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ce Li-rich b-Li2IrO3 electrode for
symmetric lithium ion batteries†

Lei Zhang, *a Yuhai Dou,b Mohammad Al-Mamun *b and Guowen Meng *a

A symmetric battery composed of a single electrode material as both the anode and cathode is a model

battery configuration owing to its distinctive advantages over the existing asymmetric ones in terms of

cost, production process and safety issues. However, the limited choice of suitable electrode materials

limits the practical application of high-performance symmetric batteries. Herein, we report a novel Li-

rich b-Li2IrO3 (LIO) symmetric electrode material with a reversible capacity of >200 mA h g�1 between

3.0 and 4.8 V (LIO-cathode) and >300 mA h g�1 between 0.1 and 3.0 V (LIO-anode), respectively. The

synthesized LIO materials manifested a unique three dimensionally (3D) ordered hyperhoneycomb-like

structure that endows the material with enhanced structural integrity and stability, leading to an

outstanding cycle life of both the LIO-cathode and anode. Additionally, the symmetric full lithium ion

battery (LIB) using LIO as both the anode and cathode exhibited a high reversible capacity of

160 mA h g�1 between 2.0 and 4.5 V with a high working potential of 3.5 V.
Introduction

A symmetric full battery consisting of an identical cathode and
anode material has been regarded as an ideal battery congu-
ration due to its advantages of easy fabrication process, low cost
and better safety features compared to those of asymmetric
batteries.1 In a symmetric full cell, a single material is used to
fabricate both electrodes which makes the production process
simpler and cost effective.2 Moreover, the underlying safety
issue in traditional batteries arising from large volume changes
during the charge–discharge process can be alleviated in
a symmetric full cell where the cathodic volume shrinkage can
be compensated for by anodic volume expansion to the same
extent or vice versa, and therefore the overall cell volume
remains constant.3

However, the technological advancement in developing high
performance symmetric batteries has been signicantly
hampered due to the shortfall of potential electrode materials
with high working potential and good reversible capacity. So far,
a number of promising symmetric electrode materials have
been proposed such as titanate salt-based electrodes (O3-type
Na0.8Ni0.4Ti0.6O2,4 P2-type Na0.6[Cr0.6Ti0.4]O2,5 P2-Na0.66-
LixMn0.5Ti0.5O2 (ref. 6) and Na0.55Mn1.4Ti0.6O4 (ref. 7)),
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phosphate salt-based electrodes (NASICON-type Li3V2(PO4)3,8,9

Na3Co0.5Mn0.5Ti(PO4)3,10 Na3MnTi(PO4)3,11 NaVPO4F,12 Na2-
VTi(PO4)3,13 Na7V4(P2O7)4(PO4),14 Na2V6O16 (ref. 15) and
Na3V2(PO4)3 (ref. 16 and 17)), layered oxides (LiNi1/3Co1/3Mn1/3O2

(ref. 18 and 19)) and polymer electrodes (tetrasodium salt of 2,5-
dihydroxyterephthalic acid20 and dual redox-active poly-
imides21). However, these existing electrode materials suffer
from poor reversible capacities (<150 mA h g�1) and low
working potentials (<2.5 V), resulting in a very limited energy
output from the full cell. Therefore, the development of an
efficient electrode with large theoretical capacity and operating
potential could be of signicant interest for high performance
symmetric full batteries.

In 2017, a Li-rich b-Li2IrO3 polymorph was rst introduced as
an electrode material showing anionic redox activity.22 Different
from the commercial layered oxide cathodes, such as LiCoO2, Li
[Ni1/3Mn1/3Co1/3]O2 (Li-NMC) and Li-rich Li
[LixNiyMnzCo1�x�y�z]O2, b-Li2IrO3 is composed of 3D edge-
sharing IrO6 octahedra, leading to an unusual 3D-ordered
hyperhoneycomb-like structure. Therefore, it is regarded as an
extraordinary host for reversible lithiation/delithiation reac-
tions due to this unique 3D structure which can effectively
accommodate its structural uctuation during the continuous
electrochemical redox processes. Compared with 1D and 2D
electrode materials, the 3D porous structure can contribute rich
electronic/ionic pathways to improve the rate performance
especially under high current densities. Additionally, 3D
frameworks exhibit improved structural stability during
continuous cycling due to the introduced porous inter-
connected skeleton, while the overall structural stability and
integrity of 1D and 2D structured electrodes are relatively poor.
J. Mater. Chem. A, 2021, 9, 19705–19709 | 19705
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Fig. 1 The experimental and simulated XRD patterns (l ¼ 1.5406 Å) of
the prepared b-Li2IrO3 with Rietveld refinement (a), the projected [110]
(b), [001] (d) and [100] (f) structures with the corresponding [110] (c),
[001] (e) and [100] (g) STEM images of pristine b-Li2IrO3.

Fig. 2 Electrochemical performance of the LIO-cathode in half cells.
The charge–discharge profiles (a), CV data (b), and cycling (c) and rate
performance (d) of the LIO-cathode.
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Furthermore, b-Li2IrO3 can deliver a very high reversible
capacity of 300 mA h g�1 between 2.0 and 4.8 V when it is used
as a cathode material (LIO-cathode) in lithium ion batteries
(LIBs). The high reversible capacity of the LIO-cathode is mainly
the result of its stable 3D ordered Ir–O framework that main-
tains the structural integrity of b-Li2IrO3 even when reversibly
losing all of the Li atoms aer full oxidation/delithiation
processes. This is a unique physico-chemical feature for 3D b-
Li2IrO3 which was not identied in traditional Li-rich NMC
layered oxides. However, the utilization of such attractive
feature of b-Li2IrO3 electrode materials in LIBs has long been
overlooked and deserves an in-depth investigation.

Like other symmetric electrodes, the Ir atom inside b-Li2IrO3

has variable oxidation states (Ir2+, Ir4+ and Ir6+) that offer elec-
trochemical activity over a wide potential window. For example,
b-Li2IrO3 may deliver a theoretical capacity of 422 mA h g�1

under a full reduction from Ir4+ to Ir0 when used as an anode
(LIO-anode). Based on the dual advantages of volume tolerant
3D structure and wider potential activity, Li rich b-Li2IrO3 could
be considered as a potential electrode material for symmetric
LIBs. This is the rst time we report LIO-based symmetric cells
showing high reversible capacities of 210 and 390mA h g�1 with
outstanding cycling stability for the LIO-cathode and LIO-
anode, respectively. Also, the performance of LIBs with LIO
based electrodes was realized in a symmetric full cell where
a reversible capacity of 160 mA h g�1 with a high working
potential of 3.5 V was obtained.

Results and discussion
Structural characteristics

The scanning electron microscopy (SEM) images in Fig. S1a and
b† indicate that b-Li2IrO3 is composed of interconnected
microspheres with a uniform size distribution of about 1 mm.
All the b-Li2IrO3 microspheres were found to be interconnected
by a b-Li2IrO3 sheet where both the b-Li2IrO3 microspheres and
b-Li2IrO3 sheet consist of aggregated b-Li2IrO3 nanoparticles,
leading to a sea-island structure. We believe that the reason for
the formation of this sea-island structure was mainly due to the
two-step synthesis method. The original precursors were rst
ground into smaller sized particles during the ball-milling
process. Then, the adjacent particles were automatically
aggregated into microspheres and connected by extra sheet-like
particles during the annealing process, resulting in the unique
sea-island structure. The energy dispersive X-ray spectroscopy
(EDS) mapping images in Fig. S1c and d, and Fig. S2† demon-
strate the uniform elemental distribution of Ir within the
material in both the sheet and microspheres, while the
elemental distribution of O is mainly concentrated on the b-
Li2IrO3 microspheres. Moreover, according to the transmission
electron microscopy (TEM) images in Fig. S3,† the single b-
Li2IrO3 nanoparticle with a diameter of about 20 nm is
composed of smaller nanoparticles with size ranging from 3 to
5 nm. The Raman spectrum in Fig. S4† demonstrates the
successful synthesis of b-Li2IrO3 with typical Ir–O vibrations at
Eg, A1g, and B2g modes (the peaks of A1g and B2g are over-
lapped).23 Fig. 1a shows the experimental and simulated XRD
19706 | J. Mater. Chem. A, 2021, 9, 19705–19709
patterns (l ¼ 1.5406 Å) of the prepared b-Li2IrO3 with Rietveld
renement with reasonably low R-factor (6.15%) and x2 (0.9218)
values, conrming its orthorhombic Fddd structure with a,
b and c of 5.8903, 8.4261, and 17.7924 Å, respectively. b-Li2IrO3

is constructed on an edge-sharing IrO6 octahedron that forms
a 3D framework where Li+ occupies all available octahedral
positions which allows the Li migration via corrugated inter-
connected pathways. Fig. 1b–g show the [110], [001] and [100]
high-resolution scanning transmission electron microscopy
(STEM) images with their corresponding 3D frameworks along
the main crystallographic axis of b-Li2IrO3. According to the
[110], [001] and [100] STEM images, a high crystalline degree
can be detected which conrms the single crystal structure of b-
Li2IrO3.
Lithium ion storage performance of LIO-based electrodes in
half LIBs

Fig. 2a illustrates the charge/discharge proles of b-Li2IrO3 at
a current density of 50 mA g�1 between 3.0 and 4.8 V (used as
a cathode, LIO-cathode). The staircase proles of the LIO-
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Electrochemical performance of the LIO-anode in half cells.
The charge–discharge profiles (a), CV data (b), and cycling (c) and rate
performance (d) of the LIO-anode.

Fig. 4 The in situ Raman results with the charge–discharge profiles of
the LIO-anode during the first cycle.
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cathode during the rst charge/discharge can clearly be
observed, corresponding to a multi-step electrochemical reac-
tion between LIO and Li+. Additionally, such multi-step
delithiation/lithiation plateaus were well maintained in the
2nd cycle, demonstrating the reversible phase evolution of the
LIO-cathode. The initial charge and discharge capacities of the
LIO-cathode were 250 and 210 mA h g�1, respectively, corre-
sponding to a high initial coulombic efficiency (ICE) of 84%.
The high reversible capacity indicates that the Li atoms can be
mostly extracted in a reversible fashion from b-Li2IrO3 during
delithiation processes (b-Li2IrO3 � 2Li 4 IrO3). Fig. 2b shows
the CV proles of the LIO-cathode at a scan rate of 0.1 mV s�1 in
the voltage range of 3.0–4.8 V. The three reversible oxidation/
reduction peaks in the range of 3.0–4.0 V, 4.0–4.2 V and 4.2–
4.5 V could be related to three delithiation/lithiation plateaus in
Fig. 2a. As expected, these three oxidation/reduction peaks were
well maintained in the subsequent cycles. However, the CV
curves had a poor repeatability when the charging voltage
increased over 4.6 V. We believe that this was mainly due to the
decomposition of the electrolyte under high voltage. Therefore,
further study of the electrolyte to maintain stable electro-
chemical properties under a high voltage window is necessary.
The ex situ XRD results in Fig. S5† were consistent with the
previous report, indicating that the orthorhombic Fddd struc-
ture of b-Li2IrO3 was maintained aer the rst charging plat-
form at 4.0 V and transformed into the monoclinic C2/c
structure aer the second charging platform at 4.2 V.22 The
relevant STEM images of the LIO-cathode at different voltages
during the rst charge–discharge process are provided in
Fig. S6.† It can be seen that the crystal structure of the LIO-
cathode was well preserved during the whole process.
However, an amorphous layer at the edges of the LiO-cathode
(Fig. S6d†) was observed aer the rst discharge process at
3.0 V, indicating the reaction with electrolyte.

The cycling performance of the LIO-cathode in Fig. 2c shows
a 67% retention of reversible capacity aer 200 cycles, indi-
cating its outstanding structural stability. Therefore, we believe
that the 3D-ordered hyperhoneycomb-like structure has
a unique capability to accommodate the gradual phase evolu-
tion of the Li-rich b-Li2IrO3 under operational conditions,
leading to the improved cycle life and excellent rate perfor-
mance (Fig. 2d). A high and stable capacity of about 50 mA h g�1

was achieved under a current density of 1000mA g�1. Therefore,
we presume that the rigid 3D open framework inside Li-rich b-
Li2IrO3 provides fast Li ion diffusion pathways without
adversely affecting its structural integrity. The interfacial charge
transfer resistance (Rct) was investigated by electrochemical
impedance spectroscopy (EIS) and the Nyquist plot is presented
in Fig. S7.† The LiO-cathode displayed a small charge transfer
resistance (Rct) of z160 U, indicating the fast transfer of ions
and electrons within the LIO microstructure.

Fig. 3a shows the charge and discharge proles of b-Li2IrO3

at a current density of 50 mA g�1 between 0.1 and 3.0 V (used as
an anode, LIO-anode). Similar to the LIO-cathode, a multi-step
discharge prole can also be observed during the initial lith-
iation process. However, the multiple discharging stages dis-
appeared during subsequent charge–discharge processes. The
This journal is © The Royal Society of Chemistry 2021
discharge and charge capacities during the rst cycle were
about 407 and 390 mA h g�1, corresponding to an ICE of 95.8%.
Fig. 3b shows the CV proles of the LIO-anode at a scan rate of
0.1 mV s�1 in the voltage range of 0.1–3.0 V. Three main
reduction peaks during the rst cycle can be identied at about
1.6 V, 1.2 V and 0.8 V, consistent with the voltage prole
depicted in Fig. 3a. The intensities of these redox peaks were
recorded to be reduced in the following cycles. As shown in
Fig. 3c, the LIO-anode demonstrates good cycling stability with
a reversible capacity over 300 mA h g�1 aer 300 cycles, corre-
sponding to a high capacity retention of 77.7%. Furthermore,
superior rate behavior of the LIO-anode is obtained (Fig. 3d)
with a high reversible capacity of 145 and 120 mA h g�1 at 500
and 1000 mA g�1, respectively.
In situ Raman analysis of the LIO-anode

With the aid of in situ Raman spectroscopy, the reaction
mechanism and crystal structure evolution of the LIO-anode
upon lithiation/delithiation between 0.1 and 3.0 V were inves-
tigated. Fig. 4 shows the in situ Raman spectra along with the
charge–discharge curves of the LIO-anode during the rst cycle
J. Mater. Chem. A, 2021, 9, 19705–19709 | 19707
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at 50 mA g�1. The well-dened peak located at 710 cm�1 can be
assigned to typical Ir–O vibrations at B2g and A1g of b-Li2IrO3.
The peak intensities of B2g and A1g were noticed to be gradually
decreased with the discharge process. All the peaks disappeared
aer the rst discharge process at 0.1 V and no peaks can be
detected in the following charging process, indicating that the
crystalline b-Li2IrO3 was irreversibly transformed into the
amorphous LixIrOy aer the rst discharge process. The peak
intensity changes are summarized in Fig. S8.† It decreased from
100% to 2% aer the rst discharge process with no recovery in
the following charging process. According to the STEM image of
the LIO-anode aer the rst discharge at 0.1 V in Fig. S9a,† the
original crystal structure of b-Li2IrO3 was fully transformed into
its corresponding amorphous structure. Moreover, this amor-
phous structure was retained aer the following charging
process at 3.0 V (Fig. S9b†). Therefore, it can be concluded that
the b-Li2IrO3 crystal was irreversibly converted to the amor-
phous Li2IrO3 when used as an anode in LIBs, which is signif-
icantly different from the electrochemical behavior of the LIO-
cathode.
Lithium ion storage performance of LIO electrodes in the
symmetric full LIBs

Due to the outstanding electrochemical performance of both
the LIO-cathode and LIO-anode, we further created a symmetric
full cell model battery based on the b-Li2IrO3 electrode. For this
full cell, LIO was used as both the cathode and anode, named
LIO//LIO. Fig. 5a shows the CV curves of LIO//LIO at a scan rate
of 0.1 mV s�1 in the voltage range of 2.0–4.5 V. Broad redox
Fig. 5 Electrochemical performance of LIO//LIO full cells. (a) CV data,
(b) charge–discharge profiles, and (c) cycling and (d) rate performance
of LIO//LIO full cells.

19708 | J. Mater. Chem. A, 2021, 9, 19705–19709
peaks can be seen in the CV curves, corresponding to the broad
slopes in the charge–discharge proles in Fig. 5b. The working
potential for this symmetric full cell is located at about 3.5 V.
The initial charge and discharge capacities of LIO//LIO were 90
and 150 mA h g�1, corresponding to an ICE of 60%. However,
the coulombic efficiency (CE) increased to 94% in the 2nd cycle.
The cycling performance of LIO//LIO is shown in Fig. 5c where
the reversible capacity was calculated to be about 93 mA g�1

aer 50 cycles under a current density of 50 mA g�1, which
indicates a retention of 62% reversible capacity. The LIO//LIO
full cell also exhibited acceptable rate performance with
reversible capacities of 50 mA h g�1 and 40 mA h g�1 under high
current densities of 300 mA g�1 and 400 mA g�1, respectively.
The Nyquist plot of the LIO//LIO full cell was further collected to
evaluate the electrical conductivity (Fig. S10†) and the Rct for
LIO//LIO was found to be about 250 U which is higher than that
of the LIO-based half-cell.

To monitor the structural changes of electrode materials
aer continuous charge/discharge processes, SEM images of
the LIO-cathode (Fig. S11†) and LIO-anode (Fig. S12†) were
obtained for the LIO//LIO full cell.24,25 According to the SEM
images and their relevant elemental mapping results, the orig-
inal structure of b-Li2IrO3 electrodes was well maintained with
a uniform Ir and O distribution. However, the surface of the
LIO-anode was observed to be coated with thick SEI lm, which
is different from the original LIO powder.

Experimental
Fabrication of the b-Li2IrO3 electrode material

IrO2 (Sigma Aldrich) and Li2CO3 (Sigma Aldrich) with 20%
excess were mixed by ball-milling for 30 min to ensure
a uniform distribution of IrO2 and Li2CO3. Then, the mixture
was calcined at 1000 �C for 86 h under air followed by cooling to
room temperature.

Characterization

The morphologies of all the prepared samples in this work were
characterized using scanning electron microscopy (SEM, JEOL
7100). High-angle annular dark-eld (HAADF)-scanning trans-
mission electron microscopy (STEM) imaging and energy
dispersive X-ray spectroscopy (EDS)-STEM mapping were
carried out on a JEM ARM 200. The XRD results were achieved
using a Shimadzu XRD-6000 diffractometer with Cu Ka radia-
tion (l ¼ 1.5418 Å). Raman spectra were obtained using
a Renishaw inVia Raman system with a 532 nm excitation laser.

Electrochemical tests

The electrochemical properties, such as the cycle life, rate
ability and cyclic voltammetry (CV) curves, were tested using
a LAND-CT-2001A battery tester and CHI660D electrochemical
workstation. Coin-cell (CR2032) batteries were assembled in
a SIEMENS-MBRAUN argon-lled glovebox. The electrode was
composed of 70 wt% b-Li2IrO3 as an active material, 20 wt%
carbon black as a conducting agent, and 10 wt% poly(vinylidene
uoride) (PVDF) as a binder, which were mixed uniformly with
This journal is © The Royal Society of Chemistry 2021
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N-methyl pyrrolidone (NMP) as the solvent. Al and Cu foil were
used as the current collector for the cathode and anode,
respectively. The electrolyte was a mixture of 1.0 M LiPF6 in
ethylene carbonate (EC), propylene carbonate (PC) and
dimethyl carbonate (DMC) in the ratio of 1 : 1 : 3 by weight. For
the symmetric full cell fabrication, the mass ratio between the
cathode and anode was 2 : 1. The capacity of the full cell was
calculated based on the mass of the cathode. CV was performed
using a Biologic VMP-3 electrochemical workstation between
0.1 V and 3.0 V at a scan rate of 0.1 mV s�1 for the anode, 3.0
V�4.8 V at 0.1 mV s�1 for the cathode, and 2.0 V�4.5 V at 0.1 mV
s�1 for the symmetric full cell. Electrochemical impedance
spectroscopy (EIS) of the fresh cells was performed in the
frequency range from 0.1 Hz to 105 Hz. All the electrochemical
tests were conducted at room temperature.
Conclusions

In conclusion, a symmetric full lithium ion battery (LIB) was
fabricated using the newly proposed Li-rich b-Li2IrO3 electrodes
as both the anode and cathode. A detailed analysis of the phase
evolution of the b-Li2IrO3-based cathode and anode was per-
formed by ex situ XRD and in situ Raman spectroscopy. Both the
b-Li2IrO3-based cathode and anode showed outstanding elec-
trochemical performance in the half cells. Aer the fabrication
of symmetric full cells, a high reversible capacity (150mA h g�1),
good cycling stability (62% reversible capacity was maintained
aer 50 cycles) and large working potential (3.5 V) were ob-
tained. Compared with the existing asymmetric LIBs, this
symmetric design might offer improved safety with a simplied
fabrication process. We believe that this work may contribute
relevant knowledge and understanding for the future develop-
ment of symmetric energy storage systems.
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