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Abstract. This paper presents the results of a study of the effect of nickel particles on the properties
of a bimetallic PtNi catalyst for membrane-electrode assemblies in hydrogen fuel cells. A series
of samples with controlled Ni particles ranging in size from 6.0 to 15 nm were synthesized
using magnetron sputtering with process time ranging from 30 to 120 s. It was found that fluxes
obtained with sputtering times of 60—90 s (Ni particle size ranging from 6 to 8 nm) provide
a balanced combination of differential characteristics: developed dendritic structure, active
electrochemical surface area, catalytic activity and stability during stress testing. It is shown that
deviations from the optimal synthesis parameters, either in the direction or by increasing the
sputtering time, lead to degradation of either the catalytic activity or the stability of the system.
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SJNIEKTPOXUMUYECKAA AKTUBHOCTb U AOJITOBEYHOCTb
BUMETANNTUYECKUX KATAJIMTUYECKUX CTPYKTYP
C PA3JINYHDBIM KOJIUMECTBOM NI

Annomauus. B paboTe mpencTaBiIeHBI pe3yabTaThl MCCICTOBAHUS BIMSHUSA YacTUL HUKEIS Ha
CcBOIicTBa OMMeTa/uIMueckKoro karaiauszatopa PtNi mist meMOpaHHO-3/1€KTPOAHBIX OJIOKOB BO-
JMOPOMHBIX TOIUIMBHBIX 2JIEMEHTOB. MeTOIOM MarHETPOHHOIO PACIbLICHUS C BapbHpPOBaHUEM
BpeMeHu mnpolecca oT 30 1o 120 ¢ cuHTe3upoBaHa cepusi 00pa3lOB C KOHTPOJIUPYEMbBIM pa3-
MepoM yactuil Ni ot 6,0 1o 15 HM. YcTaHOBJIEHO, YTO OOpPa3Ilbl, MOJYICHHbIC TIPU BPEeMEHU
HanbuieHus 60—90 ¢ (pasmep yactul, Ni 6—8 HM), JIEMOHCTPUPYIOT COATaHCUPOBAHHOE CO-
yeTaHne (YHKIMOHATBHBIX XapaKTepUCTUK: PAa3BUTYIO ICHAPUTHYIO CTPYKTYPY, MaKCUMallb-
HYIO 3JIEKTPOXMMUYECKHN aKTUBHYIO TTOBEPXHOCTD, BHICOKYIO KaTaJIUTUYECKYI0 aKTUBHOCTh U
YCTOMUYMBOCTD B XOZA€ CTpecc-TecTupoBaHMs. IlokazaHO, YTO OTKJIIOHEHME OT ONTUMAaJIbHBIX
napaMeTpoOB CUHTE3a B CTOPOHY KaK YMEHbIIIEHUS, TaK U YBEJIUMUYECHUS BPEMEHU HarmbUICHUS
MMPUBOINUT K eTpajalliy JIM00 KaTaIUTUIECKON aKTUBHOCTH, JIMOO CTAOMIBHOCTU CUCTEMBI.

Karouesole cnosa: xataiusaTop, 3JeKTPOXUMUYECKass aKTUBHOCTb, MOHOOOMEHHasi MeMOpaHa,
BOIOPOJHBIN TOTJIMBHBINA 3JIEMEHT.
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«CHHTe3 1 UCCIenoBaHMe IMePCIIEKTUBHBIX HAHOMATEPHUAJIOB, MIOKPBITUI U YCTPOUMCTB JIEKTPO-
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Introduction. Hydrogen energy is a key area of development in the field of alternative and envi-
ronmentally friendly sustainability [1, 2]. The core of a hydrogen fuel cell is a polymer ion-exchange
membrane (IEM), the efficiency of which directly depends on the manufacturer of the catalytic ma-
terial [3]. Of particular interest in this regard are bimetallic Pt-M (M is a transition metal) nanopar-
ticles, which not only outperform pure platinum in catalytic activity in the respiration recovery mode
but also exhibit increased resistance to structural corrosion and degradation [4, 5]. This makes them
promising candidates for use in low-temperature fuel cells [6—8].

Previous studies have shown that optimizing the thickness of the catalytic layer is crucial for achiev-
ing high performance, productivity and efficiency of membrane-clectrode assemblies (MEAs) [9, 10].
However, the effect of the thickness of PtNi catalytic layers formed by a two-stage method, including
magnetron sputtering of nickel and subsequent chemical deposition of platinum, has not been suffi-
ciently studied. The thickness of the nickel layer used as an adsorption site for platinum deposition
can affect the properties of the entire PtNi catalytic layer [11, 12].

© Hosuukos M.A., lypux C.A., NMeuepckas E.A. 1 ap., 2026. N3paTenb: CaHkT-MeTepbyprckuili NONMTEXHUYECKUIA YHUBEPCUTET lNeTpa Benukoro



4 SHepreTuka. J/1eKTPOTEXHMKA

The aim of this study is to optimize the composition and structure of PtNi catalytic structures to
improve the efficiency and stability of MEAs intended for use in hydrogen fuel cells.

Materials and methods

A commercial IEM, Nafion 324 (DuPont), was used as the polymer IEM. This membrane be-
longs to the class of perfluorinated sulfonic acid polymers, the structural basis of which consists of a
copolymer of tetrafluoroethylene and perfluorinated vinyl ether with the latter sulfonate compounds
(—=SO,H) [13]. The presence of these groups is a determining factor, as they are responsible for the
proton conductivity of the material — a key property that determines its use as an electrolyte in fuel
cells (Fig. 1) [14].

The formation of PtNi catalytic structures occurred in two stages. In the first stage, nickel particles
were detected directly on the polymer IEM surface using magnetron sputtering. The residual pres-
sure in the chamber before gas release was 10~ Pa, which resulted in accidental interactions between
nickel, oxygen, and nitrogen during the deposition process. Next, Ar working gas was supplied to the
chamber at a flow rate of 0.5 1/h. The nickel target was sputtered at a power of 0.150 kW and a current
of 1 A, with process times ranging from 30 to 120 s. Scanning electron microscope micrographs are
shown in Fig. 2.

The average results of measuring the distribution and size of nickel particles on the surface of the
IEM are shown in Fig. 3 and Table 1.

@UPONT
—[—CF;—GF;}T[—(J:F--CFZ—}T OUPOND
O-CF;CF-0-(CF,); SO,H
3

Fig. 1. Nafion perfluorinated polymeric sulfonic acid chain

Fig. 2. Catalytic structures with different Ni deposition times: a) 30 s; b) 60's; ¢) 90s; d) 120 s
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Fig. 3. Sputtering density distribution graph

Table 1
Average particle size of deposited Ni particles by magnetron sputtering

Sample Average particle size, nm
PtNi30 6.0
PtNi60 9.0
PtNi90 11.8
PtNi120 14.9

In the second stage, a platinum shell was formed by chemical deposition from a solution. The re-
action process is shown in the following formulas:

H,PtCl, +2NH,OH — (NH, ), PtCl, +2H,0; (1)
N,H, +4NH, —» 4NH, +4¢” +N,; (2)
(NH, ), PtCl; +4e” — 2NH,CI+ Pt +4CI". (3)

The main component of the solution is hexachloroplatinic acid (H,PtCl,), whose minimum con-
centration (0.8 g/L) ensures uniform coating with a long precipitation time (approximately 45 min).
Hydrazine (N,H ), used in a concentration range of 0.8 to 1.2 g/L, plays a key role in the reduc-
tion of platinum from H,PtCI . The addition of concentrated ammonium hydroxide (NH,OH) in an
amount of up to 200 ml/L stabilizes the chemical reaction, ensuring a uniform process. To prepare
the IEM for coating, it is pre-soaked in distilled water for 6—12 h at a temperature of 20—22 °C. This
step saturates the membrane with water, activating its surface and creating optimal conditions for the
formation of a high-quality coating during chemical vapor deposition [15].

Results and discussion

The resulting polymer IEMs were integrated into MEAs to record current-voltage characteristics
(Fig. 4), followed by stress testing. Tests were conducted in fuel cell mode in potentiostatic mode in
the range from 0.1 to 0.9 V with a sweep rate of 20 mV s~!, with a total number of cycles of 5000. Fig. 5
shows the dynamics of current density changes at a potential of 0.9 V.
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Fig. 4. Comparison of the -V characteristics of the MEA in a hydrogen fuel cell
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Fig. 5. Graph of current density changes in the MEA over time for polymer IEMs with different Ni amounts

Analysis of the surface morphology and functional characteristics of the MEA reveals that short
deposition times result in an insufficient number of nucleation centers [12]. This limits the devel-
opment of the electrochemically active surface area, which in turn explains the observed decrease in
current density despite the high stability of the samples. The superior stability compared to samples
obtained with sputtering times of 60 to 90 s is likely due to the increased average distance between par-
ticles, which suppresses sintering mechanisms. This assumption is supported by the results of particle
size distribution analysis before and after stress testing (Fig. 6).

In contrast, excessively long sputtering times lead to the formation of large agglomerates. Although
proton conductivity is retained in such systems, the significant reduction in electrochemically active
surface area negatively impacts the shape of the I—-V characteristics and the overall membrane per-
formance.

The highest efficiency was demonstrated by structures formed with sputtering times of 60 to 90 s,
which corresponded to nickel particles of 6—8 nm in size. These synthesis conditions allowed us to
obtain catalysts that combine high electrochemical activity with sufficient corrosion and morphological
stability.

Conclusion

The study established a fundamental relationship between the dispersion of the nickel substrate
formed by magnetron sputtering and the functional characteristics of the bimetallic PtNi catalyst
within the MEA.
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Fig. 6. Nanoparticle size distribution before and after stress testing for polymer IEM
with Ni sputtering times of: a) 30s; b) 60s; ¢) 90s;d) 120 s
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The highest efficiency was demonstrated by samples synthesized with sputtering times of 60 to
90 s, which corresponded to nickel particles of 6—8 nm in size. This range achieves an optimal bal-
ance between the density of nucleation centers and the prevention of their coalescence, ensuring
the formation of a highly developed dendritic structure with maximum electrochemical absorption.
Catalysts with these parameters combine high electrochemical activity with sufficient corrosion and
morphological stability, confirmed by 5000 stress testing cycles.
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