycle. A specific role for perovskites at a Ni – 
perovskite interface is the activation of CO2 at oxygen vacancy sites and 
the subsequent oxygen spillover to Ni, where it aids in the oxidative 
removal of carbon deposits [1–3].

One disadvantage of such a steered decomposition is connected to 
the structural complexity of the perovskites. Even for the archetypical 
LaNiO3 perovskite in DRM, a sequence of structural transformations 
occurs: complicated even when the decomposition is performed in 
hydrogen (involving e.g., the formation of substoichiometric perovskite 
phases en route to full decomposition), the complexity is significantly 
enhanced if the decomposition/activation is performed in the DRM 
mixture directly. Apart from oxygen-deficient perovskite phases, 
Ruddlesden-Popper phases or lanthanum oxycarbonate phases are also 
intermediarily observed [6–8]. It is, therefore, imperative to gain 
fundamental insight into the structure and reactivity of the resulting 
interfaces to obtain these interfacial structures in a structure- and 
phase-pure form. Regarding the latter, we note that although such in
terfaces are reported for hundreds of studies using (doped) perovskites 
in all sorts of reactions [9], little care is taken in the overwhelming 
majority of cases to ensure exactly this structure- and phase purity. We 
use the term “interface” here in a catalytic bifunctional sense to 
emphasize, that metal and perovskite (or oxide as a result of perovskite 
decomposition) work together. This may also indicate the simultaneous 
presence of a physical boundary between two phases, such as 
Ni-perovskite after Ni exsolution from the perovskite lattice.

To disentangle the specific properties of Ni-perovskite and Ni-double 
perovskite interfaces in the DRM reaction, we opted for the lanthanum 
nickel titanium perovskites, as phase- and structure-pure La2NiTiO6 and 
LaNi0.5Ti0.5O3 precursors could be reproducibly prepared by different 
synthesis strategies. Nickel titanate perovskites have been studied in 
hydrocarbon dry reforming [3,10,11], methane partial and steam 
reforming [12,13], carbon dioxide and bi-reforming of methane [12,13] 
or alcohol steam reforming [14]. In dry reforming, specifically, Ni 
doping into Ca0.8Sr0.2TiO3 yielded highly active dry reforming materials 
due to the in situ formation of a Ni-perovskite interface and an easy 
reverse oxygen spillover to the exsolved Ni particles to assist in oxidative 
removal of carbon [10]. Sr-doped La0.6Sr0.2Ti0.85Ni0.15O3 perovskites 
were revealed to benefit from introducing Ti to increase the number of 
exsolved Ni particles, as well as the catalyst stability. Similarly, the 
addition of Ti to La0.46Sr0.34Ti0.9Ni0.1O3 caused suppressed coke 

deposition due to a smaller particle size of metallic Ni produced by the 
reduction of Ni within the perovskite phase [11].

With the lanthanum nickel titanate system, we are in the prime po
sition to tune the nature of the Ni-perovskite interface by reductive 
pretreatment/activation and to accordingly highlight the inherent 
properties and DRM activity of 

• the La2NiTiO6 structure,
• Ni in contact with La2NiTiO6 (through hydrogen reduction),
• Ni in contact with LaNi0.5Ti0.5O3 (through DRM treatment),
• Ni in contact with La2TiO5 (through hydrogen reduction of LaNi0.5

Ti0.5O3 and exsolution) and
• Ni in contact with La2TiO5 (through wet impregnation of La2TiO5)

and correlate the reactivity and structural stability to Ti-free LaNiO3 
and Ni-free La2Ti2O7 benchmark materials of the LaNiO3–La2Ti2O7 
composition series, as well as pure La2TiO5. By a combination of ex situ 
and in situ spectroscopic and structural characterization (in situ X-ray 
diffraction, quantitative X-ray analysis, X-ray photoelectron spectros
copy, neutron diffraction, aberration-corrected electron microscopy) 
and DRM activity, we provide a direct connection between structure and 
activity of different Ni-perovskite (oxide) interfaces.

2. Experimental

2.1. Synthesis of materials

LaNi0.5Ti0.5O3 was obtained by a modified Pechini method [15] with 
a metal ion-to-citric acid ratio of 1:2 and a metal ion-to-ethylene glycol 
ratio of 1:4. Titanium-isopropoxide (Sigma-Aldrich, 97 %) was dissolved 
in ethylene glycol and stirred at 60 ◦C for 10 min. Citric acid was sub
sequently added to the titanium solution before heating the mixture to 
90 ◦C. La(NO3)3⸱6H2O (Carl Roth, 99.99 %) and Ni(NO3)2⸱6H2O (Pura
tronic, 99.9985 %) were dissolved in water and citric acid. The 
lanthanum-nickel solution was heated and stirred at 90 ◦C until all 
products dissolved, then mixed with the remaining ethylene glycol. Both 
solutions were combined and stirred at 120 ◦C–140 ◦C until a dark 
brown polymer resin formed. The polymer was calcined in air at 450 ◦C 
for 4 h. The resulting ashes were ground to a powder in an agate mortar, 
sintered at 800 ◦C for 17 h and ground up again to yield a black ho
mogeneous powder. LaNiO3 and La2Ti2O7 were prepared the same way, 
without nickel nitrate/titanium isopropoxide and adjusting the La/Ni 
and La/Ti ratio.

La2NiTiO6 was obtained by a solid-state synthesis routine [16]. 
Specifically, stochiometric amounts of La2O3 (Sigma-Aldrich, 99.99 %), 
NiO (Puratronic, 99.998 %) and TiO2 (Puratronic, 99.5 %) were ground 
and homogenized in ethanol at 600 rpm for 45 min with an agate ball 
mill. After drying for 24 h the powder was pressed into 1 g, 0.6 cm 
diameter pellets with a hydraulic press. The pellets were placed into a 
platinum crucible and sintered in air for 24 h at 1350 ◦C. After sintering, 
the pellets were ground manually in an agate mortar, re-pressed into 
pellets and sintered for an additional 24 h at 1350 ◦C. After the second 
sintering step the pellets were again ground in an agate mortar, yielding 
a dark green powder. La2TiO5 was prepared in a similar way (without 
Ni). The pellets were subjected to a 48 h air treatmant at 1350 ◦C.

The Ni–La2TiO5 impregnated catalyst was synthesized through a wet 
impregnation routine. The Ni precursor (La(NO3)3⸱6H2O (Carl Roth, 
99.99 %)) was dissolved in water and dropwise added to a suspension of 
La2TiO5 in water under constant stirring. After evaporation of water at 
80 ◦C, the resulting powder was heated for 4 h at 300 ◦C to yield the 
calcined NiO– La2TiO5 precursor, which was converted to Ni–La2TiO5 by 
subsequent hydrogen reduction at 800 ◦C for 15 min.

2.2. Ex situ and in situ X-ray diffraction

Ex situ structural analysis of benchmark materials after selected 
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treatments was carried out using a Rigaku SmartLab-SE instrument in 
Bragg-Brentano geometry (Co-Kα, λ = 1.7890 Å) using a D/teX Ultra 250 
compound silicon strip 1D-detector (Rigaku, Tokyo, Japan). The ground 
sample was placed on a glass-sample holder, and the patterns were 
recorded in a 2θ range of 5◦–90◦ with a step width of 0.01◦.

In situ synchrotron-based PXRD experiments were conducted in both 
DRM mixtures and under pure hydrogen at beamline 12.2.2, Advanced 
Light Source (ALS) at Lawrence Berkeley National Laboratory, in a cell 
previously described in Refs. [17,18]. All diffraction patterns were 
measured in angle-dispersive transmission mode with a focussed 25 keV 
monochromatic beam (λ = 0.4984 Å/30 μm spot size). The powders 
were heated in a 0.7 mm outer diameter quartz capillary under 
quasi-flowing conditions (CH4: CO2 = 1:1, gas flow: 1 mL min− 1 for 
DRM; pure hydrogen, gas flow 1 mL min− 1, GHSV = 600 000 N mL h− 1 

gcat − 1). Heating was performed in a SiC furnace with an infrared light 
source up to 800 ◦C at a rate of 10 ◦C min− 1. All gases were injected 
through a 0.5 mm outer diameter tungsten tube [17,18]. The program 
TOPAS 5.0 by Bruker was utilized to analyze the X-ray diffraction pat
terns using Rietveld refinement with a full axial model [19]. A 
Double-Voigt approach was applied to calculate the crystallite sizes. The 
resolution function of the diffractometers was obtained from the struc
ture refinement of a LaB6 standard.

2.3. X-ray photoelectron spectroscopy

Surface chemical analysis was carried out in a Thermo Fisher X-ray 
spectrometer with a Mg/Al dual anode. For all measurements, an Al-Kα 
X-ray source was used. Perovskite powders were fixed on stainless steel 
holders using conductive carbon tape. Qualitative analysis was based on 
the Ni 2p, La 3d, Ti 2p, O 1s and C 1s high-resolution spectra. Chemical 
shifts were internally calibrated to the La 3d5/2 component. Fitting of the 

spectra by different components and oxidation states was performed 
using literature-reported constraints for the full-width-at-half maximum 
and the binding energies, where applicable. Background correction was 
done using Shirley- and Tougaard-type functions.

2.4. Electron microscopy

Scanning and transmission electron microscopy S(T)EM character
ization via high-angle annular dark field (HAADF) imaging and Energy- 
dispersive X-ray analysis was carried out on an Cs-aberration corrected 
(Ceos DCOR) Hitachi 5000 electron microscope operated at 200 kV at 
the Ernst Ruska-Centre Jülich. Additional scanning electron microscopy 
and corresponding energy-dispersive X-ray spectroscopy (EDXS) mea
surements were performed on a field-free analytical TESCAN Clara ultra- 
high-resolution scanning electron microscope operated at 10 kV. EDX 
maps were collected using an Oxford Ultim Max 65 mm2 detector. 
Selected samples were coated by a 20 nm Au layer to prevent charging.

2.5. Catalytic and temperature-programmed hydrogen reduction 
measurements

200 mg of sample powder were placed in a bed of quartz wool inside 
a 7 mm (inner diameter) quartz tube fixed-bed flow reactor for both H2 
pre-treatments and catalytic measurements. H2 treatments were con
ducted in a continuous flow of 20 mL min− 1 pure H2 at 1000 ◦C for 2 h. 
For catalytic measurements CH4, CO2 and He were mixed 1:1:1 with a 
flow rate of 20 mL min− 1 each and a heating rate of 5 ◦C min− 1 from 
50 ◦C to 800 ◦C, followed by an isothermal period at 800 ◦C for 30 min or 
90 h for long-term measurements. An external S-type thermocouple was 
placed in close contact to the reactor tube to ensure correct temperature 
reading. The output gas was directly detected by an online quadrupole 

Fig. 1. Panel a: Result of a Rietveld refinement of the calcined La2NiTiO6 powder X-ray diffraction pattern. Panel b: VESTA-drawn structure. Panel c: Set of ex-situ 
collected powder X-ray diffractograms after calcination, after hydrogen reduction at 1000 ◦C for 2 h, and after a DRM treatment up to 800 ◦C.
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mass spectrometer (Balzers QME 125). CO2, CH4, CO, H2 and He were 
measured at their respective m/z ratios of m/z 44, 16, 28, 2 and 4 
respectively. Relevant fragmentation patterns were considered. To 
minimize condensation from potential H2O formation, silica gel was 
placed at the reactor output. If a second consecutive DRM cycle was 
carried out, it was performed in exactly the same way as the associated 
first cycle.

For display of the catalytic data, we show the conversion of the 
relevant signals as a qualitative measure of the catalytic activity, as due 
to the ongoing structural transformations during the DRM reaction, 
active-site-normalized reaction rates and consequently, turnover fre
quency (TOF) values cannot be reliably calculated.

Hydrogen temperature-programmed reduction (H2-TPR) and 
temperature-programmed desorption (TPD) measurements were per
formed in a setup for volumetric adsorption of gases consisting of a 
quartz tubular reactor (V = 36 mL). H2-TPR is conducted under static 
conditions. As for H2-TPR, a defined amount of about 70 mg of the 
powder sample was fixed by quartz wool in the reactor in a chemically 
inert environment. Catalysts are pretreated in flowing dry O2 for 1 h at 
700 ◦C and subsequently cooled down in O2 atmosphere. In order to 
desorb surface- and physically-adsorbed oxygen, samples are evacuated 
up to a defined base pressure of 10− 6 mbar. During H2-TPR, a defined 
(ca. 490 mbar) amount of pre-dried H2 (using a liquid N2 cooling trap) 
was expanded from a separately calibrated volume (9 mL) into the entire 
reactor volume. A zeolite trap is installed after the reactor to remove 

reaction-formed water. After equilibration of the final reactor pressure, 
the temperature program was started to measure the H2 uptake up to 
900 ◦C. The temperature program included a heating phase from 25 ◦C 
to 900 ◦C at a rate of 10 ◦C min− 1, followed by an isothermal period at 
900 ◦C for 10 min, and finally, a cooling process to room temperature 
(rate 10 ◦C min− 1). Additional information, including the technical in
formation of the setup, test conditions, and method of calculation of the 
H2-uptake, is provided in Refs. [20,21] A QMS system from Balzers 
(QMA 125; QME 125-9) was employed for continuous gas analysis 
during TPD measurements. Relevant gases were detected by their 
respective molecular ions: H2 (m/z 2), H2O (m/z 17/18), CO (m/z 28), 
O2 (m/z 32), CO2 (m/z 44). After the H2-TPR phase, the samples are 
evacuated at 25 ◦C to 10− 6 mbar and subsequently, heating was started 
with the same temperature program as for the H2-TPR tests. The only 
dominant desorbed species in all TPD tests was H2. The H2 MS signal was 
calibrated via a separate effusion experiment, where H2 was pumped 
from the reactor (without sample) via a capillary leak into the QMS 
chamber. This way, the effusion rate – calculated from absolute pressure 
decrease vs. time in the reactor chamber – was obtained in [mol s− 1] and 
correlated to the respective H2 MS signal. Based on this calibration 
function, the H2 desorption rates were calculated from the TPD MS 
signal.

2.6. Neutron powder diffraction measurements

The neutron powder diffraction patterns were collected on the PITSI 
instrument [22] at the SAFARI-1 research reactor. The powdered sam
ples filled approximately 60 % of the available volume in thin-walled 
vanadium tubes, 5 mm in diameter by 50 mm in height. Samples, fully 
bathed in the monochromatic neutron beam of wavelength 1.76 Å, were 
continuously rotated during the investigations to homogenise the grains. 
The data were normalized against a beam monitor counter to negate 
variations in the reactor power level, as well as corrections applied for 
detector efficiency. Rietveld analysis on the thermal neutron powder 
diffraction (NPD) data acquired at a wavelength of 1.76 Å was con
ducted with the program TOPAS version 6.0 [23]. Chebyshev poly
nomials with twelve coefficients were used to describe the background, 
and a modified Thompson-Cox-Hastings pseudo-Voigt function 
including an asymmetry correction was selected to model the peak 
profiles.

2.7. Brunauer-Emmett-Teller (BET) measurements of the specific surface 
area

BET specific surface areas were measured on a Micromeritics 3Flex 
ChemBET apparatus using krypton as adsorbent at − 196 ◦C. All samples 
were degassed under vacuum at 200 ◦C for 1 h. Specific surface areas 
(SSA’s) of 6.8547 m2g-1 for LaNi0.5Ti0.5O3 and 0.4629 m2g-1 for La2Ni
TiO6 have been determined. The respective BET surface area plots are 
shown in Section A of the SI (Figs. S1 and S2).

3. Results and discussion

3.1. Tuning the interface structure by using different La–Ti–Ni precursor 
structures

3.1.1. Partial Ni exsolution from La2NiTiO6 during hydrogen reduction or 
DRM: the Ni – La2NiTiO6 interface

Fig. 1 shows a combination of ex situ X-ray diffractograms after 
selected treatments alongside Rietveld refinement of the diffractogram 
of the calcined sample and a VESTA [24]-visualized double perovskite 
structure. La2NiTiO6 crystallizes in the monoclinic space group P21/n 
and the X-ray diffraction pattern of the calcined sample (Panel a) can be 
fitted with La2NiTiO6 phase from Ref. [23] without any parasitic side 
phases. The structure model (Panel b) illustrates the larger perovskite 
unit cell resulting from the ordering along the c axis. To test the stability 

Fig. 2. Results of the Rietveld refinements of the ex-situ collected PXRD pat
terns of La2TiNiO6 after hydrogen reduction for 2 h at 1000 ◦C (top) and a 
subsequent DRM experiment up to 800 ◦C (bottom). The inset shows a Ni EDX 
map (discussed in Fig. 3) to highlight that local Ni exsolution occurs.
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of La2NiTiO6 under reduction and DRM conditions, Panel c highlights 
the respective PXRD patterns after selected treatments, respectively. 
Neither hydrogen reduction at 1000 ◦C for 2 h nor multiple DRM 
treatments up to 800 ◦C (also in combination with hydrogen 
pre-treatments) show any sign of crystalline decomposition products or 
exsolved Ni. This is also confirmed by the Rietveld-fitted X-ray dif
fractograms after hydrogen reduction and a subsequent DRM treatment 
(Fig. 2). Table 1 summarizes the lattice parameters and weight fractions 
of the detected phases after selected treatments.

We have further examined La2NiTiO6 by synchrotron-based in situ 
XRD investigations during hydrogen reduction and DRM treatments 

Fig. 3. Electron microscopy analysis of La2NiTiO6 in the calcined state (top row), after hydrogen reduction for 2 h at 1000 ◦C (middle row) and after treatment in the 
DRM mixture at 800 ◦C for 30 min. Bright-field (BF), secondary electron (SE), and HAADF STEM images are shown in separate columns for each treatment. In 
addition, chemical analysis by EDX based on the La–K (red), Ni–K (green), Ti–K (yellow) and O–K (blue) edges is also presented in individual panels.

Table 1 
Weight fraction analysis, lattice parameters and crystallite sizes observed on La2NiTiO6 and LaNi0.5Ti0.5O3 after selected hydrogen and DRM treatments. Numbers in 
column 3 refer to the weight percentages of the phases obtained from a quantitative phase analysis (QPA) based on the Rietveld refinements. According to our 
experience, the accuracy of the QPA results is estimated to be 1–2 wt.-%. In any way, the errors are significantly higher than those obtained from the Rietveld analysis 
software reflecting only the mathematical fit between measured and calculated step intensities.

Sample Phase Weight Fraction [wt.%] Lattice Parameters [ Å] a b c CrySize [nm]

La2NiTiO6 a.c. La2NiTiO6 100 5.56 5.55 7.85 –
La2NiTiO6 DRM La2NiTiO6 100 5.56 5.55 7.85 –
La2NiTiO6 H2 La2NiTiO6 100 5.57 5.55 7.85 –
La2NiTiO6 H2+DRM La2NiTiO6 100 5.57 5.55 7.85 –
LaNi0.5Ti0.5O3 a.c. LaNi0.5Ti0.5O3 100 5.56 – 13.55 30
LaNi0.5Ti0.5O3DRM LaNi0.5Ti0.5O3 96 5.56 – 13.57 30
​ Ni 4 3.53 – – 20
LaNi0.5Ti0.5O3 DRMx2 LaNi0.5Ti0.5O3 93 5.56 – 13.57 30
​ Ni 7 3.53 – – 15
LaNi0.5Ti0.5O3 H2 La2TiO5 57 11.00 3.95 11.37 70
​ LaTiO3 27 5.56 5.57 7.86 30
​ Ni 15 3.53 – – 30
​ La2NiO4 1 5.47 5.47 12.77 80
LaNi0.5Ti0.5O3 H2+DRM La2TiO5 56 10.99 3.95 11.37 70
​ LaTiO3 25 5.56 5.58 7.86 30
​ Ni 15 3.53 – – 30
​ La2NiO4 4 5.46 5.54 12.72 30
LaNi0.5Ti0.5O3 H2+DRM La2TiO5 72 11.00 3.95 11.39 80
90h LaTiO3 2 5.61 5.59 7.79 50
​ Ni 13 3.53 – – 40
​ La2NiO4 2 5.48 5.47 12.79 70
​ Graphite 11 2.46 – 6.83 10

Table 2 
Rietveld refined crystallographic parameters for the three samples of monoclinic 
La2NiTiO6 (space group: P21/n) treated under different experimental conditions 
as derived from the neutron diffraction data shown in Fig. S4.

a [Å] b [Å] c [Å] β [◦] V [Å3]

Untreated 5.5244(9) 5.5418(8) 7.8138(15) 90.080(16) 239.22(7)
H2-treated 5.5310(7) 5.5399(4) 7.8195(8) 90.007(14) 239.60(4)
DRM- 

treated
5.5253(6) 5.5426(4) 7.8113(11) 90.129(10) 239.22(5)
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(Fig. S3). Corroborating the ex situ data, no crystalline phase or struc
tural changes were detected (for some diffractograms, additional peaks 
of the SiC furnace material are present).

To test the stability of reactive lattice oxygen and to validate the 
occupancy on the B/B’ site, we performed neutron diffraction experi
ments. In comparison to X-rays, neutrons allow for more precise dif
ferentiation between Ni and Ti (coherent scattering lenghts: bNi: 10.3 
fm, bTi: − 3.44 fm [25,26]). Moreover, the coherent scattering length of 
oxygen is more similar to that of the metals (bO: 5.80 fm). The initial 
atomic coordinates and site occupancies for La2TiNiO6 were taken from 
the work of Rodriguez et al. [24] The total distribution of the Ti and Ni 
ions on the positions 2d and 2c, respectively, was constrained to the 
expected stoichiometric ratio of 1:1. The resulting lattice parameters are 
presented in Table 2. The relevant refinement residuals for the three 
samples are as follows: Rwp = 3.44 %, RBragg = 0.77 %, GoF = 2.02 
(untreated); Rwp = 4.20 %, RBragg = 2.86 %, GoF = 1.58 (H2-treated); 
Rwp = 4.21 %, RBragg = 0.91 %, GoF = 1.55 (DRM-treated).

Refinement of the site occupancies of the oxygen atoms did not yield 
clear indications of the presence of reduced sites as the site populations 
were found to be equal to 1.0 within two standard uncertainties. In the 
case of the H2-treated material, for example, the corresponding values 
were 0.99(3) (for O1), 0.97(3) (for O2) and 1.02(3) for (O3). Further
more, the refinement calculations also indicated that the La site is fully 
occupied. Note, that the Ti/Ni distributions on the two different octa
hedral sites are more similar when compared with the results obtained 
by Rodriguez et al. for their samples [25]. The results of the final 
structure refinements are summarized in Table 3.

Both X-ray and neutron diffraction showed no crystalline parasitic 

phases after any treatment. Rietveld refinement of the oxygen occu
pancy in the neutron data for La2TiNiO6 especially rule out a significant 
contribution of reduction-induced reduced sites. To check, if isolated X- 
ray invisible local Ni particle exsolution occurs, electron microscopy 
analysis was performed after selected treatments (Fig. 3). In the calcined 
state, large aggregates of several hundred nm are observed, which 
appear as monolithic blocks in the secondary electron (SE) contrast. This 
confirms the low specific surface area arising from the very high syn
thesis temperatures. Chemically, the sample appears very bulk- 
homogeneous. This chemical homogeneity is lifted after hydrogen 
reduction at 1000 ◦C for 2 h, and to a lesser extent, also after DRM. In 
both cases, Ni exsolution indeed occurs locally. After hydrogen reduc
tion, the Ni particle size is larger (20 nm–50 nm) and Ni exsolution 
occurs more frequently. In contrast, after DRM, the Ni particles are 
significantly smaller in size (sub-20 nm) and more Ni remains in the 
double perovskite structure. The distribution of La, Ti and O still remains 
homogeneous. Combining both diffraction and electron microscopy 
analysis, we infer that a Ni–La2NiTiO6 interface is present after either 
treatment.

3.1.2. Partial Ni exsolution from LaNi0.5Ti0.5O3 during DRM: the Ni – 
LaNi0.5Ti0.5O3 interface

To provide corresponding structural data on a phase-pure single Ni- 
perovskite interface, we studied a Ti-doped LaNiO3 sample with a 
nominal Ti/Ni ratio of unity, i.e., a composition of LaNi0.5Ti0.5O3 under 
similar experimental conditions as the double perovskite (with respect 
to hydrogen reduction and DRM tests). The Rietveld-refined PXRD 
pattern of Fig. 4, Panel a indicates the presence of phase-pure trigonal 
LaNi0.5Ti0.5O3 in accordance with ref. [27]. The PXRD pattern after a 
DRM treatment without prior hydrogen reduction (red pattern in Panel 
b, Rietveld-fitted diffractogram in Fig. 5) shows that Ni exsolution in a 
carbon-dioxide/methane mixture indeed leads to an exsolved Ni amount 
of ca. 4 wt.-% (cf. Table 1). A second DRM cycle (purple pattern) in
creases the amount of exsolved Ni to about 7 wt.-%. However, the 
structure of the parent LaNi0.5Ti0.5O3 material remains largely unaf
fected by the treatments. This is also confirmed by the Rietveld refine
ment of the diffractograms after one and two DRM cycles (Fig. 5). We, 
therefore, infer the exclusive presence of a structurally stable 
Ni–LaNi0.5Ti0.5O3 interface (for the sake of clarity, we still refer to 
“LaNi0.5Ti0.5O3”, despite Ni exsolution). Ni exsolution can also be seen 
in the electron microscopy images and the respective EDX maps (Fig. 6). 
Ni particles appear well-distributed on the surface of LaNi0.5Ti0.5O3 with 
average particle sizes of around 20 nm–50 nm. The maps also show that 
the majority of Ni still remains within the perovskite lattice. Local EDX 
measurements also confirm that exclusive Ni exsolution occurs, ruling 
out exsolved Ni–Ti alloy particles.

3.1.3. Full decomposition of LaNi0.5Ti0.5O3 in hydrogen: Ni in contact with 
La2TiO5 and LaTiO3 phases

To test the stability of LaNi0.5Ti0.5O3 and to force Ni exsolution to a 
higher degree, we performed hydrogen reduction prior to the DRM 
treatments. The purple pattern in Fig. 4c indicates total decomposition 
of LaNi0.5Ti0.5O3 into a mixture of different La–Ni and La–Ti perovskite 
phases aside from Ni. The main crystalline phase (~56 wt.-%) is 
orthorhombic La2TiO5 (space group Pnma) followed by cubic LaTiO3 
(space group Pm-3m) at 25 wt.-%. The Ruddlesden-Popper phase 
La2NiO4 (tetragonal, space group I4/mmm) is also present at 4 wt-%, 
alongside ca. 15 wt.-% Ni. Especially La2TiO5 is a common reaction 
product of La–Ti perovskite decomposition under hydrogen reduction, 
as reported by Tuza et al. using La2NiTiO6 [32] and Arrive et al. on 
La0.5Sr0.5Ti0.75Ni0.25O3 [33]. With respect to the appearance of La2NiO4 
during hydrogen reduction, interestingly, the effect of Ti is to stabilize 
La2NiO4, as it is not observed on pure LaNiO3 after hydrogen reduction 
[5]. As indicated by the magenta-colored diffractogram in Fig. 4c, a 
subsequent DRM treatment does not alter the composition of the 
structural product mixture, and specifically, no crystalline phases 

Table 3 
Atomic coordinates and site occupancies for monoclinic La2TiNiO6 as derived 
from the neutron diffraction data shown in Fig. S4. First line: Untreated; second 
line: H2-treated; third line: DRM-treated.

Atom Wyckoff- 
site

x y z Occupancy Biso[Å2]

La 4e 0.505 
(2)

0.535 
(1)

0.252(1) 1.0 1.01(3)

​ ​ 0.496 
(3)

0.529 
(1)

0.250(1) 1.0 1.01

​ ​ 0.500 
(1)

0.530 
(1)

0.244(1) 1.0 1.01

Ti1 2d 0.5 0 0 0.46(1) 1.61(3)
​ ​ ​ ​ ​ 0.48(1) 1.61
​ ​ ​ ​ ​ 0.46(1) 1.61
Ni1 2d 0.5 0 0 0.54(1) 1.61(3)
​ ​ ​ ​ ​ 0.52(1) 1.61
​ ​ ​ ​ ​ 0.54(1) 1.61
Ti2 2c 0 0.5 0 0.54(1) 1.61(3)
​ ​ ​ ​ ​ 0.52(1) 1.61
​ ​ ​ ​ ​ 0.54(1) 1.61
Ni2 2c 0 0.5 0 0.46(1) 1.61(3)
​ ​ ​ ​ ​ 0.48(1) 1.61
​ ​ ​ ​ ​ 0.46(1) 1.61
O1 4e 0.217 

(2)
0.222 
(4)

− 0.033 
(2)

1.0 0.62(1)

​ ​ 0.221 
(2)

0.213 
(4)

− 0.035 
(2)

1.0 0.62

​ ​ 0.232 
(2)

0.213 
(2)

− 0.032 
(2)

1.0 0.62

O2 4e 0.277 
(3)

0.712 
(4)

− 0.042 
(2)

1.0 0.62(1)

​ ​ 0.279 
(2)

0.716 
(4)

− 0.037 
(2)

1.0 0.62

​ ​ 0.288 
(2)

0.711 
(2)

− 0.040 
(1)

1.0 0.62

O3 4e 0.428 
(3)

0.988 
(2)

0.245(2) 1.0 0.62(1)

​ ​ 0.422 
(2)

0.984 
(2)

0.250(1) 1.0 0.62

​ ​ 0.423 
(2)

0.989 
(1)

0.236(2) 1.0 0.62
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related to CO2 or CH4 activation are observed. Also in this respect, the 
introduction of Ti leads to a different pathway of phase formation 
compared to LaNiO3 [5]. Particularly striking is the absence of 
lanthanum oxycarbonate phases.

The exsolution of Ni particles can also be directly seen in the electron 
microscopy images (Fig. 7). Again, no concurrent Ti exsolution is 
observed, although the exsolved Ni particles are much larger in size (50 
nm–100 nm) compared to both simple DRM treatment of LaNi0.5Ti0.5O3 
and hydrogen treatment of La2TiNiO6. We tentatively explain this by the 
suppressed anchoring of the Ni particles to the parent perovskite phases 
because of total LaNi0.5Ti0.5O3 decomposition. In essence, the catalyst 
after full decomposition resembles a Ni-impregnated La2TiO5/LaTiO3 
catalyst.

3.2. Testing the redox properties of Ni perovskite materials by H2- 
temperature-programmed reduction (TPR)

Since metallic Ni nanocrystallites exsolved from the perovskite 
structure in either hydrogen or DRM mixture in contact with reduced 
perovskite are supposedly the active species for the reaction, the 
reducibility as a key parameter of the exsolution process was tested in 
static H2-TPR experiments. In addition, as there is a possibility of minor 
hydrogen dissolution into the perovskite structure during H2-TPR [21], 
and in order to quantify the amount of real reduced sites during H2-TPR 
more carefully, subsequent TPD yields the integral H2 desorption. Dur
ing TPD, dissolved hydrogen can be desorbed in the form of molecular 
H2 or water. The following experimental sequence was used in these 
calculations. 

Step 1 H2-TPR: integral H2 uptake = reduced sites formed during TPR 
+ dissolved hydrogen

Step 2 TPD: bound hydrogen = desorbed H2 + desorbed H2O (reduced 
sites formed during subsequent TPD).

It should be noted that the additional reduction during TPD with 
respect to H2O desorption is not significant [21]. Therefore, in order to 
prevent the sample from being exposed to air after the H2-TPR test, the 
zeolite used during H2-TPR was not removed from the reactor chamber 
for the subsequent TPD step (i.e., all desorbed water during TPD was 
excluded from QMS detection). To a reasonable approximation, the 
amount of reduced sites during TPR can be calculated as follows: 

Number of reduced sites (TPR)=H2,int(TPR) − H2,des(TPD)

H2,int(TPR)… integral H2 uptake during TPR
H2,des(TPD)… integral H2 desorbed during TPD
Fig. 8 shows the integral H2 uptake profiles on LaNiO3, LaNi0.5

Ti0.5O3 and La2NiTiO6 during temperature-programmed H2 reduction 
up to 900 ◦C. The H2 uptake profiles during the isothermal phase (10 
min), as well as during cooling to 25 ◦C, are shown as dashed lines for 
each catalyst. To highlight the H2 consumption onset temperatures and 
peaks during heating, the temperature-dependent first derivative of the 
integral H2 uptake, i.e., the uptake rate, is additionally shown in Fig. S5. 
The onset temperatures for major H2 consumption are 80 ◦C, 145 ◦C and 
260 ◦C for LaNiO3, LaNi0.5Ti0.5O3 and La2NiTiO6, respectively. Ac
cording to Fig. 8, for LaNiO3 all hydrogen in the reactor is consumed at 
temperatures below 500 ◦C. Therefore, the reduction process, in fact 

Fig. 4. Panel a: Results of the Rietveld refinement of the powder X-ray diffraction of calcined LaNi0.5Ti0.5O3. Panel b: VESTA-drawn structure. Panel c: Set of ex-situ 
collected powder X-ray diffractograms after calcination, after hydrogen reduction at 1000 ◦C for 2 h, after one and two cycles of DRM treatment without hydrogen 
pre-reduction and after a hydrogen prereduction-DRM cycle. Reference diffractograms: Ni [28], La2TiO5 [29], LaTiO3 [30], La2NiO4 [31].
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stops during further heating to 900 ◦C. Considering also Fig. S5, for 
LaNiO3 the uptake rate peaks at 360 ◦C and decreases above a shoulder 
at 410 ◦C. The latter could be due to effects of hydrogen diffusion lim
itation [20]. This hypothesis is reasonable due to the delayed processes 
of bulk reduction compared to that of surface regions. The maximum of 
the main reduction peak at 360 ◦C in our study corresponds very well 
with literature [34–39]. Although there is a general agreement in 
literature regarding the order of reduction in the oxidation state of Ni 

(Ni3+ → Ni2+ → Ni0) starting from LaNiO3, in the presence of H2, there is 
an apparent contradiction with respect to the appearance of transient 
reduced phases. Intermediate formation of La2Ni2O5, NiO, La2NiO4 and 
La4Ni3O10 phases have been reported at different reduction tempera
tures [35,37–40]. However, according to our previous work on the 
structural dynamics of the rhombohedral LaNiO3 catalyst upon in situ 
reduction in flowing hydrogen up to 800 ◦C, polymorphic changes to 
cubic LaNiO3, triclinic LaNiO2.7 and monoclinic LaNiO2.5 and finally, 
decomposition into metallic Ni and hexagonal La2O3 phases have been 
observed [6]. The appearance of different phases is strongly dependent 
on the experimental conditions and if the reduction process is monitored 
in situ.

The total amount of hydrogen required for the complete reduction of 
the perovskite according to the following stoichiometry, is equal to 
6.108⸱10− 3 mol g− 1. 

2LaNiO3 (s) → La2O3 (s)+2Ni (s) + 3O (g) (corresponding to 1.5O2)

By comparing this value with the total number of created reduced 
sites on LaNiO3 during TPR, 2.75⸱10− 3 mol g− 1 (calculated using the 
integral H2 uptake during TPR, 2.80⸱10− 3 mol g− 1 and the integral H2 
desorption during TPD, 0.53⸱10− 4 mol g− 1; see Table 4 and Fig. 8), it can 
be concluded that the catalyst does not get fully reduced under these 
experimental conditions, which is in good agreement with the ex-situ 
XRD results after H2-TPR/TPD (Fig. S7) showing Ni/NiO in contact 
with La2NiO4. We emphasize again that the integrally consumed amount 
od H2 on LaNiO3, 2.80⸱10− 3 mol g− 1, corresponds to all hydrogen used 
for the test.

According to Fig. 8 and Table 4, addition of Ti to the perovskite 
structure leads to a considerable improvement in stability (cf. PXRD 
pattern in Fig. S7 indicating that LaNi0.5Ti0.5O3 is still largely stable 
despite static hydrogen treatment) because, in addition to kinetically 
delayed hydrogen consumption, there are also a significant difference in 
the integral amount of hydrogen consumed during the test. The differ
ences are even much more pronounced in the case of La2NiTiO6-δ. In 
addition to the fact that nanostructures, such as crystallite size, can have 
a significant effect on the redox properties of metal oxides [41,42], the 
presence of reducible elements at different positions of the crystal 
structure, as well as the neighboring chemical composition, also have a 
significant effect on reducibility. For example, in the case of supported 
Ni on alumina, the reduction of Ni2+ to Ni0 occurs at 496 ◦C and 843 ◦C, 
which is attributed to Ni2+ ions incorporated into tetrahedral and 
octahedral vacancies, respectively [43,44]. According to Fig. S5 the 
reduction peaks below 500 ◦C appear for all three catalysts in almost the 
same temperature range with different intensities. The broad peaks 
observed for the two catalysts with Ti in temperature ranges higher than 
600 ◦C could be due to the formation of metallic nickel particles (which 
is already delayed compared to LaNiO3), subsequently increasing the 

Fig. 5. Results of the Rietveld refinements of the ex situ collected PXRD pat
terns of LaNi0.5Ti0.5O3 after one (top) and two (bottom) DRM experiments up 
to 800 ◦C.

Fig. 6. Electron microscopy analysis of LaNi0.5Ti0.5O3 in the calcined state (top row), and after a treatment in the DRM mixture at 800 ◦C for 30 min (bottom row). 
Bright-field (BF), secondary electron (SE), and HAADF-STEM images are shown in separate columns for each treatment. In addition, chemical analysis by EDX based 
on the La–K (red), Ni–K (green), Ti–K (yellow) and O–K (blue) edges is also presented in individual panels.
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oxide reducibility. Taking into account also the crystallite size differ
ences of the samples (Table 1), significant differences in the redox 
properties of the samples are not surprising. Accordingly, we have 
shown that increasing the crystallite size of copper-manganite perov
skites leads to a pronounced decrease in their reducibility [42].

The H2-TPD spectra collected from all three samples after H2-TPR 
(Table 4 and Fig. S6) show that a small amount of the total hydrogen 
consumed in the reduction stage is dissolved within the perovskite 
structure. However, Fig. S6 represents two distinct and well-separated 
desorption rate maxima, which might indicate a certain difference 
with respect to the binding energies of hydrogen species on all studied 
samples [21]. Corroborating the XRD and neutron diffraction experi
ments, the low amount of desorbed hydrogen for La2NiTiO6 compared to 
LaNi0.5Ti0.5O3 is again evident. At this stage, the question arises how the 
hydrogen consumption is connected to the Ni exsolution on La2NiTiO6. 

Table 4 and Fig. 8 directly prove, that Ni exsolution goes along with a 
very minor hydrogen uptake. Therefore, we can safely assume that ox
ygen vacancy formation (and accordingly the appearance of 
reaction-formed water) occurs in parallel to Ni exsolution to some extent 
– however, still within the error margin of the oxygen occupancy 
determination by neutron diffraction discussed in section 3.1.

3.3. Surface-chemical consequences of Ni-lanthanum nickel titanate 
interfacial engineering

The surface-related redox chemical state of the different Ni- 
perovskite interfaces was examined by ex situ XP studies on LaNi0.5

Ti0.5O3 after selected treatments necessary to induce the formation of 
the respective interfaces. The corresponding studies have also been 
performed on La2NiTiO6, but due to the high surface- and bulk structural 
stability, no changes were observed after any of the treatments 
(corroborating the XRD and neutron diffraction experiments, as well as 
the hydrogen uptake results). We provide only data on the Ti 2p, O 1s 
and C 1s spectra, as due to the strong overlap of the La 3d and Ni 2p 
peaks [45], the latter are not interpretable. If the Ti 2p and O 1s spectra 
in Fig. 9 after selected treatments are compared, we note that the 
as-calcined sample exhibits a single Ti4+ 2p component with two peaks 
at 458.8 eV and 464.5 eV, corresponding to Ti4+ 2p3/2 and Ti4+ 2p1/2, 
respectively [46–50]. This implies, that in contrast to pure LaNiO3, 
where all Ni is in the oxidation state Ni3+, the main oxidation state of Ni 
in LaNi0.5Ti0.5O3 is Ni2+. The corresponding O 1s spectrum features a 
peak at 530.0 eV (lattice oxygen of the perovskite structure) with a 
high-binding energy shoulder at 531.8 eV (surface-related oxygen spe
cies) [51,52]. Any reductive treatment (either directly in the DRM 
mixture or in hydrogen) causes a distinct response both in the Ti 2p and 
O 1s spectra by featuring a more reduced component. For Ti 2p, a 
doublet for Ti3+ arises at 457.3 eV and 463.0 eV, which is most prom
inent after a hydrogen pre-treatment. Also observed after one DRM 
cycle, it gets more pronounced after a second DRM cycle due to the 
higher amount of exsolved Ni. The corresponding O 1s spectra all feature 
a small component at 528.7 eV, attributed to surface oxidation of 
exsolved Ni particles. We assume NiO arises by formation of a thin NiO 
layer upon contact to air (PXRD only show metallic Ni in the bulk). 
Accordingly, the lattice O 1s component decreases and the O 1s feature 
of NiO increases after reduction, mimicking the trend of Ti 2p as a 
function of reduction strength. Peculiar is the total decrease in intensity 
of especially the O 1s region after a hydrogen reduction – DRM cycle: 
according to Fig. S8, this is due the formation of a shielding graphite 
layer manifesting itself via a strong C 1s component at 284.4 eV. After 
neither of the other treatments carbon formation (i.e., coking) is 
observed.

3.4. Methane dry reforming performance of different Ni - lanthanum 
nickel titanium interfaces

Fig. 10 highlights the DRM profiles of the Ni-perovskite interfaces 
characterized in the preceding sections. According pre-treatments have 
been conducted to induce the formation of the discussed Ni-perovskite 
interfaces. To illustrate the influence of Ti, we have also added the 

Fig. 7. Electron microscopy analysis of LaNi0.5Ti0.5O3 after hydrogen reduction for 2 h at 1000 ◦C (middle row). Bright-field (BF), secondary electron (SE), and 
HAADF STEM images are shown in separate columns for each treatment. In addition, chemical analysis by EDX based on the La–K (red), Ni–K (green), Ti–K (yellow) 
and O–K (blue) edges is also presented in individual panels.

Fig. 8. Integral H2 uptake during static temperature-programmed H2 reduction 
on LaNiO3, LaNi0.5Ti0.5O3 and La2NiTiO6 catalysts, after pre-oxidation in 
flowing O2 using an initial H2 pressure of 125 mbar. Temperature program: 
heating from 25 ◦C to 900 ◦C (10 ◦C min− 1/full lines), followed by an 
isothermal period at the maximum temperature (900 ◦C for 10 min/broken 
line) and a cooling phase (10 ◦C min− 1/broken line).

Table 4 
Amounts of the integral H2 uptake, bound hydrogen (H2 desorption) and created 
oxygen vacancy during TPR.

Sample Integral H2 

uptake in TPR 
/mol g− 1

Integral H2 

desorption in TPD 
/mol g− 1

Number of reduced 
sites (TPR) 
/mol g− 1

LaNiO3-δ 2.80⸱10− 3 0.53⸱10− 4 2.75⸱10− 3

LaNi0.5Ti0.5O3- 

δ

1.50⸱10− 3 2.74⸱10− 4 1.23⸱10− 3

La2NiTiO6-δ 2.30⸱10− 4 0.38⸱10− 4 1.92⸱10− 4
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DRM profile of LaNiO3 after hydrogen pre-reduction. At first glance, all 
Ni-perovskite interfaces exhibit DRM activity. Ni in contact with La2T
iNiO6 (top left) features the worst behaviour with a reaction onset at ca. 
500 ◦C and final conversions of 80 % (for CO2) and ca. 65 % (for CH4). 
The higher conversion of CO2 (which translates into a H2/CO ratio of 
about 0.8) indicates concurrent reverse water-gas shift activity as a 
common feature on many perovskites during DRM [53–56]. For 
LaNi0.5Ti0.5O3, where Ni exsolution is much more pronounced even 
without hydrogen pre-treatment, we observe a distinct induction period 
of metallic Ni exsolution during the first DRM cycle (dashed profiles, top 
left). A sharp increase in the DRM activity at 750 ◦C indicates reduction 
of oxidized Ni to metallic Ni. After Ni activation, the DRM activity is 
stable. A second DRM cycle, which now reflects the inherent activity of 
the Ni–LaNi0.5Ti0.5O3 interface, features a light-off temperature of 
around 425 ◦C and conversions of 98 % (CO2) and 92 % (CH4). Whereas 
a H2/CO ratio of almost unity is observed during the isothermal period 
in the first cycle (where the activity is, hence, dominated by metallic Ni 
with exclusive DRM activity), the H2/CO ratio drops to around 0.93 in 
the second cycle, respectively. This indicates a modest contribution of 
the reverse water-gas shift reaction on the perovskite. Referenced to the 
activity of LaNiO3, we note that the reaction onset for LaNiO3 is slightly 
lower (around 350 ◦C), but the overall reaction profile for the latter is 
much more complex due to the efficient structural decomposition of 
LaNiO3. If a pre-reduction in hydrogen (1000 ◦C, 1 h) is carried out 
before DRM (bottom left) to induce the Ni exsolution (equivalent to the 
total decomposition of LaNi0.5Ti0.5O3), the onset temperature of cata
lytic activity is lowered to ca. 380 ◦C. We note that XPS showed a large 
graphitic carbon content on the surface (cf. Fig. S8) after this 
hydrogen-DRM cycle.

Compared to LaNiO3, hydrogen reduction of LaNi0.5Ti0.5O3 removes 
the activity decrease of the former between 650 ◦C and 750 ◦C. This 

“bump” in activity often occurs during DRM on perovskites and arises 
from competing reactions of the DRM network on transient species 
[57–59]. Doping with Ti not only stabilizes the entire perovskite struc
turally, but this, in turn, has a beneficial effect on the high-temperature 
DRM activity. As indicated in Table S2, comparing the activity of 
different Ni perovskite samples, as well as Ni on Al2O3, LaNi0.5Ti0.5O3 
after hydrogen reduction, despite the structural complexity, out
performs most of the materials in terms of activity under comparable 
experimental conditions.

With respect to the reaction mechanism, we note that for LaNiO3, the 
carbon dioxide activation via reversible carbonization of La2O3 to 
La2O2CO3 is in the epicentre of catalytic activity. In all LaNiO3 and Cu- 
doped La2NiO4 phases, crystalline monoclinic La2O2CO3 was detected 
during peak activity and in the spent catalyst state [6,7]. On the con
trary, for none of the Ti-doped LaNiO3 phases we detected any activated 
crystalline carbon species resulting from carbon dioxide decomposition 
– most likely, because no La2O3 was observed, even for fully decom
posed LaNi0.5Ti0.5O3. Several studies have suspected, that the role of the 
(oxygen-deficient) perovskite is to aid the carbon dioxide activation and 
to provide oxygen spillover to Ni to enhance the removal of surface 
carbon deposits [4]. As our studies do reveal only a minor (if any) 
presence of reduced sites in either studied perovskite sample, we suggest 
that the dry reforming activity for the Ti-doped LaNiO3 phases is driven 
by the activation properties of Ni alone, and the role of the perovskite in 
essence is to stabilize active Ni particle sizes. This is also confirmed by 
additional experiments on the corresponding Ni-free La2Ti2O7 phase. 
The latter is the stable Ni-free end composition in the La–Ti–Ni–O phase 
diagram at room temperature. The corresponding LaTiO3 perovskite 
exists, but is usually prepared by arc-melting [60]. As shown in Fig. S9, 
La2Ti2O7 is DRM inactive.

The hypothesis of a stabilizing role of these perovskites is also 

Fig. 9. High-resolution Ti 2p (left) and O 1s XP spectra (right) measured on LaNi0.5Ti0.5O3 after selected treatments as indicated.
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corroborated by the highest activity of Ni in contact with La2TiO5 and 
LaTiO3. In this respect, the carbon dioxide activation properties of Ni 
have recently been shown to strongly depend on the Ni particle size and 
the nature of the oxide to which Ni is anchored to [61]. The catalytic role 
of the perovskite for LaNixTi1-xO3 in fact appears to be to merely catalyze 
selectively-spoiling reactions: in this particular case, e.g., by contrib
uting reverse water-gas shift activity for LaNi0.5Ti0.5O3 directly acti
vated during DRM.

To determine the long-term stability of the best working catalyst, i.e., 
LaNi0.5Ti0.5O3 after hydrogen reduction at 1000 ◦C and subsequent 
DRM, representing Ni particles in contact with La2TiO5 and LaTiO3, 
Fig. 11 shows the DRM profiles of this catalyst over a period of 90 h time- 
on-stream at 800 ◦C. Conversions of carbon dioxide and methane remain 
stable throughout the duration of the experiment at 95 % and 92 %, 
respectively. The H2/CO ratio remains close to unity, indicating stable 
DRM performance. Catalytic-site wise, two experimental results of spent 
catalyst characterization provide further insight: At first, ex-situ XRD of 
the sample after the experiment reveals that most of the LaTiO3 has 
transformed into La2TiO5 during the long-term measurement (a drop 
from 25 wt.-% after 1 h time-on-stream to ca. 2 wt% after 90 h has been 
observed for LaTiO3, accompanied by an increase of La2TiO5 from 56 wt 
% to 72 wt%; see Table 1 and Fig. S9). This strongly suggests, that even 
in the beginning of the experiment, and more true so for the long-term 
measurement, the Ni–La2TiO5 interface is important for catalytic ac
tivity. To prove this point, we have synthesized a Ni–La2TiO5 interface 

Fig. 10. Methane dry reforming profiles of La2TiNiO6 and LaNi0.5Ti0.5O3 after selected reductive pre-treatments. Top left: DRM experiment on La2TiNiO6 after a 
hydrogen pre-treatment at 1000 ◦C for 1 h. Top right: LaNi0.5Ti0.5O3 without hydrogen pre-treatment. Bottom left: DRM experiments on LaNi0.5Ti0.5O3 after a 
hydrogen pre-treatment at 1000 ◦C for 1 h (solid traces), in comparison to wet-impregnated Ni particles on La2TiO5 after hydrogen reduction at 800 ◦C for 15 min 
(broken traces). Bottom right: DRM experiment on LaNiO3 after a hydrogen pre-treatment at 1000 ◦C for 1 h. Green profiles denote the H2/CO ratios. Heating rate: 
5 ◦C min− 1, sample mass: 200 mg each, gas flow: CO2:CH4:He = 20 mL:20 mL:20 mL, GHSV: 18 Lh− 1gcat

− 1.

Fig. 11. DRM profile of an 90 h time-on-stream experiment at 800 ◦C on 
LaNi0.5Ti0.5O3 after prior 1 h reduction in H2 at 1000 ◦C. The green profile 
denotes the H2/CO ratio. Sample mass: 200 mg, gas flow: CO2:CH4:He = 20 
mL:20 mL:20 mL, GHSV: 18 Lh− 1gcat

− 1.
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by wet-impregnation and accordingly tested it in DRM (Fig. 10, bottom 
left Panel, broken traces). Evidently, the overall shape of the DRM 
profile is very similar, with only a minor difference in catalytic onset 
temperature (pure La2TiO5 without Ni is also DRM-inactive). Secondly, 
XP spectra, SEM images and PXRD patterns (Figs. 9 and 12, 
Figs. S10–S12) all reveal a rather strong graphitic carbon accumulation 
by mostly filament formation both after 1 h and 90 h time-on-stream. 
Interestingly, this is not detrimental to catalytic activity. SEM images 
after 90 h time-on-stream show that although massive carbon fibre 
formation is visible, extended patches of La2TiO5 (which is the dominant 
phase according to XRD) with small Ni particles without filament for
mation are frequently visible (one is marked by a blue rectangle in 
Fig. 12, Panel A and shown as close-up in Panel B with the respective 
EDX maps). This implies that La2TiO5 is able to stabilize a critical Ni 
particle size, which is resistant to fibre formation. The line scan (orange, 

inset in Panel B) shows a carbon signal located at the Ni particles – we 
assume that this reflects a small amount of dissolved carbon within the 
bulk of the fibre-free Ni particles. A graphite-like coating layer is 
excluded based on the highly stable DRM activity over 90 h time-on- 
stream. We have validated the improved anti-coking behavior of Ni/ 
La2TiO5 by performing XRD and SEM analysis of the impregnated Ni/ 
La2TiO5 material before and after the reduction-DRM cycling: no sin
tering of Ni particles occurs and coking is essentially suppressed on Ni/ 
La2TiO5 (Fig. 13 and S13).

4. Conclusions

We have shown that the lanthanum-nickel-titanate system offers a 
perfect opportunity to access the inherent reactivity of different metal- 
perovskite interfaces in DRM. Summarized as bullet points, the main 

Fig. 12. SEM/EDX characterization of the spent catalyst state of LaNi0.5Ti0.5O3 after hydrogen reduction at 1000 ◦C followed by DRM at 800 ◦C for 90 h time-on- 
stream. Panel A: Overview image. Panel B: Image of an un-coked La2TiO5 region with Ni particles without carbon fibre formation. The orange line shows the region 
where the line scan (upper right corner) was performed. The two green arrows denote the location of two Ni particles. Bottom row: Individual EDX maps of Ni 
(green), C (red), O (turquoise), Ti (blue) and La (magenta).

Fig. 13. SEM/EDX characterization of wet-impregnated Ni/La2TiO5 before (Panel A) and after a hydrogen pre-reduction - DRM (Panel B). The insets show repre
sentative EDX line profiles to locate Ni particles. The porous background structure stems from the 20 nm thick Au coating layer to prevent charging. Several Ni 
particles are marked by arrows. Experimental conditions as in Fig. 10.
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conclusions are. 

• Strategies to access well-defined metal-perovskite interfaces: In most of 
the literature-discussed perovskites over all catalytic applications, 
little care is taken to ensure that the Ni-perovskite interfaces are well- 
defined in terms of structure, phase and elemental composition. 
Exploiting the enhanced structural stability of different Ti-doped 
LaNiO3 perovskites, i.e., the double perovskite La2NiTiO6 and the 
single perovskite LaNi0.5Ti0.5O3, in different reducing atmospheres 
allowed us to disentangle the inherent DRM reactivity of Ni in con
tact with either La2NiTiO6 or LaNi0.5Ti0.5O3 and to benchmark this 
reactivity against undoped LaNiO3, La2Ti2O7 and Ni in contact with a 
fully decomposed perovskite precursor. Careful selection of the 
reduction potential of the gas atmosphere is the key parameter for 
the successful synthesis of different Ni-perovskite interfaces.

• Consequences for inherent DRM activity of the specific Ni-provskite in
terfaces: Both Ni–La2TiNiO6 and Ni–LaNi0.5Ti0.5O3 are structure- and 
phase-stable over several DRM cycles and the latter is also long-term 
stable over extended time-on-stream periods, rivaling or even out
performing undoped LaNiO3.

• The specific role of Ti as a structure-stabilizing dopant: Ti stabilizes the 
parent LaNiO3 structure in reducing atmospheres by enabling a Ti4+/ 
Ti3+ redox couple, thereby largely suppressing the formation of 
reduced sites. In due course, intermediate structures and phases, 
such as La2NiO4, are also stabilized along the exsolution and 
decomposition pathway. Doping of LaNiO3 with Ti is the crucial 
factor to suppress perovskite decomposition and to accordingly ac
cess specific Ni-perovskite interfaces.

• Effect of Ti on the reaction mechanism in DRM: Contrary to the usual 
role ascribed to the perovskite for a metal-perovskite interface, the 
impact of reduced sites seems to be suppressed in the LaNixTi1-xO3 
system. The inherent detrimental contribution of the perovskite is 
the selectivity-spoiling reverse water-gas shift reaction. Beneficially, 
catalytically active Ni particle sizes are apparently stabilized at the 
Ni-perovskite interface. The DRM reaction mechanism on LaNiO3 via 
a reversible La oxycarbonate CO2 activation cycle is at least sup
pressed for La2TiNiO6 and LaNi0.5Ti0.5O3 due to i) the stabilizing 
effect of Ti suppressing the formation of La2O3 necessary for the 
formation of lanthanum oxycarbonate, and ii) the reaction of Ti with 
La to form ternary oxides with higher stability.

• The role of La2TiO5 for catalytic activity: La2TiO5 as the dominant 
lanthanum-titanium phase in the best-performing catalyst stabilizes 
a critical Ni particle size with improved coking resistance. The 
beneficial role of La2TiO5 for suppressing coke formation on Ni- 
containing catalyst materials in reforming reactions seems to be 
universal, as also for methane steam reforming, this pivotal role has 
been pointed out [32].

Scheme 1 gives a summarizing overview of the structures and cata
lytic activity of the different Ni-perovskite interfaces.

With LaNixTi1-xO3 we provide model system that allows to empha
size the importance of well-defined metal-perovskite interfaces to un
derstand their inherent catalytic properties. Across many catalytic 
applications, due to the strategy of exsolution of metal particles from a 
perovskite host lattice, the formation of a metal-perovskite interface is a 
frequently observed phenomenon. In due course, a bifunctional syner
gistic reaction mechanism usually prevails - either by a direct contri
bution with inherent catalytic activity of the individual catalyst entities 
or indirectly by structural stabilization effects. Notwithstanding their 
exact catalytic role, the presence of well-defined metal-perovskite in
terfaces is imperative to disentangle the individual roles and to deter
mine the inherent interfacial activity.
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