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Enhanced Pseudocapacitance in Multicomponent Transition-Metal
Oxides by Local Distortion of Oxygen Octahedra

Hyeon Jeong Lee", Ji Hoon Lee", Sung-Yoon Chung,* and Jang Wook Choi*

Abstract: Anomalously high pseudocapacitance of a metal
oxide was observed when Ni, Co, and Mn were mixed in a solid
solution. Analysis by X-ray absorption near-edge spectroscopy
(XANES) identified a wider redox swing of Ni as the origin of
the enlarged pseudocapacitance. Ab initio DFT calculations
revealed that aliovalent species resulting from the copresence
of multiple transition metals can generate permanent local
distortions of [NiOg] octahedra. As this type of distortion
breaks the degenerate e, level of Ni**, the Jahn—Teller lattice
instability necessary for the Ni*"** redox flip can be effectively
diminished during charge—discharge, thus resulting in the
significantly increased capacitance. Our findings highlight the
importance of understanding structure—property correlation
related to local structural distortions in improving the perfor-
mance of pseudocapacitors.

As pseudocapacitors store charge on the basis of dual
(“faradaic” and “capacitive”) modes, they have advantages
for both rechargeable batteries and ultracapacitors.] While
a long cycle life and high rate performance are feasible with
a nondestructive capacitive storage mechanism, the energy
density can be boosted by faradaic charge transfer into the
active bulk material One of the main directions in
pseudocapacitor research in the past decade has been the
integration of nanostructured metal oxides, hydroxides, and
chalcogenides with conductive carbon nanomaterials,”’ such
as graphene and carbon nanotubes. Nanostructures bring the
benefits of high rate capability as well as long cycle life related
to the improved mechanical stability of active phases, as
nanomaterials are better at releasing strain. The nanostruc-
ture effect of metal oxides has been verified for a variety of
morphologies with diverse transition metals (TMs), such as
Ni, Co, Mn, Fe and V.*! Nonetheless, a majority of studies
have focused solely on nanostructure effects, and the impact
of the choice of TM or the mixing of multiple TMs on
electrochemical performance has not been examined in
depth.

In this study, we have systematically investigated the
impact of multiple TMs, particularly those commonly adopted
as pseudocapacitor active materials: Ni, Co, and Mn. Inter-
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estingly, when the three TMs were mixed in equal amounts,
the specific capacitance rose far beyond those observed with
the individual TMs, thus indicating a synergistic effect of TM
mixing. Combined experimental and theoretical analysis
revealed that the enhanced performance originates from
permanent local distortions of [NiOg4] octahedra in the
presence of aliovalent cations (Co*" and Mn*") and transi-
tion-metal vacancies (V),), among which Vy has the largest
effect on distorting the nearest neighboring [NiOg4] octahedra.
The degenerate e, level in Ni**, the primary redox center for
capacitance acquisition, is split through this permanent
distortion, thus enabling the energetically more facile redox
swing of Ni*** by alleviating the structural variation from
a Jahn—Teller effect.”

To investigate the effect of mixing the three TMs, we
adopted the  known  procedure of  dispersing
M(CH;CO0),-4H,0 (M=Ni, Co, Mn) in a solution of
graphene oxide (GO). The GO solution containing the
precursors was reduced by the addition of hydrazine hydrate
(NH,NH,-H,0) at 72°C under reflux conditions.!”! The
resultant blackish powder was further thermally treated to
produce mixed-transition-metal-oxide nanoparticles (NPs)
supported on reduced graphene oxide (rGO); this material
is referred to herein as MixO-rGO (Figure 1a; see the
Supporting Information for details). Other individual MO-
rGO (M =Ni, Co, and Mn) samples used as controls were
prepared by the same procedure. The metal-oxide content in
each sample was approximately 45 % by weight (see Figure S1
in the Supporting Information).

According to the X-ray diffraction (XRD) pattern (Fig-
ure 1b), MixO-rGO has a rocksalt structure with the space
group Fm-3m. The sharp peak at approximately 23° originates
from rGO."" The peaks of MixO-rGO do not split into
individual peaks corresponding to each TM oxide (reference
peaks are shown below the XRD pattern of MixO-rGO) but
rather appear broader. These broadened peak shapes are
attributed to solid-solution mixing of the three TMs as well as
the small sizes of NPs. Transmission electron microscopy
(TEM) images (Figure 1c,d) show decent dispersion of MixO
NPs. The TEM analysis results are in good agreement with the
above XRD results; a high-resolution (HR) image (Fig-
ure 1d, top inset) shows lattice fringes with interlayer
distances of 2.46 and 2.10 A assigned to the (111) and (200)
lattice orientations in the rocksalt structure, respectively. The
fast Fourier transform (FFT) pattern (Figure 1d, bottom
inset) of the HRTEM image contains spots consistent with the
lattice orientations observed. The uniform distribution of NPs
was also reflected by a scanning transmission electron micro-
scope (STEM) image, whose elemental mapping verifies
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Figure 1. a) Synthetic route to the mixed metal oxide supported on
reduced graphene oxide (MixO-rGO). b) XRD pattern of as-prepared
MixO-rGO. c) TEM image of MixO-rGO. d) HRTEM image of crystal-
line MixO nanoparticles magnified from the yellow box in (c). The
insets show lattice fringes and the FFT pattern of the nanoparticle in
the red box. e) STEM image of MixO-rGO. f) Element mapping for the
nanoparticles shown in (e) with respect to Ni, Co, and Mn.

homogeneous distribution with respect to each TM (Fig-
ure 1e,f).

The electrochemical performance of the MO-rGO series
was evaluated under a three-electrode configuration. The
stable electrochemical window was first determined by using
a blank Pt electrode (see Figure S2). An oxygen-evolution
reaction (OER) was detected above 0.6 V versus Hg/HgO
when measured at 10 mVs™'. To exclude capacitance con-
tributed by a current collector, we used conductive carbon
paper.®! The carbon paper showed inert electrochemical
behavior in the given voltage window, in contrast with a Ni
plate, which underwent repeated phase transitions (see
Figure S3). Under a three-electrode configuration, MixO-
rGO exhibited conspicuous plateaus in galvanostatic meas-
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urements (Figure 2a). As clearly revealed by the galvano-
static measurements at the same current density of 2 Ag ™' in
Figure 2b, the MixO-rGO electrode showed remarkably
higher capacitances at all current densities as compared to
those of any individual MO-rGO counterparts (Figure 2¢; see
also Figure S4). For example, at a low current density of
2 Ag!, MixO-rGO, NiO-rGO, and CoO-rGO delivered 510,
330, and 106 Fg~!, respectively. Also, the redox voltages of
MixO-rGO support its solid-solution behavior from the
participating TMs; instead of three discrete plateaus, MixO-
rGO showed one steep plateau (or broader peak in the CV
measurement) during each charge and discharge process
(Figure 2a; see Figure S5a). Its equilibrium redox potential of
approximately 0.35 V (vs. Hg/HgO), which is an intermediate
value between those (ca. 0.41 and ca. 0.18 V (vs. Hg/HgO)) of
NiO-rGO and CoO-rGO, is another indication of the solid-
solution behavior (see Figure S5a—c). In contrast with the
other samples, MnO-rGO showed no redox activity (see
Figure S5d), thus indicating that when solely used, MnO is
inactive in basic electrolytes. Furthermore, NiO-rGO exhib-
ited a poor cycle life, which might result from a combination
of the partial dissolution of NiO and the oxygen-evolution
reaction (OER).”! In contrast, the redox process with MixO-
rGO appears very robust, as 93.4 % of the initial capacitance
was retained after 1500 cycles when it was cycled at 4 Ag™!
(Figure 2d).

To evaluate the contribution to the obtained capacitance
from rGO, we performed an electrochemical test for bare
rGO under the same conditions (see Figure S6). From the
galvanostatic measurement, the specific capacitance of rGO
was determined to be approximately 40 Fg~'. Therefore, the
capacitance from the series of MO-rGO is accounted for
mainly by the pseudocapacitance of the TM oxides. The
superior capacitances of MixO-rGO as compared with those
of the other individual MO-rGOs are indeed quite surprising
because when TMs are mixed, the properties of MixO-rGO
are expected to be an average of those observed for the
individual MO-rGOs. The observed phenomenon is partic-
ularly remarkable, as Mn, which accounts for one-third of all
TMs, turned out to be inactive in the electrochemical
measurement of MnO-rGO. In another control experiment
(see Figure S7), MixO-rGO exhibited better performance
than Ni,5Co,s0-rGO, thus implying the critical role of Mn in
our material containing three TM components, although it is
inactive itself.

In an effort to identify the effect of multicomponent TMs,
we carried out X-ray absorption near-edge structure
(XANES) analysis for MixO-rGO and its individual MO-
rGO counterparts at different charging and discharging states
(Figure 3). The redox states of the TMs identified by XANES
analysis provide useful information on the electrochemical
properties of each electrode, and the following three points
are especially notable. First, MixO-rGO shows larger redox
swing ranges at the Ni K-edge (Figure 3a,d) and Co K-edge
(Figure 3b,e) than the individual MO-rGOs, which must be
the origin of the higher capacitances of MixO-rGO. Second,
by contrast, at the Mn K-edge (Figure 3c,f), the Mn redox
state in MixO-rGO starts at a position closer to 3 + and shifts
to 4 + in the first charge process. After that, its oxidation state
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Figure 2. a) Galvanostatic charge/discharge curves of MixO-rGO at various current
densities from 2 to 10 Ag™'. b) Comparative galvanostatic charge/discharge curves
at a current density of 2 Ag™' and c) capacitance changes of the materials at
different current densities. d) Cycle lives of the three samples.

remains unchanged during the remaining charge—discharge
cycles. Distinct from this behavior, the Mn redox state in
MnO-rGO never shifts at all from the pristine state near 2 +
in all electrochemical processes in the alkaline medium. The
almost inactive or completely inactive nature of the Mn redox
center is ascribed to the well-known Jahn-Teller effect’ of
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Mn*"; the oxidation-state change of Mn from 2 +
or 4+ to 3+ imposes a substantial structural
barrier for the development of strain. Finally, the
oxidation states of the TMs are distinct between
MixO-rGO and the individual MO-rGO materials
in the pristine states. The oxidation state of all the
individual MO-rGO samples is consistently 2 +.
By contrast, the Ni, Co, and Mn in MixO-rGO
start at oxidation states near 2+, 2+, and 3+,
respectively. From this ionic-size viewpoint,'”! the
ionic radius (83 pm) of Mn?" is significantly larger
than those of Ni*" (69 pm) and Co*" (75 pm); thus,
Mn*" with a similar size (65 pm) may be preferred
in the MixO framework. The formation of Mn*"
would, in turn, yield V) to satisfy charge neutral-
ity In the case of pristine MnO-rGO, to
generate an oxidation state of 2+ in analogy
with the other TM controls, we heat-treated the
sample at 800°C.

The combined XANES and electrochemical
results led to the speculation that the enhanced
capacitance of MixO-rGO could be attributed to
physicochemical environmental changes due to
the solid-solution mixing of TMs. In an attempt to
unveil such an anomalous phenomenon, we car-

ried out density functional theory (DFT) calculations.
Comparison of the XANES spectra at the different TM
edges for MixO-rGO indicated that MixO-rGO experiences
a much wider redox swing for Ni than for Co and Mn
(Figure 3a—c). This observation indicates that the oxidation-
state change of Ni mostly accounts for the observed capaci-
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Figure 3. XANES spectra of the mixed and pure metal oxides in the pristine, charged, and discharged states: a—c) Ni K-edge, Co K-edge, and Mn
K-edge profile of MixO-rGO, respectively. d) Ni K-edge profile of NiO-rGO. e) Co K-edge profile of CoO-rGO. f) Mn K-edge profile of MnO-rGO.
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tance of MixO-rGO. Accordingly, in the DFT calculation, we
set a NiO unit cell as a structural platform to see how its
geometry optimization would be affected by the series of
aliovalent species (Co*", Mn*", and V). In the perfect NiO
unit cell after geometric optimization (Figure 4a), every
[NiOg] octahedron had an identical Ni—O interatomic dis-
tance of 2.077 A. In contrast, when other species were
introduced, it was observed that the Ni—O bond length
deviated from that in the perfect NiO unit cell. First, to reflect
the sequential electrochemical reaction in MixO-rGO (see
Figure S5b,c), we substituted one Co®" ion into a [NiO]
octahedron (Figure 4b). In this case, the optimized unit cell
showed a reduced Ni-O interatomic distance of 2.028 A for
the [NiOg] octahedron adjacent to Co*'. This result implies
that the introduction of the aliovalent species can bring
a permanent distortion of the nearest neighboring [NiOg]
octahedra. Interestingly, such a local distortion becomes more
remarkable with Mn*" and V), as their adjacent Ni—O bond
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Figure 4. Geometrically optimized unit-cell configurations for a) per-
fect NiO and b-d) NiO with various aliovalent species: Co** (b), Mn**
(c), and Vy (d). e,f) Schematic description of the 3d orbital config-
urations for the octahedral (e) and distorted octahedral fields (f),
which correspond to (a) and (b—d), respectively.
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lengths are reduced to 2.000 and 1.853 A, respectively (Fig-
ure 4c¢,d). The series of geometric optimization confirms that
the local distortion of [NiOg4] octahedra can be induced in the
MixO matrix in a permanent way, and these distortions turn
out to be more significant in the order Vy >Mn*" > Co*", as
confirmed from the nearest neighboring Ni—O interatomic
distances.

To elucidate the origin of the enlarged Ni
of MixO-rGO, it is necessary to explain the smaller Ni
redox swing of NiO-rGO. According to crystal field theory,™
the 3d orbitals of a TM octahedron typically have an
octahedral field configuration with the orbitals split into the
degenerate e, and t,, levels (Figure 4¢). Octahedrally coordi-
nated Ni*" has a 3d® orbital with an electronic configuration of
tzg .- ’. However, during charging, NiO-rGO undergoes Jahn—
Teller distortion due to the low-spin Ni** ions (1, %,"),>*! thus
implying that a significant structural strain and subsequent
lattice instability are induced during the electrochemical
reaction. Distinct from this behavior, in the case of MixO-
rGO, each [NiOg¢] octahedron is “predistorted” by the
neighboring aliovalent species (Figure 4b-d), as revealed by
the geometry optimization from DFT calculations. Therefore,
the degeneracy of the e, level is broken as a result of the
different ligand effect of each oxygen atom, and a distorted
octahedral field configuration is allowed even for a [Ni*" O]
octahedron (Figure 4 f). Consequently, unlike the case of
NiO-rGO, MixO-rGO does not need to undergo the signifi-
cant Jahn-Teller distortion for Ni*", thus remarkably alleviat-
ing the structural variation during the electrochemical
reaction. Also, considering the theoretical results, Vy has
the largest effect on reducing the interatomic distance of
Ni-O, by approximately 10% (from 2.077 to 1.853 A), for the
neighboring [NiOg] octahedron; thus, it can be deduced that
Vu plays the most important role in enhancing the redox flip
of Ni**** in MixO-rGO. The facilitated redox reaction of
MixO-rGO was also verified by electrochemical measure-
ments, in which the limiting step was identified between
charge transfer and bulk diffusion (see Figure S8).

In conclusion, this study introduces a new opportunity to
improve the electrochemical performance of pseudocapaci-
tors through the mixing of multiple TM cations. The solid-
solution mixing of multiple TMs predistorts the framework
and consequently mitigates Jahn—Teller-type structural varia-
tion during the redox reaction, thus resulting in a significantly
wider redox swing of Ni and larger pseudocapacitance of the
solid solutions. The findings of this study demonstrate the
importance of structure—property relationships in the design
and improvement of key active materials in emerging energy-
storage systems.

253+ redox swing
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