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Abstract

Fuel cells are using for electric production via redox reactions where catalyst mate-
rial are used for increasing sluggish rates of reactions. Polymer electrolyte mem-
brane fuel cells are the most promising types for daily life usage. Platinum is the
most known catalyst material and it leads to high prices of fuel cell. Thus, new mate-
rials should be innovated instead of noble catalyst materials. In this study, FeNiCo,
FeNiCu, FeNiCoCu alloy particles were produced in both ultrasonic spray pyrolysis
and mechanical alloying methods to innovate alternative catalyst materials. Products
were characterized by XRD, SEM—EDS. Spherical particles which are very impor-
tant for catalytic properties, were produced with ultrasonic spray pyrolysis method.
Elemental weight percentage of particles were observed close to each other. First in
the literature, gas flow test was applied to observe gas consumption rates and gener-
ate the initial parameters for simulation study which was done to compare catalytic
performances of products and conventional Pt catalyst. Ultrasonic spray pyrolysis
method provided more catalytic surface behaviors. FeNiCu and FeNiCoCu of this
method were found as promising catalyst materials.

Keywords Alloy particles - Catalyst - Simulation - Fuel cell

Introduction

Fuel cells are the key technology of green energy production systems and solution
for depleting petroleum based energy sources. They can be classified according to
the components such as electrolyte. The most attractive output is the fuel cell’s is
low or zero emission. The efficiency of fuel cells can be improved to 60% of elec-
tricity. This provides the decrement at pollution for electrical energy conversion
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from thermal energy about>90%. Fuel cell types are innovated for different usage
parameters. Polymer electrolyte fuel cells (PEMFC) are very basic types because of
their easy scale-up technology. Also, it generates high power density and low oper-
ating temperature which are made them the future power source for transportation/
portable applications [1].

The main part of PEMFC is membrane electrode assembly that includes polymer
electrolyte membrane, gas diffusion layer and catalytic layer. Catalytic layer contains
electrode and electrolyte which is the basic cell for power generation. The outer parts
are designed for homogenous gas (fuel) and output distribution. The main reaction
which is occurred over catalyst is the oxygen reduction reaction (ORR). Thus, the
catalyst material is the limiter for productivity and efficiency. There are three groups
for PEMFC catalysts: Pt-based, Pt modified-based (Pt and metals such as Cr, Cu, Co
or Ru), non-Pt based catalysts (i.e. non-noble metals, organometallics) [2]. As a con-
sideration of effectivity, Pt is used as major catalyst material [3]. The over potential
of half reaction is 500 — 600 mV with a platinum-based catalyst.

The overall chemical reactions that is occurred over catalyst of PEMFC are given
in Eq. 1. The anode side is the power generator and cathode side is power depriver,
because ORR is 100 times slower than hydrogen oxidation reaction (HOR) and
electron usage. Also, cathode half reactions which provide different steps to carry
out 4-electron direct and 2 electron indirect reduction are complicated because of
strong O=0 bond (498 kJ/mole) [4, 5]. However, ORR is not facile over Pt-catalyst
thus over potentials are decreased with more catalyst usages. This is provided via
increasing the surface area of catalyst as used as nano structures (2-6 nm for Pt)
with 0.10 — 0.15 mg cm™~2 anode loads [2, 6]. Even though Pt-based catalyst materi-
als show the best catalytic performance for ORR, their high cost hinders the com-
mon applications of fuel cells [6, 7]. As a projection of United States Department
of Energy (DOE, at 2007), the platinum-based catalyst layers have 56% coverage
for the cost of fuel cell stack [7]. Also, 0.125 mg cm™2 is the 2017 target for Pt
loading at anode + cathode that is~0.4 mg cm™2 currently [8]. Hence, there is few
ways should be considered in new technology: gas distribution optimization, operat-
ing temperature and inlet/outlet control, material innovation for membrane electrode
assembly components. The sluggish ORR is the most challenging topic of fuel cells.

Anode : 2H, — 4H* + 4e
Cathode : O, +4H* + 4e~ — 2H,O0 (sluggish step, rate determinant) (1)

XReaction : 2H, + O, — 2H,0

Non-precious metal catalysts are the most outstanding innovation for HOR and
ORR of PEMFCs. There are several non-precious metal catalyst materials, such as
transition metal based, iron based nanostructures, alloys, macrocyclic metal, car-
bon supported, electroconductive polymer based, metal nitrides, and carbon catalyst
embedded compounds [6, 9]. The outstanding platinum-free catalyst is Se-modified
Ru catalyst (RuSe,/C) since it has 10 times higher ORR activity, electrooxidation
protection of Ru and H,0O, formation suppression. However, same critical cost-sup-
ply problem occurs for Ru that regards to price and availability. Otherwise, metal
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oxynitrides which is subgroup of IV and V elements, are promising ORR catalysts
as a result of their high metal d-band concentration at the Fermi level. Another
focused material are polymer-metal systems such as macrocycle metal compounds.
The impressive behavior of this systems is being protective for harsh outputs of
HOR and ORR. If in doubt non-noble material systems are not enough to fulfill all
demands, they are superior for ORR that is the limiting parameter of a catalyst appli-
cations [10]. In contrast to two or three component conventional alloys, high entropy
alloys shows impressive physicochemical and mechanical properties [11].

Medium and high entropy alloys (MEA & HEA) promising for mechanical
applications and structural designs because of the lattice distortion how the differ-
ent atomic sized components of material systems, but also they are advantageous
for functional material designs because of tunable compositions. Except mechanics,
other properties of MEAs and HEAs are still less undiscovered, especially for catal-
ysis and energy applications. As is well known, the cocktail effect of HEA shows
improved catalytic activity by tuning composition, geometry, structure and morphol-
ogy. With the generation of more stable phase-separated materials or intermetallic
compounds, the two components of binary alloy frequently exhibit a considerable
immiscible gap which inhibits the continuous regulation of the composition ratio
and also the catalytic activity. However, the occurrence of single stable solid solu-
tion phase from multiple elements generates the larger configuration entropy for
HEAs [12]. Catalytic behaviors are driven from high surface area, optimum adsorp-
tion energetics, and d-band center theory which are can be achieved using subgroup
of HEAs, transition metal HEAs [11, 13]. Moreover, HEA nanoparticles can have
better electrocatalytic properties because of their large surface area, nanoscale
effect and material utilization efficiency [11]. HEAs shows higher potential energy
due to a lower energy barrier in catalytic reactions because of thermodynamically
non-equilibrium state which is generated by lattice distortion effect. Also, composi-
tional tuning and strain inducing provide HEAs to have adjusted catalytic selectiv-
ity that is observed by d-band center up/down shifting. Down shifting the d-band
center via compressive lattice strain due to compositional design, generates weaker
metal-molecule bindings [12]. The nano particle HEAs are used for thermal and
electrochemical reactions, carbon dioxide reduction reaction, oxygen evolution
(OER) and reduction reactions and hydrogen evolution reactions (HER), and others
[14]. For example, FCC structured PtPdRhNi, PdCuPtNiCo, AICuNiPt, and laves
phased FeCoNiCrNb, CrMnFeCoNi (amorphous, FCC or BCC) are used for ORR,
CoFeLaNiPt (amorphous phase) is used for OER and HER etc. [15].

Mainly, four (O,+4H* +4e~—2H,0) or two (O,+H,0+2e”—HO,”+OH")
reactions are need to reduce oxygen to water. Rossmeisl and friends [16] generated
a model to predict the surface adsorption energies of the ORR for different local
compositions and calculated the surface adsorption energies of *OH and *O at (111)
surface of IrPdPtRhRu HEA. As authors’ study, Irg ;4,Pdg 300Pto.003RNg 196RUg 259
was found to lower overpotential of Pt (111) as ~40 mV. The authors adjusted ligand
effect which is the parameter of surface absorption behavior according to different
local composition differences to obtain accurate prediction [15]. W. Chen and K. Li
[17] plotted the overpotentials of metals at 10 mA/cm? and 1.0 M KOH and found
that FeCoNiAlTi HEA had close overpotential property to noble metals. Loffler
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et al. [18] produced CrMnFeCoNi as different particle sizes and crystal structures
(BCC, FCC, and amorphous) that were produced complex solid solution nanopar-
ticle sputtering over ionic liquids, to obtain the intrinsic ORR activities. 1.3 nm
CrMnFeCoNi BCC compound (Mn,Fe <5 at%, Ni<10 at%, Co<20 at%, Cr<40
at%) showed highest activity and it was even higher than Pt nano particles. A. Aliyu
and C. Srivastava FeNiCoCu MEA and FeNiCoCu MEA-graphene oxide composite
coatings to observe electrochemical properties. Authors found that corrosion resist-
ance decreased with lowering graphene amount [19].

It is needed to be done both experimental characterization and theoretical simu-
lation for innovated catalyst materials, especially HEAs [13]. There is two case for
simulation studies: modelling of ORR and adsorption properties of catalyst layers.
However, multi-phase flows, charge-species and heat transfer mechanisms should
be modelled mathematically as well as electrochemical reactions. Thus, this brings
appliance of multi-physic approaches with related material properties [1]. Wang
et al. [1] listed fuel cell governing and source terms conservation equations with fre-
quently used electrochemical and transport properties which were used in this paper.

In this paper FeNiCo, FeNiCu, FeNiCoCu HEA alloy particles were produced
with ultrasonic spray pyrolysis (USP) method that is studied our previous works
(see [20-22]) and ball-mill (BM) methods to provide method-material-property tri-
lemma. In addition to the XRD and SEM-EDS characterizations, first in the litera-
ture, gas flow tests were used to observe gas consumption rates to generate simu-
lation parameters. The characterization results of the newly developed catalyst
materials were compared with conventional catalyst material by examining the cata-
lytic behaviors in an ideal fuel cell through simulation study.

Material and experiment
Material

Fe(NO;)0.6H,0, Ni(NO;),.6H,0, Co(NO,),.6H,0 and Cu(NO;)0.3H,0O (High
purity, Merck, Germany) are used as raw materials for USP. Nitrate salts were dis-
solved with pure water to generate 0.2 M precursor solution. The reduction was done
with H, (I L/min) and system was purged with N, (1 /min). Also, Fe-Ni-Co—Cu
metallic powders (particle size <45 um, min. 99.7% purity) were used at mechani-
cal alloying, BM method. WC vials and WC balls (10 mm diameters) were used
for BM. N-heptane was used as process control agent for preventing oxidation and
excessive cold welding.

Experiment

In USP route, nitrate salts of components were dissolved with pure water according to
0.2 M concentration. Also, each solution was mixed for 15 min at 500 rpm to obtain
homogenous precursor solution. The reduction was done at 800 °C with H, (1 L/min)
which used reductant and aerosol droplet carrier. N, (1 L/min) was used at heating
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(10 °C/min) and cooling (to room temperature) as purging gas. Precursor solution
was turned to aerosol droplets via ultrasonic atomizer (Ramine Baghai Instrumenta-
tion) with 1.3 MHz. Circulating bath was used to stabilize the precursor temperature
at 24 °C. Reduced particles were collected in collection chambers in ethanol (99.9%).

In mechanical alloying route, nanoparticles were produced with planetary ball-mill
(Retsch™ PM 200) from metallic powders. Milling was done in WC vial and with WC
balls (10 mm diameters). The medium to material ratio was 10:1, milling speed was
250 rpm and duration was 54 h. To avoid oxidation and excessive cold welding, n-hep-
tane was used as process control agent.

Characterization

FeNiCo, FeNiCu and FeNiCoCu alloy particles were produced with ultrasonic spray
pyrolysis and mechanical alloying method. The HEA phases was determined with
XRD (model: Rigaku 200, 20°-90°, CuKa) and particle morphologies were observed
with SEM-EDS (model: JEOL SEM-EDS). One point EDS measurement was done.
XRD and SEM-EDS samples were prepared via dripping ethanol-produced particle
suspension over silicon single crystal holder. After, these samples were dried under
controlled atmosphere without heating to prevent extra agglomerations. Gas flow test
(see Fig. 1) applied to obtain the initial values of simulation study and characterize the
catalytic effect via gas inflow/outflow differences. Spent H,, O, and formed H,O were
determined and integrated with simulation study via below equations (Eq. 2, 3, 4). V,_
and V,;;, stands for the volumetric flow rates of H, and air,d,; and §,;, denotes the meas-
ured volume of H, and air passing through per second, p, and p,,, are the gas densities,
and MWy and MW, are the molecular weight of the gases. ay, o is activity of water
and it was taken as 0.99 that regards to reference Pt catalyst. 21% of air was simply
taken and accepted as fully consumed. V,,,, was used as total species flow and derived
unreacted, excess H, volume in Eq. 3. Product ratio of H,O was determined according

to Eq. 4.

Oy, * oy O.ir ¥ Pui
Vy = —————2 —andV, =—2 "4 (0 tak 21% of air.
" = G0lsec] * MWy, " 60[sec] % MW, (Ogwas taken as 21% of air
()
Vnel = VH2 + Vair and Vexcess,Hz = VHZ —2x V02 3)
Fig. 1 Schematic of gas flow Flow Flow
et Meter Meter

-G~
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Vi,o

“)

VHZO =2 % V02 andaHZO = W
H,0 excess,H,

Finally, performance comparison was done between Pt and produced alloy parti-
cles with mathematical simulations. Conventional stacked PEMFC shape was used
as geometry with dense mesh structure. The initial values were taken from charac-
terization results and equations (see [1]) were used to calculate local current density
for the HER and ORR, reacting flow in porous media, and inflow/outflow. Stationary
solver was used to investigate catalytic behaviors of different alloy particles when

flow rates reach constant regime.

Results and discussion

Structure and morphology

The crystal structure and phase of particles were investigated via XRD analysis
(Acuke)- The results of the XRD analysis are given in Fig. 2. The position of the
diffraction peaks in the XRD pattern of both samples agree with data from litera-
ture for alloys in the Fe—-Ni, Cu-Ni, Fe—Ni-Co, Fe-Ni-Co—Cu. Three main peaks at
around 20 of 43°, 51°, and 74° was corresponding to (111), (200), and (220) and
FCC structure (JCPDS: 00-018-0646, 00-009-0205, [22-25]. Full width at half-
maximum (FWHM) value for Scherrer equation (see [22, 26]) calculated at (111)
plane to observe average crystallite size. Also, ultrasonic spray pyrolysis products
showed higher crystallite sizes because of narrower peaks, lower FWHM values
than mechanically alloyed particles.

SEM images are given in Fig. 3. It was emphasized at previous sections
that the catalyst surface morphology, surface area and particle sizes are very
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Fig.2 XRD results of alloy particles (black: FeNiCoCu, blue: FeNiCo, red: FeNiCu) produced with a
USP and b BM
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FeNiCo FeNiCu FeNiCoCu

Fig.3 SEM images of FeNiCo (a, d: USP; g, j: BM), FeNiCu (b, e: USP; h, k: BM), and FeNiCoCu (c,
j: USP; i, I: BM) alloys

important for catalytic applications. Depending on the surface area of the cata-
lyst, the amount of reactant and rate of the reaction may vary which will in turn
effect the catalyst performance. USP products showed nearly homogenous size
distribution and spherical particles. On the other hand, mechanical alloyed prod-
ucts had elliptical shapes and size distribution was heterogeneous. The particle
sizes were measured with ImageJ open source software [27-30]. The resulted
particle sizes of USP products were 248.85 nm, 203.14 nm, 385.77 nm for FeN-
iCo, FeNiCu, FeNiCoCu and BM products were 19.78 um, 2.36 pm, 16.83 um
FeNiCo, FeNiCu, FeNiCoCu. The non-uniform particle distribution can cause
partial load effect on electrodes. H,/O, usages and H,O formation will be local-
ized because of the heterogeneous catalyst performance distribution over the
electrode surface, and this situation will lead to non-uniform current density dis-
tribution. Also, with both production route, each elemental composition particle
showed that the nanocrystallite grains were agglomerated.

Fe-Ni-Co-Cu weight percentages of corresponding particles are given in
EDS results at Table 1. Both XRD and EDS results were clearly descriptive of
near elemental distributions.
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Table 1 EDS results of alloy particles

Production methods Materials Fe wt.%) Ni(wt.%) Co(wt%) Cu(wt.%)

Ultrasonic spray pyrolysis (USP)  FeNiCo 29.37 32.78 37.85 -
FeNiCu 27.88 37.48 - 34.64
FeNiCoCu 23.74 25.02 25.84 254

Ball mill (BM) FeNiCo 33.15 34.13 32.72 -
FeNiCu 33.58 30.62 - 35.8
FeNiCoCu  25.69 25.98 22.94 26.39

Performance analysis

Gas flow test was done to obtain gas consumption rates of produced alloy particles.
Rate

Rate = # function was used for comparison USP and BM alloy particles and
Pt

conventional Pt nano particles. The rates were generated according to gas consump-
tions and the rate of Pt was taken as 1, Ratep, = 1 for idealizing the Pt catalyst per-
formance. These ratios were used as reduced species in electrodes kinetics in simu-
lation study. High catalytic activity of Cu, FeNiCu of USP and BM method had
higher unstable usage results than other particles. However, other particles that pro-
duced with BM method showed periodic usages, especially for O, consumption.
Also, H, usage of these particles followed the O, consumption trends. In USP pro-
duced particles, consumptions were unstable according to spherical shape of parti-
cles which causes the high catalytic activities. The H, consumption of USP products
were observed to be high than those of O,. Normalized mean gas consumption val-
ues ware used for each particle in accordance with gas flow meter results. The calcu-
lated average gas consumption rates of products are given in Table 2.

Catalytic performance results that were calculated via integration of gas flow test
results and physical equations of PEMFC is given in Fig. 4.

According to compared results, products of USP had higher cell current den-
sity results than BM products. FeNiCu and FeNiCo alloy particles of USP method
showed instability in between cut off cell voltages. Highest cell current density was
observed for FeNiCoCu alloy particles of USP method because of the catalytic
effect of Cu. The smaller Cu particles tends to have more corrosive properties, but

Table 2 Calculated consumption

. . Production methods Materials Rate
rates of products for simulation
study Ultrasonic spray pyrolysis (USP) FeNiCo 0.1764
FeNiCu 0.2018
FeNiCoCu 0.2235
Ball mill (BM) FeNiCo 0.1482
FeNiCu 0.1506
FeNiCoCu 0.1718
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Fig.4 Simulation result comparison of BM and USP products in each other (a) and conventional Pt (b)

togetherness of components gives the stability for FeNiCoCu. In both production
routes, FeNiCo particles showed lowest efficiency. Considering the assumptions
made in order to observe the catalytic effect in the simulation study, it can be seen
that the FeNiCoCu or FeNiCu alloy particles of USP method can be alternative cata-
lyst materials.

Conclusion

FeNiCo, FeNiCu and FeNiCoCu alloy particles were produced by mechanical alloy-
ing method from their metallic powders and ultrasonic spray pyrolysis method from
their precursor solutions. Particles were characterized by XRD, SEM-EDS and gas
flow tests. In micro-scale, USP products showed spherical shapes and homogenous
particle size distribution, but elliptical shape and slight inhomogeneous particle size
distribution was observed for BM products. Nanocrystalline particle grains were
examined for both production route as shown in SEM results. EDS results shows
that particles consist Fe—Ni-Co, Fe—Ni-Cu, and Fe—Ni-Co—Cu elements with nearly
same weight distribution.

Ternary and quaternary alloys were produced with close atomic ratios with both
USP and BM methods. Physical equations of PEMFC was integrated with gas flow
test equations and simulation study was done to obtain catalytic performance com-
parison. FeNiCo or FeNiCu showed unstable performance but Cu increased the cat-
alytic efficiency because of its high catalytic properties. On the other hand, stable
and highest catalytic performance was observed for FeNiCoCu. According to com-
parison of Pt catalyst, FeNiCoCu alloy particles of USP route was found as promis-
ing catalyst material to lower prices of PEMFC that contains Pt catalyst.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11144-021-02087-5.
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