
Smart material concept: reversible microstructural
self-regeneration for catalytic applications†

Dariusz Burnat,*a Roman Kontic,a Lorenz Holzer,b Patrick Steiger,cd Davide Ferric

and Andre Heela

This paper presents a proof-of-concept study and demonstrates the next generation of a “smart” catalyst

material, applicable to high temperature catalysis and electro-catalysis such as gas processing and as

a catalyst for solid oxide cells. A modified citrate-gel technique was developed for the synthesis of

LaxSr1�1.5xTi1�yNiyO3�d. This method allowed the synthesis of single phase materials with a high specific

surface area, after the first calcination step at temperatures as low as 650 �C. Up to 5 at% of nickel could

be incorporated into the perovskite structure at this low calcination temperature. X-ray powder

diffraction and microscopy techniques have proven the exsolution of nickel nanoclusters under low

oxygen partial pressure. The amount of exsoluted nickel nanoparticles was sensitive to surface finishing,

whereby much more exsoluted nanoparticles were observed on pre-treated and polished surfaces as

compared to original ones. Increasing A-site deficiency leads to a larger number of nickel particles on

the surface, indicating a destabilizing influence of the A-site vacancies on the B-site metal cations.

Repetitive redox cycles prove that the nickel exsolution and re-integration is a fully reversible process.

These materials working in a cyclic and repetitive way may overcome the drawbacks of currently used

conventional catalysts used for high temperature systems and overcome major degradation issues

related to catalyst poisoning and coarsening-induced aging.

Introduction

Catalytically active nanoparticles are crucial for technologies

related to catalysis and electro-catalysis because these particles

ensure, with their high specic surface area, high turnover rates

and drive process efficiency. The preservation of high catalytic

activity is therefore of great signicance. Supported noble metal

catalysts suffer from particle sintering under high temperature

reaction conditions and prolonged operation. Aging of the

catalyst surface occurs in a two-fold way, over time.1,2 On one

hand, microstructural or morphological degradation, such as

coalescence, leads to a loss of surface area. On the other hand,

an even more rapid catalyst deactivation is caused by catalyst

poisons, such as carbon or sulfur depositions, blocking the

catalyst surface.3 Both mechanisms typically lead to an irre-

versible loss of performance and require expensive material

recycling or even a complete replacement. Both effects lead to

an economic drawback. Catalytically active nanoparticles are

usually prepared using wet chemistry inltration techniques.

These, in turn, require additional processing steps and lead to

excessive deposition of the catalytically active materials and the

resulting nanostructured particles are susceptible to coales-

cence. A novel approach towards surface functionalization is

the preparation of nanostructured particles, directly from a host

matrix, which can occur under change of operating conditions.4

A modication of this approach has led to some promising

results, based on lanthanum doped perovskites

(AxA
0
1�xTi1�yMeyO3�d, A: La, Y A0: Ca, Sr, Mg). The B-site cations,

i.e. Me ¼ Fe, Ni, Cu, Mn, introduced into the perovskite lattice,

were exsoluted from the host matrix, under low oxygen partial

pressure, and remain on its surface as catalytically active

particles.5,6 Besides excellent thermal stability at elevated

temperatures, a very good electronic conductivity is obtained,

which makes them attractive for high temperature electro-

catalysis. In this work, we demonstrate a more progressed smart

material concept (Fig. 1) for a high temperature catalyst: exso-

lution, but also the subsequent reintegration of the catalytic

metal phase into the host matrix. It is shown that this effect is

reversible and can be used repetitively for microstructural self-

regeneration, with the aim to use this mechanism even for the

regeneration of the catalytically active phase suffering from

process related poisons such as sulfur or carbon.
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A-site decient compositions, combining trivalent (A) and

bivalent (A0) metal cations within the perovskite network,

following the stoichiometry Ax
3+A01–3/2x

2+Ti1�yMeyO3�d, are

specically addressed due to their suitable properties. In this

proof-of-concept study, we selected nickel as the segregating

and re-incorporating metal due to its catalytic applications.

However, due to a high tunability of the perovskite structure,

this concept can be applied to practically any metal, which is

able to adopt the coordination of the B-site cation within the

perovskite structure and which is “unstable” at low oxygen

partial pressures.

On the basis of lanthanum-doped strontium titanates,

substituted with nickel, a self-regenerating effect can be

induced to limit the microstructural degradation of the cata-

lytically active phase while cleaning off the catalytic surface

suffering from poisoning. Conventionally prepared catalysts

(Fig. 2) tend towards a substantial loss of the active surface area,

either by coalescence from long-term exposure to high

temperatures or from increased particle mobility at elevated

water vapour pressures. With the here-presented material

concept, the exsoluted metallic nickel phase can be renewed, by

a chemical stimulus, in terms of oxygen partial pressure

(Fig. 2a).

Assuming cyclic and fully reversible catalyst metal exsolu-

tion/integration, the oxidation of the material would then lead

to the incorporation of the degraded metallic phase into the

host perovskite. By knowing this, the authors propose a mate-

rial based strategy for catalytic self-regeneration on top of the

microstructural self-regeneration: at the same time, as the here-

addressed microstructural self-regeneration takes place, it is

expected that the surface can be cleaned off by the oxidation of

poisoning species (i.e. sulfur species to SO2 and C to CO2)

(Fig. 3). Subsequent to this, a regenerated catalytic phase is

segregated from the host matrix during the reduction step. We

address this idea as particularly attractive for technologies

within the renewable energy sector: gas processing and power-

to-gas technologies (methanation, steam reforming, etc.), as

well as anodes for high temperature electro-catalysis in solid

oxide fuel cells (SOFCs) and solid oxide electrolysis cells

(SOECs), for which coarsening of the Ni phase takes place in

state-of-the-art Ni/YSZ anodes and leads to severe performance

loss.8 In this case, Ni agglomeration will lead to de-percolation,

which means that the electron pathways are interrupted by

particle growth (Fig. 2). This results in a harmful increase of the

ohmic resistance and signicantly lowers the electrochemical

activity.8–11 Finally, in this study, we also report about a very low

temperature but single-step powder synthesis technique. In

contrast to conventional wet chemistry syntheses, high surface

area powders obtained offer the application of these materials

for other catalytic applications.

Materials and methods
Material synthesis

Materials were synthesized according to an in-house adapted

citrate-gel method. Lanthanum(III) nitrate hexahydrate,

Fig. 2 The principle of microstructural self-regeneration compared to

that of the degradation of conventional catalysts, e.g. nickel supported

on a mixed oxide phase, adapted from Nishihata et al.7; the smart

material microstructure is segregated during redox cycling, whereas

the conventional nickel catalyst undergoes a harsh coarsening upon

exposure to aging conditions.11

Fig. 1 Smart material regeneration concept: catalyst nanoparticle

exsolution and reintegration mechanism stimulated by redox cycling.

Fig. 3 A proposed clean-off procedure of a smart material catalyst triggered by redox cycling.
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strontium(II) nitrate, nickel(II) acetate tetrahydrate, (Puriss, Fluka,

Switzerland), and titanium diisopropoxide bis-acetylacetonate

(Puriss, TBAD,Mateck, Germany) were used as starting precursors.

Stoichiometric amounts of the metal salts were dissolved in

an aqueous solution of citric acid (CA, Puriss, Sigma-Aldrich,

Switzerland) and ethylene diamine tetra-acetic acid (EDTA,

Puriss, ABCR, Germany). An ammonia solution (25%, Sigma-

Aldrich) was used as a pH controlling agent. The ratio of metal

ions to CA to EDTA was 1 : 1.5 : 1. The compositions synthe-

sized in this study follow the stoichiometry of LaxSr1–3/2xTi1�y-

Ni
y
O3�d, (LSTN), for which the charge balance is maintained by

introducing A-site vacancies. The sample denotations, used in

this study and their corresponding stoichiometries, have been

summarized in Table 1. Aer stirring, the precursor solution

was placed in a drying furnace for 12 hours at 140 �C. The

resulting foam was crushed and heat treated for 6 hours at 650
�C. In this work, we refer to this particular ring stage as “as-

prepared”, aer which all organic components are burned off.

The samples red subsequently at 1000 �C are referred to in this

work as “calcined”.

Material characterisation

The samples were reduced, in a tube furnace, under a constant

ow of 5 vol% H2 for the exsolution of Ni from the perovskite

host structure. The crystal structure and phase purity were

determined for the pressed samples by X-ray diffraction (XRD)

on a Bruker D8 Advance with Ni-ltered Cu radiation, variable

slits and an energy sensitive line detector (LynxEye). The

measurements were performed using tube settings of 40 kV/40

mA. The lattice parameters were determined by using the

TOPAS soware, with applied zero-shi correction. For ther-

mogravimetric analysis (TGA), the calcined samples were

pressed at approx. 7.5 kN$cm�2, forming a porous pill. The

pressed pills were heated at 5 K min�1 to 1100 �C under

a reducing atmosphere (ca. 2.5% H2/Ar) with a holding time of 2

h. Measurements were performed on a Netzsch STA/IR 449 C

Jupiter and the resulting exhaust gases were analyzed with

a Bruker Tensor 27.

Determination of the nickel particle size

The nickel particle size was calculated with the assumption that

exsolved particles are represented by single crystallites, which

can be determined by the Scherrer equation:

s ¼
Kl

b cos q

where s – mean size of ordered crystalline domains in nm, K –

dimensionless shape factor, l – X-ray wavelength, and b – peak

broadening at half maximum of the intensity.

The peak broadening b itself is dened as follows:

b ¼ Bs � BI � Bm

where Bs � contribution of nanoparticle size, BI � instrumental

contribution and Bm – microstrain contribution.

The instrumental peak prole was obtained from separate

XRD data on an Al2O3 reference sample, delivered by Bruker.

The possible contribution of a microstrain effect to the total

peak broadening (b) was qualitatively inspected by Williamson–

Hall plots in accordance with:

bð2qÞ ¼ 43
sin q

cos q

Peak broadening was determined by Rietveld renement

using Topas soware (Bruker). The background of the experi-

mental data was described by a fourth order polynomial func-

tion, whereas the peak prole was tted with a pseudo-Voigt

function. The tting parameters were based on the Newton–

Raphson least squares method.

Microstructure analysis and sample morphology analysis

Scanning electron microscopy (SEM) was performed on a Zeiss

Supra 40VP with a eld emission gun and a Bruker EDS

detector. Powder samples (reduced and oxidized) were

dispersed with isopropanol and deposited on conductive

carbon stickers. To reduce charging, some of the powder

samples were sputtered with gold. The EDS analyses were con-

ducted on non-coated samples. TEM analysis has been con-

ducted on powder samples, which were reduced for 2 and

additionally for 12 hours at 900 �C. Powder samples were

ultrasonically dispersed in isopropanol and deposited on

a copper TEM grid. The TEM analysis was conducted with an

FEI Technai F30, while STEM and energy ltered EDS mapping

were carried out on a Hitachi STEM HD2700CS with a CEOS

aberration corrector at acceleration voltages of 200 kV. The

specic surface area (SSA) of powders was determined from

a ve-point nitrogen adsorption isotherm at 77 K by applying

the Brunauer–Emmett–Teller (BET) theory. The powders were

rst dried for 2 hours at 180 �C, in a nitrogen ow, and then

measured on a Quantachrome Nova 2000e.

Results and discussion
Low-temperature synthesis of Ni-doped titanates

The investigation of such nanoscale catalysts for this smart

material concept requires a specic synthesis technique, which

ensures high chemical purity and elemental homogeneity.

Larger inhomogeneities, in the molecular composition,

would result in varying exsolution/reintegration behaviour.

Table 1 Denotation of LSTN materials and the corresponding

stoichiometry

Sample denotation Chemical formula

Ni : La

ratio [at%]

LST27-0Ni La0.2Sr0.7TiO3�d 0 : 20

LST35.5-0Ni La0.3Sr0.55TiO3�d 0 : 35

LST44-0Ni La0.4Sr0.4TiO3�d 0 : 40
LST27-5Ni La0.2Sr0.7Ti0.95Ni0.05O3�d 5 : 20

LST35.5-5Ni La0.3Sr0.55Ti0.95Ni0.05O3�d 5 : 35

LST44-5Ni La0.4Sr0.4Ti0.95Ni0.05O3�d 5 : 40

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 11939–11948 | 11941
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However, our own experiments12,13 and a complementary

literature survey on the synthesis of such co-substituted titanate

materials14–20 allow only one conclusion: the synthesis of phase

pure LSTN is challenging due to the high calcination tempera-

tures necessary to form the titanate host structure and the

additional rival formation of meta-stable perovskite phases, as

well as a slow diffusion of La/Sr elements into the titania lattice.

Most of the conventional processes, like solid state reactions,

need very high calcination temperatures above 1400 �C, in

combination with repetitive calcination and grinding steps,

which oen introduce contaminations.12 Such synthesis routes

are economically unsuitable, as well as being unsuitable for the

production of highly pure and homogeneous materials. In one

of the previous studies, the authors have circumvented these

problems by a nanoparticle based spray pyrolysis process.12,13

Titania nanoparticles and inorganic salts were used as reagents,

hence overcoming the problem of slow diffusion kinetics.

Although this synthesis route allowed the production of single

phase materials at temperatures as low as 1200 �C, it still

required grinding procedures to achieve a sufficiently high

surface area.

The results of this synthesis and related crystal structure

patterns, in the as-prepared state, as well as aer calcination,

are compared in Fig. 4. The desired and expected single phase

perovskite structures are obtained for the nickel-free ternary

(LST), as well as for the nickel-containing quaternary (LSTN)

perovskite compositions, aer an initial burnout of organic

compounds for 6 h at 650 �C (Fig. 4a). Rietveld renement of

these diffraction patterns conrmed the existence of single

phase cubic structures (Pm3m) for all compositions. The

formation of perovskite phases at such low temperatures is

likely due to the additional combustion enthalpy from EDTA in

combination with its function as a stabilizing complexing agent

for the cation elements at the atomic scale. In such a homoge-

neously mixed precursor, nearly no diffusion limitations exist

between the cations. Such low temperatures are not reported yet

for such complex titanate compositions, but they are crucial for

keeping a high SSA for an effective catalytic performance.

The application of a rather low calcination temperature was

found to have an impact on themaximum nickel content, which

can be incorporated into the perovskite structure. Exclusively

phase pure XRD patterns were recorded aer a single step

calcination at 1000 �C for stoichiometries up to 5 at% of nickel.

But for compounds with 5 to 10 at% of nickel, secondary NiO

and NiTiO3 phases were detected, which indicate a solubility

limit of nickel in the titanate framework as a function of

temperature. However, more detailed XRD analyses show the

inuence of nickel doping on the cubic lattice parameter

(Fig. 5). At low calcination temperatures of about 1000 �C and

for nickel contents up to 10 at%, the lattice parameter expands

as a consequence of the substitution of Ti by the larger nickel

ions (IRTi4+(VI) ¼ 0.605 Å, IRNi2+(VI) ¼ 0.690 Å). This implies a slow

diffusion of nickel into the perovskite host structure and the

incorporation of larger amounts of nickel probably requires

a greater energy input by means of harsher heat treatment

conditions. Subsequent experiments, under harsher condi-

tions, namely calcination for 12 hours at 1400 �C, have proven

Fig. 4 XRD patterns of the synthesized powders: LST-0Ni under the

as-prepared conditions (a), LST-0Ni after calcination at 1000 �C (b),

and LST-5Ni after calcination at 1000 �C (c) with an inset of the 42.5–

44.5 2q range. The absence of NiO related (200) peak at 2q 43.276�

indicates the phase purity and the integration of nickel into the host

structure of LST.

Fig. 5 Lattice parameters of three LSTN materials (LST27-XNi,

LST35.5-XNi, LST44-XNi, where X denotes the content of Ni in at%)

with varying amounts from 0 to 10 at% of Ni substitution. All

compositions were calcined at 1000 �C and the lattice parameters are

the average values of three measurements. Error bars are smaller than

the symbols.

11942 | J. Mater. Chem. A, 2016, 4, 11939–11948 This journal is © The Royal Society of Chemistry 2016

Journal of Materials Chemistry A Paper

P
u
b
li

sh
ed

 o
n
 2

2
 J

u
n
e 

2
0
1
6
. 
D

o
w

n
lo

ad
ed

 b
y
 Z

H
A

W
 o

n
 1

6
/0

8
/2

0
1
6
 1

4
:0

6
:3

8
. 

View Article Online

http://dx.doi.org/10.1039/c6ta03417a


that it is possible to prepare phase pure LSTN with 10 at% of

nickel. Similar results with respect to the applied temperature

are given in the literature, when multi-step solid state synthesis

procedures at high temperatures were applied for LSTN.5,6,21

Keeping in mind that a typical SOFC or SOEC device is operated

at about 900 �C or even lower, a full reintegration of nickel

species into the perovskite host matrix should be targeted at

a reoxidation temperature of less than 1000 �C. Therefore, LSTN

compositions with up to 5% nickel are considered promising

materials for the mentioned applications. The question

whether only a partial reintegration of the nickel is sufficient for

the aimed catalytic self-regeneration is currently under inves-

tigation. However, the basic methodology is proven here.

Material concept for catalytic applications

In contrast to existing high temperature syntheses, which

exclusively lead to the formation of particles in the micron

range, the here-synthesised materials preserve a high surface

area in the “as-synthesized” state, i.e. even aer a heat treat-

ment at 650 �C. This can be seen from the peak broadening in

the XRD data (Fig. 4a) and BET measurements, from which SSA

values of 25–30 m2 g�1 (d50BET � 30 nm) were determined.

Further calcination at 1000 �C leads to a narrowing of the peaks

(Fig. 4b and c) and loss of the SSA down to 8–12 m2 g�1.

However, with a d50BET of around 80 nm, the BET equivalent

particle diameter still remains within the nanosize range.

Hence, with this advantageous synthesis route, additional

grinding steps become redundant and potential material

contaminations can be avoided. From the TEM analysis of the

particles aer a calcination step at 900 �C (Fig. 6a) and pro-

longed aging under reducing 5 vol% H2 in Ar (Fig. 6b), two

distinct features can be identied: rst, the perovskite host

particle, with a rather low contrast, and secondly, spherical and

dark nickel nanoparticles. It is evident from the elemental

mapping in Fig. 6c that the latter and dark nanostructures

consist solely of nickel. This is direct and conclusive evidence of

selective exsolution from the LSTN perovskite host structure.

The coarsening of such ne particles is expected to occur under

these conditions (Fig. 2, bottom).5,9 Images representing both

materials before (Fig. 6a) and aer (Fig. 6b) a prolonged high

temperature aging for 12 hours show a similar nickel nano-

particle diameter of about 20 nm and prove a certain extent of

stability of the exsoluted nickel particles.

It is also worth highlighting that the presented STEM images

and correlated energy ltered EDS analysis evidence a very

uniform distribution of Sr and Ti, indicating a high chemical

homogeneity.

With respect to the potential, future application, good

stability and preservation of high SSA are given. The smart

material concept presented here is particularly attractive for

processes, where high SSA catalytic particles under reducing

conditions play an important role, e.g. processes such as

hydrocarbon cracking and methanation, but also the reforming

and production of synthetic fuels.

Material concept for novel SOFC anodes

In conventional SOFC anodes, high Ni contents (higher than the

percolation threshold) are used because Ni is not only used as

Fig. 6 Microstructure and morphology of the formed nanostructured catalyst: transmission electron microscopy image of LST-5Ni nano-

particles reduced for 2 hours at 900 �C (a), phase contrast image of LST-5Ni with themarked investigated area detailed after 12 hour reduction at

900 �C (b), and HR-STEM z-contrast (ZC) image and energy filtered EDS mapping showing selectively Sr, Ti and Ni distribution (c).

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 11939–11948 | 11943
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a catalyst but it also represents the electronic conducting phase.

Unfortunately, high Ni-contents are the reason for signicant

degradation associated with agglomeration at high operating

temperature and volume changes upon redox cycles. Thus, new

material concepts were introduced with a ceramic mixed con-

ducting phase (e.g. CGO). It was shown that these anodes can

reach high performance with Ni-contents as low as 3%.22 Since

LSTN is an electronic conductor, we particularly address this

smart material concept of an anode catalyst for novel SOFC and

SOEC electrodes.3,14 In this context, the concept of smart cata-

lysts becomes very important, in order to avoid the poisoning of

the reduced Ni-surface and to maintain the nanosized dimen-

sions. In addition, Ni undergoes signicant volume change

upon oxidation. In particular for composite materials with

a high Ni-content (such as Ni-YSZ anodes), the Ni to NiO

transformation is the reason for severe degradation leading also

to mechanical instability. With the new material concept and

with the smart catalyst, the redox process – causing an

unavoidable degradation of Ni-YSZ and nally a total failure of

the cell – can actively be used now as a regenerating

mechanism.

From the very limited information on metal exsolution from

titanate perovskites, it can be assumed that the exsolution of

a metallic phase from the perovskite host matrix depends on the

surface condition and quality, whereby cleaved and pristine

surfaces provide a better support for the nucleation and forma-

tion of exsoluted nanoparticles than aged surfaces.21 To investi-

gate this, LSTN compositions with various A-site decient

stoichiometries and with varying surface conditions were inves-

tigated with respect to the resulting morphology and micro-

structure aer a reduction for 2 h at 900 �C in 5 vol% H2 in Ar

(Fig. 7). Aer reduction, multiple nanostructured nickel particles

appear on terminated (native) as well as on pre-polished surfaces.

Nickel appears as bright particles on the surface of the darker

Fig. 7 Microstructure of LSTN samples after reduction and exsolution of nickel: untreated and original LST27-5Ni surfaces with terraces and

exsoluted nickel particles (a and b). Comparison of the oxygen loss of the perovskite during reduction and the resulting nickel particle density as

number per surface area in mm2; comparison of particle density measured from the polished surfaces with the oxygen loss determined by the use

of TGA analysis (c), SEM images of the pre-polished and reduced surfaces of LST27-5Ni (d), LST35.5-5Ni (e) and LST44-5Ni (f). Study conducted

on dense bulk specimens.
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LSTN due to the higher z-contrast of nickel. The nanoparticle

population on the polished surfaces is much greater than on the

native (original) surfaces, which matches the observation made

elsewhere.5 This effect is not yet well understood and clearly

requires a future in-depth analysis to determine surface termi-

nation effects. However, a possible explanation could be given by

a predominantly A-site terminated surface or a surface close to

stoichiometry variation, such as titanium enrichment or nickel

depletion due to nickel volatilization during sintering.23–25 It has

to be mentioned that only larger nanoparticle clusters could be

easily identied and visualized due to the angular resolution of

the SEM. Indeed, a more specic and careful SEM analysis

revealed the existence of much smaller clusters at the exsolution-

preferred terrace steps, which is also attributed to very small

nickel particles (Fig. 7b). With respect to the addressed novel

SOFC anode concept, the LSTN phase itself provides the elec-

tronic conductivity within the electrode microstructure. Hence,

the amount of electronic conductive nickel can be substantially

reduced by a factor of 10 to serve only as a catalyst. From this

point of view, already the amount of nanoparticles documented

in Fig. 7 seem to provide more than sufficient exposed active

surface for the above mentioned applications. The specic

characterization of the catalyst activity in the powder form and

when used in the application (e.g. as SOFC anodes) is currently

performed and will be the issue of a follow up paper. For the

correlation of material stoichiometry and nickel exsolution effi-

ciency, pre-polished surfaces were investigated with respect to

the amount of exsoluted nickel particles aer reduction. It is

quite obvious, that a larger amount of nickel is exsoluted from

titanates with higher A-site deciency and this is again correlated

Fig. 8 Comparison of crystal structure and microstructural changes caused by redox cycling. Reversibility of the crystal structure upon 5 redox

cycles by XRD (a). The diffraction pattern focuses on the 2q range of Ni and NiO. Comparison of a representative LSTN-5Ni surface after 5th

oxidation ((b), top) and 5th reduction step ((b), bottom): exsolution of nickel after oxidation and reintegration of formed nickel clusters after the

reduction. Comparison of the average crystallite size of the exsoluted Ni phase (c). Study conducted on powdered specimens. Total high

temperature treatment time under reducing conditions: 72 hours at 900 �C.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 11939–11948 | 11945
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with the oxygen loss in the perovskite (Fig. 7c). A-site deciency is

expected to destabilize the perovskite structure and lead to higher

oxygen loss from the lattice, which in turn is associated with

larger extents of nickel exsolution. This can be explained by the

following formula, whereby nickel in the host structure is being

exsoluted:

Ni
�
Ni þO�O

�������! �������
Reduction

Oxidation
V
00
Ni þ V

cc

O þ
1

2
O2 ðgÞ[ (1)

Similar conclusions have been drawn from quantitative

analysis of the nickel phase in the XRD data. Hence, highly A-

site decient compositions are preferred for SOFC and SOEC

applications, if a self-regeneration effect is aimed at. Finally, we

want to highlight the potential of this material concept if LSTN

compositions with greater metal substitution are developed.

Having restricted the heat treatment to low temperatures in

order to preserve high particle surface area, we concentrated in

this work on solid Ni solutions having up to 5 at% of Ni.

Literature survey reports single phase LSTN compositions with

Ni contents as high as 25 at%, which suggests that also higher

contents of surface Ni could be obtained.6

Microstructural reversibility and thermal stability of the Ni

phase

Neagu et al.5,21 have shown that exsolution of a metallic phase

such as nickel from a titanate perovskite host matrix is possible

and that this concept can be used to prepare nanoparticles on the

surface. However, it was not shown that this material effect could

be used in a reversible manner by reintegrating the metallic

phase in the host titanate and to apply this effect repetitively, and

on purpose, for microstructural and catalytic self-regeneration.

To support the self-regeneration concept, a series of micro-

structural analyses, in combination with powder XRD, were

carried out to prove the reversibility of the here-investigated

material compositions. The changes in the crystal structure itself,

as well as on the microstructure surface, are shown on LSTN

samples, subjected to 5 redox cycles at 900 �C (Fig. 8).

It is clearly evident from the diffraction data that all three

investigated compositions form a metallic nickel phase upon

exposure to a reducing environment. The formation of nano-

structured nickel clusters on the surface of the perovskite is

supported by SEM analyses of the microstructure (Fig. 8b,

bottom). Upon exposure to a pO2
value as is typical for air, the

reections attributed to the nickel phase (Ni 111) disappear and

nickel particles are no longer observed on the surface of LSTN.

Simultaneously, the lattice parameter of the main perovskite

phase changes reversibly upon the reduction/oxidation (see

Fig. S1 in the ESI†). The effect of the lattice expansion/shrinkage

is however not pronounced and is assumed to reect Ni and O

loss, lattice expansion due to Ti reduction and some possible

interstitial Ni trapped within the lattices. All of the above

observations clearly prove a reversible and complete conversion

of the microstructure and the crystal structure. For an incom-

plete integration of exsoluted nickel particles or clusters into

the LSTN framework, the formation of NiO with reections at

a 2 value of 43.276� is expected.26 Nevertheless, aer the h

reoxidation, no evidence of the NiO 200 peak is given, which

again supports a fully reversible exsolution and reincorporation

mechanism of nickel (Fig. 8a).

The newly formed nickel phase features very characteristic

and nanoparticle related peak shapes with a broad full-width at

half maximum (FWHM). This is similar to the nanoparticle

samples discussed in the previous section and is correlated with

the formation of nanostructured scattering domains. The

analysis of FWHM evolution of the Ni (111) peak over the redox

cycling (Fig. 8c) conrms our tentative TEM observations con-

cerning the excellent thermal stability of Ni nanoparticles. From

Fig. 8c it can be seen that as the redox cycles continue, not only

do the newly formed crystallites not grow, but actually seem to

slightly decrease in size. This effect will be further studied in

detail and supports our smart material concept, in which

a redox stimulus is used to regenerate the microstructure and to

prevent the growth of the catalytically active phase.

Outlook

The proposed concept can be applied to various processes in

which varying oxygen partial pressures can be used for micro-

structural self-regeneration. Here, nickel is highlighted as to

show the potential of this innovative approach for high

temperature fuel cell systems, but other material combinations

of a catalytically active phase and perovskite host compositions

are possible. The validation of the here-proposed LSTN and the

involved reversibility of the structural change indicate that this

material effect is a powerful concept to regenerate blocked or

even poisoned catalysts by a simple change of the oxygen partial

pressure and at the same time, microstructural regeneration,

which provides again fresh nanostructured clusters of the

catalytic phase. Redox cycling commonly causes an unavoidable

structural and catalytic degradation of the state-of-the-art Ni/

YSZ and nally a total cell failure.9 The application of such

perovskite materials, as proposed here, allows a proactive

regeneration of the catalytically active materials in SOFC or

SOEC electrodes as well as of materials used in more conven-

tional catalysis. In the case of titanate-based perovskites, this

self-regeneration effect could be applied to limit microstruc-

tural and catalytic degradation. Redox cycling stimulates rst

the incorporation of the degraded metallic phase into the

perovskite, while this structural change is accompanied by

a total oxidation of impurities, e.g. deposited sulfur species to

SO2 and carbon depositions to CO2. Aerwards, when changing

back to reducing conditions, the segregation of a regenerated,

nanostructured and highly dispersed, catalytically active phase

follows. The authors currently focus their research on the

understanding and the precise control of catalytic regeneration

and how operation conditions inuence the nanoparticle size,

size distribution and population.

Conclusions

A smart material concept for a self-regenerating catalyst, based

on lanthanum-doped strontium titanates, substituted with

11946 | J. Mater. Chem. A, 2016, 4, 11939–11948 This journal is © The Royal Society of Chemistry 2016
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nickel as catalytically active element is proposed. Phase pure

perovskite-type LSTN was synthesized by a modied citrate

route at a very low temperature of 650 �C. This allowed the

preservation of the high specic surface area of the particles

and avoided the need for further processing and conditioning

steps. Furthermore, smaller particles do not limit the exsolu-

tion of the catalytically active element due to the potentially

critical diffusion path lengths. The formation of nano-

structured nickel clusters appears to be dependent on the

surface conditions of the reduced host material as well as on

the A-site under stoichiometry of LSTN. A higher A-site de-

ciency leads to larger amounts of exsoluted nickel. The exso-

lution and especially the subsequent reintegration of nickel

domains were found to be reversible and repetitive under

continuous redox cycling. This validates the proposed smart

material concept for the self-regeneration of poisoned cata-

lysts via redox cycling. Furthermore, the good electronic

properties make LST-based catalysts especially attractive for

solid oxide fuel cell anodes. However, these materials are also

applicable to any other catalytic applications under reducing

conditions for which the regeneration of a catalyst can be

necessary due to catalyst poisons such as the synthesis of

renewable CH4 fuels by CO2 methanation.
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