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Abstract

This work adopts solvothermal synthesis to fabricate PtNi nanoparticles as thin film cathodes with superior resistance against
thermally driven agglomeration for low temperature solid oxide fuel cells (LT-SOFCs) operating at 450 °C. Metal-based
porous electrodes are common choices for thin film LT-SOFCs, but pure metals with high density nanoscale porosities are
vulnerable to thermal agglomeration, which imposes challenges to maintaining high performance with long-term stabil-
ity. Typical Pt-based thin film cathodes are previously reported to sustain a record high 600 °C of thermal annealing with
acceptable morphological stability, but the temperature is still too low for practical LT-SOFC application. In this work, the
solvothermal synthesized PtNi nanoparticle thin films show superior thermal stability, sustaining 10 h of annealing at 800
°C without significant agglomeration observed. By controlling the length of synthesis time, the particle sizes and Pt load-
ing ratio can be varied. The cost-effective solvothermal synthesis process for the fabrication of PtNi thin film cathode is a
promising way for LT-SOFC manufacturing in scale as it involves no vacuum process like typical sputtering.
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1 Introduction

Low temperature solid oxide fuel cells (LT-SOFCs) operat-
ing at temperatures below 600 °C are promising in resolv-
ing chronic issues that exist in conventional high tempera-
ture SOFCs (HT-SOFCs) running at 800—-1000 °C [1-5].
The research focus for LT-SOFCs has been on developing
high performance cathode materials to tackle the sluggish
oxygen reduction reactions (ORR) at the greatly decreased
cell operating temperature. Conventional HT-SOFCs adopt
oxide materials, especially mixed ionic electronic conduct-
ing (MIEC) perovskites such as La ¢Sr,, 4Co, ,Fe;, 3055 [6,
71, PrBa 551, sCo, sFe 5055 [8, 9], or Sr,Fe; sMog, sO¢ 5
[10, 11], as cathodes to achieve high performance with good
thermal stability. However, MIEC electrodes require higher
temperatures to fully activate the cathode catalytic activities,
and the LT-SOFC temperature below 550 °C is too low to
utilize these materials.

On the other hand, unlike HT-SOFCs, which require
the use of refractory oxides with sintering to form porous

@ Springer KE _:E

electrodes due to the high operating temperature, LT-
SOFCs allow a wider range of electrode material selection
even pure metals. Catalytically active metals such as Ni,
Pt, Ag, and their alloys or their composites with oxides are
the major choices [12-21]. Reported studies have shown
that porous metals or porous metal-oxide composites with
good catalytic activity at below 600 °C temperature range
are more feasible cathodes for LT-SOFCs [12, 22]. The
major issue of utilizing metal at elevated temperatures is
the long-term thermal stability of the porous metal com-
ponents. Metal cathode layers for LT-SOFCs are usually
fabricated using DC magnetron sputtering or RF sputtering
at high base pressure to obtain a porous electrode mor-
phology [12-16]. These as-sputtered porous electrodes
have a high density of nanoporous surface area of electro-
chemically active sites but are also vulnerable to thermally
driven agglomerations at elevated temperatures due to the
high surface energy. Therefore, maintaining the thermal
stability of the high density of porosity in the metal cath-
ode is of great interest.
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Strategies to maintain a high electrode porosity of LT-
SOFC:s for stable performance include applying a thin oxide
capping layer over the sputtered porous electrode [14],
improving the adhesion between sputtered porous metal
electrode and electrolyte substrate [16], and alloying Pt with
another catalytically active metal such as Ni [15] (Fig. S1).
These three strategies combined were reported to effectively
preserve the nanoporous features of the sputtered porous
electrode at up to 600 °C. In particular, the alloying strategy,
which preserves the body of the entire sputtered electrode
layer, is most effective compared to only preserving the sur-
face and interfacial porosities. The alloying of Pt with other
metallic elements M (M = Au, Co, Cu, Fe, and Ni) was also
reported to enhance the ORR activity of Pt-based catalysts
and to reduce Pt loading which makes Pt-M alloy even more
attractive in the application of LT-SOFCs.

Among the reported Pt-M alloys, the PtNi combina-
tion shows the highest ORR activity close to pure Pt in the
volcano plot, as well as better resistance to agglomeration
than pure Pt [23, 24] up to 600 °C [13, 15]. However, this
temperature is only slightly higher than the targeted 450 °C
operating temperature of LT-SOFCs, and significant deg-
radation was still observed in our previously reported PtNi
work (26% after 48 h) [15]. Also, the composition uniform-
ity of sputtered PtNi over the entire electrode surface area is
questionable, which can worsen the electrode degradation
driven by electrical current.

Therefore, the preparation of thermally stable PtNi nan-
oparticle electrodes with good composition uniformity to
replace the thermally vulnerable sputtered PtNi is important
for stable LT-SOFC performance. This work demonstrated
the solvothermal synthesis process for such PtNi nanoparti-
cles with good thermal stability and composition uniformity.
Solvothermal synthesis of catalyst nanoparticles was only
reported for low temperature applications [25-27], but no
demonstration was found for high temperature applications.
We synthesized PtNi nanoparticles with control of particle
cluster size and composition by varying the synthesis time.
The morphological stability of the nanoparticles sustained
annealing at temperature up to 800 °C without significant
agglomeration, which surpassed our previous reported
record at up to 600 °C.

2 Experimental Section

2.1 Solvothermal Synthesis of PtNi Nanoparticles
Figure 1 illustrates the solvothermal synthesis of PtNi nanopar-
ticles. Pt(acac), and Ni(acac), were used as metal precursors

to form the PtNi alloy nanoparticles. We employed a combi-
nation of two chemical agents: polyvinylpyrrolidone (PVP)

and hexadecyltrimethylammonium bromide (CTAB) as sur-
factants. PVP serves as an effective agent for preventing the
PtNi nanoparticles from agglomeration by creating a protective
barrier between them during the solvothermal process [28, 29].
CTAB acts as a surfactant, as well as promotes the formation
of larger nanoparticle sizes [30]. A stoichiometric amount of
0.098 g platinum (II) acetylacetonate (Pt(acac),, 97%, Sigma
Aldrich), 0.064 g nickel (II) acetylacetonate (Ni(acac),, 95%,
Sigma Aldrich), 0.687 g polyvinylpyrrolidone (PVP, aver-
age molecular weight~55,000, Sigma Aldrich), and 50 mM
hexadecyltrimethylammonium bromide (CTAB, 99%, Sigma
Aldrich) (Fig. 1a) were dissolved in 50 ml of N, N-dimeth-
ylformamide (DMF, 99.8%, Sigma Aldrich) under magnetic
stirring at 50 °C until the mixture reached a clear green color,
as illustrated in Fig. 1b. The resulting green color solution
was transferred into a Teflon-lined stainless-steel autoclave,
as shown in Fig. 1c. Subsequently, the tightly sealed autoclave
was covered by sands to ensure uniform thermal environments
and put into a furnace maintained at 160 °C for 6-, 12-, 18-,
and 24-h (Fig. 1d). The solution containing nanoparticles
(Fig. 1e) was rinsed in ethanol with centrifugation three times
to separate the PtNi precipitate, as shown in Fig. 1f. The col-
lected black PtNi precipitates were used for future studies

(Fig. 1g).

2.2 Characterizations of PtNi Nanoparticles
Crystallinity, Size, and Composition

The crystalline structure of the as-prepared PtNi nanoparticles
was characterized by X-ray diffraction (D8 Advance, Cu-K,
Bruker) between 20° and 90° of 20 angle. The morphology of
the nanoparticles and the structure of the cell were observed
by field-emission scanning electron microscopy (FESEM,
JSM-7600F, JEOL). Detailed observation of nanoparticle
size was carried out by high-resolution transmission elec-
tron microscopy (HR-TEM, JEM-2100F, JEOL) at 200 kV
equipped with EDX. The composition of the PtNi was quanti-
fied by inductively coupled plasma optical emission spectros-
copy (ICP-OES, Optima™ 8300, PerkinElmer®). The particle
size distribution was analyzed by using Image J software.

2.3 Thermal Stability Test of PtNi Nanoparticles
by High Temperature Annealing

The dispersed PtNi nanoparticles were drop-casted and
vacuum-dried on Si chips to form thin film electrodes, fol-
lowed by thermal annealing at a tube furnace at 450, 600, and
800 °C in ambient air for 10 h. The morphological evolutions
with an annealing time of 10 h and temperatures at 450 °C,
600 °C, and 800 °C were observed by FESEM (JSM-7600F,
JEOL). The thermal stability of pure Pt nanoparticles pre-
pared by the same process was also observed for comparison.



1210

International Journal of Precision Engineering and Manufacturing-Green Technology (2024) 11:1207-1216

(@) Mixing precursors

(b) Stirring at 50 °C

Pt(:%:)z i I CTAB vNi(acac)2
2e° PVF;;‘ k=
\ e

(h)  SOFC fabrication (9) PtNi nanoparticles

(c) Autoclave (d) Solvothermal Synthesis

(e) Solution containing
PtNi nanoparticles

(f) Centrifugation

Fig. 1 Solvothermal synthesis of PtNi nanoparticles. a Mixing metal precursors; b stirring at 50 °C; ¢ transferring into an autoclave; d anneal-
ing; e solution containing as-synthesized PtNi nanoparticles; f centrifugation; g PtNi precipitate; h SOFC fabrication

The long-term stability of 10, 20, 30, 40, and up to 50 h
of annealing was done to the 18-h synthesized PtNi nano-
particles at 450 °C to verify if any further morphological
changes of PtNi nanoparticle with time.

2.4 SOFCs Test Using PtNi Cathodes

A half-cell SOFC (schematic in Fig. 1h) was prepared for
the polarization resistance test. To form the cathode thin
film, PtNi nanoparticles were drop-casted onto one side
of a single-crystalline (100) YSZ electrolyte substrate
(10x10x 0.2 mm, Latech Scientific Supply Pte. Ltd.,
Singapore), followed by an intermittent baking process at
200 °C for 1 h. The anode thin film with 100 nm thickness
was deposited using DC magnetron sputtering on the other
side of the YSZ substrate.

The fuel cell using PtNi alloy cathode was tested by
draining the current for an I-V curve at 450 °C using linear
sweep voltammetry (LSV) with an electrochemical poten-
tiostat (SP-200, BioLogic®). The anode was fed with pure
hydrogen gas at a flow rate of 20 sccm, and the cathode
was exposed to ambient air.
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3 Results and Discussion

3.1 PtNi Nanoparticle Size, Composition,
and Crystallinity vs. Solvothermal Time

The particle morphology evolution with increasing solvo-
thermal time of 6-, 12-, 18-, and 24-h was first character-
ized with TEM. As shown in Fig. 2a, the nanoparticles
formed larger aggregated clusters about 30 to 40 nm, and
the aggregated cluster size increases as solvothermal time
increases and saturates at 18-h. Figure 2b shows the indi-
vidual cluster of nanoparticles with an individual nanopar-
ticle contour highlighted in white dashed lines for all sol-
vothermal times. The individual particle sizes were around
5 to 10 nm and also showed an increasing trend with sol-
vothermal time. The interplanar spacing around 0.221 nm
and 0.131 nm correspond to the (111) and (220) planes of
PtNi alloys (Fig. 2c¢), respectively [31-33], which confirms
the particles synthesized were indeed PtNi alloys.

The particle size distribution (Fig. 2d and Fig. S2,
along with a summary in Table. S1.) shows a con-
sistent increase in the size of the aggregated particle
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Fig.2 a TEM images showing PtNi nanoparticle forming aggregated
clusters. b Bright-field TEM images identifying individual particles
within a particle cluster. ¢ HRTEM images with measurement of

clusters with increasing solvothermal time up to 18-h
(6-h: 32.17 nm +7.55 nm, 12-h: 39.39 nm + 8.81 nm,
18-h: 46.55 nm + 8.78 nm). For the 24-h particles, no
significant further growth from 18-h was observed
(43.77 nm +9.59 nm). This can be explained by LaMer’s
mechanism [34-37] that for prolonged synthesis time, the
diffusion of Pt*? and Ni*? ions to the nucleation site can
be slower. Similar trend of individual particle size increase
was also observed from the TEM image in Fig. 2b, where
the particle size peaks at 18-h without a significant
increase at 24-h. Considering the cost-effectiveness of
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inter-planner spacing, showing the PtNi alloy formation. d The dis-
tribution of aggregate cluster size distribution for PtNi nanoparticles
with different solvothermal times at 160 °C

fabrication time, the shorter 18-h time was selected for
PtNi nanoparticle synthesis.

The composition of the synthesized PtNi particles also
evolves with solvothermal time. As illustrated in Fig. 3a, the
atomic percentage of Pt decreases with increasing solvother-
mal time, from 50.04% (6-h) to 37.53% (24-h). In addition,
the Ni and Pt distribution was uniform throughout the alloy
(Fig. 3b, also see Fig. S3 for details of elemental distribution
under different solvothermal times). The synthesized PtNi
particles were confirmed to have intermetallic phases for
all solvothermal synthesis times. Figure 3¢ shows the FCC
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Fig.3 a Composition of PtNi nanoparticles synthesized at 160 °C for
different solvothermal times. b HAADF-STEM image and elemental
mapping of the PtNi nanoparticles synthesized at 160 °C for 18-h of
solvothermal time (green: Pt; red: Ni; scale bar: 50 nm). ¢ XRD pat-
terns of the as-prepared PtNi nanoparticles with various solvothermal

structure with peak positions corresponding to (111), (200),
(220), and (311) planes. The peak positions of PtNi particles
are consistent with that of pure Pt nanoparticles [38-40],
except that a 2-degree shift of the peaks toward the higher
angles was observed as the solvothermal time increased.
The peak positions corresponded to around 41 °, 48 °, 71 °,
and 85 °, which are in between pure Pt and pure Ni peaks
[15, 38, 41], meaning the synthesized powders are interme-
diate PtNi alloy nanoparticles. The unit cell lengths of all
as-synthesized powders (extracted by Rietveld refinement,
Fig. 3d, also see Table. S2 for details) were in between pure
Pt (3.923 A) and pure Ni (3.523 A) [23, 42], where longer
solvothermal process rendered smaller unit cell length (from
3.8229 A for 6-h to 3.7915 A for 24-h), likely due to the pure
Ni having smaller unit cell length that penetrated Pt crystals
when forming PtNi alloy nanoparticles [40].
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times (6-, 12-, 18-, and 24-h) at 160 °C and d unit cell parameters
derived from Rietveld refinement and corresponding parameters for
the PtNi nanoparticles prepared at various solvothermal times, pre-
sented in the table

3.2 Thermal Stability of PtNi Nanoparticles

The synthesized nanoparticles were purposefully
annealed at very high temperatures up to 800 °C to con-
firm their superior thermal stability. The FESEM images
of pure Pt, and PtNi nanoparticles showing the morphol-
ogy changes with increasing temperature are summarized
in Fig. 4. Pure Pt showed very weak resistance even at the
lowest annealing temperature of 450 °C. For PtNi alloys
synthesized at all solvothermal times, the morphology did
not change significantly at 450 and 600 °C. Only at the
highest annealing temperature of 800 °C did the 6- and
12-h synthesized PtNi show more obvious agglomeration.
The 18- and 24-h synthesized PtNi were obviously more
resistant to thermal agglomeration at 800 °C than 6- and
12- h. The better resistivity of 18- and 24-h synthesized
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Fig.4 FESEM images of pure Pt and the as-prepared PtNi nanoparticles thin film cathodes prepared at different solvothermal times (6-, 12-, 18-,

and 24-h) and annealed in ambient air for 10 h at 450, 600, and 800 °C

PtNi alloys can be due to their larger particle size that
gives lower surface energy as well as the higher Ni con-
tents that affect the melting point. The 18-h PtNi particles
were eventually selected for making cathode in our later
fuel cell test in a half-cell for its excellent thermal stabil-
ity and shorter synthesis time than the 24-h particles.
We further examined the morphological stability of the
18-h nanoparticles by longer annealing time in the air at
450 °C, which is the target operating temperature for LT-
SOFCs. As expected, no noticeable morphology change
was observed from O up to 50 h of annealing time (Fig. 5).

3.3 Fuel Cell Test Using 18-h PtNi Nanoparticle
Cathode

Figure 6b shows the morphology of the PtNi thin film
cathode drop-casted on a YSZ substrate with a thickness
of 14.4 pm. Fuel cell performance of the PtNi/YSZ/Pt LT-
SOFC at 450 °C in the polarization curve (Fig. 6a) shows a
maximum power density of 0.124 mW/cm? using a 200 pm
thickness of YSZ substrate and porous sputtered Pt anode.
Due to the extensive effort to obtain good adhesion of the
drop-casted electrode in our lab, electrochemical impedance

@ Springer KE_:E
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Fig.5 FESEM images of the PtNi nanoparticles solvothermal synthesized at 160 °C for 18-h annealing at 450 °C in ambient air for 0, 10, 20,

30, and 50 h. No noticeable morphology change was observed
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Fig. 6 a Polarization curve of the fuel cell with the solvothermal syn-
thesized PtNi nanoparticle cathode running at 450 °C with air at the
cathode and pure H, at the anode. b Cross-sectional view of the PtNi

measurements to further understand the performance of PtNi
electrodes are still underway. Also, the cell performance was
limited due to the high ohmic resistance of YSZ, but it can
be greatly improved when using a thin film micro-SOFC
with a sub-micrometer thickness electrolyte. It is noteworthy
that with current flowing through during the fuel cell test at
450 °C, there was still no noticeable morphological changes
were observed (Fig. 6¢).

It is hard to deny that in the “nanoparticle level”, the 5 to
10 nm particles were likely already agglomerating during
the annealing at 450, 600, and 800 °C and during the cell
test at 450 °C. In our FESEM image observations shown in
Figs. 4, 5, and 6, what we observed was the “cluster level” of
thermal stability which showed no significant changes. Nev-
ertheless, the impressive resistance to 800 °C of annealing
at cluster level has justified the superior thermal stability of
PtNi thin film cathodes fabricated by solvothermal synthesis.
More detailed characterization in the “nanoparticle level”
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nanoparticle cathode with a thickness of 14.4 pm. ¢ PtNi nanoparticle
cathode before and after fuel cell test showing minimum morphology
change

including morphology changes using TEM and electrochem-
ical performance stability using electrochemical impedance
spectroscopy is underway.

4 Conclusions

PtNi alloy nanoparticles with superior thermal stability
were synthesized via solvothermal methods. Control over
nanoparticle size and alloying composition was achieved by
varying the solvothermal synthesis times. The synthesized
PtNi nanoparticle thin film showed excellent resistance to
thermally driven agglomeration at 800 °C by maintaining
the porous morphology. Fuel cells using PtNi nanoparticle
drop-casted as a thin film cathode showed a decent maxi-
mum power density of 0.124 mW/cm? at a low temperature
of 450 °C and can be largely improved if a thinner elec-
trolyte can be used. The solvothermal synthesis process is
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simple and cost-effective for the fabrication of thermally
stable PtNi nanoparticles. This approach provides a promis-
ing alternative to expensive vacuum-based deposition tech-
niques, ensuring uniform distribution of PtNi nanoparticles
for SOFC electrodes with exceptional thermal stability. We
believe this approach can shed light on the production and
practical applications of PtNi nanoparticles for SOFC cath-
odes with exceptional thermal stability.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40684-023-00576-7.
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