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ABSTRACT: A combination of electrodeposition and thermal reduction methods have been utilized for the synthesis of ligand
free FeNiCo alloy nanoparticles through a high entropy oxide intermediate. These phases are of great interest to the
electrocatalysis community, especially when formed by a sustainable chemistry method. This is successfully achieved by first
forming a complex five element amorphous FeNiCoCrMn high entropy oxide (HEO) phase via electrodeposition from a
nanodroplet emulsion solution of the metal salt reactants. The amorphous oxide phase is then thermally treated and reduced at
570 - 600 °C to form the crystalline FeNiCo alloy with a separate CrMnO, co-phase. The FeNiCo alloy is fully characterized by
scanning transmission electron microscopy and energy-dispersive x-ray spectroscopy elemental analysis and is identified as
a face-centered cubic crystal with the lattice constant a = 3.52 A. The un-optimized, ligand free FeNiCo NPs activity towards
the oxygen evolution reaction is evaluated in alkaline solution and found to have an ~185 mV more cathodic onset potential
than Pt metal. Beyond being able to synthesize highly crystalline, ligand free FeNiCo nanoparticles, the demonstrated and
relatively simple two-step process is ideal for the synthesis of tailor-made nanoparticles where the desired composition is
not easily achieved with classical solution-based chemistries.

INTRODUCTION

New approaches to the tuned synthesis of target composition
catalysts is important to sustainable materials development.!?> The
alloying of key elements into a homogenous alloy further enables
both the reactivity and the performance through high surface area
phases.3> New electrocatalyst synthesis methods in which
advances in control over the catalyst formation and composition
will lead to designer catalysts with higher activity, stability and
faradaic efficiency, ultimately affecting costs and process
sustainability.>7

Efficient electrocatalysts are being pursued due to their use in
sustainable energy conversion and storage processes. Examples of
this include water electrolysis,® artificial photosynthesis,” and
metal-air batteries.!®!! Many complex, multistep, electrocatalytic
reactions, including the oxygen evolution reaction (OER) or the
nitrogen reduction reaction (NRR) suffer from slow kinetics, low
faradaic efficiencies, or both and require the continued
development of complex novel catalyst materials.!>!3 There is a
great interest in the field to move away from noble metals which
can be prohibitively expensive, such as Ir or Ru based materials for
OER, to use more earth abundant transition metals, and the alloys
of transition metals.!*1® However, the focus is on optimizing a
complex mixed composition to enhance the activity while
maintaining high surface area and the compositional integrity of the
alloy.!”

One promising alloy composition for OER is the FeNiCo-based
alloy composition. Usually, these alloys are synthesized via
chemical methods such as chemical vapor deposition (CVD),
electrodeposition, or co-precipitation'$20 or require the additional
consumption of excess chemicals (such as the polyol or glycine-
nitrate reactions).?!?> Notably, many of these synthesis techniques
result in carbon or silica phase supported nanoparticles (NPs),
originating from the support and CVD process. Saha et.al.,!” have
reported a synthetic route that uses metal layered double
hydroxides (LDH) precursors that are calcined to the pure
nanoparticle alloy.

Long, et.al.,?®> have recently shown that the FeCoNi alloy in the
face-centered cubic (FCC) phase, can be made by mechanical
alloying and spark plasma sintering. Importantly, they showed that
by incorporating an additional two elements into the alloy
composition, they successfully synthesize a high entropy alloy
(HEA) of FeCoNi(CuAl), composition that transitions to a body-
centered cubic (BCC) phase when x = 0.4 ~1.0. While this process
is less sustainable than other processes, it shows a reaction pathway
to forming not only the FeNiCo alloy for OER, but also to forming
chemically and mechanically interesting HEAs with improved
properties such as high tensile strength or oxidation resistance.
However, this process does not form nanoparticles which are
highly desirable for their large surface area and high surface
energies, important considerations for catalysts with high activity.

With the need for new, versatile synthesis processes, herein, we
report a novel reaction pathway to synthesize unique ligand free
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multi-element-alloy NPs for catalytic applications. In particular, we
use the FeNiCo alloy as an example of how that pathway occurs:
the electrochemical formation of an unstable ‘intermediate’
amorphous FeNiCoCrMn HEA oxide phase which easily reduces
with temperature to the thermodynamically stable target
nanoparticle FeNiCo alloy of interest. Furthermore, it gives
insights into future pathways for the formation of five-element
HEA nanoparticle catalysts. This is particularly interesting in light
of recent reports on the catalytic HEA NPs for ammonia
decomposition,?* electrosynthesis of high entropy metallic glass
NPs,? and (CrFeMoNbZr)O, amorphous films.2

EXPERIMENTAL METHODS

Reaction Chemistry. All chemicals were purchased and used
without further purification. The reaction conditions used were
similar to those found in the literature.? 1,2-Dichloroethane (DCE,
Sigma Aldrich, ACS Reagent >99.0%), tetrabutylammonium
tetrafluoroborate (TBABF,, Sigma Aldrich, 99%), nickel chloride
(NiCl,-6H,0 Alfa Aesar, 99.95%), cobalt chloride (CoCl,6H,0,
Alfa Aesar, 98%), iron chloride (FeCl;-6H,O Alfa Aesar, ACS 97-
102%) manganese chloride (MnCl,-4H,0, Acros Organics, >99%),
chromium chloride (CrCl;-6H,0, Alfa Aesar, 98%), potassium
hydroxide (KOH, Sigma-Aldrich, ACS Reagent grade, >85%) and
ethanol (200 proof, Pharmco-Aaper). Aqueous solutions were
made in 18.2 MQ*cm DI water.

Fresh solutions of the individual metal ion precursors were made at
200 mM concentrations using deionized H,O and diluted to the
desired concentrations before use. The metal ion solutions were
diluted and combined to a final concentration of 40 mM total metal
ion concentration (8 mM concentration for each specific metal
cation to achieve the equimolar nanoparticle composition).
Nanodroplet emulsion solutions were made by adding 60 pL of the
40 mM metal ion precursor solution to 10 mL of DCE with 100
mM TBABF,; solution. This immiscible solution was then
ultrasonicated using a horn ultrasonicator (500 W, 20 kHz, Qsonica
L.L.C., Newtown, CT) equipped with a %4 diameter tip at 40%
amplitude for 10 on-off cycles of 5 seconds on and 5 seconds off.
This was then quickly added to the electrochemical cell for
deposition onto an electrode surface.

Electrochemical Nanoparticle Growth. Electrochemical
experiments were performed in a standard 3-electrode
configuration using a Gamry Reference 600+ potentiostat. A large
area sheet of Pt foil was used as the counter electrode, and a
commercially available Ag/AgCl electrode (Bioanalytical Systems
Inc.) was used for the reference.

The working electrodes consisted of carbon-fiber ultra-
microelectrodes, UMEs, (Bioanalytical Systems Inc., 11£2 um
diameter) Highly Oriented Pyrolytic Graphite (HOPG, Structure
Probe Inc. Supplies), Glassy Carbon (GC, Type 1, Alfa Aesar) or
for microscopy analysis, carbon-coated molybdenum transmission
electron microscopy (TEM) support grids (Support Films, Carbon
200 mesh, Mo, Ted Pella, Inc.). Carbon-fiber UMEs used for initial
determination of nanodroplet collision and deposition were
polished on (1200 grit) silicon carbide polishing paper, then
polished on a nylon polishing pad with 0.05 pm alumina
suspension, and finally sonicated in DI water to remove any
alumina particles. The HOPG was freshly cleaved before
deposition to ensure a clean, atomically smooth surface for SEM
imaging. The GC was cut into lem? squares and sonicated to
remove any debris from the cutting procedure. The potential was
biased to a suitable negative potential to deposit and attempt to
reduce the metal salts onto the substrate, typically < -1.5 V (vs.
Ag/AgCl) for 180 seconds duration. The amorphous HEO NPs
were electrochemically deposited directly onto TEM grids for

electron microscopy and elemental analysis. TEM grids were held
with a toothless alligator clip to electrically connect them to the
potentiostat leads and gently suspended over the solution so only
the TEM grid was in the deposition solution and to try to prevent
the clip from also being in contact with the solution. After
deposition, the samples were cleaned by first immersing them in
ethanol for 5 minutes and then in DI water for 5 minutes to remove
the organics and any remaining salts from the sample surface. A
similar procedure was used for both the HOPG and GC substrates.
The GC substrates with the electrochemically deposited NPs were
placed in a custom-built electrochemical test cell with a kalrez o-
ring defining a uniform area of 0.7088 cm? for the OER testing in
0.1 M KOH solution (pH measured to be 13). Thermal annealing
of NPs on HOPG or GC substrates was performed in a quartz tube
furnace under a 200 sccm flow of argon at 600 °C for 60 minutes
followed by a furnace quench back to room temperature.

Scanning Electron Microscopy (SEM) and Scanning
Transmission Electron Microscopy (STEM). Scanning electron
microscopy (SEM) analyses were captured on a FEI Nova Nano
SEM 230, at various accelerating voltages between 1 and 20 kV.
A FEI Titan™ G2 80-200 STEM with a Cs probe corrector and
ChemiSTEM™ technology (X-FEG™ and SuperX™ EDS with
four windowless silicon drift detectors) operated at 200 kV was
used in this study. Energy-dispersive x-ray spectroscopy (EDS) and
Z-contrast or high-angle annular dark-field (HAADF) imaging
were used for compositional and structural analysis, respectively.
The EDS spectral imaging was acquired as a series of frames,
where the same region was scanned multiple times. An electron
probe of size of about 0.13 nm, convergence angle of 18.1 mrad,
and current of ~75 pA was used for the EDS acquisition. EDS
spectral imaging was analyzed by multivariate analysis using the
principal component analysis (PCA) method.?” The compositional
analysis utilized Cliff and Lorimer method.?® HAADF images were
recorded under similar optical conditions using an annular detector
with a collection range of 60-160 mrad.

Thermal reduction of nanoparticle oxides for TEM analysis was
performed via in-situ TEM experiments using a Gatan heating
TEM holder. The sample on the Mo TEM gird was heated inside
TEM (a vacuum pressure of about 1x10° torr) from room
temperature to 570 °C in 10 minutes, hold at 570 °C for 50 minutes
and cooled to room temperature in 2 minutes. EDS and imaging
analysis of the after-heated samples were carried at room
temperature.

RESULTS AND DISCUSSION

The reaction pathway described herein begins with the
electrosynthesis of amorphous five component metal oxide NPs
followed by thermal annealing to crystallize to ternary alloy NPs.
The amorphous oxide NP electrosynthesis process first involves
formation of an emulsion of aqueous nanodroplets (which contain
the reactant metal ions dissolved in the water) freely diffusing
through an immiscible organic phase. This electrosynthesis
procedure utilizes a solution system that was pioneered by Bard and
co-workers,?*32 which is slightly modified to achieve NP
deposition.’3** These nanodroplets, formed in the water-in-oil
emulsion mixture, are found to be ~450 nm in diameter after
ultrasonication of the precursor mixture.?> Nanoparticle deposition
occurs on a suitably biased electrode when inserted into the
emulsion as the individual nanodroplets collide with the electrode
surface and the metal precursors are reduced at the at the electrode
forming an amorphous particle, as seen in Figure la.

An example amperometric trace from an 11 pm-diameter carbon-
fiber UME is shown in Figure 1b. The sudden, stochastic current
spikes indicate the collision of an aqueous nanodroplet with the



electrode surface. Each collision event (current spike) indicates the
synthesis of a new metal-containing oxide particle. The amount of
charge passed under each current spike is proportional to the size
of the colliding droplet, the initial concentration of the reactants and
can be proportional to the amount of material deposited.?>3% It is at
that point that the newly formed amorphous FeNiCoCrMn HEO
phases can be found in TEM analysis.
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Figure 1. (a) Schematic showing the generalized HEO NP
deposition resulting from a nanodroplet collision on the electrode.
(b) Example amperometric trace from a carbon fiber UME in the
emulsion deposition solution. Applied potential was -1.5 V vs.
Ag/AgCl.

Post electrosynthesis, STEM HAADF imaging and EDS analysis
of the major reaction phase present in the NP sample confirm the
presence an amorphous oxide phase, shown in Figures 2 and 3. The
presence of reaction elements of Fe, Ni, Co, Cr and Mn are evident
by EDS mapping (see Figure 3b), and the formation of the HEO
and not a metallic alloy is confirmed by the abundance of oxygen
also present in the EDS (Figure 3c). We postulate that the metals
are being reduced during the duration of the experiment but then
subsequently re-oxidize to the HEO. This can result from either
from being in contact with water (after the applied potential is
removed) or through reaction with ambient oxygen. However, at
this time, neither has been confirmed. Note, the minor presence of
Al Cl, Ca and Si are attributed to metal salt impurities. The Mo
peak in the EDS spectrum, on the other hand, is due to the Mo TEM
grid used. The nanoparticles have a composition of approximately
FC].() Nil.()CO].()CI‘]V()MIl().gs. (See Figure 3)

The metal ratio in the oxide can be controlled by varying the
concentration in the aqueous solution. Shown above, the HEO with
nearly equal atomic ratio was achieved. By contrast, a controlled
high Co concentration sample was also obtained (see Supporting
Information, Figure S1). By increasing the concentration of Co in
the reaction mixture, a final high ratio Co content amorphous HEA
oxide NP of composition Fe; o NiggCo; sCrj ¢Mn, o was produced.

Figure 2. STEM HAADF images of the solution synthesized HEO
NPs at two magnifications (a, b).

L Lines of
| Cr, Mn, Fe, Co Ni i
Ni Mn Fe
Cr l l
Ca l ‘ v
L v 4
l
7, A .
0 1 2 3 4 5 6 7 8 9
Energy (KeV)

Figure 3. STEM imaging and EDS analysis of FeNiCoCrMn oxide
phase. (a) HAADF image; (b) EDS composite color maps and (c)
summed EDS spectrum from the particles. The HEO has an
estimated cation composition of Fe; (Ni; ¢Co; ¢Cr; oMng gs.

At this point in the reaction process, the reactants have been fully
mixed into this new ‘intermediate’ oxide amorphous phase. The
reactivity of this phase to the formation of alloy NPs was then
explored. The thermodynamic metastability of amorphous oxides??
enabled the reduction of the phase to a fully metal-based alloy via
heating. The sample, still on the grid, underwent an in-situ heating
step. The process resulted in the crystallization of the nanoparticles
into two partially segregated phases: a crystalline FeNiCo alloy and
a CrMnOy co-phase. The detection of crystallinity and
accompanying change in the particle morphology were observed at
a temperature of about 570°C. Figure 4 shows the HAADF images
after in-situ heating at 570°C for 60 minutes. The FeNiCo NPs
appear as bright-particles with size of 2-50 nm and are in mixture
with the CrMnOy phase (a darker, cloud-like phase in between the
bright particles). Similarly, a morphology change was observed for
the HEO NPs deposited on HOPG and annealed under flowing Ar
at 600 °C, as seen in the Supporting Information Figure S2.



Figure 4. STEM HAADF images of the FeNiCoCrMn oxide phase
after annealing at 570°C for 60 minutes, showing the formation of
the FeNiCo (bright) NPs with various sizes (2 nm - 50 nm) mixed
with the CrMnOy phase.
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Figure 5. STEM imaging and EDS analysis of FeNiCoCrMn oxide
phase after annealing at 570°C for 60 minutes. (a) HAADF image;
(b) EDS color maps displayed according to two principal
components derived from the PCA analysis (Component 1, the
FeNiCo phase in red; Component 2, the CrMnOy phase in green);
and (c) EDS spectra of the two PCA components.

The presence of two phases is confirmed by EDS mapping and
PCA analysis (Figure 5). These phases are composed of metallic
FeNiCo NPS and an oxide of CrMnOx surrounding the metallic
particles. The oxide phase may help stabilize the metallic NPs
during the anneal preventing Ostwald ripening. The CrMnOy phase
contains minor content of Al, Si, P, initially present in the original
HEO NP oxide phase. The FeNiCo alloy has an estimated
composition Fe; ¢Co; Nigg. The crystalline nature of the FeNiCo
was revealed by high-resolution HAADF image shown in Figure 6.
The inset FFT pattern of a NP shows the FeNiCo particle has a face-
centered cubic (FCC) structure with a lattice constant of 3.52 A.

Figure 6. High-resolution STEM HAADF image of the FeNiCo
NPs formed by the annealing. The lattice fringes and inset FFT
pattern from a NP were used to determine the crystal structure to
be the FCC with a =3.52 A.

The electrocatalytic activity of the annealed FeNiCo NPs was
evaluated for the OER in alkaline solutions. The Linear Sweep
Voltammetry (LSV) results from the OER experiments on bare GC,
Pt foil, HEO NPs and the thermally reduced NPs are presented in
Figure 7. The HEO NP precursor (equimolar FeNiCoCrMn) was
deposited on GC substrate and then thermally annealed to reduce
the particles to the desired FeNiCo metallic phase. The substrates
were then placed in an electrochemical cell with a well-defined
orifice for OER testing. The as-deposited HEO NPs LSV showed
an initial increase in current at a similar potential as the thermally
reduced FeNiCo NPs but couldn’t achieve the standard 10 mA/cm?
oxidation current typically used to as the measure of the onset
potential. The LSV current is seen to reach a peak current and then
drop down where it then begins following the current profile seen
for the Bare GC. This initial current wave is not entirely surprising
since the HEO NPs still contain the electrochemically active
elements (as oxides) that will participate as active sites for the OER
reactions. This deactivation could be due to either: poisoning of
the small number of available active sites on the surfaces of the
oxide nanoparticles, or the agglomeration of the nanoparticles as
the potential is increased forming larger particles with a lower total
electrocatalytically active surface area. The thermally reduced
FeNiCo NPs however, did not show a similar drop in the current
and are seen to quickly increase the current beyond the 10 mA/cm?
onset potential. The LSV onset potential is measured as 0.905 V
(vs. Ag/AgCl) for the FeNiCo NPs compared to 1.087 V (vs.
Ag/AgCl) for the Pt foil, which is more than 182 mV more
cathodic.
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Figure 7. Evaluation of the OER for the as made HEO NPs, the
annealed (FeNiCo) NPs, bare GC and Pt foil in 0.1 M KOH
solution. LSV scan rate was 10 mV/s.



The unique combination of analytical methods has confirmed the
formation of electrocatalytically active FeNiCo alloy nanoparticles
via electrodeposition and low temperature annealing. These non-
optimized particles have already been shown to be highly active for
the OER and may be further tuned to achieve increased
performance. This confirms the ability to follow a reaction
pathway through complex ‘intermediate’ amorphous phases to
more thermodynamically stable functional alloy phases as the final
reaction product.

CONCLUSION

Herein, we report a novel reaction pathway to synthesize unique
multi-element-alloy NPs for catalytic applications. A FeNiCo alloy
was used as an example of how that pathway occurs: the
electrochemical formation of an ‘intermediate’ amorphous
FeNiCoCrMn HEO phase which easily reduces with temperature
to the target nanoparticle FeNiCo alloy of interest.

Specifically, an emulsion nanodroplet collision electrodeposition
method enabled the mixing of the FeNiCoCrMn components which
then formed into an amorphous HEO phase. Composition and non-
crystallinity were confirmed by STEM-EDS. The same sample was
then easily reduced at 570-600 °C to the target nanoparticle FeNiCo
alloy of interest with the amorphous co-phase of CrMnOy present
in this final product. Interestingly, this is the only reaction process
reported that results in the synthesis of a ligand free FeNiCo alloy
nanoparticle directly through a primarily wet chemistry method
followed by a fast, thermal annealing step. The activity of the as
made HEO NPs and the thermally reduced FeNiCo alloy NPs was
evaluated for the OER in alkaline solutions. While the HEO NPs
do show some tendency to catalyze the OER they do not
demonstrate a high stability and quickly deactivate, whereas the
thermally reduced FeNiCo NPs are more stable and reveal a much
lower onset potential compared to Pt.

The reduction step in this reaction can be considered a relatively
low temperature sintering process as compared to other
multicomponent alloy nanoparticle sintering temperatures.?
Beyond being able to synthesize highly crystalline, ligand free
FeNiCo nanoparticles, the demonstrated and relatively simple two-
step process is ideal for the synthesis of tailor-made nanoparticles
where the desired composition is not easily achieved with classical
solution based chemistries.?>3¢ On-going research is focused on
optimizing the temperature to that of the lowest possible for
complete reduction of all components in the intermediate phase to
the targeted alloy. This thermal treatment extension of the
nanodroplet electrodeposition process may open up new avenues
for functional nanoparticle synthesis where specific tailoring of
particle constituents may be necessary. Future work will focus also
on scalability of multicomponent metal alloy nanoparticle
formation.?’
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Supporting Information.

Additional STEM and EDS data (Figure S1) provided for
targeted high Co composition Fe;q NigsC0,5CrioMn;, and
low Cr composition Fe; ¢Ni;3C013Crg;Mn; o amorphous oxide
NPs obtained by varying the starting metal concentrations,
SEM images of the HEO NPs on HOPG before and after
annealing at 600 °C. A histogram plot of the measured size
distributions of the metallic FeNiCo nanoparticles. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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