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Synergistic growth of nickel and platinum
nanoparticles via exsolution and surface
reaction

Min Xu 1,6, Yukwon Jeon2,6, Aaron Naden 1, Heesu Kim2, Gwilherm Kerherve3,
David J. Payne 3,4, Yong-gun Shul 5 & John T. S. Irvine 1

Bimetallic catalysts combining precious and earth-abundant metals in well
designed nanoparticle architectures can enable cost efficient and stable het-
erogeneous catalysis. Here, we present an interaction-driven in-situ approach
to engineer finely dispersed Ni decorated Pt nanoparticles (1-6 nm) on per-
ovskite nanofibres via reduction at high temperatures (600-800 oC). Deposi-
tion of Pt (0.5 wt%) enhances the reducibility of the perovskite support and
promotes the nucleationofNi cations viametal-support interaction, thereafter
the Ni species react with Pt forming alloy nanoparticles, with the combined
processes yielding smaller nanoparticles that either of the contributing pro-
cesses. Tuneable uniform Pt-Ni nanoparticles are produced on the perovskite
surface, yielding reactivity and stability surpassing 1 wt.% Pt/γ-Al2O3 catalysts
for CO oxidation. This approach heralds the possibility of in-situ fabrication of
supported bimetallic nanoparticles with engineered compositional distribu-
tions and performance.

Precious metals, especially Pt, find wide industrial applications, typi-
cally as efficient nanoparticle catalysts dispersed on supports1–4,
however, it is essential to reduce the usage of precious metals and
improve their activity and stability5,6. Incorporating earth-abundant
transition metals to precious metals is known to achieve this goal in
rational design strategies for applications such as heterogeneous
catalysis7–10. Furthermore, the catalytic properties of monometallic
materials can be modified by a second metal through effects such as
interfacial or lattice strain effects11–14. Generally, the fabrication of
bimetallic supported catalysts uses combined deposition onto a
backbone support15–17. It is quite challenging to control the morphol-
ogy, homogeneity and support interaction of bimetallic nanoparticles
at a support surface with the limited flexibility of simple a deposition
procedure.

Recently, an in-situ approach to the growthofmetal nanoparticles
has been developed, referred to as exsolution from a host material,
such as perovskitematerials, driven by reduction conditions, as shown

in Fig. 1a18. Research groups have synthesised monometallic noble
metal particles, such as Pt19, Rh20, Pd21, Ru22, and Ir23, decorated on
perovskite hosts through exsolution for environmental and renewable
energy applications. However, the nanoparticles were relatively large
in size ( >5 nm) andhence the catalytic propertieswere not optimal24,25.
Thus, designing efficient catalysts with the desired composition, size
and structure remains a significant challenge.

Here, we report an interaction-driven Pt-Ni nanoparticle
synthesis on perovskite nanofibres through an in-situ emergent
procedure as shown in Fig. 1a. The emergence of the Ni species from
the doped perovskite was facilitated by the monodispersed Pt
species coating on the fibre surface, which stabilised the growth of
the nanoparticles to below 5 nm with a tenth of the size of Ni par-
ticles exsolved at the same condition. In turn, the emergence of Ni
from the backbone affords a dynamic formation of bimetallic
nanoparticles, rendering great catalytic properties by uniquemetal-
support interactions.
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Results
Catalyst design and fabrication
Studies focused on a non-stoichiometric Ni-doped perovskite
La0.52Ca0.28Ni0.06Ti0.94O3 (LCNT) with 0.2 deficiency on A-site, which
has been recently reported to promote B-site dopant emergence24.
This perovskite with a nanofibrous architecture was investigated as a
platform for supported catalysts, prepared by an electrospinning
method (Supplementary Fig. 1). The perovskite nanofibres were pro-
duced with a high aspect ratio (diameter to length) with a length of
more than 100 µm and an average diameter of about 350nm. This
morphology was maintained over the differently treated samples as
confirmed in Fig. 1b (also see in Supplementary Fig. 1b, c). Nano-
particles with an average size of about 50 nm were exsolved on the
unmodified nanofibres after reducing in 5% H2/Ar for 4 h at 800 oC as
shown by scanning electron microscopy (SEM) (Fig. 1b I, denoted as
LCNT-800R).

Pt modification was then considered; Pt nanoparticles can be
particularly effective when applied as very small-sized particles in
supported catalysts26. Pt nitrate precursor infiltrated nanofibres were
calcined at 400 oC for 2 h in the air to decompose the nitrate, depos-
iting well-dispersed Pt nanoparticles on the pristine nanofibre surface
with a very low loading of 0.5wt% (See support information and Sup-
plementary Table 1). The uniform web structure allowed efficient
precursor diffusion resulting in a fine distribution of small nano-
particles (Fig. 1b II). No obvious X-ray powder diffraction (XRD) lines
for Pt species were detected (Supplementary Fig. 2), in accordwith the
low loading. The prepared samples were subsequently reduced at
higher temperature to trigger the formation of Ni exsolution under the
deposited Pt, resulting in smaller nanoparticles decorating the per-
ovskite fibres surface. Thermogravimetric analysis (TGA) shows more
extensive and facile weight loss under hydrogen atmosphere for
the sample with Pt loading than the unloaded perovskite (Fig. 1c).

Theonsetweight loss point shifts to lower temperatureby about 70 oC,
with about 40 % more weight loss for the Pt loaded samples until the
temperature reached 800 oC. This shows more oxygen vacancy for-
mation (0.111 vs 0.085 on reduction at 800 oC for 10 h) under the same
treatment conditions most likely due to enhanced surface exchange
due to the presence of Pt (see Supplementary Fig. 3 and related
discussion).

The fast hydrogen spillover from Pt to perovskite may help pump
out the lattice oxygen in oxide support27. The adsorption properties
were probed for perovskite oxide with and without Pt by temperature
programmed reduction (TPR). The transient hydrogen uptake during
the heating phase of the TPR shows a pronounced hydrogen uptake
peak around 665 oC for the Pt-free sample contributing to the bulk
reduction (Fig. 1d). However, the presence of Pt on perovskite yielded
an apparent change in TPR around 338 oC, suggesting the reduction of
Pt and surface oxygen from the support oxide28. The deposited Pt
nanoparticles facilitate fast dissociation of hydrogen, therefore,
accelerating the stripping of lattice oxygen from the support oxide.
This is consistent with previous reports where the deposited metal
increased the oxide host reducibility29.

The SEM micrograph in Fig. 1b shows well-dispersed and much
smaller nanoparticles decorated on the surface of perovskite fibres
with Pt than without Pt (also see Supplementary Fig. 4 for comparison
with other samples). With the same deposition procedure applied,
small particles formed on the surface even for a pellet sample (Sup-
plementary Fig. 5). The slightly larger particle sizemay relate to uneven
wetting and differences in surface composition across the crystal
orientations. This highlights the advantage to achieving more small
nanoparticles on the fibre framework, where the naturally weaved
network with high heat resistance ensures to confine the diffusion for
decorated nanoparticles therefore prohibit the possible agglomera-
tion even at high activation temperatures.

Fig. 1 | Catalyst design with in-situ Ni decoration under Pt nanoparticles on
perovskite. a Schematic images comparing catalyst fabrication processes. b SEM
micrographof corresponding catalysts with La0.52Ca0.28Ni0.06Ti0.9O3 fibres. I. LCNT
fibres reduced at 800 oC for 4 h in 5% H2/Ar (inset: size distribution of Ni particles),

II. Pt deposited on LCNT fibres and treated at 400 oC in air to decompose nitrates,
III. LCNT-Pt fibres reduced 600 oC for 4 h in 5%H2/Ar. c Thermogravimetric analysis
plot of weight as a function of temperature step and (d) Temperature programmed
reduction profiles of LCNT and Pt deposited LCNT fibres.
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Tocarefully evaluate theparticles evolutionprocess, theprepared
samples were subsequently reduced at 400 oC, 600 oC and 800 oC
(denoted as LCNT-Pt400R, LCNT-Pt600R and LCNT-Pt800R) for 4 h in
5% H2/Ar. Figure 2 displays representative scanned transmission elec-
tron microscopy (STEM) images to track morphology changes of the
nanoparticles size and distribution on the perovskite surface, and the
corresponding energy dispersion X-ray spectroscopy (EDX) elemental
maps for the nanoparticles compositions. For LCNT-Pt400R, the
deposited nanoparticles were found in a size distribution from 1 to
4 nm with an average of 1.7 nm and highly dispersed over the surface,
while LCNT-Pt600R possesses a similar size distribution with a slightly
increased average diameter of 1.8 nm (Fig. 2a, b). In the case of LCNT-
Pt800R bigger nanoparticles are observed with a mean diameter of
around 3.6 nm (Fig. 2c), probably incorporating exsolved Ni at high
temperature.

Even after heat treatment at high temperatures, the nanoparticles
at LCNT-Pt800R are still well-distributed and are in the range of an
appropriate size (<5 nm) for a highly effective catalytic activity30. Dif-
ferent to the observation of high-temperature reduction on titania-
supported platinum where encapsulation of Pt NPs occurred, the
surface energy minimisation was achieved by alloying with exsolution
of Ni. Compared to the systemwithout theNi dopant (La0.52Ca0.28TiO3,
denoted as LCT), the nanoparticles displayed a wide size distribution
with an average of 9 nm (Fig. 2d). The resistivity against nanoparticle
coalescence of the Ni exsolution on the Pt nanoparticles size and dis-
tribution was also shown in Supplementary Fig. 6, by comparison with
the Pt deposition onto an already reduced sample. As the exsolved Ni
tends to be etched by the acidic Pt precursor solution, there are many
pits created with unevenly dispersed Pt species remaining.

In-situ Ni decoration Pt nanoparticles
To understand the underlying structure and formation mechanism of
the nanoparticles, Fig. 3 shows high-resolution STEM (HR-STEM)

analysis for compositional and structural characterisations. Cross-
sections of the nanoparticle specimens were prepared from the LCNT-
Pt nanofibres by focused ion beam (FIB) milling technique (Supple-
mentary Figs. 7–10). As for the compositional analysis of LCNT-Pt600R
in Fig. 3a, Supplementary Figs. 8 and 9, the EDXmapping image shows
∼2 nmPt alloy nanoparticles with a small but homogeneous Ni content
distributed at the surface, with most Ni still residing in the bulk of
perovskite. The nanoparticles are Pt enriched with the Pt:Ni ratio of
about 4:1 (Supplementary Fig. 8, some of them with Pt:Ni ratio about
10:1 as shown in Supplementary Fig. 10). The formed Pt1-xNix nano-
particles display a structure with Pt shell overlaying Ni as shown in the
Fig. 3a and Supplementary Fig. 10b similar with previous reported Pt-
skin catalyst which achieves a superior electrocatalytic performance31.
When increasing the reduction temperature to 800 oC as shown in Fig.
3b, Supplementary Figs. 11 and 12, 3-4 nm nanoparticles on the per-
ovskite surface with Pt-Ni alloyed features were verified by STEM-EDX
mapping analysis. The elemental distribution across the nanoparticle
shows a homogeneous compositional 1:1 ratio for the Pt:Ni content
which is consistent with the EDX profile. The formation of mono-
dispersed bimetallic nanoparticles on the surface, showing more Ni
egressed from the host perovskite and incorporated into the particles.

Interestingly, the deposited Pt species on the perovskite clearly
seem to facilitate the exsolution of Ni from the backbone. Composi-
tional line-scan profiles across the nanoparticle and interface obtained
through HAADF-STEM-EDX show a depleted Ni layer (about 1.4 nm as
shown in the rectangular frame in Fig. 3a) formed in the underlying
perovskite. The Ni depletion indicates the regions underneath the
particles supply materials for the growth of nanoparticles before
reaching an equilibrium state where a uniform compositional dis-
tribution is usually observed32. This suggests that the mounted Pt
particles provide a nucleation site for the reduction cations from the
support, consistent with observation on weight loss during reduction
which indicates more defects formed (Fig. 1c). The doped Ni in the

Fig. 2 | Pt-(Ni) nanoparticles by Ni emergent from the tailored perovskite
materials. Representative STEM images and EDX elemental maps of the nano-
particles for LCNT-Pt nanofibres reduced at (a) 400 oC, (b) 600 oC, (c) 800 oC for 4 h

in 5 % H2/Ar, and (d) LCT-Pt nanofibre reduced at 800 oC for 4 h in 5 % H2/Ar. (inset:
size distribution of nanoparticles, count on the corresponding STEM image).
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lattice gradually exsolved to the surface region of the perovskite by
extrinsic forces, which is generally offered by the high-temperature
reduction atmosphere33. As the formation of Pt-Ni intermetallic com-
pounds has the lowest formation enthalpy compared to other Pt-based
intermetallic compounds like Pt-Ti34, the Pt species on the perovskite
surface facilitates the diffusion of Ni2+ by the local metal-support
coordination. Furthermore, our method provides an efficient forma-
tion of distinctive topmost layers terminated with Pt-Ni nanoparticles,
while typically a high-temperature annealing, ultra-high vacuum or
long growth time are applied to produce Pt-M alloy with nano-
segregated Pt skins9,35.

Investigation of the interfacial HR-STEM images for LCNT-Pt600R
in Fig. 3c and Supplementary Fig. 13a displays poorly aligned, ~7° away
from the perovskite <110> zone axis, and randomly oriented nano-
particles with the support, which indicates a weak interaction. The
nanoparticles seated on LCNT-Pt800R (110) terminations are well
aligned, just ~2° away from the perovskite zone axis, grown in epitaxial
alignment to [110] native surface facet, as seen in Fig. 3d and Supple-
mentary Fig. 13b. This keeps the growth of nanoparticles with a
pseudo-cubic structure in a continuous way by an anchoring effect
from Ni exsolution33. The HR-STEM images also depict the truncated
Wulff shape of Pt-Ni nanoparticles on the (100) fringe of perovskite,
which is the equilibrium shape of a supported nanocrystal related to
the surface free energy and interfacial energy36.

Close investigation of the atomic resolutions of the nanoparticles
at the HAADF STEM images in Fig. 3c, d was carried out by measuring
the atomic column positions (overlaid red spot with pixel accuracy)
using Gaussian fitting. The measured lattice fringes of nanoparticles
for LCNT-Pt600R are in the plane of (001), (111) and (110), which was
also assigned from the FFT image. The d-spacing at the (111) plane was
calculated to be 2.27 ± 0.09Å from the deviation in FFT image (Sup-
plementary Table 2), close to the d-spacing of Pt(111) enriched bime-
tallic nanoparticles37–39. After 800 oC reduction, the d-spacing in
Supplementary Table 3 shows a single-crystal structure (P4/mmm)
withwell-defined fringes ofNi-Pt alloy, in excellent agreement between
measured and bulk values. From an additional calculation, a structural
mismatch of 56 % was found in direction [101] at the nanoparticle and
LCNT (3.87 Å) interface, which generates lattice strains in the Ni-Pt
alloy nanoparticles.

Atomic resolution images also provide a deviation map from the
variation in d-spacing of the particle for a strain distribution in the
nanoparticles40, as shown in Fig. 3c, d and Supplementary Fig. 13. As
the strain in a nanoparticle canbe intrinsic due to thefinite size41, the Pt
nanoparticle on LCNT-Pt600R present strains in the particles due to

the partial combination with Ni, and displays non-uniform distribu-
tions. The blurred FFT reflections also support this conclusion, where
uneven distribution indicates a local/disorder strain of the nano-
particles. The nanoparticles on LCNT-Pt800R are different with evenly
distributed additional strainsmainly located on the corners/edges due
to a lattice mismatch at the nanoparticle–support interface. These
localised strains generally modify the chemical properties of the
metallic systems40, which can afford an improved catalytic property.
Fromthedetailmicroscopy examinations, through control of releasing
transitionmetals by structural design in perovskite systems, a dynamic
tuning of the alloy nanoparticle atomic structure can be possible to
regulate the catalytic performance.

Chemical structure during dynamic restructuring
Figure 4 displays X-ray absorption spectroscopy (XAS) and X-ray
photoelectron spectroscopy (XPS) measurements that provide the
evolution of oxidation states and local coordination of each chemical
bonding structure. As indicated in Fig. 4a, the X-ray absorption near-
edge structure (XANES) spectra for Ni K-edge displayed a steep edge
and high white line at 8350eV, consistent with Ni2+. The height of the
white line decreased by increasing the reduction temperature from
600 oC towards the spectral feature of theNi foil (metallic Ni0), whileNi
content from XPS analysis increased at the perovskite surface (Sup-
plementary Fig. 14). The XPS results of the Ni 2p and LMM reveal
increased intensity of Ni2+ 2p1/2 and metallic Ni for the LCNT-Pt800R
due to the accelerated Ni diffusion to the surface42. The Ni local
structure was directly observed, corresponding to Fourier transforms
of the extended X-ray-absorption fine-structure (EXAFS) oscillations
for Ni K-edge (Fig. 4b and Supplementary Fig. 15). As expected, Ni-O
coordination at 1.62 Åmainly exists for all as-prepared samples.On the
other hand, peaks at the position of around 2.2 Å, which represents the
first Ni-Ni coordination shell contribution,were raised in LCNT-Pt600R
and a highly mixed Ni oxide and metallic phase at LCNT-Pt800R was
exhibited, which corresponds to the TGA results (Fig. 1c). The Ni-Ni
peak for LCNT-Pt800R is slightly shifted to the left, indicating an
alloying effect from the interaction with the loaded Pt on the per-
ovskite surface. This is also consistent with the fitting results where the
coordination number of the Ni-Ni increased from 2.4 to 5.8 with the
raised reduction temperature with an opposite tendency for the Ni-O
(Supplementary Table 4).

The Pt L3-edge XANES spectra display a similar trend with Ni for
the reduced samples (Fig. 4c and Supplementary Fig. 16). As the Pt is
found to be mainly in a metallic phase of Pt0, the white-line intensities
nearby 11,580 eV, links to a transition from 2p3/2 to 5d, decreased in the

Fig. 3 | Compositional and structural characterisations of the Ni decorated Pt
nanoparticles. HR-STEM analysis by line EDX of the nanoparticles corresponding
to LCNT-Pt samples reduced at (a) 600 oC and (b) 800 oC, as well as the HR-STEM
HAADF overlaid by Gaussian fitting, FFT images with lattice directions and strain

distributions of the selected nanoparticles corresponding to LCNT-Pt samples
reduced at (c) 600 oC (along <111> direction) and (d) 800 oC (along <101> direction,
the reflections <100> of perovskite support were marked with yellow arrows),
respectively.
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order of 800 oC < 600 oC < 400 oC reductions, which specifies the
decrease in the unoccupied d states due to the charge transfer of Pt-Ni
alloy and/or Pt to the support43. Therefore, a further decrease in Pt d-
band vacancies, than the Pt on γ-Al2O3, is anticipated with a high
electron density that can alsomean a change to a positively charged Pt
species, resulting in a reduction of the intermediates adsorptive
strength. The radial structures for the first Pt-O and Pt-Pt coordination
shells function around Pt atoms were calculated by EXAFS analysis.
Figure 4d indicates mainly metallic Pt species from the relatively
strong contribution of Pt-Pt bonding (~ 2.7 Å) for the reduced samples,
while LCNT-Pt400R shows a mixed structure with Pt-O bonding
(~ 1.8 Å) due to less reduction. Close examination of Pt-Pt shells for the
treated samples in Fig. 4d reveals a reduction in intensities, which can
explain a structural disordering of Pt atoms by metal-support inter-
action. The consistent changing of coordination number of the Pt-Pt
and Pt-O during the reduction suggests an interaction between the Pt
and the support (Supplementary Fig. 17 and Supplementary Table 4).
The alteration of the Debye-Waller factor (σ2, the mean square devia-
tion of interatomic distances) is opposite for Ni and Pt, indicates the
different structural ordering during the interaction. Furthermore, the
slight shift of the edge positions is identical to that of the Pt foil by a
formation of the strong bimetallic state for LCNT-Pt800R. This feature
was also detected by XPS analysis in Fig. 4e, which displays a negative
shift in the binding energy of two distinct (fitted) peaks of Pt 4f7/2
(71.5 eV) and 4f5/2 (74.9 eV) core levels44,45, attributed to the alloying of
Pt with Ni consistent with the microscopy and XAFS results.

XPS O 1 s shows a gradual peak shift as reduced temperature
increased for Pt deposited samples (Fig. 4f). These peaks were fitted
according to two distinguishable species for lattice oxygen and

chemisorbed oxygen46,47, where the relative percentages were calcu-
lated in Supplementary Table 5. The higher ratio of surface oxygen
species for Pt decorated samples indicates more lattice oxygen was
driven away from the support oxide, which is consistent with the TGA
and TPR results (Fig. 1c and Fig. 1d). XPS Ti 2p shift to higher energy
after reduced at high temperature while the nickel doped samples
exhibit less energy disparity compared to LCT-Pt, as shown in Sup-
plementary Fig. 14d. On this basis, it is appreciable that apical Pt assists
the B-site cations out, mainly facilitates the Ni exsolution by extracting
lattice oxygen through catalytic activation from interaction to adjust
the perovskite structure with more surface oxygen for efficient oxi-
dation systems.

Catalytic performance studies
COoxidation studies have been performed, Fig. 5, to probe the degree
of catalytic CO oxidation activity and stability of these nanoparticles.
The observed activation energy for catalytic reactions at supported
nanoparticles is highlydependent on thenatureof the activemetal and
perovskite host, as well as the interaction between them30. As expec-
ted, Fig. 5a shows that the perovskite fibre without Pt and reduced at
800 oC, demonstrated low catalytic activity with a light off at 370 oC
due to a catalytic limitation of the Ni metal and its particle size of over
50 nm. By the synergistic growth of nanoparticles with Pt and Ni, the
co-loaded samples show good catalytic performance from shifts in
light-off temperatures and for example TOF150 values of 0.053 and
0.189 s-1 for LCNT-Pt-400R and LCNT-Pt-600R, respectively (Supple-
mentary Fig. 18a). Amongst the Pt containing samples, LCNT-Pt800R
fibre exhibited a superior performance with a T99 at 130 oC at low Pt
loading (0.5 wt.%) for CO conversion, Fig. 5a. This catalytic

Fig. 4 | Chemical characterisations of the Ni decorated Pt nanoparticles on
perovskite fibres. a Ni K-edge XANES spectra, (b) Ni K edge EXAFS
Fourier–transform spectra, (c) Pt L3-edge XANES spectra, (d) Pt L3-edge EXAFS
Fourier–transform spectra (Ni foil, NiO, Ni(NO3)2 for Ni K edge and Pt foil, PtO2, Pt/
Al2O3 for Pt L3-edge as reference samples), and XPS analysis of (e) Pt 4 f and (f) O 1 s

regions (LCNT and LCT-Pt fibres reduced at 800 oC as background references),
corresponding to the samples of LCNT-Pt fibres subsequently reduced at 400 oC,
600 oC, and 800 oC. OL and Os are lattice oxygen and surface oxygen species,
respectively.

Article https://doi.org/10.1038/s41467-024-48455-2

Nature Communications |         (2024) 15:4007 5



performance shows a considerably high TOF150 value of 0.489 s−1 at
low surface area (2-3m2/g, see Supplementary Fig. 19), which is much
greater than that of the commercial type Pt on γ-Al2O3 catalysts of
0.031 s−1 (0.5 wt.%, 150m2/g, the morphology was shown in Supple-
mentary Fig. 20) even at higher Pt loading of 0.295 s−1 (1.0 wt.%). As
shown in Fig. 5b, the light-off points of T50 for our catalysts were
further improved at higher Pt loading with an outstanding catalytic
activity, which should come from the active metal alloy structure with
a stimulated perovskite oxygen vacancy through the in-situ Ni dec-
oration to Pt for highly distributed small nanoparticles.

The stability of the catalytic activity of the LCNT-Pt sample was
investigated by setting the temperature to achieve a 90% conversion
point (T90) at the onset of ageing (T90). The conversion ratio was fairly
stable for around40 hwith a slight dropat the initial one hour (Fig. 5c).
Differently, the commercial Pt on Al2O3 catalysts showed fast degra-
dation after stabilising at a similar reaction temperature, and there-
after with a steady conversion ratio of 58% due to the lower reactivity.
In addition, the durability tests for the LCNT-Pt samples were carried
out by maintaining at T99 (Supplementary Fig. 18d). The results indi-
cate no physical degradation for all these samples for 15 h testing at
high conversion rates, which revealed high stability. It was found that
our catalysts demonstrate a good tolerance against the coalesce after
the light-off and long-term tests retaining the nanofibrous structure
with size and dispersion of the nanoparticles on perovskite (Supple-
mentary Fig. 21), which indicates the catalytic performance stability
thus relates to the structural stability of the catalyst even under oxi-
dation conditions for such a long period (embed image in Fig. 5c). The
interaction between metal and support affords stabilisation of small
metal nanoparticles48,49, moreover, increasing surface area means the
there is more surface for an exsolved material to rest upon and so will
tend to reduce particle size. At high temperatures high surface area

also contributes to the sintering suppression by increasing the
dispersion50. Note that, typically a perovskite support is constrained in
its metal dispersion as high crystallisation temperature results in low
surface area51. Thus three metal dispersion can be enhanced by nano-
architecture engineering, such as the fibre structure used in this work.

Discussion
In summary, we report an in-situ dynamic formation of highly dis-
tributed small Ni-Pt bimetallic nanoparticles via reactivemetal-support
interaction, which can also be applied to other systems. The compo-
sition and structure of the bimetallic nanoparticles were efficiently
tuneable in the perovskite by controlling the exsolution of cations
from the A-site deficient perovskite system and by using a surface
additive metal as a promoter. A robust catalyst of Pt-Ni nanoparticles
on fibres yielding a catalytically efficient configuration in various CO
oxidation tests through an active and stable nanoparticulate structure
with good metal support interactions, demonstrating a new paradigm
for nanoparticle design in wide variety of important applications
including catalytic reaction systems.

Methods
Materials synthesis and Pt deposition
Lanthanum chloride heptahydrate (LaCl3

.6H2O, 99 %, Alfa Aesar),
Calciumchloride (CaCl2, Fisher Scientific),Nickel chloride hexahydrate
(NiCl2

.6H2O, 99.9 %, Alfa Aesar), Titanium (IV) isopropoxide
(C12H20O4Ti, 97 %, Aldrich), H2[Pt(NO3)6] (16.7 %, nitrate stabilised,
Johnson Matthey) and Polyvinylpyrrolidone (M.W. = 1,300,000, Alfa
Aesar) were used as raw materials. All these reagents were used as
received without further treatments.

La0.52Ca0.28Ni0.06Ti0.94O3 (LCNT) fibres were prepared via the
electrospinning method, the detail can also be seen on our previous

Fig. 5 | Catalytic functionality onCOoxidation reactions atdifferent conditions
for the perovskite fibres catalysts with in-situ Ni decorated Pt nanoparticles.
Catalytic COoxidationperformanceson (a) light-off curves of LCNT, LCNT-Ptfibres
(Pt 0.5 wt.%) reduced at 400 oC, 600 oC, 800 oC comparing with LCNT and Pt on γ-
Al2O3 catalysts as a reference, and (b) T50 values (the temperature at 50% CO
conversion) summarised from Supplementary Fig. 18b, c for the prepared samples
with different Pt loading (0.5, 1.0, 2.0wt.%) of reduced LCNT-Pt fibres and Pt on γ-

Al2O3 catalysts, as well as (c) long-term tests through the catalytic time on stream
method with constant temperatures at T90 of 120 oC for LCNT-Pt800R (Pt 0.5wt.%)
and 130 oC for Pt on γ-Al2O3 (1.0wt.%), respectively. All catalytic experiments were
carriedoutby a feedmixturegasof 20,000ppmCO, 10.0 vol.%O2 fromthe air (21%
O2 and 79 % N2) at N2 balance with a total gas flow rate of 200ml/min (GHSV =
60,000/h).
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work52. The diagram presented in Supplementary Fig. 1 illustrates the
process for preparation of the perovskite fibre support. In a typical
procedure for electrospinning, stoichiometric amounts of LaCl3 6H2O,
CaCl2, NiCl2 6H2O, Titanium (IV) isopropoxide and PVP were dissolved
in ethanol and acetic acid mixed solvent (volume ratio 2:1). The acetic
acid stabilises the hydrolysis reaction of the sol-gel precursor. The
solution was stirred for 2 h at ambient temperature to form the
homogeneous precursor required for electrospinning. The con-
centration of the LCNT perovskite was 0.2M in the precursor solution.
ThePVP in themetal solutionwaskept at 2.5wt% to reachanoptimized
viscosity. The solution was then loaded into a plastic syringe (5mL)
with a stainless-steel spinneret (D ¼ 0.5mm). The supply rate of the
precursor in the electrospinning set-up was set as 0.3 mLh−1 with a
12 kV voltage was applied on the spinneret, with the fibre collected on
grounding aluminium foil collector at a distance of 10 cm. The elec-
trospun nanofibres were collected and dried at 80 oC for 5 h followed
by calcinationat 1100 oC for 2 h to achieve apureperovskite phase. The
as-prepared LCNT was further treated in 5 % H2/Ar for 4 h at 400 oC,
600 oC and 800 oC to obtain the reduced perovskite samples. Per-
ovskite fibrewithout Ni doping, i.e., La0.52Ca0.28TiO3 was also prepared
via the same electrospinning procedure.

The Pt species was introduced onto the fibre perovskite support
by deposition-precipitation using H2[Pt(NO3)6] (0.0778 g) dissolved in
50mlwater. The Pt loading amountwas0.5wt%on theperovskitefibre
(100mg). The Pt solution (~ 1.708mmol·L−1, 2ml) was applied to wet
the perovskite fibre followed by drying at 80 oC in air for 10 h to form
the active catalyst material. This was then calcined at 400 oC for 2 h to
remove the nitrate. As a comparison, the same procedure was carried
out with different Pt loading of 1.0wt% and 2.0wt%, on high surface
area γ-Al2O3 (sigma, surface area 150m2·g−1). The perovskite pellet with
the same composition also underwent this deposition procedure.
Noted that the only exposed surface dense pellet bring difficulty of
determine the loading amount of Pt for this situation.

Hydrogen reduction and process characterisation
The as-prepared LCNT was further treated in 5 % H2/Ar for 4 h at
400 oC, 600 oC and 800 oC in a tube furnace to obtain the reduced
perovskite samples. The preparation of Pt-LCNT reduced samples was
carried out by treating the samples at three different temperatures,
denoted as LCNT_0.5Pt800R, LCNT_Pt600R and LCNT_Pt400R,
respectively.

TGA measurements were performed on a NETZSCH STA 449C
instrument using Proteus thermal analysis software. The initial weight
of the sample is about 40mg. The mass was recorded when heated to
800 oC under flowing 5% H2/Ar (30ml·min−1), with a heating rate of
5 °C·min−1. Thereafter, an isothermal procedure was carried out for
10 h at 800 oC. The blank with an empty crucible was recorded under
the same conditions and subtracted from the sample data. The raw
data were numerically differentiated to obtain differential thermo-
gravimetry curves.

TPR was carried out using a Micromeritics AutoChem II 2920
instrument with about 100mg samples. The sample was loaded in the
quartz glass reactor and purged with He at 50ml·min−1

flow rate, at
400 °C for 1 h and cooling down to 50 °C to remove any trace of
adsorbates. Then, TPR was conducted in 10 % H2/Ar at a flow rate of
50ml·min−1. The temperature raised from room temperature to
1000 °C with a heating rate as 10 °C·min−1.

Basic characterisations
XRD measurements were performed at room temperature angle from
10-90 o 2θ using a PAN analytical Empyreandiffractometerwith CuKα1
radiation (1.54056 Å) and Bragg-Brentano geometry operated in
reflection mode.

The XPS spectra were recorded on a Thermo Scientific K-Alpha+

X-ray photoelectron spectrometer operating at 2 × 10−9mbar base

pressure. This system incorporates a monochromated micro-focused
Al Ka X-ray source (hʋ = 1486.6 eV) and a 180 o double-focusing hemi-
spherical analyserwith a 2Ddetector. TheX-ray sourcewasoperated at
6mA emission current and 12 kV anode bias providing an X-ray spot
size of up to 400mm2. Survey spectra were recorded at 200 eV pass
energy 20 eV pass energy for core level spectra, and 15 eV pass energy
for valence band spectra. A flood gunwas used tominimise the sample
charging that occurs when exposing an insulated sample to an X-ray
beam. The binding energy of each sample was corrected by the
adventitious carbon C-C located at 284.8 eV. The quantitative XPS
analysis was performed using Avantage software.

To confirm the loading percentage of platinum on support, we
used inductively coupled plasma optical emission spectrometry
(Thermo Fisher Scientific ICP-OES iCAP 6000 Series) to analyse the
amount of platinum. Samples (20mg each) were dissolved into aqua
regia at 80 °C and left overnight to dissolve the sample. Though it is
hard to digest the perovskite completely, the treatment should be
enough to dissolve the platinum coated on the surface. The mea-
surement used a diluted solution. The0.5wt%Pt loaded sample should
display a concentration of 10 ppm (μg·mL−1). The average data indicate
that the loading amount of platinum in the samples is within the
measuring error limits of the designed stoichiometric values, as shown
in Table S1.

Specific surface area (SBET), average pore volume and pore size of
the prepared samples were determined by the distribution graph of N2

adsorption-desorption at 77 K using Micromeritics TRISTAR II 2020.
Samples are outgassed at 200 °C under vacuum for 12 h using a
Quantachrome Flovac degasser (Micromeritics VacPrep 061). The N2

isothermal data set was collected at -195 °C. SBET is calculated by the
Brunauer-Emmett-Teller multiple-point method at a partial pressure
range from 0.05 to 0.3. Total pore volume is determined at
p/p0 = 0.99.

The X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) of the Ni K (8.3330 KeV) edge
and Pt L3 (11.5634 KeV) edge for selected samples were collected at
ambient temperature, on the B18 station at Diamond Light Source
national synchrotron facility, UK. The absorption near the Ni K edges
was determined from the total transmission yield and Pt L3 edges were
determined from the total fluorescence (with a nine-element germa-
nium detector) yield obtained with linearly polarised photons. Mea-
surements were carried out using a Si(111) monochromator at Pt L3-
edge with a Pt and Ni monometallic foil (10μm) used as an energy
calibrant before measurement. Samples were pressed into 13mm
pellets, and high Pt-loaded samples were diluted using an appropriate
amount of cellulosebinder. Pt foil and PtO2were used as references for
Pt0 and Pt4+, respectively. The data were analysed using Athena from
the Deterter suite, which implements the FEFF6 and IFEFFIT codes and
Artemis53,54. The spectra were background-corrected and normalised
by subtracting a linear fit and by dividing the post-edge region by a
third-degree polynomial fit.

Microstructure characterisation
A FEI Scios electron microscope equipped with secondary and back-
scattered electron detector was used to acquire high-resolution ima-
ges for investigating the morphology of nanofibres and the exsolution
of nanoparticles. The number and diameter/size of the fibres/NPswere
calculated from the magnified images using Image-Pro Plus software.
The diameter of fibres and size of particles were calculated by a cali-
bration of the SEM image scale between pixel and nm, where the
particles are assumed to be hemispheric.

To analyse the size and characteristics of the NPs on the sample,
high-angle annular dark field (HAADF) STEM images were taken with
an FEI Titan Themis instrument, using a 25 keV beam with 0.2 pA
beam current. The specimens for STEM were first ground in acetone
before loading on the copper mesh. To investigate the topological
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and elemental information of nanoparticles, a thin lamella was pre-
pared via a focused ion beam (FIB). This technique allows us to
analyse the interface via checking the cross-section of fibres. Sup-
plementary Fig. 7 presents a general procedure to prepare TEM
specimens by FIB with fibre samples. The fibres were firstly dispersed
with acetone and then sprinkled on a conducted silicon wafer piece.
The fibre was selected under high-resolution SEM, then coated with
carbon as a protective layer, as shown in the black area of Supple-
mentary Fig. 8–11. The specimen was polished by an ion beam to
achieve a certain thickness (below 100 nm). Finally, the coated fibre is
cutwith FIB and loaded on theTEMgridwith a tungsten needle. High-
resolution STEM images of individual nanoparticleswere recorded to
study the shape of particles and interface. The energy dispersive
X-ray (EDX) data were also extracted by line and mapping analysis to
distinguish the composition of NPs on the sample surface compared
to the desired perovskite.

Catalytic performance test
The CO oxidation performances of samples were evaluated in a
laboratory-scale fixed–bed quartz reactor (internal d8mm) under
atmospheric pressure with a similar procedure as described in our
previous work19. Typically, about 100mg of samples were equipped in
the reactor byquartz wool at each side. The temperaturewas recorded
by the K-type thermocouple at the centre of the central reaction zone
and gas flows were controlled by the electronic mass-flow controllers
(MFC, ALICAT scientific). The samples were pre-treated in situ with 5%
H2/Ar at 400

oC for 1 h, and then purged with N2 for 30min to remove
the residual H2. After cooling to 20 oC, a feed mixture gas of
20,000ppm CO, 10.0 vol.% O2 from the air (21% O2 and 79% N2) at N2

balance is introduced with a total gas flow rate of 200ml·min−1

(GHSV = 60,000h−1). The light-off experiments were measured at the
range of 20–400 oC with a ramp rate of 5 oC·min−1. The composition of
the effluent gas products was measured by online TCD gas chroma-
tography (GC-2014, SHIMADZU) equipped with a molecular sieve 5 A
(60–80 mesh) column. The CO conversion was calculated from the
change in the CO concentrations as follows:

CO converison %ð Þ= CO½ �In Vol% � CO½ �out Vol%
CO½ �In Vol%

× 100 ð1Þ

The specific reactivity was compared through the estimated TOF55

values which were calculated by utilising a geometrically based model
with the assumed surface area of Pt(-Ni) hemisphere nanoparticles.

TOF150 =
Conva × FCO

Sa
ð2Þ

TOF150 is the turnover of frequency at 150 oC, Conva is the con-
version in % at 150 oC, Sa is the number of active sites (0.1 g catalyst x
µmol dispersed Pt-(Ni) phase per gram catalyst) and Fco is the flux rate
of CO (4ml·min−1, so 2.725 µmoles·s−1).

The long-term tests were carried out at both 90 % and 100 %
conversions. For the 90 % conversion stability test, the temperature
was set at 120 oC for the samples of Pt-LCNT-800R and Pt on Al2O3,
respectively, sampling initially every 10min for 1 h and then every
30min for more than 40h. Moreover, the stability tests under con-
version conditions were carried out from the initial CO oxidation
conditions with constant temperatures at each 100 % conversion
points of 160 oC and 130 oC for the samples of Pt-LCNT-600R and
-800R, respectively, sampling every 20min for more than 15 h.

Data availability
The research data underpinning this publication can be accessed at
https://doi.org/10.17630/8bc13ae7-f04d-4a26-8648-54929bc5fcc4.
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