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Gonçalves, Reza

Shahbazian-Yassar

jmart437@uic.edu (J.M.G.)

rsyassar@uic.edu (R.S.-Y.)

Highlights

Aqueous electrochemical

synthesis of high entropy

hydroxides under ambient

conditions

Green and substrate-free

nanoparticle synthesis using

inexpensive metal salts

Fast transformation from metal

hydroxides to metal oxides with

calcination process

Ability to scale to industrially

promising applications
Ritter et al. report an electrochemical process for quick and scalable synthesis of

high entropy hydroxide and oxide nanoparticles that avoids long synthesis times

and high temperatures. The large variety of metal salt precursors allows for tuning

of the composition for applications in catalysis, energy storage, and conversion.
Ritter et al., Cell Reports Physical Science 3,

100847

April 20, 2022 ª 2022 The Authors.

https://doi.org/10.1016/j.xcrp.2022.100847

mailto:jmart437@uic.edu
mailto:rsyassar@uic.edu
https://doi.org/10.1016/j.xcrp.2022.100847
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2022.100847&domain=pdf


ll
OPEN ACCESS
Article
Electrochemical synthesis of high
entropy hydroxides and oxides
boosted by hydrogen evolution reaction

Timothy G. Ritter,1 Abhijit H. Phakatkar,2 Md Golam Rasul,3 Mahmoud Tamadoni Saray,3
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SUMMARY

Conventional synthesis techniques for high entropy materials often
require prolonged processes or the use of complex fabrication
steps. Here, we report on a scalable method to synthesize high
entropy hydroxide and oxide nanoparticles using electrochemical
synthesis in an aqueous environment. The current density parameter
was set to create a non-equilibrium condition where the hydrogen
evolution reaction results in a turbulent environment facilitating
the formation of nanoparticles within the electrolyte. Using this
approach, we demonstrate the synthesis of both binary (Fe, Mn)
and quinary (Fe, Mn, Ni, Ca, Mg) metal hydroxide and oxide nano-
particles. The chemical and microscopy analysis shows that the
high entropy nanoparticles can be synthesized as a hydroxide
without any post processing and as an oxide through a calcination
process with atomic scale mixing of all elements. The synthesis of
high entropy nanoparticles is important for applications targeting
catalysis, energy storage and conversion, filtration, and environ-
mental engineering.

INTRODUCTION

High entropy materials generally consist of five or more elements incorporated

together to form a single solid solution.1 Their study has led to unique properties

in magnetism, corrosion prevention, conductivity, water purification, catalysis, and

energy storage.2–9 One material subset of high entropy materials are high entropy

hydroxides, which incorporate hydroxide into the crystal lattice.10 There are several

methods that have previously been used to synthesize high entropy hydroxide nano-

particles such as co-precipitation, pulsed laser, and cathodic reduction.6,8,9,11–13 Co-

precipitation methods require the delicate control of process parameters and

require long amounts of time for synthesis.6–8,13 Pulsed laser methods have faster

synthesis times, but require the use of specialized equipment.11 Cathodic reduction

methods also requires long synthesis times to collect powder.12

In addition to the high entropy hydroxides, a second subset of high entropy mate-

rials are high entropy oxides, which are a variant of entropy stabilized materials

that incorporate oxygen into the crystal lattice.4 Several studies have shown unique

properties associated with high entropy oxides such as large dielectric constants,

high Li+ conductivity (>10�3 S cm�1), and high cyclability (600 cycles) for use in

reversible energy storage.3,4,14 Several methods have been developed to produce

high entropy oxide nanomaterials. Some of the more common techniques are me-

chanical alloying (e.g., ball milling), thermal based (e.g., carbothermal shock and
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Figure 1. The proposed mechanism for the formation of HEHNPs under high current density ECS

(A) Hydrogen evolution reaction in aqueous electrolyte.

(B) Synthesis of HEH NPs by ECS.
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flame spray pyrolysis), and wet chemistries (e.g., co-precipitation). Ball milling tech-

niques typically require significant processing time to ensure chemical mixing of all

the elements.1,14,15 The flame spray pyrolysis technique uses a thermal shock

through high temperature flame (approximately 1900�C) to produce high entropy

oxide nanoparticles.16 This process requires a robust setup with a high temperature

flame and a method to generate aerosol precursor spray requiring specialized

equipment, such as nebulizers or spray nozzles.4,17 Wet chemical synthesis for

high entropy oxide nanomaterials via co-precipitation route possesses the ability

to produce high yields during synthesis. However, the process requires delicate con-

trol of chemical reaction parameters during multiple steps over extended periods of

time during synthesis.18

The majority of electrochemical synthesis (ECS) applications focus on creating thin

film systems using a variety of solvents such as water, dimethylformamide, and

dimethyl sulfoxide.19–23 Electrochemical thin film synthesis is capable of producing

high-quality films for corrosion, catalysis, and energy storage applications, but the

high entropy material is bound to the electrodes they are deposited on.2,20,24,25

The use of organic solvents and bound material on the electrodes limits the scope

of high entropy material applications for future large-scale production.

The present work demonstrates the ability of synthesizing substrate-free high en-

tropy hydroxides and oxide nanoparticles by the selection of processing parame-

ters, resulting in the breakdown of the aqueous electrolyte. This is done without

the addition of additives to increase conductivity using an electrochemical synthesis

technique and the hydrogen evolution reaction. The study includes the detailed

microstructural and chemical oxidation state analysis of the high entropy hydroxides

and oxides which can lead to future industrial scalability of these nanomaterials.

RESULTS

Electrochemical synthesis of amorphous high entropy hydroxides

The formation of the high entropy hydroxides (HEH) is the result of a two-step process.

A schematic overview of the synthesis process is presented in Figure 1. In the first step,

seen in Figure 1A, the hydrogen evolution reaction occurs. This process is the result of

the breakdown of the aqueous electrolyte, and which causes water to break down to

form hydrogen gas and hydroxide ions at the cathode (2H2O + 2e� / H2 + 2OH�).
Furthermore, the oxygen evolution reaction takes place simultaneously at the anode.

In the second step, seen in Figure 1B, the hydroxide ions and the metal salt cations
2 Cell Reports Physical Science 3, 100847, April 20, 2022
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combine to form the HEH nanoparticles (M+ + xOH� / M(OH)x). The equations for

both reactions can be seen in Figure 1. After synthesis, the nanoparticles were

collected from the electrolyte solution using centrifugation Figure S1 shows electrolyte

solution before and after ECS. Figure S2 shows the voltage vs time for the ECS. Video

S1 shows the slow motion synthesis of the HEH nanoparticles (NPs) during ECS.

In this study, a combination of the aqueous solvent and high current densities greatly

decreases the times needed to produce HEH from hours to minutes without the

need for specialized equipment. The high current densities make the ECS process

capable of producing substrate-free nanoparticles with high yields. A direct result

of the higher current densities is an increase in bubble formation around the

electrodes caused by the breakdown of water into its gaseous components. For

low current/voltage applications, a diffuse layer model, based on the Nerst-Planck

equation, can be used to determine pHs (near the surface pH) around the

electrodes.26 Bubble formation changes the model by taking into account different

factors, such as convective flow, bubble distribution, bubble coalescence, and the

fact that the layer surrounding the electrodes changes from a solid-solution interface

to a two-phase gas-liquid system.26 The bubble formation can also increase the

transport of species across the diffuse layer.26 A second effect of higher current den-

sities is an increase in ion velocities.27–29 The use of high current densities requires

higher voltages creating a stronger electric field between the electrodes. The stron-

ger electric field has the direct effect of increasing the ion velocities in solution as

they move to the electrode, which increases the kinetics in the system.

The nanoparticles that form in the electrolyte can be easily separated from the sus-

pension through centrifugation, where they can be cleaned and dried. Although

HEH nanoparticles start to form shortly after the current is applied,

within 20 min all the precursors in the solution is used. The production yield

can be further increased and fine-tuned by tailoring the process parameters

including the applied current, using electrodes with larger surface area, or by

increasing the electrolyte concentration. These factors are known to play a role

in other electrodeposition techniques.30 With the addition of a calcination process,

the HEH nanoparticles can be transformed into high entropy oxide (HEO)

nanoparticles.

Morphology of HEHs under various current densities

To examine how synthesis conditions affects the HEH NPs, the synthesis was per-

formed at various current densities (10, 116, and 232 mA/cm2) and the morphology

of the synthesized NPs was studied. It has been shown that electrochemical deposi-

tion processes below the breakdown threshold of the electrolyte can result in thin

films of binary or multi-elemental compositions.20–23,31–33 Thin films are more likely

to form during low current and voltage conditions due to the lower kinetic energies

that are available during synthesis. With lower currents and voltages, the electric

field is reduced leading to slower ECS process kinetics.30 Under the low current/

voltage conditions, the NPs tend to deposit onto the electrodes and build up layer

by layer to create thin films.30 The scanning electron microscopy (SEM) micrographs

of the HEH NPs can be observed in Figure 2, showing both the films and NPs that

formed. Figures 2A and 2D show the film and NPs that formed on the electrodes un-

der low current conditions. At a current density of 10 mA/cm2, a uniform thin film

formed on the electrode with no NPs found in the electrolyte. The NPs that formed

the thin film were attached together as a result of the slower reaction kinetics caused

by the low current conditions. The slower kinetics formed a network of NPs which

creates the uniform thin film. Figures 2B and 2E show the film and NPs that formed
Cell Reports Physical Science 3, 100847, April 20, 2022 3



Figure 2. Morphology of the HEH at various current densities

(A) HEH film formed at 10 mA/cm2.

(B) HEH film formed at 116 mA/cm2.

(C) HEH film formed at 232 mA/cm2 (scale bars for A–C represents 200 mm).

(D) HEH NPs formed at 10 mA/cm2.

(E) HEH NPs formed at 116 mA/cm2.

(F) HEH NPs formed at 232 mA/cm2 (scale bars for D–F represents 1 mm).
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at 116 mA/cm2. The film that formed was no longer uniform, but consisted of large

sections of NPs loosely bound to the electrode surface. The kinetics at this current

density do not allow for uniform film formation. The non-uniformity of the film is

shown in areas where the copper substrate can be seen between regions. Most

NPs remained suspended in the electrolyte after synthesis. The shape of these

NPs was changed from the low current conditions and no longer formed a network

of connected particles. The NPs that formed were individual NPs with a polygonal

shape. The NPs at this current density have a similar morphology to the NPs synthe-

sized at 60 mA/cm2, which are studied in detail in future sections. Figures 2C and 2F

show the film andNPs that formed at 232mA/cm2. Under these current densities, the

kinetics do not allow for a thin film to form. The NPs form quickly and are loosely

attached to the electrode with most NPs found suspended in the electrolyte. The ki-

netics under high current densities makes it hard for large particles to agglomerate

as they quickly form near the electrode and are released back into the electrolyte. As

the current density is increased, the ability to make a thin film material is decreased

and the morphology of the NPs changes as a result of the kinetics of the synthesis

process.

Phase stability of HEH NPs

The stability of the HEH NPs comes not only from the higher entropy of having mul-

tiple elements, but also from the kinetics of the synthesis. The fast kinetics during

synthesis do not allow for segregation of the various elements within the NPs. This

is similar to the carbo-thermal shock synthesis method, in which the material is heat-

ed rapidly using an electric current and then cooled at a high rate (105 K/s).34 The

carbo-thermal shock method is able to produce compositions that range from unary

systems up to octonary of high entropy alloy NPs.When the synthesis process is used

at low currents and voltages, phase stability can be affected when using a low

elemental count.31 The phase stability can be overcome at low current and voltage

conditions by including a greater number of elements.2 Alternatively, by using a syn-

thesis technique with fast kinetics, phase stability can be overcome and allows for the
4 Cell Reports Physical Science 3, 100847, April 20, 2022



Figure 3. Structural characterization of HEH and HEO

(A) XRD of HEH and calcined HEO NPs.

(B) FTIR of HEH NPs.

(C) TGA of HEH NPs.

(D) EDS spectrum of HEH and calcined HEO NPs at 800�C for 3 h in air. (All particles synthesized at

60 mA/cm2).
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synthesis of multiple phase stable compositions.34 This makes the synthesis process

more robust; a number of compositions can be synthesized by changing the electro-

lyte composition.

Crystal structure characterization of HEH and HEO NPs

A quinary composition consisting of Fe, Mn, Ni, Ca, and Mg was synthesized using

the ECS process. X-ray diffraction (XRD) was performed on the HEH to study the

structure of the NPs. XRD spectra for both samples can be referred to in Figure 3A.

The HEH displayed peaks similar to those found in other HEHs with two broad peaks

found at 2q of 34.8 and 62.7�.8,10,11,35 Common layered hydroxides have basal

planes assigned to (006) and (003) at low 2q angles, which is used to measure inter-

layer spacing in a layered double hydroxide.8,10,11,35 As the distance between the

basal planes increases, the intensity of these peaks tends to decrease.8,11 The syn-

thesized HEH show no discernable peaks in this region suggesting an amorphous

material.7,8,36

In addition to the HEH NPs, a simple calcination of the HEH allows for the formation

of HEO NPs and films. The HEH was calcined at 800�C for 3 h in air. The XRD spectra

seen in Figure 3A confirm that the HEH’s structure has changed into a cubic spinel

crystal structure upon calcination. The calcined powder had 12 affiliated peaks

(111), (220), (310), (311), (222), (400), (422), (333), (440), (620), (262), and (444) crystal

lattice planes, corresponding with the cubic spinel metal oxide crystal structure.1,37
Cell Reports Physical Science 3, 100847, April 20, 2022 5
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The lattice constant for the calcined sample wasmeasured to be 8.4005 Å. Two addi-

tional peaks (labeled a and b) were also present but are not characteristic peaks of

the standard cubic spinel crystal structure. The occurrence of an extra XRD peak in

the case of HEO NPs is possibly due to the lattice distortion established by charge

density accumulation.38

In addition to the synthesis at 60 mA/cm2, the NPs were also synthesized at 116 and

387 mA/cm2 to determine any structural changes that might occur owing to the

higher current densities. As seen in Figure S3A for the HEH, the same broad peaks

found at 60 mA/cm2 were also found at 116 and 387 mA/cm2. Similarly, the calcined

HEO NPs in Figure S3B all showed the same cubic spinel crystal structure. It was

found that at higher current densities that additional peaks not found in the cubic

spinel crystal structure (labeled a and b) were reduced and eliminated entirely at

387 mA/cm2.

The Fourier transform infrared (FTIR) spectrum shown in Figure 3B shows a broad

and strong band with a peak at 3310 cm�1. The peak is assigned to the O-H stretch-

ing vibration of the hydroxyl group.6,8,39 The peak at 1628 cm�1 is assigned to the

bending of the water molecules.6 The peaks from 1250 to 1500 cm�1 are the result

of absorbed Cl anions.12 Figure S4 shows a similar FTIR spectrum for the synthesis at

387 mA/cm2.

A thermogravimetric analysis (TGA) was performed on the HEH up to 800�C to study

the thermal decomposition of the HEH. The TGA spectrum shown in Figure 3C has

four temperature regions. In the temperature range from 25�C to 250�C, the surface

weakly absorbed water molecules and the interlayer water is removed (dehydration

process).40 The second temperature range occurs between 250�C and 435�C, and
the mass loss is attributed to the thermal decomposition of the hydroxide to the

respective oxide (dehydroxylation process).41 The Cl anions was lost in the third tem-

perature range between 435�C and 570�C.13 The fourth range starts at 570�C and

continues to 800�C, where the mass loss stabilizes and the HEO forms. The total

mass loss over the temperature range was 32%.

The energy dispersive X-ray spectroscopy (EDS) spectrum in Figure 3D highlights

the major and minor peaks for all six elements for both the HEH and calcined HEO

NPs. As expected, the spectrum shows the removal of Cl anions from the HEH as

the sample was calcinated; Cl anions break down at higher temperatures.

To analyze the bonding, the HEH NPs were studied using Raman spectroscopy.

The acquired Raman spectrum can be observed in Figure S5. The two main Raman

peaks associated with the HEH NPs are a broad single band located at

383.13 cm�1 with a full width at half maximum (FWHM) of 146.09 cm�1 and a

broad single band located at 801.76 cm�1 with an FWHM of 154.34 cm�1. The

peak located at 383.13 cm�1 is attributed to translation parallel to the layers

and M�O stretching vibrations from the various metal ions.6,42 The peak located

at 801.76 cm�1 is attributed to librations.42 A smaller third broad band is located

at 1045.21 cm�1 with an FWHM of 33.65 cm�1. Cation disordering and overall dis-

order in the structure, which is a characteristic of high entropy materials, has been

shown to cause peak broadening in the Raman spectrum.43,44 A smaller NP size

has also shown to contribute to peak broadening.45 It has been reported that other

hydroxides, such as Ba(OH)2 and Sr(OH)2, have Raman peaks in the 500–900 cm�2

region.46 The broad peaks are a result of multiple contributions from the various

elements in the HEH.
6 Cell Reports Physical Science 3, 100847, April 20, 2022



Figure 4. Microscopy of HEH and HEO NPs at 60 mA/cm2

(A) SEM micrograph of the HEH NPs (scale bar, 500 nm).

(B) High resolution TEM of HEH NPs (scale bar, 50 nm).

(C) High resolution TEM of calcined HEO at 800�C for 3 h in air (scale bar, 5 nm).

(D) Atomic scale high resolution TEM of calcined HEO NPs at 800�C for 3 h in air (scale bar, 2 nm)

with inset of an FFT analysis indicating the selected planes corresponding to the spinel cubic metal

oxide crystal structure.
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Microscopy of HEH and HEO NPs

The micrographs of the HEH and HEO can be observed below in Figure 4. The SEM

micrograph of the HEH NPs can be observed in Figure 4A. The NPs had an average

size of 37.53G 3.72 nm with particles ranging from 16 to 88 nm. The HR-TEMmicro-

graphs of the amorphous HEH NPs can be observed in Figure 4B, while those of the

calcinated HEO NPs can be observed in Figure 4C. The atomic resolution crystal

structure of calcined HEO NPs and its corresponding fast Fourier transform (FFT)

analysis along the [112] zone axis is shown in Figure 4D. The FFT consists of several

diffraction spots attributed to the ð111Þ, (220), ð131Þ, (311), and (222) planes corre-

sponding with d-spacings of 4.96 Å, 3.1 Å, 2.58 Å, 2.57 Å, and 2.46 Å, respectively,

which confirms the cubic spinel metal oxide crystal structure.37 The HR-TEM analysis

of the crystal structure of calcined HEO NPs is in line with those analyzed from the

XRD spectrum.

Elemental composition of HEH NPs

To determine the synthesis processes’ flexibility, a binary metal hydroxide and oxide

along with a quinary HEH and HEO were synthesized at 60 mA/cm2. EDS was
Cell Reports Physical Science 3, 100847, April 20, 2022 7



Figure 5. The chemical composition of the HEH NPs synthesized at 60 mA/cm2

(A) EDS elemental mapping of HEH NPs.

(B) Compositional maps for individual elements of Fe, Mn, Ni, Ca, Mg, and O in HEH (scale bars, 100 nm).
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performed on the binary metal hydroxide and quinary HEH NPs to determine their

elemental composition. Figure 5 shows the elemental compositional characteriza-

tion of the quinary HEH NPs. Figure 5A shows the elemental mapping within the

quinary [NiaMnbFecCadMge]xOHy HEH NPs. The respective individual elemental

distributions can be observed in Figure 5B. The atomic weight percentage for the

quinary HEH NPs by elements are O (50.00%), Fe (6.4%), Mn (8.0%), Ni (3.6), Ca

(1.5%), and Mg (30.5%). The quinary HEH NPs form in a high entropy state during

the synthesis process without any additional steps as confirmed by EDS measure-

ments observed in Figure 5B.

Magnesium in the HEH had the highest concentration owing to the kinetic effects it

had during the dynamic synthesis process. The faster kinetics is largely due to the

smaller mass of Mg compared with the other cations in solution. The force the

ions feel during synthesis is based on the magnitude of the electric field and

the charge of each ion, which is derived from Coulomb’s Law.30 Mg has faster

kinetics during synthesis, which causes it to move at a higher rate. The synthesis pro-

cess relies on the movement of particles in an electric field, which is affected by ion

sizes, masses, and charges. These parameters affect the kinetics, which affects the

final composition of the synthesized HEH NPs. If near equimolar concentration

within the final metal oxide structure is desired, the precursor concentrations can

be adjusted in the electrolyte in order to account for variations in elemental proper-

ties and synthesis kinetics.47 An electron energy loss spectroscopy (EELS) elemental

analysis was performed on the HEH NPs to ensure the mixing of elements at the sub-

nanometer scale. Figure S6 highlights the EELS spectra in the O, Mn, and Fe regions

and shows the high level of mixing in the HEH NPs.

Figure S7 shows the elemental mapping of the binary metal hydroxide NPs. The

elements in the binary metal hydroxide were Fe and Mn. The EDS elemental

mapping of the binary metal hydroxide can be seen in Figure S7A. The respective

individual elemental distributions can be observed in Figure S7B. The atomic weight

percentage for the binary metal hydroxide by elements are Fe (29.1%), Mn (20.9%),

and O (50.0%). Figure S7C shows the EDS spectrum of the binary metal hydroxide

NP with Fe and Mn metal cations.
8 Cell Reports Physical Science 3, 100847, April 20, 2022



Figure 6. High-resolution XPS spectra of HEH at 60 mA/cm2

(A) Fe 2p spectra of HEH.

(B) Ni 2p spectra of HEH.

(C) Mn 2p spectra of HEH.

(D) Ca 2p spectra of HEH.

(E) Mg 1s spectra of HEH.

(F) O 1s spectra of HEH.
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Figure S9 highlights the EDS of a standard specimen of MnO (Sigma-Aldrich 377201)

and MnO2 (Sigma Aldrich 243442). The standard specimen should contain an oxy-

gen content of 66.67 atomic percent for MnO2 and 50 atomic percent for MnO.

There is a possibility for a maximum of 8.04% error with the quantification of oxygen

based on the calibration data on MnO and MnO2. To further improve compositional

accuracy, induced coupled plasma spectroscopy can be performed on the HEHNPs.

Chemical oxidation analysis of HEH NPs

X-ray photoelectron spectroscopy (XPS) was used to characterize the elemental

states in the HEH NPs. Fine scans of various elements can be seen in Figures 6A–

6F. Figure 6A shows the high-resolution spectra for Fe 2p and is fitted with two

doublet peaks along with satellite peaks. The first peak located at 711.26 eV is

assigned to 2p3=2 and the peak at 725.23 eV is assigned to 2p1=2 with an energy

splitting of 13.97 eV. The 2p3=2 and 2p1=2 peaks can be deconvoluted into peaks rep-

resenting the Fe2+ and Fe3+ oxidation states with the peaks at 711.00 eV (Fe 2p3=2)

and 724.60 eV (Fe 2p1=2) being attributed to Fe2+ and the peaks at 713.10 eV

(Fe 2p3=2) and 726.70 eV (Fe 2p1=2) being attributed to Fe3+.16,48 In Figure 6B, the

high-resolution XPS spectra of Ni is shown, representing the 2p core energy states.

This includes two main peaks located at 856.6 and 874.59 eV, which represent the
Cell Reports Physical Science 3, 100847, April 20, 2022 9
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2p3=2 and 2p1=2 spin orbits and two satellite peaks. The peaks have an energy split-

ting of 17.99 eV. The satellite peaks represent the presence of mixed valence oxida-

tion states for Ni. The deconvoluted peaks located at 855.30 eV (Ni 2p3=2) and

873.30 eV (Ni 2p1=2) are related to Ni2+, while the peaks at 856.80 eV (Ni 2p3=2)

and 874.90 eV (Ni 2p1=2) are related to Ni3+.48 Figure 6C shows the high-resolution

spectra of Mn 2p, which forms a doublet of two peaks. The first peak located at

642.18 eV is assigned to Mn 2p3=2 and the second peak located at 653.84 eV is

assigned to Mn 2p1=2 and has an energy splitting of 11.66 eV, which is similar to pre-

vious reports on Mn3O4.
49 To determine the oxidation states present in the HEH, the

peaks were deconvoluted. The deconvoluted peaks located at 641.70 eV (Mn 2p3=2)

and 653.32 eV (Mn 2p1=2) are associated with Mn3+, while the peaks at 642.78 eV (Mn

2p3=2) and 654.66 eV (Mn 2p1=2) are associated with Mn4+.50 Figure 6D shows the

high-resolution spectra for Ca 2p. Two main peaks are located at 346.83 eV (Ca

2p3=2) and 350.80 eV (Ca 2p1=2). Figure 6E shows the high-resolution spectra for

Mg 1s with the main peak located at 1308.8 eV showing the incorporation of Mg

into the structure. The high-resolution spectra of the O 1s peak is shown in Figure 6F.

It shows an intense peak at 530.74 eV, which is characteristic of OH� peaks in metal

hydroxides.51 The peaks for all elements have been shifted slightly from their char-

acteristic metal peaks, which is attributed to themetal-oxygen bonding in the lattice.

A shift to higher energies is common with this type of bonding in high entropy ma-

terials.52,53 The XPS survey spectrum can be seen in Figure S8 and highlights all the

chemical elements in the HEH.
DISCUSSION

This study was successful in synthesizing HEH and HEONPs through ECS techniques

in an aqueous environment using the hydrogen evolution reaction. Microscopic in-

vestigations show that, by taking advantage of the hydrogen evolution reaction,

multi-elemental compositions can be formed. It showed that the HEH NPs can be

processed into an HEO upon calcination. The FTIR, TGA, and XPS studies confirmed

the presence of the HEH and HEONPs. The EDS of the HEH NPs was able to confirm

the chemical mixing of elements down to the atomic scale. The reported ECS tech-

nique can be used for synthesizing multi-element compositions with substrate-free

NPs. The process is compatible with a vast choice of precursors, which can be

used in the future to tune the composition of both the HEH and HEO NPs.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be

fulfilled by the lead contact, Reza Shahbazian-Yassar (rsyassar@uic.edu).

Materials availability

All salts were analytical grade and used as received. FeCl3 and CaCl2 were

purchased from Sigma Aldrich, NiCl2 was purchased from Millipore Sigma,

MnCl2$4H2O was purchased from Fischer Scientific. MgCl2 was purchased from

Alfa Aesar.

Data and code availability

All original data generated and analyzed during this study are included in this article

and the supplemental information or are available upon request from the lead con-

tact. No original code was generated for this report.
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Materials

The binary metal hydroxide and quinary HEHNPs were synthesized using an electro-

chemical deposition process. The binary and quinary particles were made from

MnCl2$4H2O, NiCl2, FeCl3, CaCl2, & MgCl2. The salts were mixed at a concentration

of 0.1 M in 25 mL of deionized (DI) water. The electrolyte solution was then stirred for

1 h to make sure the salts were well dissolved in solution.

Synthesis

The HEH NP synthesis was performed at room temperature using an aqueous-based

ECS process. The electrolyte is prepared by mixing metal salt precursors and DI wa-

ter. The ECS process was carried out in a two electrode system consisting of a copper

cathode and a graphite anode. The cathode was a rectangular piece of copper foil

with a submersed area of 22.5 3 11.5 mm, while the anode was a cylindrical piece of

graphite with a submersed area of 22.5 (L) 3 3 mm (D). The two electrodes were

spaced roughly 10mm apart. A Keithley 2400 SourceMeter was used to apply a con-

stant current density of 10, 60, 116, 232, and 386 mA/cm2 to the electrolyte solution.

The current was supplied for several minutes until a noticeable amount of material

was formed in the solution.

Characterization

The synthesized NPs that formed were collected, centrifuged, cleaned in DI water,

and dried into a powder. A microscopy sample preparation was done by dispersing

the NPs in methanol and drop-casting the solution onto a 300-mesh carbon-coated

copper grid. Morphological and high-resolution transmission electron microscopy

images were collected by a JEOL ARM200CF. Energy dispersive spectroscopy

(EDS) was performed using an aberration corrected JEOL ARM200CF with a cold

field emission gun operated at 200 kV, equipped with an Oxford X-max 100TLE

windowless X-ray detector. Scanning electron microscope (SEM) measurements

were performed on a 30-kV JEOL JSM-IT500HR. Raman spectroscopy was per-

formed on a Renishaw inVia Reflex with a green 532-nm laser with a 10 s exposure.

XPS was performed using a ThermoFisher Scientific ESCALAB 250Xi to detect the

chemical states of the HEH nanomaterials. Carbon tape was used to secure the sam-

ple. The spectra were calibrated with adventitious carbon at 284.8 eV. XRD was per-

formed on a Bruker D8 with a 2q range of 10� to 85�. The resolution was 0.02� with
time steps of 1 s. FTIR was performed on a Thermo Nicolet Nexus 870 spectrometer

in attenuated total reflection mode. The range was 600–4000 cm�1 with an average

of 64 scans at a 4 cm�1 resolution. Results were converted to percent of transmit-

tance using OMNIC spectra software. A TGA was performed on a Texas Instruments

Q5000 with a heating rate of 10�C/min.
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