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High-entropy alloys (HEAs) have emerged as a promising platform for designing efficient electrocata-
lysts; however, the relationship between their structure and activity has not yet been clearly established.
In particular, the influences of crystalline defects, such as grain boundaries (GBs), on activity and stabil-
ity remain unclear. This study demonstrates the impacts of GBs on the oxygen evolution reaction (OER)
activity in the FeCoCrNi HEA. We observe a logarithmic dependence of OER performance on mean
grain size, spanning 3 orders of magnitude, as measured by evaluators like overpotential and Tafel slope.
Spatially resolved microscopic imaging of activated samples indicates that the GBs undergo substantial
reconstructions and they are enriched with the in sifu formed metal oxides (M-O, M = Fe, Co, Ni) and
the amorphous regions. By comparing with simple metals, we reveal a “high-entropy effect,” i.e., HEAs
exhibit greater tolerance towards the grain refinements, which explains their activity both in bulk samples
and nanoparticles. These findings offer physics-informed strategies for developing HEA electrocatalysis.
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I. INTRODUCTION

Electrochemical energy conversion is essential for
achieving clean energy storage, and the oxygen evolution
reaction (OER) is usually a critical rate-determining pro-
cess in a variety of energy technologies, including water
splitting, metal-air batteries, and carbon dioxide reduction
[1-4]. The slow kinetics of OER pose a significant bottle-
neck for these applications, highlighting the urgent need
for low-cost and high-efficient catalyst electrodes [5-9].

Recently, high-entropy materials, especially high-
entropy alloys (HEAs), have garnered significant attention
as a promising platform for new catalyst design [10—
20]. HEAs are composition complex alloys, comprising
at least four components in equal or nearly equal atomic
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ratios [21,22]. The random distribution of atoms in HEAs
provides a large number of binding sites for intermedi-
ates for catalytic reaction, leading to a nearly continuous
adsorption energy distribution [23].

Although there has been increasing interest in HEAs
as electrocatalysts for the OER, the mechanism that
makes them exceptional remains unclear, and the structure-
activity relationship is yet to be fully established. Certain
studies suggest that HEAs may act as precursor materials
for the OER, as surface restructuring and even amorphiza-
tion have been observed in activated samples [12,24,25].
As a result, it is crucial to investigate the reconstruction
process [26—29].

In this regard, intrinsic defects such as grain bound-
aries (GBs), vacancies, and dislocations are of consid-
erable relevance. These topics have been demonstrated
for mechanical properties [30], but are less studied for
electrocatalysis in HEAs. They could contribute in at
least three ways. Firstly, defects may provide localization
for the initialization of surface reconstruction. Secondly,
defects themselves may act as effective activation sites for
OER due to their structure and composition perturbations.
Thirdly, defects could impact the transport processes of
reactions, modifying the pathway and speed of reactant

Published by the American Physical Society


https://orcid.org/0000-0001-5124-5030
https://orcid.org/0009-0001-8846-3311
https://orcid.org/0000-0003-2312-0921
https://orcid.org/0000-0002-5485-5931
https://orcid.org/0000-0003-4650-5226
https://orcid.org/0000-0003-0645-0187
https://orcid.org/0000-0001-5762-279X
https://crossmark.crossref.org/dialog/?doi=10.1103/PRXEnergy.2.033011&domain=pdf&date_stamp=2023-08-22
http://dx.doi.org/10.1103/PRXEnergy.2.033011
https://creativecommons.org/licenses/by/4.0/

ZHANG et al.

PRX ENERGY 2, 033011 (2023)

transportation. As a result, they have the potential to
regulate the overall kinetics of electrocatalytic reactions.

Scrutinizing the role of defects in the OER can offer
insight into the origin of restructuring and the structure-
activity relationship in HEAs, providing an additional
degree of freedom for the development of HEA-based
catalysts.

Grain boundaries are the most common structure in
polycrystalline materials; they create strained regions with
atomic packing that differs from the grain interiors [31,32].
They have higher energy and entropy than other defects
such as twinning and dislocations. In some previous work,
the role of GBs on electrocatalysis has been demonstrated
in CO; reduction reactions in a pure metal like Cu and Au
[33-35].

However, separating the role of GBs from other fac-
tors in HEAs is particularly challenging compared to pure
metals and simple alloys, because most of the as-prepared
HEAs are in a thermodynamically metastable state and
exhibit subtle chemical short-range orders that are sensi-
tive to sample history. Different preparation methods can
result in variations in chemical short-range order and other
types of defects, such as vacancies and dislocations, or
even induce chemical inhomogeneity [36,37]. As a result,
devising a consistent method for varying grain sizes in
HEAs is crucial.

To address these challenges, we employed a cold
rolling-recrystallization technique to systematically adjust
the grain sizes of a typical FeCoCrNi HEA while main-
taining other factors nearly constant. By doing so, we
obtained samples with varying grain sizes and observed
that the OER activity followed a logarithmic dependence
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FIG. 1.

on the mean grain size in both the HEAs and simple
alloys. Notably, HEAs displayed a weaker dependence
on GB density than simple alloys, which explains their
exceptional performance even in bulk materials.

We also demonstrate that GBs play a crucial role in the
reconstruction process during the OER, which is the pri-
mary source of the active phase. Our analysis of the OER
process using a molecule probe and in situ Raman spec-
troscopy showed that high GB density samples have more
OER-active intermediates covering their surfaces.

II. RESULTS

A. Characterization of grain boundaries

As depicted in Fig. 1(a), we obtain bulk samples with
varying grain sizes through cold rolling and subsequent
recrystallization anneals [38,39]. This process transforms
the columnar grains of the as-cast HEAs into equiaxed
grains, resulting in chemical composition homogeneity.
Prior to cold rolling, a homogenization annealing at 1473
K for 12 h was performed. The cold rolling leads to
a thickness reduction of 85%. Subsequently, by vary-
ing the recrystallization conditions (temperature and time,
Table I), we can produce average grain sizes ranging from
0.8 to 300 wm, spanning nearly 3 orders of magnitude.

Control samples (FeCoNi, FeNi, and Ni) with differently
sized grains were also prepared using the same method
(see Figs. S2—S4 within the Supplemental Material [40]
for structural information of the samples). These control
samples were used to compare with the HEAs, because
they all have common elements with the HEA and sim-
ilar face-center-cubic (fcc) structures. Table I lists the

Annealing

Equiaxed grain
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Grain refinement process. (a) Scheme of thermomechanical processing. (b) Electron backscatter diffraction microstructures

of the FeCoCrNi HEAs after different recrystallization anneals, resulting in equiaxed grains with various mean grain sizes.
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TABLE 1. List of sample recrystallization conditions
(annealing temperature 7,4 and time #4), mean grain size (d),
and OER evaluators (overpotential  at 10 mA/cm? and
corresponding Tafel slope).

T4 ty d n Tafel slope
Sample (K) (min) (um) (mV) (mV dec™!)
FeCoCrNi 973 10 0.8 259 36.7
973 30 1.2 263 38.6
1073 10 2 270 41.1
1073 30 3 276 42.1
1073 1500 7 286 443
1123 1500 13 294 46.2
1223 1500 30 308 50.3
1323 6000 80 325 53.6
1473 2880 180 335 58.6
1523 2880 300 359 65.6
FeCoNi 973 10 5 295 423
1073 30 10 306 46.1
1123 1500 15 318 49.6
1173 1500 25 328 514
1223 1500 30 333 52
1473 2880 255 363 66.4
FeNi 973 10 5 310 42.4
1073 10 13 324 46.3
1073 30 17 336 51.1
1123 1500 20 340 51.7
1223 1500 50 354 55.9
1473 2880 260 380 66.8
Ni 973 10 35 372 57.9
1073 30 45 378 59.1
1123 1500 57 380 61.8
1073 1500 73 385 62.4
1223 1500 93 391 65.6
1473 2880 180 404 68.6

?Annealing without cold rolling.

recrystallization conditions and resulting sample proper-
ties. We note that adding Cr, Fe, and Co to Ni metal
can lead to changes in the stacking fault energy, affect-
ing the recrystallization process. Therefore, under the same
annealing conditions, the grain size formed by each system
is different, and the HEAs reach the smallest grain size.
The microstructure and GB characteristics of the
FeCoCrNi HEA are indexed by electron backscatter
diffraction. As a typical example, Fig. 1(b) shows the
inverse pole figures (IPFs) of the FeCoCrNi HEA with dif-
ferent average grain sizes. They all show equiaxed grains
containing profuse X3 annealing twins because of the low
stacking fault energy. The IPFs also show that the texture
is almost random, with only a fragile residual texture. The
slight texture obtained after cold deformation and recrys-
tallization are typical in fcc metals and alloys, which also
occurs in previous work [41,42]. Moreover, the densities of
annealing twins and twin boundaries are quite similar in all
samples (Fig. S1 within the Supplemental Material [40]).

This indicates that the GB characteristics (including large-
and low-angle GBs, twin boundaries) of each annealed
sample do not differ significantly and only the grain size
varies. Additional characterizations by x-ray diffraction
and transmission electron microscopy (TEM) show that
the samples are composed of a single fcc phase and with
homogeneous chemical composition distribution at GBs
(Figs. S5-S7 within the Supplemental Material [40]).

In short, the FeCoCrNi HEAs investigated here are
single-phase fcc solid solutions having equiaxed nearly
random grains and similar types of GBs. Their average
grain size can be tuned by thermal-mechanical process-
ing. These samples offer us the opportunity to study the
relationship between grain size and OER performance.

B. Relation between grain size and OER performance

The OER activity of FeCoCrNi HEAs and the control
samples (FeCoNi, FeNi, and Ni) with different grain sizes
were evaluated in a 1-mole/L KOH electrolyte using a
standard three-electrode system. Details about the electro-
catalysis measurements are presented in the Supplemental
Material, which contains the linear sweep voltammetry
(LSV) and cyclic voltammetry curves, Nyquist plots, and
the estimated double-layer capacitance for each sample
(see Figs. S8—S14 within the Supplemental Material [40]).
Moreover, the normalized electrocatalytic performance of
electrochemical active surface area of different grain sizes
also revealed that fine-grained samples presented better
catalytic activity than the other contents [43,44] (Figs.
S15-S17 within the Supplemental Material [40]). Here we
focus on the main results in Fig. 2.

We find that both the overpotential and Tafel slope
exhibit a clear dependence on grain size for all the sam-
ples. For example, the overpotential required to reach a
current density of 10 mA/cm? varies from 259 mV for
d = 0.8 wm to 359 mV for d = 300 pm for the FeCoCrNi
HEA. This indicates higher reactivity for samples with fine
grain sizes. This is consistent with a previous report that
also showed that HEA with fine grain size has better OER
performance [45]. All the control samples show the same
general feature.

Meanwhile, at the same grain size, the overpotential
is notably smaller for the HEA than for control samples.
This indicates that HEAs are more intrinsically active.
Interestingly, both overpotential () and Tafel slopes (s)
show a logarithmic dependence on the grain size (d in
micrometers):

n =4, + B, x log,,(d), (D)

s = As + B x logo(d), 2)

with 4 and B fitting parameters. Physically, slope B char-
acterizes how OER properties are dependent on the grain
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FIG. 2. Relationship between electrocatalytic OER performance and grain size. Plots of overpotential (a) and Tafel slope (b) versus
log(d). The dn/dlog,,(d) (d) and ds/dlog,,(d) (e) values of Ni, FeNi, FeCoNi, and FeCoCrNi systems.

size variation. For example, if B is a large positive value,
the n would decrease substantially with grain refinements.
On the other hand, if B = 0, n would be insensitive to the
GBs.

The slope values of B, and B for different systems are
compared in Figs. 2(c) and 2(d), respectively. We find
that B is decreasing from low- to high-entropy materi-
als. The FeCoCrNi HEA has considerably smaller B than
other control samples. This reveals a high-entropy effect
and implies that the HEAs are more tolerant to the grain
size of the samples. Actually, some recent experiments
have shown that the bulk HEA exhibits good activity [12].
This would facilitate material design and industry-scale
applications.

C. Reconstructions around grain boundaries after
OER

We characterized the surface of samples after OER and
found direct indications of higher OER activity at GBs. As
a typical example, Fig. 3(a) shows the SEM images of an

HEA sample with d = 30 wm, which reveals a dense dis-
tribution of oxides along GBs. In contrast, only a small
amount of oxides are present in the grain interiors. Thus,
the real catalytic function in OER might be at the recon-
structed structure of the surface, and they are enriched
on the GBs (Fig. S18 within the Supplemental Material
[40]). This represents a piece of structural evidence for
the correlation between the GB and activity, as presented
above.

Figure 3(c) show the TEM image of the fine struc-
ture of the HEA sample after electrochemical activation.
Specifically, the TEM specimen was first prepared (and
observed by TEM), and then tested in the 1-mole/L KOH
with 1.5 V for 5 s and reexamined by TEM. Figure
3(c) shows that there are obvious crazelike structures of
the electrochemically corroded GBs. The insets of Fig.
3(c) show the two diffraction patterns at the right and
left sides of the corroded GB. They show that the two
parts have different lattice orientations. Thus, the corroded
GBs are confirmed to be at the interface of two different
grains.
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FIG. 3.

Microstructures of the activated HEA sample. (a) SEM image: the M-O phases enriched at GBs are marked with yellow

dashed lines. The twins or twin boundaries are marked with white dashed lines. (b) Elemental maps of O, Cr, Fe, Co and Ni in the
region containing oxide particles. (c) HRTEM image at the grain boundary with FFT patterns of the left and right grains inserted. (d)
Enlarged view of the red box in (c). The M-O phases enriched at GBs are marked with yellow circles.

Moreover, the HRTEM image of Fig. 3(d) indicates
that the structure at GBs after electrochemical activa-
tion is disordered and tends to be amorphous. It is thus
a composite of amorphous regions and the HEA crys-
talline matrix covering the polycrystalline M-O phase.
This order-disorder structure has been reported in pre-
vious studies, which suggests that it combines high
OER activity and good electrical conductivity for elec-
tron transportation [46]. Meanwhile, some previous works
have illustrated that amorphous alloys or metallic glasses
have better activity than their crystalline counterparts
[47,48].

Technically, we were caution to verify that the corroded
GB and the amorphous regions were not caused by the
preparation process of the TEM sample. The TEM samples
were prepared by the twin-jet electron chemical thinning
technique at a low temperature of 253 K. Furthermore,

HRTEM observations at the grain boundaries revealed
that the integrity of the GBs was maintained and unaf-
fected by the preparation technique for the samples that
were not electrochemically activated (Fig. S7b within the
Supplemental Material [40]).

The elemental maps in Fig. 3(b) show that the signals
of Fe, Co, Ni, and O remain strong on the oxidized sur-
face, while Cr is severely depleted. The oxide particles are
due to aggregations and they are essentially a multimetal
oxide M-O (M = Fe, Co, Ni). In addition, the inductively
coupled plasma optical emission spectrometer (ICP-OES)
results show the presence of more Cr and Fe ions in the
electrolyte solution after OER, while the contents of Co
and Ni are low (Fig. S19 within the Supplemental Material
[40]). These results indicate that the surface metal elements
at the GBs are leached in the reconstruction process, espe-
cially Cr. Leaching of Cr and Fe will further intensify the
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surface reconstruction of the catalyst, which can promote
effective bulk charge transfer and improve conductivity
during the OER process.

Overall, these findings indicate that the GBs are easier
to reconstruct during the OER activation than the interior
grains.

D. Surface states of the HEA after activation

We used XPS to analyze the electronic structure of
activated HEA samples (after the OER activation) with
different grain sizes and obtained the valence state infor-
mation of each element at the reacted surfaces. XPS survey
spectra show that Fe, Co, and Ni are present on the sur-
faces of all the samples (Fig. S20a within the Supplemental
Material [40]).

Figure 4(a) presents the high-resolution XPS spectrum
of Fe 2p, which includes two spin orbitals. Taking the HEA
sample with d = 0.8 wm as a typical example, the analysis
suggests that the peaks at binding energies of 711.2, 716.3,
and 726.3 eV can be assigned to Fet 2p3)2, a satellite
peak, and Fe*™ 2p 5, respectively.

Notably, compared with other samples of larger grain
size, the Fe3+2p1 ,2 of the HEA with smaller grain size
shows a higher oxidation state. This suggests that samples
with smaller d have a strong binding tendency with oxygen
[49].

Regarding the fitting of the XPS spectrum of Ni 2p [Fig.
4(b)], the peaks observed at 856.2, 856.6, and 882 eV can
be assigned to Ni?", Ni**, and a satellite peak, respec-
tively [50,51]. The position of the Ni*T2p; /2 peak of the
d = 0.8 wm sample is shifted about 0.38 eV towards a
higher binding energy compared with the sample with the
largest grain size. Thus, Ni and Fe show a similar trend.

We attribute these above features to the greater density
of GBs in the samples with smaller d, which amplifies the
contribution of Fe and Ni electronic states at GBs.

For Co 2p, as shown in Fig. 4(c), XPS results did not
reveal a discernible difference in the binding energy of
Co>* for samples with various grain sizes, indicating a

similar Co oxidation state across these samples. The higher
valence metals (Fe’*, Ni**, Co®") can increase the adsorp-
tion capacity of OH and thus accelerate the OER [52,53].
Moreover, Cr 2p was detected with a low signal, indi-
cating that Cr was much leached as a sacrificial element
during the surface reconstruction (Fig. S20b within the
Supplemental Material [40]). In addition, comparing the
XPS results of Ni, Fe, and Co reveals that the effect of Cr
on the electronic configuration of other elements is weak,
which is closely related to the mass leaching of Cr (Fig.
S21 within the Supplemental Material [40]). The analysis
of O 1s shows that the binding of metal elements and O
is mainly present on the sample surface as M-OH species
(Fig. S20c within the Supplemental Material [40]).

E. Detecting intermediates

The dependence of the OER activity of FeCoCrNi on
the grain size is mainly reflected in the GB density. There-
fore, we expect that the change in GB density will directly
cause the difference in reaction intermediates in the OER
process. Previous reports [54] have shown that alcohol
molecules behaving as nucleophilic reagents readily react
with the electrophilic OH* adsorbed on the surface of OER
electrodes. In this way, the anodic oxidation in a mixed
electrolyte of methanol and KOH exhibits a competition
between the methanol oxidation reaction (MOR) and OER
for OH*. This is advantageous for the detection of OH*,
the first intermediate in the OER process.

We performed methanol oxidation tests using the dif-
ference in reaction kinetics between alcohol molecular
oxidation and OER. As shown in Figs. 5(a) and 5(d), the
increase in MOR current density with increasing voltage
is more sensitive for HEA d = 0.8 pm than ones with
larger d, indicating that more OH* is adsorbed on the sur-
face of a fine-grained sample. The differences in catalyst
surfaces mainly arise from the different GB densities and
their reconstructions. Thus, they enrich the adsorption of
intermediates in the OER process.

(@) (b) (c)
2py 2py,  Ni2p
0.8 ym 0.38 eV~
o[ @ | sat, =
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FIG. 4. XPS spectra for HEA samples with d = 0.8, 3, 30, and 300 pm: (a) Fe 2p, (b) Ni 2p, and (c) Co 2p.
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KOH with and without methanol. /n situ Raman spectroscopy measurements of d = 0.8 pm (b),(c) and d = 300 pwm (e),(f) at different

reaction voltages.

We conducted in situ Raman spectroscopy to detect
OER-intermediate species on the surface of two typical
samples with different d. As shown in Figs. 5(b) and
5(c), the Raman spectra of the HEA d = 0.8-pm sample
at open circuit potential and low voltage [< 1.3 V ver-
sus reversible hydrogen electrode (RHE)] show a weak
band. The Raman peak at 589 cm™! can be assigned to the
stretching vibration of M-O in M-OH, where M might be
Co or Ni. With increasing voltage (> 1.3 V versus RHE),
the Raman spectra show two well-defined peaks at 472
and 552 cm™!, which can be assigned to the bending and
stretching modes of M-O in M-OOH, respectively. Thus,
the formation of -OOH is a key intermediate, indicating
the transformation from M-OH to M-OOH and the source
of high activity [50].

We note that, although the Raman results show a pref-
erence for the formation of NiOOH, the Raman signals
of the Co—O bond in CoOOH and the Ni—O bond in
NiOOH may override each other; therefore, the exact role
of each element in the OER process cannot be uniquely
determined [55]. Nevertheless, the results clearly support
the claim that oxidation of M-OH on the FeCoCrNi surface
is accomplished through a hydroxide-mediated deproto-
nation process, which is consistent with previous reports
[56,57].

As compared to the fine-grained samples, the peaks of
M-O (both in M-OH and M-OOH) in the Raman spectra
of the HEA d = 300-pm samples exhibit lower intensities,
as shown in Figs. 5(e) and 5(f). We note that this variation

is over the entire applied voltage range, which implies that
the reconstructed surface with small grain size has more
reaction intermediate involved in the OER process, and
thus has higher activity.

Also of particular interest is the effect of grain size on
the Raman peak of the superoxide species at 1069 cm™!,
which is another kind of active intermediate ©«-OO of the
OER process identified in previous reports [58,59]. On the
other hand, the £-OO can hardly be detected in the sample
with d = 300 pm.

Thus, in situ Raman spectroscopy demonstrates that
HEAs with abundant GBs have a higher degree of cov-
erage by intermediates in the OER process. This is in
agreement with the results of alcohol molecules probing
OER intermediates. Both findings indicate that the recon-
structed GBs bear the main source of activity, and samples
with a high density of reconstructed GBs carry more active
species.

I11. DISCUSSION

Based on the above experimental findings, a preliminary
understanding of the GB and activity might be surmised.
The GBs are precursor regions where the reconstruction
initiates and progressively expands towards the grain inte-
riors. These regions contain the real active species for the
OER.

We suggest a simplified thermodynamic consideration
to interpret why the activity is dependent on the mean
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grain size in a logarithmic manner. We consider the num-
ber of “effective active sites” N to be stochastic along
with the reconstructed GB regions, and the number den-
sity along the length (/) of the GBs, dN/dI, is propor-
tional to the chemical potential difference du ox —20/1,
where o is the surface energy per area, and one might
write dN /dl o< . o« —ao /1. This assumes that a shorter /
is higher in the density of effective active sites. One can
obtain N o —log(/), which is consistent with the experi-
mentally determined Eq. (1). This suggests that §u is an
important factor in promoting the activity. Furthermore,
since 6y is related to the Gibbs free energy that com-
prises the entropy item (—T75), the HEA with larger mixing
entropy ASpix would be more pronounced in lowering this
value. This further explains why the B values in Egs. (1)
and (2) are smaller in HEAs compared to simple metals.
Fundamentally, the reason behind this lies in the increased
number of configurations that grain boundaries can offer.

In addition, our results also indicate that twins and twin
boundaries are not predominant factors in OER in HEAs.
As seen in Fig. 3(a), the twin boundaries did not experi-
ence as much oxidation and restructuring as the GBs. This
might be explained by the fact that the twin boundaries are
predominately coherent and not as defective as GBs. Typi-
cally, they have low interfacial energy, approximately 1/10
of the GBs [60].

Our results have direct implications for the design of
materials used in OER. For instance, currently, most of
the studied electrocatalysts are nanomaterials with small
grain sizes, resulting in numerous structural defects and
a large electrochemical active surface area. On the other
hand, bulk materials generally exhibit better stability and
can serve as integrated electrodes; however, they sacrifice
surface area. Given that grain boundaries are recognized
as crucial regions for OER and reconstructions, there is
an inclination to develop bulk high-entropy alloys with
nanosize grains or employ surface nanostructuring [61].
It would be possible to combine the advantages of both
approaches into a single material.

IV. CONCLUSION

We have shown that increasing the GB density can
enhance the OER activity in a family of metals, including
HEA FeCoCrNi, FeCoNi, FeNi, and Ni. Grain bound-
aries are the main source of catalytic activity. In particu-
lar, we have established a linear relationship between the
OER performance and the logarithm of the grain size and
observed that the reconstructed GBs in the FeCoCrNi HEA
are a crystalline-amorphous structure loaded with more
metal oxides. According to the results of MOR and in situ
Raman spectroscopy, the active species for OER include
M-OOH and ©-OO, and the fine-grained HEA surface
adsorbs more active intermediates during OER. Compared
with simple alloys, OER activity on HEAs shows relatively

milder dependence on GBs. Our findings also suggest that
defect engineering through grain refinement can be applied
to other alloy systems to improve their electrocatalytic
OER performance.
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