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1. Introduction

Energy conversion technologies are  
crucial for the upcoming global energy 
transition. Intermittent electricity gener-
ated from solar and wind cannot be stored 
for prolonged periods due to limited grid-
scale battery capacity.[1–3] Room-tempera-
ture water electrolyzer is a prime candidate 
to utilize intermittent electricity to produce 
hydrogen (and downstream chemicals and 
fuels) by water splitting.[4,5] Two major 
metrics are the capital cost and energy 
efficiency.[6] Also, a water electrolyzer is 
required to operate for thousands of hours, 
despite most of the current catalyst systems 
having 1–2 orders of magnitude shorter 
lifetime. Moreover, breakthroughs dis-
covered on a laboratory scale suffer from 
scaling up challenges in manufacturing by 
orders of magnitude to match industrial 
demands.[7–9] Furthermore, the catalysts 
of choice are currently noble metal-based  
(Pt, Ru, or Ir) which are intrinsically 
resource-limited and render water electro-
lyzer less commercially competitive. There-

fore, it is of great importance to come up with novel strategies 
to synthesize highly active, durable, and cost-effective electro-
catalysts for room-temperature water electrolysis.

Anion exchange membrane electrolyzer cell (AEMEC) has 
shown huge promise for efficient hydrogen and oxygen produc-
tion. Significant advancement has been made in the membrane 
and ionomer designs, which can operate for 2000 h.[8,9] On the 
contrary, most of the proposed catalysts in the literature suffer 
from low activity and short lifetime. Oxygen evolution reaction 
(OER) is the bottleneck for AEMEC and other electrochemical 
reactions, where the state-of-the-art catalyst used to date is IrO2 
(Iridium costs ≈ $105 kg−1). Recent research showed that electro-
catalysts designed by alloying two or more elements (e.g., tran-
sition metals, TM) showed promising enhancement in catalytic 
activity and durability due to synergistic effects from alloying, 
such as strain engineering or valence electron exchange.[4,10–15] 
Nevertheless, the full potential of the alloying approach is still 
constrained by standard synthesis methods (e.g., wet chemistry 
and thermal decomposition techniques) due to the thermody-
namics rules (e.g., miscibility of the different alloying elements, 

Mixed transition-metals (TM) based catalysts have shown huge promise  
for water splitting. Conventional synthesis of nanomaterials is strongly  
constrained by room-temperature equilibria and Ostwald ripening. Ultra-fast 
temperature cycling enables the synthesis of metastable metallic phases of 
high entropy alloy nanoparticles, which later transform to oxide/hydroxide 
nanoparticles upon use in aqueous electrolytes. Herein, an in situ synthesis 
of non-noble metal high entropy oxide (HEO) catalysts on carbon fibers by 
rapid Joule heating and quenching is reported. Different compositions of 
ternary to senary (FeNiCoCrMnV) HEO nanoparticles show higher activity 
towards catalyzing the oxygen evolution reaction (OER) compared to a noble 
metal IrO2 catalyst. The synthesized HEO also show two orders of magni-
tude higher stability than IrO2, due to stronger carbide-mediated intimacy 
with the substrate, activated through the OER process. Alloying elements Cr, 
Mn and V affect OER activity by promoting different oxidation states of the 
catalytically active TM (Fe, Ni and Co). Dissolution of less stable elements 
(Mn, V and Cr) leads to enhancements of OER activity. Dynamic structural 
and chemical perturbations of HEO oxide nanoparticles activate under OER 
conditions, leading to enlargement in ECSA by forming mixed single atom 
catalysts and ultra-fine oxyhydroxide nanoparticles HEOs.
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Ostwald ripening) for slow synthesis.[16,17] High entropy alloys 
(HEA), where more than three elements are alloyed together, 
are often complicated and tedious to achieve by conventional 
wet chemical methods.[18–25] One strategy to overcome this 
obstacle is to empower ultrafast kinetics to dictate the alloying 
formation. Rapid cycling of temperature from 25  °C to highly 
elevated temperature (1000–1700 °C), followed by cooling down 
to room temperature (RT) within a very short time scale (i.e., 
milli-second) for successive cycles, can stabilize metastable 
phases unachievable by slower synthesis methods. Carboth-
ermal shock (CTS) synthesis relies on rapid Joule heating and 
quenching. As an electrical current passes through a substance 
and causes its temperature to rise rapidly, and then rapidly 
cool down due to the short thermal diffusion length, CTS is a 
great choice to achieve rapid temperature cycling. In addition 
to the alloy chemistry, enrichment of structural defects such as 
dislocations within the nanoparticles can be achieved by rapid 
cycling of temperature, which showed high activity toward dif-
ferent electrocatalytic reactions.[26–30] CTS has already shown 
great promise in synthesizing high entropy alloys and oxides 
nanoparticles of multiple elements which were known to be 
immiscible at the bulk scale by conventional methods.[31,32]

Herein, we report the utilization of CTS to synthesize non-
noble TM highly active and durable electrocatalysts for OER in 
an alkaline aqueous medium. In the present work, we study the 
effect of incorporating different alloying elements (Cr, V, and 
Mn) with traditionally known promising catalysts (Ni, Fe, and 
Co) and their respective effect on the catalytic activity and dura-
bility of OER.

2. Results

2.1. Structure and Morphology

Spraying catalysts onto either the gas diffusion layer electrode 
(GDL) or electrolyte membrane is a cumbersome step that 
involves special apparatus and high catalyst waste (i.e., 30–50%) 
and produces rather superficial contacts between catalyst/GDL. 
In the present study, carbon fiber paper was chosen as a typical 
GDL used in actual AEMEC (Toray 60 with 5% wet proofing). 
The objective is to in situ synthesize OER catalyst directly 
attached to the substrate, and with strong intimacy onto the sur-
face of carbon fibers of GDL without using any other binder/
ionomer. We aim to achieve a strong interaction between cata-
lyst and support (i.e., GDL), which results in stronger adhesion, 
that may work against capillary pulling forces from gas bubbles 
evolution which may erode off the catalyst during thousands 
of operating cycles.[33,34] In addition, in situ synthesis of the 
catalyst directly on GDL enables reducing the time and effort 
consumed to prepare a catalyst ink and coating many layers on 
GDL to make a membrane electrode assembly.

Our unique synthesis protocol starts with drop-casting of 
multi-metal chloride salts dissolved in ethanol at 50  mm con-
centration on a carbon fiber paper GDL. The total volume 
of the metal precursors solution was kept constant at 
100  µL cm−2(nominal area of GDL), and so the total TM load-
ings are also kept constant at 5 µmol (TM) cm−2(nominal area 
of GDL). After solvent evaporation at RT overnight, GDL coated 

with metal precursors were subjected to carbothermal (CTS) 
rapid joule heating. Electrical current of 15 A was applied for 3 
pulses (500  ms). The electronic current passing through GDL 
raises its temperature to elevated levels (as high as ≈1300–
1700 °C), as shown in the Figure S1, Supporting Information.[31] 
After 1.5  s, carbon fiber GDL was coated with HEA nano-
particles as represented in the schematic shown in Figure 1a.  
At high temperature, metal salts are first thermally reduced 
and then turn into liquid metal droplets, which are sitting on 
a carbon-rich environment (i.e., carbon fiber). Carbon has a 
very high diffusion rate in transition metals (e.g., Ni, Co, or Fe) 
dominated liquid or solid solutions. Thus, carbon is susceptible 
to being dissolved in the high-entropy multi-metallic liquid 
droplet. Quenching takes place within a fraction of a second to 
form a solid high entropy alloy nanoparticle. Dissolved carbon 
would have two options to either stay inside the lattice of HEA 
nanoparticle as octahedral interstitials, or to precipitate out as 
carbide.[35] The cooling rate is believed to be on the order of 
5–10 °C ms−1, which is long enough to allow for most of the carbon 
to precipitate out (carbon diffusivity ≈ 8 × 107 nm2 ms−1).[36,37]  
X-ray diffraction (XRD) analysis performed on pristine carbon 
fiber GDL (without any metal deposition) and after synthesis 
of HEA nanoparticles, showed no noticeable changes in the 
carbon peaks features. This may imply that carbon precipitates 
out from HEA NPs could be amorphous carbon, deposited at 
the interface between HEA NP and carbon fibers, as shown in 
the schematic in Figure 1a. In addition, X-rays are very penetra-
tive, where the vast majority of the signal detected comes from 
the carbon fiber (≈1000 nm thick), which can screen the signal 
of the precipitated graphitic-carbon during HEA solidification.

Scanning electron microscopy (SEM) showed conformal 
coating of HEA catalyst nanoparticles on carbon fiber substrate. 
Coating was successfully achieved on carbon fibers from top 
to bottom across the GDL thickness. This is a desirable char-
acteristic to maximize the performance per nominal area for 
AEMEC electrode, which is unachievable by conventional cata-
lyst coating methods (e.g., using a spray air gun). Figure 1b–e 
shows SEM images of the conformal coating of HEA nano-
particles on carbon fiber, which shows progressive zoom-in 
version to show the morphology of HEA catalysts. Synthe-
sized HEA nanoparticles range from 20 to 80 nm in diameter, 
while most particles have a diameter of 40–60  nm. Figure  1e 
shows that some particles (bottom right) formed trenches 
deep within the carbon fiber surface. This observation agrees 
with the proposed mechanism for strong intimate interaction 
between HEA and carbon support (Figure  1a) and can result 
in stronger nanoparticle adhesion. Initially metal chloride salts 
are heated up to vaporize Cl2 and form a molten metal liquid 
droplet. Afterward, liquid molten metal droplets do particle 
“fission,” etch the carbon substrate, and catalyze the reaction 
with scavenged oxygen functional groups from the carbon fiber 
surface, increasing the surface area, while molten metal drop-
lets of different precursors fuse together and eventually reach 
fission-fusion balance at a quasi-steady state.[31,38] Carbon dis-
solution and carbide precipitation occur during heating and 
cooling cycles, respectively. In conventional synthesis methods 
(e.g., wet chemistry), weak superficial interaction (e.g., van der 
Waals forces) between carbon support and synthesized nano-
particles does not provide the necessary adhesion robustness 
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for prolonged service under gas bubbling conditions. Instead, 
our developed CTS synthesis provides a robust interaction 
between nanoparticles and carbon fiber, due to a strong metal-
carbide bond formed due to the precipitation of carbides at the 
interface of NP/carbon fiber. This is expected to enhance the 
mechanical stability of the catalyst system against gas bubbles 
evolution during OER, with high capillary forces that may pull 
off catalysts from GDL (erosion).[39] Further data and analysis 
are presented in the following sections.

XRD analysis has been conducted to unravel the structural 
and chemical transformations due to different alloying and 
electrocatalytic testing conditions. The samples after synthesis 
maintained a spinel oxide crystal structure, commonly observed 
in literature for Fe/Ni/Co alloys.[40–47] Recent results presented 
in literature, and by this group, utilizing CTS to synthesize 

nanoparticles showed formation of HEA when noble metals 
(e.g., Pt, Pd, and Au) were present in the HEA composition.[31] 
On the other hand, our presented study, herein, for exclusively 
non-noble metals chemistry (Fe, Ni, Co, Cr, Mn, and V) showed 
the formation of an oxide phase (i.e., high entropy oxide (HEO)), 
instead of metallic HEA. This may infer that the final state 
of the high entropy mixed metal particle upon solidification is 
chemistry dependent. Noble metals have higher resistance to  
oxidation, while non-noble metals can oxidize under ambient 
atmosphere easily. Another reason could be liberation of oxygen 
from carbon fibers during CTS, where non-noble metals are 
oxidized. Further experimental analysis is encouraged to fully 
understand the mechanism, which falls behind the scope of the 
presented study. Thus, hereon, nanoparticles synthesized in this 
study are referred to as HEO.

Figure 1. a) Schematic showing ultra-fast rapid Joule heating and spontaneous cooling process within mS pulse intervals. Process is shown as three 
stages depicted by cartoons: i) Dried metal precursors chunks on carbon fiber at room temperature. ii) Liquefaction of metal salts and carbon dissolu-
tion during joule heating. iii) Rapid cooling to room temperature to form HEA solid nanoparticles and carbon precipitation at the interface between 
HEA and carbon fiber. Following the synthesis process, HEA converts into HEO nanoparticles, before OER testing. b–e) SEM images on HEA catalyst 
nanoparticles synthesized on carbon fiber paper GDL, with zoom-in increasing from (b–e), successively, at the same location of the sample.
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The peaks located at 27° and 54° are attributed to the carbon 
support. The spinel oxide structure has characteristic peaks 
located around 2θ angles of 35.6°, 63°, 30.5°, 57.5°, and 43.6°, 
where relative peak intensity follows the previous order system-
atically (from high to low). Our HEO catalysts FeNiCo, FeN-
iCoCr, and FeNiCoCrMnV spectra maintained the same spinel 
oxide structure, where peak positions and order or relative 
intensity remained intact, regardless of the alloying elements 
(i.e., Cr, Mn, or V), as shown in Figure 2a. Fundamentally, 
alloying different elements is expected to shift the position of 
the peaks to different 2θ values, due to differences in atomic 
radii of the alloying elements. The 3d transition metals (Fe, Ni, 
Co, Cr, Mn, and V) have slightly different ionic radii, which may 
not be clearly distinguishable with the limited resolution of the 
XRD machine. However, the addition of Cr to FeNiCo, forming 
FeNiCoCr, showed a slight shift to lower 2θ angles, as Cr ionic 
radius is larger than Fe, Ni, or Co. It is worth mentioning that 
no peak was detected for the single metal reflection (i.e., no 
unary phase segregation of Fe, Ni, Co, or Cr). Those observa-
tions confirmed the successful formation and dispersions of a 
HEO solid solution phase with the designed chemistries.

To further confirm the formation of HEO phase, samples 
were imaged by scanning transmission electron microscopy 
(STEM) followed by energy dispersive X-ray (EDX) mapping 
as shown in Figure  2b,c. Compared to SEM size distribution, 

additional smaller particles were observed by STEM imaging 
with sizes below 10 nm. This implies that a particle imaged by 
SEM could be a cluster of a few smaller nanoparticles, which 
is hard to resolve with the limited SEM resolution. STEM 
imaging showed particles in different crystallographic orien-
tations (e.g., <111>), as shown in Figure  2b. EDX elemental 
mapping was performed to unravel the distribution of each of 
the alloying elements, as shown in Figure  2c. Results showed 
a completely random distribution for all of the alloying ele-
ments, which is confirmed by an overlaid image. This confirms 
the successful formation of HEO nanoparticles. Mn mapping 
showed a slightly lower intensity than other elements, however 
still maintaining homogeneous random distribution across the 
particle. This observation indicates that Mn incorporation was 
successful, however at lower concentrations than expected from 
the precursor loading. This aligns with the fact that Mn salt 
(i.e., chloride) has a higher vapor pressure compared to other 
elements, where CTS at elevated temperatures (≈1300–1700 °C) 
may facilitate partial Mn vaporization.[48]

2.2. Electrocatalytic Activity

HEO catalysts supported on carbon-fiber GDL were tested 
in a three-electrode electrochemical setup to assess their 

Figure 2. a) XRD spectra of FeNiCo, FeiCoCr, and FeNiCoCrMnV HEO catalysts (depicted in red, green, and blue, respectively), with yellow triangles 
pointing at the relevant peaks for spinel structure maintained by HEO catalyst. b,c) STEM imaging of FeNiCoCrMnV catalyst nanoparticles supported 
on carbon fiber paper. (b) STEM of FeNiCoCrMnV nanoparticles with and inset showing <111> crystal orientation. (c) STEM-HAADF image with corre-
sponding EDX mapping panels for Fe (red), Ni (blue), Co (green), Cr (yellow), Mn (cyan), and V (magenta). The bottom right panel shows overlapping 
EDX maps to confirm the formation of HEO. Scale bar in (b) and (c) is 5 nm.
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electrocatalytic activity toward OER. Hg/HgO electrode with 
a plastic housing was selected as the reference electrode to 
ensure high stability and rigorous measurements at high pH 
values. Commonly observed literature and as will be discussed 
in later sections, nanoparticles oxidize under OER reaction 
condition. The measurements were conducted in N2-saturated 
1 m KOH electrolyte. N2 was bubbled into the electrolyte for at 
least 45 min to ensure a complete deaeration of the electrolyte 
medium from any oxygen species prior to OER activity meas-
urements. After activating the catalyst by performing five cyclic 
voltammetry (CV) scans, OER activity was probed by performing 
linear sweep voltammetry (LSV) at 5 mV s−1 scan rate. The over-
potential at 10 mA cm−2 is the characteristic metric used herein 
to evaluate the performance of HEO catalysts. Fe, Ni, and Co 
have been shown in the literature to possess high OER activity. 
Therefore, ternary FeNiCo HEO was selected to be the bench-
mark catalyst, to which the alloying effects of Cr, Mn, and V are 
further evaluated. Results showed that the addition of either Cr, 
Mn, or V boosted the activity of their respective quaternary-HEO 

catalysts compared to ternary-HEO FeNiCo catalyst. OER 
activity ranking is FeNiCoCr > FeNiCoMn > FeNiCoV > FeNiCo, 
with overpotentials calculated to be 240, 262, 274, and 291 mV, 
respectively, as shown in Figure 3a. The alloying order was 
then further increased to quinary. Mixing of Cr and V to make  
FeNiCoCrV quinary-HEO catalyst showed a dramatic enhance-
ment in OER activity with a lower overpotential of 220 mV. FeN-
iCoCrMn showed higher activity than quaternary FeNiCoMn, 
but lower than FeNiCoCr, as shown in Figure  3c. This could 
be due to lower Mn concentration, as shown by EDX analysis. 
Increasing the alloying order from quaternary (FeNiCoMn 
and FeNiCoV) to quinary (FeNiCoMnV) showed enhancement 
in OER activity. Nevertheless, FeNiCoMnV quinary-HEO still 
shows slightly lower OER performance than FeNiCoCr quater-
nary-HEO. This implies that the nature of the alloying element 
itself (i.e., Cr) possesses a higher importance in dictating the 
OER activity, compared to the alloying order (i.e., quinary vs 
quaternary). Reduction of performance while increasing the 
alloying order could be a result of the decrease in the number 

Figure 3. LSV scans for HEO-catalysts synthesized on carbon fiber paper GDL, tested in N2-saturated 1 m KOH. All potentials reported versus RHE 
reference electrode. a) LSV scans comparing the effect of introducing either Cr, V, or Mn to FeNiCo to form quaternary-HEO catalyst. b) LSV scans 
comparing the performance of quaternary-HEO and quinary-HEO catalysts, shown as dashed and solid lines, respectively. c) LSV scans showing the 
performance of different HEO-catalysts with sequential alloying orders (quaternary, quinary, and senary) in comparison to state-of-the-art IrO2 cata-
lyst. d) LSV scans showing the performance of FeNiCoCrMnV senary-HEO catalyst before and after 1000 ADT cycles, in pink and purple, respectively. 
All insets (a–d) are zoomed-in to show the trend of overpotential at 10 mA cm−2, with potentials reported at x-axis versus RHE reference electrode.  
e) ECSA deduced from double-layer capacitance at different scan rates shown at x-axis and current represented at y-axis. f) EIS Nyquist plots show 
significantly higher resistance for IrO2 catalyst compared to HEO catalysts. g) STEM image for FeNiCoCrMnV after OER testing, showing a set of small 
nanoparticles aggregate (indicated by blue arrow), in addition to a sea of single-atom catalysts (indicated by yellow arrows). Red arrow in (g,h) points 
toward Pt protection layers, used during FIB cross-sectioning. h,i) STEM image showing an abundance of nanoparticles with 1–2 nm size and others 
of few clusters of atoms.
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of catalytically active sites. Considering Co and Ni to be the 
active sites, their total concentrations in a quaternary-HEO 
(e.g., FeNiCoV) is 50%, compared to 40% in a quinary-HEO 
(e.g., FeNiCoCrV). Therefore, active sites concentration does 
not seem to explain our results, as quinary FeNiCoCrV (with 
less Co and Ni) showed higher activity compared to quaternary 
FeNiCoCr and FeNiCoV. On the other hand, the addition of cer-
tain elements (e.g., Cr, Mn, or V) to FeNiCo may affect the oxida-
tion state of the Fe, Ni, and/or Co. The development of higher 
valence states has shown some positive effect on the OER activity 
(e.g., Co4+ has higher OER activity than Co3+ or Co2+).[49–52]  
For comparison, IrO2 commercial catalyst had an overpotential 
of 320 mV at 10 mA cm−2, 100 mV worse than FeNiCoCrV sam-
ples measured under the same testing conditions.

Senary-HEO composed of FeNiCoCrMnV showed inter-
mediate enhancement in performance with an overpotential 
of 247  mV at 10  mA cm−2. Figure 4d shows the performance 
of senary-HEO FeNiCoCrMnV catalyst after being tested for 
1000 cycles. Performing 1000 CV showed an enhancement 
in OER activity, where overpotential was further improved by 
8  mV at 10  mA cm−2. The performance enhancement during 
cycling could be attributed to surface restructuring or due to the 
leaching of some less-stable elements from the HEO catalyst 
(i.e., dealloying). Dealloying of Mn, Cr, or V may lead to maxi-
mizing the presence of other active elements (i.e., Fe, Ni, or Co) 

at the catalyst surface or increasing the electrochemical active 
surface area (ECSA).[53,54] Another hypothesis suggests that the 
increase in OER activity, with dealloying, may occur when some 
elements (e.g., Mn) redistribute to the surface before leaching 
out into the electrolyte. The presence of Mn with a higher pop-
ulation in the vicinity of Ni or Co, at the sample surface, was 
reported to increase the catalytic activity due to facile deproto-
nation of OH−.[55]

ECSA was deduced from double-layer capacitance obtained 
by performing CV sweeps at different scan rates: 10, 20, 40, 60, 
80, and 100 mV s−1, as shown in Figure 3e. Results showed that 
FeNiCo catalyst has the smallest ECSA with 13.16 mF cm−2.  
FeNiCoCrV HEO catalyst possesses an order of magnitude 
larger ECSA of 111.8 mF cm−2, compared to ternary FeNiCo 
catalyst. ECSA data agree with OER analyses derived from 
LSV scans in Figure 3a–c. On the contrary, FeNiCoCr obtained 
an ECSA of 22.48 mF cm−2, which is approximately fivefolds 
smaller than FeNiCoCrV quinary HEO catalyst. Electrochem-
ical impedance spectroscopy (EIS) was performed at 1.6  V 
versus RHE, after OER onset occurred for all the catalyst, as 
shown in Figure 3f. EIS showed a higher impedance for IrO2 
catalyst compared to HEO non-noble metal catalysts. Incorpo-
ration of Cr, Mn, and/or V into FeNiCo showed a reduction of 
HEO impedance, which agrees with the trend of enhancement 
in OER activity. FeNiCoCr showed the smallest impedance at 

Figure 4. a) Chronopotentiometry (CP) analysis of FeNiCoCrV sample. The sample was tested at constant current densities of 10, 50, and 200 mA cm−2, 
shown in blue, green, and orange, respectively. CP at any given current density was performed in cycles. Each cycle consisted of a CP for 5 h, followed 
by OCV for 30 min. b) LSV scans recorded at 5 mV s−1 measured before ADT, after completion of CP50 and CP200, shown in blue, green, and orange, 
respectively. c) CP analysis of FeNiCoCrMnV sample, at similar protocol as (a). d) CP200 for IrO2 catalyst.
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1.6  V, followed by FeNiCoCrMnV and FeNiCoCrV, which fol-
lows the same trend from LSV sweeps in Figure 3c. This fur-
ther aligns with the observation that the addition of Cr has the 
biggest impact on increasing the OER activity, compared to Mn 
or V. Tafel slope analysis was carried out over a long potential 
range of 100 points to ensure a higher level of accuracy of the 
data analyzed. In general, HEO catalyst showed an average of 
twofolds shallower slope than IrO2 commercial catalyst, with 
the latter having a slope of ≈90 mV dec−1. The shallower slope of 
HEO catalyst indicates faster charge transfer for HEO catalysts 
than IrO2, which further explains their superb OER activity. 
Synthesized HEO catalysts did not show a very significant dif-
ference relative to one another in terms of Tafel slope values  
(45–58  mV dec−1). This could still fall within the marginal 
errors during sample testing or data processing during linear 
regression fitting. Tafel slope analyses for different catalysts are 
presented in Figures S6–S11, Supporting Information.

STEM analysis for the same HEO catalyst (i.e., FeNiCo-
CrMnV) was carried out after OER testing (but before any 
long-stability testing). The morphology of the sample was sig-
nificantly different than the pristine sample (i.e., before OER 
testing). After OER, HEO catalysts’ morphology is composed 
of significantly smaller nanoparticles, never observed before 
OER testing. Figure  3g shows a set of smaller nanoparticles. 
The appearance of smaller nanoparticles observed by STEM 
after sample testing for OER could occur under multiple sce-
narios. One possibility suggests further particle fission takes 
place at RT, driven by electrochemical reaction. As described 
earlier, the synthesis mechanism of HEO NPs in CTS thermo-
chemical shock involves scavenging oxygen from carbon sup-
port to react with dissolved carbon. With OER operation, an 
abundance of oxygen is generated near the catalyst and carbon 
support, where carbon's surface oxidizes (i.e., becoming rich of 
oxygen). Hence, with high operating voltage and oxygen abun-
dance, HEO NPs experience the necessary driving forces for 
particles to split (i.e., fission) and form smaller particles, by “RT 
electrochemical shock.” A recent in situ TEM study at 300 °C 
showed peristalsis-like migration of catalytically active Pd nano-
particles and their splitting when oxygen gas is presented along 
with carbon-rich environment at the particle vicinity.[38] Micro-
scopic imaging showed a dependence of the particle migration 
and fission on the abundance of oxygen and carbon, where the 
depletion of any of them results in reduced fission and even-
tually Ostwald ripening. A second scenario may proceed as 
under OER conditions (cycling to positive potentials in highly 
corrosive pH environment), particles became porous due to 
gas bubbles punching. Similar observation has been reported 
in literature where metal nanoparticles became porous under 
OER condition.[40] This increased the structures’ porosity and 
ECSA in return. Both mechanisms of morphology perturbation 
after OER may happen simultaneously, of course with different 
energetics, where one is more favorable than the other. Further 
complementary and more detailed studies, beyond the scope of 
the current study, are highly encouraged to unravel the exact 
reformation mechanism.

Moreover, an abundance of single-atom catalysts (SAC) 
emerged after OER, as shown in Figure  3g–i is and other 
larger particles. SAC may generate from the adsorption of 
the pre-dissolved elements (e.g., Cr, V, and Mn) from HEO 

nanoparticles. This claim may be valid given the fact that signif-
icant carbon defects and dangling bonds exist due to carbon oxi-
dation under OER conditions.[13,56] XPS analysis confirmed the 
significant oxidation of carbon (Figure S19, Supporting Informa-
tion). It is worth mentioning that the red arrow, in Figure 3g,h, 
is pointing toward Pt nanoparticles, which is from a thin layer 
of Pt used as protection during TEM cross-sectioning of the 
sample with focused ion beam (FIB). Figure 3h,i shows very tiny 
nanoparticles (1–2 nm in diameter). This observation is in line 
with other literature reports, where catalyst morphological per-
turbations occur at catalyst surfaces during OER (e.g., increased 
surface roughness and porosity).[40,41,47] In addition, recent  
literature report showed that surface reconstruction for HEO 
system can happen under electrochemical activation or during 
OER.[23,57–59] All our synthesized HEO catalysts, regardless of 
their alloying order (ternary, quaternary, quinary, or senary), 
showed a significantly higher OER activity compared to state-
of-the-art commercial IrO2 catalyst. More detailed investigations 
of the catalyst's stability and the mechanism behind the activity 
enhancement will be discussed in the following sections.

2.3. Accelerated Durability Testing

Catalyst stability is a crucial factor in ensuring longevity under 
operating conditions for extended hours with a reasonable per-
formance. A major challenge, in addition to the poor activity 
and high cost of IrO2 catalyst, is its limited lifetime, which adds 
a burden to AEMEC technology commercialization. There-
fore, designing a stable catalyst is highly desirable. HEO cata-
lyst stability was investigated under constant current mode 
(i.e., chronopotentiometry (CP)), while observing the potential 
simultaneously. Samples were tested at constant currents of 10, 
50, and 200 mA cm−2, denoted as CP10, CP50, and CP200, respec-
tively. FeNiCoCrV sample was tested successively for 20, 35, and 
35 h at CP10, CP50, and CP200, respectively (90 h total). Each CP 
step was carried out in intervals of 5 h. The sample was kept at 
OCV for 30 min to relieve the gas bubbles accumulating on the 
catalyst surface, which form due to piecewise constant applied 
current, between each CP step.[60] Holding the catalyst at OCV 
refreshes the catalyst surface for the next cycles of CP testing. 
After each set of CP10, CP50, and CP200, LSV was performed 
at 5  mV s−1 to observe the actual degradation in performance 
(i.e., increase in overpotential). FeNiCoCrV samples, as shown 
in Figure  4a, showed highly robust and stable performance. 
During CP10, potential change over 20 h was negative (i.e., the 
potential value dropping instead of increasing), which indicates 
a reduction in overpotential and enhancement in OER activity, 
as shown in Figure S12, Supporting Information. The accumu-
lated overpotential drop after 20 h was 6 mV. The same behavior 
was observed for CP50 for 35 h, and the potential dropped by an 
additional 5 mV. During CP200, overpotential shifted positively 
by 8 mV. The rate of potential change for CP10, CP50, and CP200 
is −0.4, −0.14, and 0.228 mV h−1, respectively. Overall, after 90 h 
of CP testing at different current densities, potential change was 
in favor of enhancing OER activity (i.e., lower overpotential), 
instead of increasing as commonly cited in the literature. The 
overpotential after 90 h of testing at higher current densities 
was 208 mV. Figure 4b shows LSV scans recorded before ADT 
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starts, after CP50 and CP200. The results showed an enhance-
ment in the current density and overpotential compared to the 
LSV recorded before testing, with an overpotential reduction at 
10 mA cm−2 by 16 mV. The aforementioned observation shows 
evidence of the great stability demonstrated by our FeNiCoCrV 
catalyst, without any decay in the performance.

Catalyst stability of FeNiCoCrMnV was tested following 
the same protocol for FeNiCoCrV counterpart, as shown in 
Figure 4c. At lower current densities CP10, the sample showed 
similar behavior with a negative shift of potential, indicating an 
enhancement in OER activity. On the contrary, at higher cur-
rent densities (i.e., CP200), the potential increase during each 
interval (i.e., before holding the sample at OCV) was significant, 
by 3 mV h−1. Nevertheless, after OCV was applied for 30 min, 
the potential dropped significantly. This implies that sam-
ples containing Mn (e.g., FeNiCoCrMnV) possessed a higher 
binding affinity with reaction intermediates/products. State-of-
the-art IrO2 catalyst was tested under the same conditions for 
CP200. IrO2 showed a spontaneous rise in potential from 1.79 to 
≈2.72 V, as shown in Figure 4d, after which potential stabilizes 
around 2.7 V for less than 1 h, before an exponential potential 
jump is observed. Potential jump to high voltages is considered 
a total deactivation of the catalyst, resembling the end of the 
catalyst lifetime.[61,62] The lowest-performing catalyst of the syn-
thesized HEO herein (i.e., FeNiCo) was tested under similar 
conditions to IrO at CP200, under constant mode without any 
OCV relief setup, as shown in Figure S15, Supporting Informa-
tion. Results showed that FeNiCo HEO was stable for up to 45 h  
at CP200, without observing any potential jumps. The profile 
of potential change was almost flat, with an overall potential 
increase rate of ≈0.97  mV h−1. The presented results of HEO 
catalysts, developed following a high-throughput approach, 
showed two orders of magnitude higher stability than the IrO2 
catalyst without noticeable decay in OER performance. Com-
bining the high activity and tremendous stability renders our 
noble-metal-free HEO catalyst as a candidate to replace noble 
metal IrO2 catalyst.

3. Origin of OER Activity and Stability 
Enhancement
Typically for non-precious metal catalysts, the transition metal 
(e.g., Co, Ni, or Fe) is the active species for electrocatalysis. 
Hence the activity of the transition metal center is highly 
dependent on the metal-oxygen covalency (i.e., strong, or weak 
interaction). The strong interaction between metal and oxygen 
is a function of metals’ oxidation state. Increasing the oxidation 
state means an increase in the transition metal electronega-
tivity, and a reduction of the 3d orbital filling (i.e., fewer number 
of electrons occupying 3d orbitals). Thus, more overlapping 
between 3d and 2p orbitals from metals and oxygen, respec-
tively, is expected, where the Fermi level is shifting downward. 
In consequence, metal-oxygen hybridization is more dominant 
and OER energy penalty (i.e., overpotential) is decreased.[63,64] 
For example, LiCoO2 was found to possess higher OER activity 
when delithiation took place, which resulted in increasing the 
oxidation state of the Co atom (i.e., increasing ratio of Co4+ to 
Co3+), promoting more oxygen-metal orbitals hybridization.[65] 

Similar observations have been shown for different struc-
tures (e.g., perovskite and spinel oxides), and for other metal 
centers, including Ni and Fe.[55,63,66] In the same context, a 
prominent strategy is TM alloying, which improves the elec-
trocatalytic activity due to synergistic effects induced on the 
active elements (e.g., Co, Ni, and/or Fe for OER) by modulating 
their electronic configurations and oxidation states.[23,49,51,55] 
Molin et  al. showed, for FeNiCo trimetallic alloy, varying the 
alloying percentage affects the oxidation state, which affected 
their OER performance in return.[67] Iron alloying with Co 
showed enhancement of OER activity, comparable to those of 
Ni-Fe benchmark catalysts. Fine-tuning of Fe-Co alloying ratio 
showed that at ratios where Fe oxidation state increases (i.e., 
formation of Fe4+ over Fe3+), the catalytic activity of the Co 
center is significantly enhanced, as well as that of Fe.[51] A sim-
ilar observation has been shown for Ni center alloyed with Fe, 
when Fe oxidation state increases.[68] Moreover, several studies 
showed that Co4+ presence enhances the OER activity.[69,70] Co4+ 
possesses higher electronegativity compared to lower oxida-
tion states (i.e., Co3+ and Co2+), which facilitates the formation 
of -OOH reaction intermediate due to enhanced electrophilic 
interaction between Co4+ and surface-adsorbed oxygen species. 
In summary, increasing the oxidation state of Co, Ni, and/or Fe 
has been shown to improve their OER catalytic activity.

X-ray photoelectron spectroscopy (XPS) analysis of 2p3/2 
photoemissions of Co and Ni are shown in Figure 5a,b, respec-
tively. The top panels represent the photoemissions of FeN-
iCoCr, while the bottom panels represent data of FeNiCoMnV, 
to elucidate the difference of addition Cr versus Mn and V, and 
their influence on the electronic configuration of Co and Ni. 
Cr incorporation into FeNiCo showed a significant effect on 
the electronic configuration of Co by promoting the formation 
of higher oxidation states for Co (i.e., Co4+ and Co3+), which is 
shown by a significant shift of 2p3/2 peaks to higher binding 
energies by ≈1.5  eV. Meanwhile, Co 2p3/2 of FeNiCoMnV 
sample was located at lower binding energies. A similar obser-
vation is shown in Figure  5b for Ni 2p3/2 photoemissions. Ni 
2p3/2 of FeNiCoCr was shifted to higher binding energies, 
implying an increase in the Ni oxidation state. On the other 
hand, samples including Mn and V (i.e., FeNiCoMnV) had their 
XPS Ni 2p3/2 positioned at lower binding energies compared to 
those of FeNiCoCr counterparts. Figure 5c shows a direct com-
parison of different Co oxidation states in correlation to OER 
overpotential. XPS peak deconvolution was performed for all 
the samples to quantify the percentages of different Co oxida-
tion states (Co2+, Co3+, and Co4+) for each sample. FeNiCoMnV 
sample obtained an overpotential of 260 mV, while peak decon-
volution of Co 2p3/2 showed the presence of Co3+ and Co2+ with 
82% and 12%, respectively. FeNiCoCrMnV obtained a 247 mV 
overpotential, while showing the presence of all three oxi-
dation states of Co2+, Co3+, and Co4+, of 13%, 51%, and 36%, 
respectively. The top-performing FeNiCoCrV sample showed 
an overpotential of 220 mV, in correlation with the maximum 
percentage of Co4+ species. In addition to the aforementioned 
observation, according to Li et  al., increasing the oxidation 
state of Fe from Fe3+ to Fe4+ enhances the activity of Co active 
center.[51] XPS analysis showed an increase in Fe oxidation state 
for FeNiCoCr sample compared to that of FeNiCoMnV counter-
parts, as shown in Figure S17, Supporting Information.
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Fe-Co spinel compounds, reported in the literature, have 
shown a tendency toward the formation of oxyhydroxide 
phase during testing under OER conditions in aqueous alka-
line medium.[41,47] Cycling the samples under OER conditions 
results in increasing the oxidation state of Co species and 
surface reconstruction was observed, where more porosity 
evolved.[40,41,47] These observations aligned with our STEM 
imaging analysis, as shown in Figure 3. Therefore, XRD meas-
urement was performed to unravel the structural changes that 
occurred after testing HEO catalyst in OER. XRD analysis for 
samples post OER testing showed the emergence of several 
new peaks, which implies the formation of new phases. New 
peaks located at 11.5°, 13°, and 23° 2θ angles are attributed to 

oxyhydroxide phases.[43,44] Oxyhydroxide phases are reported in 
the literature to resemble the benchmark activity toward OER. 
Therefore, the dynamic reconstruction of our HEO to obtain 
oxyhydroxide phase under OER may be a keystone to boosting 
their catalytic activity.

XRD analysis for the post-OER samples showed several 
additional peaks emerging in the region between 30° and 
55° 2θ (inset in Figure 6a). Pristine carbon fiber support (i.e., 
without any metal deposition) was tested following the same 
OER protocol. XRD analysis was performed after OER testing 
on the pristine carbon fiber. No change in the carbon peaks 
spectrum was noticed, as shown in Figure S16, Supporting 
Information. Therefore, the emergence of the additional peaks 

Figure 5. a,b) XPS spectra of Co 2p3/2 (left) and Ni 2p3/2 (right) for FeNiCoCr and FeNiCoMnV, top and bottom, respectively. XPS spectra of FeNiCoCr 
shifted to higher BE compared to those of FeNiCoMnV. c) Bar chart showing the correlation between OER overpotential and quantified the percentage 
of Co oxidation state species for each sample set of FeNICoMnV, FeNiCoCrMnV, FeNiCoCr, and FeNiCoCrV. d) Cropped XRD spectra of FeNiCoCr 
before OER testing (i.e., pristine) and after OER ADT testing showing an emergence of new peaks belonging to the oxyhydroxide phase, highlighted 
with green circles.
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(30–55° 2θ) is believed to be due to the formation of crystalline 
carbide phases of HEO NPs, in addition to the oxyhydroxide 
phases. Transition metal carbides have shown interesting  
electrocatalytic activity and stability toward OER in alkaline solu-
tion.[71,72] In addition, transition metal carbides, when used as a 
support in a core@shell catalyst architecture, showed enhanced 
stability in addition to boosting the OER catalytic activity.[39] 
Furthermore, the electronic conductance of the catalyst system 
is a key factor. Boosting the electrical conductance of transition 
metal catalyst systems has been of great interest in literature, 
where introducing oxygen vacancies or dual heteroatom doping 
(e.g., forming oxy-nitride phase) were deemed to be prominent 
strategies.[1,10,49,73] In the same context, the significantly higher 
electronic conductivity of metal-carbide phases compared to 
metal oxide phases may be a key factor in boosting the OER 
activity of HEO NPs. The coexistence of the newly developed 
oxyhydroxide and carbide phases, in addition to the dominant 
spinel oxide phase suggests that the new phases are formed at 
the utmost layers of the surface of HEO NPs. The peak intensity 

ratio, deduced from XRD spectra, of the most dominant peak of 
spinel oxide/oxyhydroxide/carbide phases is 14/4.5/6, respec-
tively. Oxyhydroxide phases are activated with direct interaction 
between HEO and alkaline electrolyte medium under reaction 
conditions. Carbide phases are formed due to reconstruction 
of the carbon atoms at the interface between HEO nanoparti-
cles and carbon fiber support. Enhanced electronic conductivity 
of the carbide phases and the strong nature of metal carbide 
phases are two major factors to boost OER activity and stability, 
respectively. The existence of HEO-carbide bonds is believed to 
enhance the mechanical stability of the catalyst system against 
gas bubbles evolution during OER, where high capillary forces 
may pull off catalysts from GDL (erosion).[39]

Aside from the formation of strong carbide intimacy between 
HEO and carbon support, which mechanically stabilize the 
NPs, the chemistry of the nanoparticle plays a major role in 
influencing its stability. Layered nickel hydroxide structures 
showed higher stability and activity in an alkaline medium 
with proper substitution of Ni with other elements (i.e., Co 

Figure 6. a) XRD spectra of FeNiCoCr showing emergence of carbide phase (denoted by purple diamond), in addition to original spinel phase and 
newly developed oxyhydroxide phases, denoted by yellow triangle and pink circle, respectively. b) EDX mapping for FeNiCoCrMnV, obtained from TEM 
imaging of a single particle (top left panel) post-ADT for 100 h, with a scale bar of 100 nm. c,d) XPS spectra of O 1 s (right) and Co 2p3/2 (left) for  
FeNiCoCrV before and post ADT, bottom and top, respectively. After prolonged ADT testing, Co 2p3/2 showed a shift to lower BE, with the disappear-
ance of satellite peak. XPS of O 1 s showing an increase in signal obtained for highly oxygenated species (O2−/O−) and surface adsorbed -OH/O2, shown 
in blue and magenta, respectively, after ADT for 75 h. e) Cartoon showing the evolution of HEO structure as a function of time and its corresponding 
OER performance. Fe, Ni, and Co in spinel structure shown as hard spheres in blue, while turning brown in oxyhydroxide phase. Cr, Mn, and V are 
shown in green, orange, and fuchsia. Initially, HEO convert from oxide to oxyhydroxide active phase. In addition, sample porosity increases under OER 
processing, where sub-nanoparticles and single atom catalyst evolve. Dissolution of less stable elements (i.e., Mn, V, and Cr) lead to further increase in 
OER activity due to enlarged ECSA and more favorable deprotonation of reaction intermediates. Complete loss of alloying elements takes place along 
the course of accelerated durability testing, where OER activity diminishes due to losing the alloying synergistic and shrinking of ECSA.
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or Mn).[55] Ni substitution with Co and/or Mn decreased the 
deprotonation energy, which can help boost the OER activity. 
DFT calculation suggested that hydrogen favors the desorption 
at or near the substituted elements (i.e., Mn or Co) due to facile 
electron transfer.[55] As observed earlier in the presented data 
herein, as shown in Figures 3d,4a,b, OER activity was enhanced 
instead of degrading during ADT testing. Therefore, XPS, ICP, 
and STEM/EDX analyses are key to unraveling the surface 
composition changes during ADT and its correlation to OER 
performance.

Inductively coupled plasma mass spectrometry (ICP-MS) 
was used to discover the change in elemental composition after 
ADT for 90 h. ICP results showed significant loss of Cr com-
pared to Fe, Ni, or Co, as shown in Figure S5, Supporting Infor-
mation. Cr loading dropped by 43% after ADT testing for 90 h, 
following a similar protocol as shown in previous sections. In 
addition, Co and Ni loading were also reduced, however, with 
smaller ratios compared to Cr. This infers that Fe, Ni, and Co 
have higher stability compared to Cr, V, and Mn, which can 
easily leach out from HEO NPs (i.e., evolve faster from bulk to 
the surface). In this context, three factors may exist and be the 
reason for OER enhancement: i) with the leaching of Cr, Mn, 
and V during OER, more active sites became available at the 
surface (e.g., Fe, Ni, or Co), where more reaction intermediates 
can be bound. ii) the less stable elements (e.g., Mn, Cr, or V) 
evolve to the surface where their presence in the vicinity of the 
other catalytically active sites (Fe, Ni, or Co) may induce fur-
ther changes on the oxidation states of the later (i.e., increasing 
the oxidation states of the latter). iii) In addition, the presence 
of Mn, Cr, or V at the surface may reduce the deprotonation 
energy and act as a favorable site for hydrogen desorption.[55,74]

To validate these hypotheses, ex situ XPS analysis was  
performed for samples during ADT, which showed intensi-
fied Mn signal after operating for 1000 cycles, as shown in the 
Figure S18, Supporting Information. This provides an addi-
tional confirmation that during OER less stable alloying ele-
ments (i.e., Mn, and similarly Cr or V) evolve from the bulk 
toward the surface (i.e., dealloying). Mn presence at the surface 
vicinity with Co and Ni can stimulate easier deprotonation of 
OH− to occur.[55] EDX mapping obtained from TEM imaging 
of FeNiCoCrMnV after extended ADT testing, as shown in 
Figure 6b, provides further insights into the elemental stability 
and distribution uniformity. Co, Fe, and Ni signals remained 
intense across the particle morphology. However, Ni mapping 
showed a slight concentration away from Co (i.e., phase segre-
gation). Fe showed an even random distribution across the par-
ticle. This observation agrees with ICP-MS analysis, where Fe 
showed the least dissolution rate, followed by Ni and Co. Lower 
intensity signals were detected for V, Cr, and Mn, which implies 
lower stability for those elements with a higher tendency to 
dealloying during prolonged and under harsh ADT conditions.

Moreover, further extended ADT testing was performed, and 
Figure 6c shows XPS spectra of Co 2p3/2 for FeNiCoCr after pro-
longed ADT. Hence, Co 2p3/2 peak was significantly shifted to 
lower binding energies, with dominant Co2+/Co0 species. The 
later analyses suggest that during OER Cr, Mn, and V atoms 
evolve to the surface. Their evolution to the surface did not 
show an immediate negative effect on OER but instead further 
enhanced the performance of our HEOs catalysts’ activity. With 

prolonged testing and the total dissolution of those less-stable 
elements, the structure was reduced to FeNiCo with a lower oxi-
dation state and lower OER activity.

Figure  6d shows O 1  s XPS spectra for FeNiCoCr samples 
before and during ADT. O 1 s peak deconvolution showed the 
presence of 4 sub-peaks. Peaks located at 529.45, 531.2, 532.3, 
and 533.05 eV are ascribed to lattice oxygen, adsorbed highly oxi-
dative species (O2

2−/O−), surface adsorbed O2/-OH, and surface 
adsorbed H2O, respectively. Highly oxidative species (O2

2−/O−)  
have been reported to form in alkaline solutions and are highly 
active toward OER.[50,75] In addition, the presence of surface 
adsorbed O2/-OH can indicate qualitatively the availability 
of catalytic active sites for OER. The activity was in fact fur-
ther enhanced. Peak area analysis of the deconvoluted O 1  s 
spectra, in Figure  6a, showed an increase in the relative peak 
area ascribed to highly oxidative species (O2

2−/O−) from 51.5% 
to 62% after ADT started. The same observation was cited 
for peak area change of surface adsorbed O2/-OH to increase 
from 22.7% to 25% after ADT started. This observation aligns 
with the enhancement of OER performance during ADT, as 
observed in Figure 4.

In summary, based on data analysis, synthesized HEO cata-
lyst maintained a spinel oxide structure. Right under OER 
testing conditions, structure changes to maintain an oxy-
hydroxide phase, represented by a cartoon in Figure  6d, by 
changing the active elements color (i.e., Fe, Ni, and Co) from 
blue to brown. In addition, particles’ morphology changes 
from large nanoparticles, into mixed ultra-small nanoparticles 
(1–2  nm) and SACs, as shown in Figure  6d, transition from  
lavender to green shaded area. According to ICP and EDX 
 analysis, tendency to dissolution of Cr, Mn, and V are much 
larger than Fe, Ni, and Co. Thus, under ADT testing, less stable 
Cr, Mn, and V (shown in green, orange, and fuchsia) evolve more 
from the bulk into the surface, increasing the OER activity. OER 
activity is anticipated to reach a maximum value, after which 
activity starts to degrade until a complete dissolution of Mn, V, 
and Cr occurs, as shown by structural transition into the orange 
region. With further extended ADT testing, dissolution of Fe, Ni, 
and Co has a dominant effect, until reaching a complete catalyst 
deactivation that happens with degradation of ECSA, as shown 
in the fuchsia region of Figure  6d. Dynamic reconstruction of 
the catalyst structure under reaction conditions yielded the for-
mation of a very strong chemical bond between HEO and carbon 
fiber (i.e., metal-carbide). This further enhanced the HEO sta-
bility to surpass that of IrO2 catalyst by two orders of magnitude.

Alloying has been proven to be a vital strategy to enhance 
OER activity, while some elements have shown more positive 
effects (e.g., Cr and V) than others (e.g., Mn). Further explo-
ration of different alloying ratios (i.e., FexNiyCozCrdMn1−x−y−z−d) 
might be useful to develop a highly active catalyst with signifi-
cant longevity, where the onset of the complete dissolution of 
less stable elements is well extended beyond the desired life-
time of AEMEC OER catalyst.

4. Conclusion

The presented study provided significant insights into the role 
of different alloying elements. Results showed that Cr, Mn, and 

Adv. Energy Mater. 2022, 12, 2200742
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V additions boosted the OER activity, whereas Cr showed higher 
influence on the oxidation state of Fe, Ni, and Co active sites. 
Cr addition boosted OER activity by the promotion of higher 
oxidation states of active elements (Co, Ni, and Fe). In addition, 
Cr addition contributed to maximizing the amount of adsorbed 
highly oxidative species and surface oxygen species (O2/OH−). 
Tremendous stability was observed for non-noble metals HEO, 
where under higher current densities, no performance decay 
was noticed. Stability originated from strong chemical intimacy 
achieved by forming strong metal-carbide bonds between HEO 
nanoparticles and carbon from the substrate. Non-noble metal 
HEO showed two orders of magnitude higher stability com-
pared to state-of-the-art IrO2 catalyst, and smaller overpotential, 
as well. During ADT, samples showed a higher activity at the 
beginning due to morphological reconstruction into smaller par-
ticles and single atom catalysts, during evolution of less stable 
Mn and Cr from the bulk to the surface. After prolonged ADT 
testing and with total dissolution of Cr, OER catalytic activity was 
deteriorated due to subtle reduction in the oxidation states of 
active species. Therefore, further detailed investigations of dif-
ferent alloying ratios are encouraged to design an optimized cat-
alyst with higher activity, meeting the desired operation lifetime.
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Experimental Section:  

High Entropy Oxide (HEO) Synthesis:  
HEO nanoparticles were synthesized using Carbothermal Shock method. Initially, commercially 

available carbon fiber paper with 5% wet proofing (Toray 060) was purchased from Fuel Cell Store. 

Carbon fiber paper, which is used as a typical GDL in AEMEC devices, was the platform on which 

nanoparticles were synthesized. Metal salts of the different precursors were dissolved in Ethanol 200 

proof to maintain 50 mM concentration of each solution. The precursors solutions were drop casted 

using micro-pipette on carbon paper, while maintaining 100 µl of total volume of the added precursors 

per 1 cm2 geometric area of the carbon paper. The volume taken from each precursor = (100/n; n = 

number of distinct elements per alloy). The drop casted solution was left to dry out under room 

temperature overnight, to ensure full evaporation of ethanol trapped within carbon fibers channels.  

 Carbon fibers coated with dried precursors were thermally treated by the passage of electrical 

current, which caused their temperature to increase significantly to allow for HEO synthesis.[1] CTS was 

performed in a reducing atmosphere with 4% H2 and 96% Ar gas mixture. Current was varied between 

15 – 20 A, while the pulse duration changed from 200 to 500 ms. Number of pulses was either 3 or 6 

pulses. The optimal CTS synthesis condition was found at 17 A, 500 ms and 3 pulses. 

mailto:liju@mit.edu


 

Figure S1: illustrative progressing of sample temperature during electrical current passage 

 

Materials Characterization:  
We performed elemental analysis using Inductive Coupled Plasma (ICP) for our synthesized HEOs 

catalysts to clarify this issue. The ICP data are shown in table-1 below and Figure S2-S3, as 

percentages of each element within each sample. Tested samples showed uniform presence of 

all the different alloying elements, with a minimal deviation from the anticipated mean, which 

could be an unintentional human error during the sample preparation.  

 
Table 1: ICP data of synthesized HEO catalysts 

HEO Fe Ni Co Cr V 

FeNiCo 33.17 36.05 30.77   

FeNiCoCrV 22.98 15.89 22.99 18.95 19.17 

 

 



 
Figure S2: Bar chart of atomic ratio obtained from ICP analysis for FeNiCo HEO catalyst 

 

 
FigureS3: Bar chart of atomic ratio obtained from ICP analysis for FeNiCoCrV HEO catalyst  

 



Electrochemical testing:  
Samples testing was performed in a 3-electrode setup measurement. Electrolyte was purged 

with nitrogen for at least 45 min prior to testing to remove any oxygen species from the solution. 

Hg/HgO reference electrode was used, while encapsulated in a plastic container to provide the 

necessary protection during testing. Analysis started with samples activation by performing cyclic 

voltammetry for 5 cycles. OER activity was probed by performing LSV sweeps at 5 mV/s scan rate.  

The exposed geometric surface area of the working electrode is 0.2 cm2. The mass loading of our 

HEO catalyst is 70 µg/cm2, as obtained from ICP analysis. The ink of IrO2 benchmark catalyst was 

prepared by dispersing 5000 µg of IrO2 in 1000 µl ethanol solution. 10 µl of ink was drop casted on 0.2 

cm2 geometric area. This gives a mass loading of 250 µg/cm2. The mass loading of benchmark IrO2 state-

of-the-art catalyst is 357 % relative to the total mass loading of non-noble metals in our HEO catalysts. In 

addition, IrO2 catalyst was mixed with an ionomer to enhance its stability and mass transport, while our 

HEO catalyst was tested without any ionomer addition. Yet, our developed HEO catalyst should two 

orders of magnitude higher stability than IrO2 catalyst.   

HEO stability was investigated by performing chronopotentiometry (CP) technique, where a 

constant current is applied, while observing the potential vs time. Each sample was tested at three 

different currents (10, 50 and 200 mA/cm2), successively from lower to higher currents. CP at any given 

current was applied for 5 hours intervals (e.g., samples tested CP50 for 30 hours, divided as 6 intervals, 

each is 5 hours), while holding the sample at OCV for 30 min between each interval of CP. LSV was 

performed after the completion of each CP step to track the overall performance change.  

ADT analysis for FeNiCoCr HEO catalyst was carried out under the same protocol as shown in 

Figure S4. FeNiCoCr catalyst was tested for 90 hours under constant current mode (i.e., 

chronopotentiometry) at different densities of 10, 50 and 200 mA/cm2, 30 hours each. For each current 

density, sample was tested for 5 hours at constant current before applying OCP for 45 min to release the 

enormous accumulation of gas bubbles from the electrode surface. FeNiCoCr sample tested at CP10 

showed stable performance with a slight increase in potential after 30 hours testing, with a total of 7 mV 

(i.e., 0.23 mV/hr). Increasing the current density to 50 and 200, resulted in increasing the potential by 28 

and 26 mV, respectively, after testing for 25 and 20 hours testing for each step. The rate of potential 

increase for CP50 and CP200 was 1.12 and 1.3 mV/hr. The stability of FeNiCoCrV at CP200 was significantly 

better with an average increase in potential by 0.228 mV/hr, which is 400% lower rise in potential 

compared to FeNiCoCr. In addition, the overpotential at 200 mA/cm2 current density for FeNiCoCr 

sample was higher during ADT, compared to initial testing. FeNiCoCr and FeNiCoCrV samples recorded a 

potential of 1.87 and 1.65 V vs RHE, respectively. This observation suggests that the performance 

degradation of quaternary FeNiCoCr is faster than quinary FeNiCoCrV HEO catalyst. ICP analysis 

performed for FeNiCoCr sample after testing showed a significant loss of Cr by 43%. This is believed to be 

the core of activity degradation where the elemental composition will be different and therefore the 

oxidation state of the active species (e.g., Co) will be reduced due to Cr loss, where the sample will tend 

to behave more closely to FeNiCo.  



 

Figure S4: Chronopotentiometry (CP) analysis of FeNiCoCr sample. The sample was tested at constant 
current densities of 10, 50 and 200 mA/cm

2
, shown in green, orange, and purple, respectively 

 

 

Figure S5: Elemental analysis before and after ADT by ICP 

 



Table 2: Benchmarking of different HEA catalyst in literature  

Catalyst  Over potential at 

10 mA/cm2 (mV) 

Tafel slope 

(mV/dec) 

Stability (hr) Ref 

FeNiCo 400 72 10 hr @ 10mA/cm2  *10+ 

CoFeGaNiZn 370 63  *11+ 

FeNiCoCe 357 70 2hr @ 10 mA/ cm2 *12+ 

AlNiCoFeMo 260 47 50 hr @10 mA/ cm2 *13+ 

FeNiCoCr 221 39 20 hr @ 10 mA/ cm2 *14+ 

FeNiCoCrV 220 48 >50 hr @200mA/ cm2 This 

work 

 

Supporting Data:  

Tafel Slope Analysis  

 

Figure S6: Tafel slope analysis of FeNiCoV catalyst  



 

Figure S7: Tafel slope analysis of IrO2  



 

Figure S8: Tafel slope analysis of FeNiCoCrMn catalyst 



 

Figure S9: Tafel slope analysis of FeNiCoCr catalyst 



 

Figure S10: Tafel slope analysis of FeNiCo catalyst 



 

Figure S11: Tafel slope analysis of FeNiCoCrMnV catalyst 

 



 

Figure S12: Chronopotentiometry of FeNiCoCrV at 10 mA/cm
2
 

 



 

Figure S13: Chronopotentiometry of FeNiCoCrV at 50 mA/cm
2
 



 

Figure S14: Chronopotentiometry of FeNiCoCrV at 200 mA/cm
2 

 



 

Figure S15: Non-stop continuous chronopotentiometry of FeNiCo at 200 mA/cm
2 

for 45 hours 

 

 



 

FigureS16: XRD spectra of bare carbon support before and after OER testing 

 

 

 

 



 

Figure S17: XPS Fe 2p spectra deconvolution for FeNiCoCr and FeNiCoMnV samples. Photoemissions of FeNiCoCr 
showed significant shift to higher binding energies compared to FeNiCoMnV, with an evolution of Fe

4+
 species  

 

  

 



 

Figure S18: XPS spectra of Mn 2p3/2 photoemissions of FeNiCoCrMnV before, during and post 
electrochemical ADT  

 

 

 

 



 

Figure S19: XPS spectra of C 1s photoemissions of FeNiCoCrV before, during and post electrochemical 
ADT showing emergence of significant oxidizing species at higher binding energies, with reaction 

progression. 

 


