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Introduction

Engineering the oxygen vacancies of rocksalt-type
high-entropy oxides for enhanced
electrocatalysist

Yaohang Gu,? Ateer Bao,? Xuanyu Wang,? Yizhen Chen,” Liang Dong,““ Xin Liu,?¢
Haijun Pan,*< Ying Li® and Xiwei Qi [ioRdl

High-entropy oxides (HEOs), a class of compounds that include five or more elemental species, have
gained increasing attraction for their capability of optimizing the target properties. To date, even though
some high-entropy oxides have been successfully prepared, their applications still need to be explored. In
the present study, a lithium-manipulation strategy for constructing transition metal oxides (LTM) via a
modified solid-state method was investigated. The as-synthesized LTM contained six highly dispersed
metal species (Li, Fe, Co, Ni, Cu, Zn) and demonstrated a rocksalt-type structure. Besides, with the intro-
duction of Li, more oxygen vacancies were produced which was also accompanied by shrinking of the
lattice constant. When the molar ratio of Li was equal to the other TM cations (LTM16.7), the electrical
conductivity was greatly enhanced by a factor of 10 times. Moreover, LTM16.7 achieved the best HER (7 =
207 mV at 10 mA cm™2) and OER performances (7 = 347 mV at 10 mA cm™2) with elevated electrical con-
ductivity. To facilitate further design of this new kind of materials, we also conducted DFT calculations
and elemental alternation experiments, which showed that Fe acted as electrocatalytic sites in this HEOs
system. This Li-incorporation strategy opens a new way to understand and modify defect-related HEOs.

solubility of a great number of species.” This indicates that the
target properties of HEOs can be tuned by the multiple selec-

High-entropy oxides (HEOs), derived from the concept of high-
entropy alloys (HEAs), belong to a new class of solid solutions
that have aroused enormous attention due to their unique
physical properties.”” Over the past few years, the concept of
high entropy (HE) has been extended to energy storage,® >
superionic conductivity'®'* and catalysis."””™"” With five or
more equimolar components in the one single-phase, HEOs
can create a large configurational entropy, which results in a
minimal Gibbs free energy (G = H TS) and improvement of the

“School of Materials Science and Engineering, Northeastern University, Shenyang
110189, China

bHefei National Laboratory for Physical Sciences at the Microscale, University of
Science and Technology of China, Hefei, Anhui 230026, China

“School of Resources and Materials, Northeastern University at Qinhuangdao,
Qinhuangdao 066004, China. E-mail: panhaijjun@neuq.edu.cn

“@Key Laboratory of Dielectric and Electrolyte Functional Material Hebei Province,
Northeastern University at Qinhuangdao, Qinhuangdao 066004, China

School of Science, Inner Mongolia University of Science and Technology, Baotou
014010, China

JCollege of Metallurgy and Energy, North China of Science and Technology,
Tangshan 063210, China. E-mail: gxw@mail.neuq.edu.cn

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr07000b

This journal is © The Royal Society of Chemistry 2022

tions; however, the physical properties cannot be easily pre-
dicted from composite elements or the complex entropic struc-
ture. According to recent studies on HE compounds, including
metal carbides,'®' nitrides'® and oxides,>®° a uniform distri-
bution of transition metal (TM) or rare earth (RE) atoms have
been successfully synthesized, showing the solubility merits in
long-range ordering.”>°

Given that the inherent surface complexity of HEOs, con-
structing multielement-type oxides is of great interest for
applying HEOs as electrocatalysts. Owing to the exposure of
unique active binding sites, HEOs can not only achieve a
nearly continuous adsorption energy level but can also
promote  the  regulation of  various properties
simultaneously.">>' Recent progress in entropy-stabilized
system has involved the choice of 3d transition metal elements
(such as Fe, Co, Ni, Cu, Zn) as the main source owing to their
superior electrochemical property.'>'*?*?? One common con-
sideration for this is that the 3d electronic structure can be
modulated by manufacturing multimetal oxides, followed by
an enhanced electrocatalytic activity.>* Furthermore, electrical
conductivity is considered to be another necessary factor for
electrocatalysts and determines the charge transfer during the
catalysis process.>>>® High conductivity guarantees a rapid
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electron transport between the current collector and electro-
lyte, and as a result, the electrocatalyst will have a lower over-
potential and higher energy efficiency, as has been demon-
strated in previous studies.”>>® Based on the understanding of
these effects, designing an advanced electrocatalyst derived
from an HE strategy should lead to improved electrical conduc-
tivity and electrochemical activity.

Here, we develop several (FeCoNiCuZn)O-based TM-HEOs
by incorporating Li into the matrix lattice to form a pure rock-
salt structure (LTM). New results on the electrochemical pro-
perties are presented herein, in which the HE concept enabled
us to build a new type of multifunctional material with hydro-
gen evolution reaction (HER), oxygen evolution reaction (OER)
and oxygen reduction reaction (ORR) performance. It was also
found that increasing the amount of latticed Li brought about
more oxygen vacancies, while the disappearance of ferromag-
netism also revealed the interaction between the oxygen
vacancies and 3d electronic structure. Consequently, the con-
centration of oxygen vacancies together with the electrical con-
ductivity could be optimized by Li, in which the defect-engin-
eered electronic structure and electrical properties led to an
elevated reaction rate in electrocatalytic processes. When the
lithium was in an equiatomic concentration, the LTM demon-
strated the best electrocatalytic performance. Moreover, the
reduced entropy through removing one single element could
hardly maintain the single structure, causing a degradation of
the catalysis activity, allowing the deduction that the catalysis
performance was determined by an entropy-stabilization
effect. Finally, density functional theory (DFT) calculations
were performed and showed that Fe acts as the catalytic centre,
which proves the results from the elemental alternation experi-
ments. As further proof of the active centre, we also success-
fully synthesized Mg-replacement HEOs with the same rocksalt
structure, in which only the substitution of Fe weakened the
electrocatalytic activity. Finally, for further proof that Li was
the only choice among the alkali metals, Na- and
K-manipulated HEOs (NaFeCoNiCuZnO and KFeCoNiCuZnO)
were prepared with the same method.

Results and discussion

All three HEOs with different Li amounts were successfully
synthesized via wet-soaking treatment as shown in Fig. 1a, in
which the overview scanning electron microscopy (SEM) image
in Fig. S17 revealed that the particle size of the HEOs were dis-
tributed from nanometres to micrometres. The different
lithium amounts did not change the morphology of the pro-
ducts. According to previous studies, the appearance of oxygen
vacancies is usually accompanied with lattice variations.>** In
this work, the effect of the lithium incorporation was verified
by powder X-ray diffraction (XRD), as seen in Fig. 1b. Also, the
corresponding Rietveld refinement yielded values for the
lattice constant a of 4.2415, 4.2354 and 4.2032 A for LTMO,
LTM12 and LTM16.7, respectively. Besides, the Rietveld refine-
ment lattice parameters were also verified by the lattice fringes
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in the HRTEM images in Fig. S2 and S3,7 which were close to
the XRD results. Interestingly, as the lithium content
increased, the intensity of the oxygen vacancy signal increased
in the electron paramagnetic resonance (EPR) spectroscopy
analysis, as seen in Fig. 1c. In addition, a great amount of
experimental and theoretical results demonstrated that oxygen
vacancies play a significant role in the origin of
ferromagnetism.>** As the Li content increased, the ferro-
magnetism weakened gradually until it disappeared for
LTM16.7, as shown in Fig. S4.f The disappearance of ferro-
magnetism resulted from the reduction of the magnetic inter-
action hopping integration between the TM atoms, owing to
the presence of more oxygen vacancies.’® By tuning the exter-
nal electrons at the 3d orbitals of the TM species, these defects
could steer the conductivity of the material, and thus the
electrochemical activity, which is discussed below.>*?* As an
ordered or disordered rocksalt-type oxide, the configurational
space usually depends largely on the stoichiometric
lithium.??*3® From previous studies, lithium insertion usually
leads to a shrinking of the TM oxides lattice parameters,
which is the key factor leading to oxygen vacancies.>” ™! From
the X-ray photoelectron spectroscopy (XPS) analysis in Fig. 1d,
there was a negligible difference in the O 1s peak at 531.3 eV,
which, combined with the EPR spectroscopy results, indicated
that the variation of oxygen vacancies for the LTM series
sample mainly came from the bulk lattice.*>*® Moreover, the
binding energy of Fe species shifted to lower energies with the
increase in lithium, as can be seen from Fig. S5, indicating
the transportation of electrons bonded to oxygen vacancies to
the Fe atoms."”*® Also, two fitted peaks in the Co 2p;,, spectra
showed the Co®>*/Co*" ratio at the surface area decreased from
3.25 for LTMO to 2.35 for LTM12 and 2.26 for LTM16.7,
respectively, indicating the movement of electrons to Co after
Li incorporation. However, the variations of the Co valence
state between LTM12 and LTM16.7 remained almost
unchanged. The alternation of the electron density of Co and
Fe demonstrated another proof of the defect changes in the
LTM structure. By contrast, the XPS spectra of other metal
species (Ni, Cu, and Zn) remained unchanged, in which all of
them existed in the +2 valence state. As the rocksalt structure
was M>'0?", there must be lattice defects for the coexistence
of Fe*" and Co®" according to the valence neutralization rule.
As a result, it is reasonable to obtain controllable lattice
oxygen defects for this HEOs system and to manipulate the
amount of Li*. Besides, the XPS results showed that the exces-
sive electrons produced by oxygen vacancies only accumulated
towards Fe when the Li content reached 16.7%.

To further verify the XPS data, the *’Fe Mossbauer spec-
troscopy was performed for LTMO, LTM12 and LTM16.7 at
room temperature, as can be seen in Fig. 1le. Each Mdssbauer
spectrum was fitted by one set of doublets using Lorentzian
line shapes, showing that Fe existed at one single structure
site. The isomer shift (IS) of *’Fe reflected information on the
oxidation state of iron, in which the reduction of the iron oxi-
dation state leads to a higher isomer shift.”® The gradually
increased IS values of 0.321, 0.362 and 0.375 mm s ' in
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Fig. 1 (a) Schematic illustration of the cotton-modified solid-state calcination process. (b) Powder XRD patterns and corresponding Rietveld refine-
ment results. (c) EPR spectra, which present the existence of oxygen vacancies with g = 2.003. (d) XPS profiles of the O 1s region for each LTM
sample. The orange part indicates the oxygen vacancies signal near the surface. (e) >’Fe Mdssbauer spectrum for each LTM sample. (f) XANES

spectra of LTM series samples and reference samples at the Co K-edge.

(g) Atomic-resolution HAADF-STEM image and corresponding FFT results

(inset). Scale bar is 1 nm. (h) Enlarged view of the region in (g), corresponding to the atomic model of the LTM16.7 surface (the blue spheres rep-
resent metal atoms and orange spheres represent oxygen atoms) with the simulation HAADF-STEM image and intensity profile analysis of atoms
marked in the green frame. Scale bar is 0.3 nm. () HAADF-STEM image and corresponding STEM-EDS analysis. Scale bar is 0.5 nm.

Table S1t for LTMO, LTM12 and LTM16.7 were consistent with
the XPS results, suggesting the presence of high-spin trivalent
iron oxides in the polyhedral structure.**>> Our following
dataset with quadrupole splitting (QS) enabled us to identify
the distortion of Fe®" sites. After mixing lithium into the
system, the apparently decreased QS value showed that lithium
could release the distorted environment adjacent to Fe®*
ions.>"? Except for the above investigations of Fe, Co is
another possible electron acceptor according to the XPS
results. Necessarily, analysis of the oxidation states of Co
cations was performed by XANES analysis. Fig. 1f presents the
Co K-edge spectra of the LTM series samples together with Co
foil, CoO, Co,0; and Co30,. According to the edge positions, it
is obvious that the valence of Co cations in the LTM system

This journal is © The Royal Society of Chemistry 2022

was close to Co’". Even though Co was shifted to a lower oxi-
dation state as with the incorporation of Li, LTM16.7 was still
higher than that of LTM12, which matched well with the XPS
results. We can attribute the unusual changes of oxidation
states on Co’" to the gradual reduction of Fe**, which resulted
from variations in the electron density. To better understand
the fine structural environment of Co in the high-entropy
system, extended-X-ray absorption fine-structure (EXAFS) ana-
lysis was performed, as shown in Fig. S6.f The Fourier-trans-
formed data showed notable peaks at 1.46 and 2.42 A, which
were contributed from Co-O and Co-Co bonds with the same
location, in contrast to the Co;0, reference.

The crystal structure of the Li (16.7%)-incorporated
TM-HEOs (LTM16.7) was found to be monocrystalline, as was
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demonstrated by the transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) analyses in
Fig. S3,1 where the diffraction spots of the [2,0,0] and [1,1,1]
facets could be indexed, indicating the main exposed [0,—1,1]
facet. The corresponding zone in the high-resolution TEM
(HRTEM) image of the as-prepared LTM16.7 showed a normal
structure, which further confirmed the single-crystalline struc-
ture. Besides, the fast Fourier transform (FFT) analysis of the
HRTEM image of the as-prepared LTM16.7 showed the [0,1,1]
zone, which agreed well with the SAED results.”® To further
clarify the precise atomic structure of the LTM16.7 lattice,
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were obtained. Based on
the results of HRTEM, LTM16.7 in Fig. 1g still demonstrated a
smooth surface with high crystallinity along the [0,1,1] zone
axis. The corresponding FFT pattern proved the consistency at
the atomic level and the lattice constant a as well. Scanning
transmission electron microscopy (STEM)/energy-dispersive
spectroscopy (EDS) were applied to examine the distribution of
each element in the oxides. Besides, HAADF-STEM simulations
were conducted to compare our experiment images. The upper
left image in Fig. 1h is an enlarged view of the image from
Fig. 1g, where it can be seen the atoms were uniformly dis-
persed. Accordingly, we constructed an atomic model with the
[0,1,1] view in the lower-right panel of Fig. 1h, upon which the
simulation result is exhibited in the lower left. It is obvious
that the contrast distribution matched well with the experi-
mental HAADF-STEM image, indicating the accuracy of the cal-
culation models. Fig. 1i reveals the STEM/EDS mapping of one
typical area of the as-prepared LTM16.7, exhibiting that the
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corresponding TM species were uniformly distributed in the
atomic range. Not only in the small area, but the relatively
large particles with the size of nanometres and micrometres
showed the same result as in the EDS mapping characteriz-
ation (Fig. S1 and S37).

To further investigate the effects of the defect sites, the
water splitting performance of the as-synthesized HEOs with
different Li contents was evaluated using a standard three-elec-
trode system in 1.0 M KOH electrolyte. The catalyst was cast
onto carbon fibre paper (CFP) with a total mass loading of
~2 mg cm . Fig. 2a compares the linear sweep voltammetry
(LSV) curves of LTMO0, LTM12 and LTM16.7 at a slow scan rate
of 2 mV s™! to eliminate the current caused by the capacitance
behaviour after 20 cyclic voltammetric scans for OER. IR cor-
rection was applied to the original data to show the intrinsic
trend of the as-prepared HEOs. Here, LTM16.7 displayed the
lowest overpotential (7 = 207 mV) to reach 10 mA cm > in com-
parison with LTMO0, LTM12 and the CFP substrate. In particu-
lar, LTM16.7 acquired a current density of ~88 mA cm?
which was 7.3 and 4.2 times that of LTM0 and LTM12, respect-
ively (Fig. S7f). To gain further insights into this series of
materials, Fig. 2b shows that the Tafel slope of LTM16.7
(79.4 mV dec™") was lower than that of LTMO (79.6 mV dec™ ")
and LTM12 (85.3 mV dec'). Except for the HER, the OER
polarization curves were examined to explore the overall water
splitting ability in 1.0 M KOH as well. As shown in Fig. 2c,
after manipulating the lithium amount in the HEOs matrix
gradually, the overpotential decreased to the lowest value at
10 mA cm™? ( = 347 mV) compared with the other samples.
Meanwhile, the current density at 1.6 V vs. RHE for LTM16.7
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Fig. 2 (a), (b) HER polarization curves and Tafel plots. (c), (d) OER polarization curves and Tafel plots. (e) Temperature-dependent (p—T) electrical
resistivity test. (f), (g) The log(1/p) vs. 1000/T plots under low frequency and high frequency, respectively. (h) Corresponding activation energy (E,)
values obtained from (f) and (g). (i) Hall coefficient (Ry) and carrier concentration (n) plots.
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could reach 54 mA cm™?, which was much higher than that for
the other LTM series samples (Fig. S77). Further, LTM16.7 pos-
sessed the lowest slope of 53.8 mV dec™' from the corres-
ponding Tafel plots (Fig. 2d), illustrating the important role of
oxygen vacancies in boosting the electrocatalytic kinetics of
OER and HER.” In addition, the electrochemical surface areas
(ECSAs) of the working electrode were determined by measur-
ing the electrochemical double-layer capacitances (EDLCs,
Ca1), which represented the effective active sites of the LTM cat-
alysts. As shown in Fig. S8,f the ECSAs of LTM rose from
26.6 mF cm™> (LTMO), to 29.2 mF cm™> (LTM12) to 38.6 mF
em™> (LTM16.7). However, the morphology was almost the
same among the LTM series of catalysts as discussed above,
indicating that it was the active surface area and more exposed
active sites that led to the higher ECSAs results.”>?” As a conse-
quence, the inner property of the catalysts must play a signifi-
cant role in the electrochemical reactions. Besides the catalytic
performance, the durability of LTM16.7 was probed under a
static overpotential, in which a stable current was observed for
20 h operation without apparent attenuation less than 5%
(Fig. S97). The stability of LTM16.7 to served as a bifunctional
electrocatalyst for overall water splitting was tested using a
two-electrode system with 1.0 M KOH electrolyte. With a cell
voltage of 1.89 V, the current density reached 30 mA cm™> with
only a little degradation (8.4%) after an even longer period of
40 h test. The SEM image in Fig. S10t for LTM16.7 serving as
both the anode and cathode after the stability test showed a
negligible change of the morphology. Also, a detailed
summary of the HER and OER performance with similar elec-
trocatalysts is presented in Tables S2 and S3,7 respectively.

The oxygen reduction reaction (ORR) is another important
electrocatalytic reaction, which was assessed by conducting
rotating disc electrode (RDE) experiments in O,-saturated 0.1
M KOH solution. The LSV curves of the LTM series of catalysts
on the glassy carbon (GC) electrode under 1600 rpm rotation
speed at a scan rate of 5 mV s~ ' are exhibited in Fig. S11.}
Here, LTM16.7 had a higher limiting current density even
though their onset overpotential stayed the same. To further
detect the ORR kinetics and catalytic mechanisms of the cata-
lysts, RDE tests were performed at different rotation speeds
(100-3600 rpm). As is well known, the ORR process can be
divided into 2-electron (H,O + O, + 4e~ = 40H") or 4-electron
(H,O + O, + 27 = OH™ + HO, ™, H,O + HO,™ + 2¢” = 30H")
pathways, which can be calculated by the Koutecky-Levich (K-
L) plots. The electron-transfer number (n) for LTM0, LTM12
and LTM16.7 at 0.3 V was 2.24, 2.85 and 3.21, respectively,
which meant that the 4-electron way dominated the ORR pro-
cedure when there were more lithium atoms in the lattice.
This is further evidence that the electrical conductivity from
the defected structure could promote charge transfer for
electrochemical reactions.’®”” In general, the electrochemical
performance is enhanced following the increase in the conduc-
tivity, which can be easily tuned by manipulating the concen-
tration of oxygen vacancies in the bulk.

For investigating the influence of lattice defects on the con-
ductivity, measurements of the temperature-dependent resis-
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tivity (p-T) of LTMO0, LTM12 and LTM16.7 were introduced.
According to Fig. 2e, the electrical resistivity of the oxides all
decreased with the elevation in temperature, exhibiting dp/dT
< 0. This tendency indicated a typical semiconductor behav-
iour. The resistivity was reduced sharply as Li increased,
showing a promoted charge-transfer efficiency. Especially for
LTM16.7, the resistivity decreased dramatically by a factor of
10 times compared with LTMO0 and LTM12 in the room temp-
erature range. Furthermore, the charge-transfer mechanism in
different frequency regions could be explained by the grain
boundary barrier layer capacitance (IBLC) model, which origi-
nated from impedance spectroscopy, as illustrated in Fig. 2f, g
and Fig. $12.7°® The Z plots in Fig. S121 presented the bulk
and grain boundary arcs located in the high frequency (1 MHz)
and low frequency (100 Hz) areas, respectively. Both the corres-
ponding conductivity data (s, 6 = p') fitted well with the
Arrhenius law. The derived activation energy (E,) stayed almost
unchanged with the values of 0.314, 0.312 and 0.308 eV for
LTMO, LTM12 and LTM16.7 under the low frequency con-
dition, indicating that there were no variations with the con-
ductivity at the grain boundary. However, the activation energy
values at the high frequency dropped from 0.079 eV to 0.057
eV and 0.052 eV for LTMO0, LTM12 and LTM16.7, respectively,
which manifested the greater conductive character of the bulk
part (Fig. 2h). Hall coefficient (Ry) measurements were con-
ducted to reveal the charge-transfer properties of the HEOs in
Fig. 2i. In addition, the activation energy results corresponded
nicely with the above EPR and XPS results, showing further evi-
dence that the oxygen vacancies in the bulk in the LTM series
materials have a significant influence on the electrical conduc-
tivity. The negative Ry; of all the samples showed that the elec-
trons were the charge carriers (n-type), further explaining the
potentials for the electrocatalysts. The carrier concentration (1)
obtained from the Hall coefficient for LTM16.7 showing an
increasement of 3 times verified the improved electrical con-
ductivity. Besides, the charge-transfer resistance (R.) values
for LTM0, LTM12 and LTM16.7 from the semicircles in the
Nyquist plots also corresponded well with the electrical con-
ductivity results (Fig. S137).

Given the great number of cation species in the LTM, a
composition experiment was carried out to exclude specific
elements and then to figure out the resulting differences with
the electrocatalytic behaviour, thus identifying the electro-
chemical roles for the corresponding species. The removal of
one of the species in the 5-TM cations system led to a
reduction in the configurational entropy from ~1.79R to
~1.61R, as treated under the same annealing process com-
pared with the 6 component HEOs. However, it is difficult for
the one-cation excluded oxides to form one single phase even
though their main structure still belonged to FCC (Fig. 3a).
Fig. 3b-e contrast the electrochemical performance of
LTM16.7 compared with the other 5-cation systems, as it was
anticipated that the overpotential of each element-removed
catalyst would exhibit a different degree of degradation. The
overpotential of the 5-cation system at 10 mA cm™> for the
HER and OER polarization curves are shown in Fig. S14,t Fe
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Fig. 3 (a). XRD patterns for the composition alternation experiments. An individual component is removed from the main composites, where the
yellow arrow marks the peaks from the other crystal phases. The corresponding samples for (b) HER polarization curves and (c) Tafel plots. (d) OER
polarization curves and (e) Tafel plots. (f) XRD patterns for the reversibility of high-entropy oxides. (g) HER and (h) OER polarization curves of

LTM16.7 sintered under 800 °C and then back to 1150 °C catalysts.

should play the most important role in the HER reactions. For
the OER process (Fig. 3d), Fe seemed to be the most important
element as well, followed by Co, Zn and Ni. In addition, the
Tafel slope of the oxides with low entropy in Fig. 3c and e also
showed their low electrochemical activity. The elemental exclu-
sion result for the ORR process was not affected so much as
the above reaction; however, like for the OER process, the per-
formance of oxides without Fe, Co and Ni receded more than
the others (Fig. S15%). The different results for each kind of
catalytic reaction in the element-removal experiments con-
firmed that the TM species constructed an entropy-stabilized
system, and Fe was the most important electrocatalytic active
site among them. As is well known, reversibility is a necessary

520 | Nanoscale, 2022, 14, 515-524

factor for entropy-driven transitions.> In order to test the
reversibility of LTM16.7, the precursor powder was put into a
muffle furnace calcinated from 800 °C to 1150 °C with 50 °C
increments. Fig. 3f shows the XRD patterns with the phase-
transformation process. It could be found that only when the
temperature reached 1150 °C did the single rocksalt structure
occur. When the as-prepared LTM16.7 was sintered back to
800 °C again, another spinel phase appeared. But when we
treated the sample under 1150 °C again, it was found that the
as-prepared material became single phase again. The corres-
ponding electrochemical performance also degraded when
LTM16.7 was sintered under 800 °C. However, when the calci-
nation temperature went back to 1150 °C, the catalytic activity

This journal is © The Royal Society of Chemistry 2022
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was enhanced again, as is shown in Fig. 3g, h and S16. The
results of the reversibility experiments indicated that the
entropy-stabilized system should be of great importance for
electrochemical reactions.

To fully rationalize the inherent merits of the electro-
catalytic activity and to determine each active site in the HEOs,
a first-principles density functional theory (DFT) study was
carried out to evaluate the whole HER and OER processes with
the kinetics or thermodynamic details at the atomic level.
Since the face-centred cubic structure of LTM16.7 was oriented
by the [0,1,1] facet (as exhibited by the TEM results in Fig. 1
and S31), we compared the reaction process of each metal
element on the [0,1,1] crystal plane, as demonstrated in
Fig. 4a. The identification of the active sites of the HER
process and the corresponding calculated free-energy diagram
are summarized in Fig. 4b. It was obvious that Ni, Cu, Zn, and
Li found it harder to absorb H* in the first step, especially con-
sidering the adsorption free energy for Li (2.38 eV) and Cu
(1.22 eV), which were much higher than that of Zn (0.48 eV)
and Co (0.6 eV), indicating that all these elements hardly acted
as absorption sites for HER. However, for Fe and Ni, the
binding energy varied significantly to —0.39 eV and —0.24 eV,
respectively, suggesting their dominating role. It should be
noted that the binding energy for the OH* group can facilitate
the water disassociation except for the H* binding ability
during the Volmer step.®”®! Fe and Ni occupied the lowest free
energy, which corresponded well with the H* adsorption
energy. The experiments about the element-removal results as
well as theoretical calculations revealed that Fe was the most
important active sites for the HER process. For simplicity, in
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considering the corresponding catalytic process, we only
depict the central active site (dark red atom in the inset
graph), in which the general process on the [0,1,1] surface
comprised hydrogen adsorption and electrochemical desorp-
tion. In addition, the optimized structure of HEOs was also
drawn for the purpose of computation (Fig. S177).

Similarly, the free-energy calculations of each metal species
in the HEOs for OER were also performed. As demonstrated in
Fig. 4c, the complete pathways contained intermediates with O*,
OH* and OOH*. For Li, Co and Zn, the rate-determining step
was the formation of an O* group from an OH* group (AGsepn),
which was determined by the Gibbs free energy of these two
intermediates. However, the other metal elements (Fe, Ni, and
Cu) were determined by the process occurring from the O*
group to OOH* group (AGgepm). Moreover, compared with Li
(2.06 eV) and Co (2.44 eV), Zn showed a lower free energy (1.13
eV) for the rate-determining step (AGgepm), While Fe demon-
strated 2.92 eV for the AGgepm, lower than that of Ni (3.18 eV)
and Cu (4.00 eV). The data for the rate-determining step revealed
that HEOs without Cu did not degrade so much as the other
species, because they needed to overcome a really large energy
barrier.®> Combined with the data from the H* adsorption
energy, Fe and Ni should be essential in the OER process for
their kinetically favourable merits. Unlike the calculation results
in Fig. 3, Fe was the most important element according to the
elemental elimination experiments. In summary, the partici-
pation of the active sites in the electrocatalytic reaction should
be another key factor in the electrocatalysis process.

To further illustrate the free-energy results, the density of
states (DOS) near the Fermi level (E¢) was performed to
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Fig. 4 (a) lllustration of the mechanism for the electrocatalytic process under alkaline conditions. Free-energy diagrams on the surface of LTM16.7
for (b) HER and (c) OER processes, respectively. (d) Calculated DOS of LTM16.7. (e) Demonstration of Mg-substitution composition design for the
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compare the d-band centre of each TM species in Fig. 4d, in
which Fe showed the nearest location (—0.12 eV) from E, indi-
cating the adsorption of H,O during the electrocatalytic reac-
tion process decided the participation of Fe with high
priority.®*®* In addition, the DOS of the O 2p curve dominated
the conduction band minimum compared with the total DOS
of LTM16.7 (Fig. S18t), which showed that the electrons in the
O 2p orbit should play a key factor in the charge-transfer
process. As a result, this is further evidence showing how the
oxygen vacancy affects the electrical conductivity as well as the
electrocatalysis. Based on the calculation results and compo-
sition alternation experiments, it can be inferred that keeping
Fe in the parent phase could still achieve a similar perform-
ance with that of LTM16.7. Since an entropy-stabilization
system should be necessary for the enrolment of a charge-
transfer process, and combined with the above reversibility
results, we substituted Ni, Zn and Fe with the electrochemi-
cally inactive Mg element to test our hypothesis. All the Mg-
replaced samples showed one single rocksalt formation due to
the entropy-stabilized driving force (Fig. 4e). More importantly,
it was obvious that the displacement of Fe will hinder the HER
and OER performance, as shown in Fig. 4f and g. However, the
substitution of Ni and Zn did not show any apparent degra-
dation, which could further explain the above deduction.

Conclusions

In summary, we successfully prepared Li-manipulated transition
metal high-entropy oxides via a wet soaking-assisted modified
solid-state strategy. Six metal species, including Li, Fe, Co, Ni,
Cu, Zn, were highly distributed in the as-prepared LTM and
demonstrated a single rocksalt structure. When the Li content
was varied, the amount of oxygen vacancies changed following
the variations of the lattice constant. Moreover, higher electrical
conductivity was usually followed up with more oxygen
vacancies, which could facilitate the electrocatalytic activities of
the LTM series catalysts as well. According to the DFT calcu-
lations and experimental studies, Fe should be the most signifi-
cant catalytic sites for the catalytic performance in the entropy-
stabilized system. This work not only opens a new door for the
large-scale production of high-entropy oxides, but also provides
a theoretical basis for enhancing the electrocatalytic perform-
ance of TM-based HEOs.
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