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resources of sodium.[2] In modern society,
rechargeable batteries play a vital role due
to their efficient electrical energy storage.
In order to meet the increasing demands
for portable electronic devices, electric
vehicles (EV), and grid-storage systems,
the development of high-performance
rechargeable batteries is urgently desired.
Many research studies have been devoted
to enhancing the electrochemical properties of electrode materials, achieving
high-energyand
high-power-density
rechargeable batteries.[3–5] However, a fundamental understanding of the intrinsic
limitations of electrode materials is still
unclear.
The electrode materials, as an important component of batteries, play a critical
role in defining the overall performance
of a rechargeable battery. During the
charge/discharge reaction process, various physical and chemical changes will occur in electrode materials, such as lattice
evolution, phase transitions, and structural degradation. These
changes affect the electrochemical performance of rechargeable
batteries to some extent. Thus, it is necessary to detect these
physical and chemical processes during cycling, in order to
optimize and enhance the electrochemical performance of electrode materials. Numerous researchers have studied the electrochemical storage mechanism and the crystal-structure changes
in electrode materials based on ex situ methods, such as X-ray
diffraction (XRD),[6,7] X-ray photoelectron spectroscopy (XPS),[8]
and transmission electron microscopy (TEM).[9] However, when
the electrode materials are removed from the cells and exposed
to air, the surface properties of the electrodes will be changed,
affecting the characterization and observation of the electrochemical processes. To avoid these drawbacks, operando analytic
methods are exploited. Kim et al.[10] studied the phase stability
of binary Fe and Mn olivine materials using temperature-controlled operando XRD and identified that the Fe/Mn ratio affects
the thermal behavior of partially charged olivine materials. Zhao
et al.[11] performed operando TEM characterization to investigate the stabilizing effect and self-adaptive behavior of crumpled
grapheme. Hua et al.[12] investigated the reaction mechanisms
of CuF2 via an array of characterization methods. Based on
operando X-ray absorption near-edge structure (XANES) spectroscopy and cyclic-voltammetry results, it is revealed that Cu
directly forms during the first discharge and an intermediate
Cu(I) species forms during the first charge. Mai et al.[13] designed

Studying and understanding the physical and chemical changes in electrode materials during cycling is important for achieving high-performance
rechargeable batteries. Operando X-ray diffraction (XRD), as an efficient
analytic method, has been developed to probe the phase transitions and
crystal-structure changes in electrodes. Recent progress in studying the
electrochemical reaction process of electrodes during cycling by the operando
XRD analysis method is summarized. The applications of operando XRD
toward both cathode and anode materials of rechargeable batteries are summarized, including polyanionic compounds, layered oxides, and insertion-,
conversion- and alloying-type anodes. The correlation between the structure
changes and electrochemical performance of electrode materials is systematically analyzed. Finally, the challenges and perspectives on the development
of the operando XRD characterization method in electrode materials are
introduced and discussed.

1. Introduction
To settle the global environmental issues and integrate renewable energy sources into the smart grid, the development of
energy-storage devices has become more and more important.
Among the different kinds of energy-storage devices, rechargeable batteries as efficient electrochemical-energy-storage devices
have drawn great attention.[1] For instance, lithium-ion batteries
(LIBs) have been widely used in portable electronic devices,
owing to their high energy density and environmental benignity. Recently, sodium-ion batteries (SIBs) have also attracted a
great deal of attention and are considered as a potential substitute to LIBs because of their low cost and the abundant
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a single-nanowire-electrode device for operando probing the
intrinsic reason for the electrode capacity fading and revealing
the structure change at the single-nanowire level by confocal
Raman microscopy. These operando techniques realize the
effective observation of the dynamic electrochemical process in
the working state of electrode materials. Among these operando
analyses, the operando XRD technique is considered to be an
important analytic tool, identifying phase transitions, lattice constant changes, and crystal evolutions (Figure 1). These changes
are closely related to the electrochemical processes of electrodes
during charge/discharge. For instance, the phase transformation is usually caused by redox reaction in the electrodes. Lee
et al.[14] performed operando XRD to investigate the structural
evolution of lithium-excess nickel titanium molybdenum oxides
upon charge/discharge. On the basis of characterization results
from the operando XRD, XANES spectroscopy, electron energyloss spectroscopy, and electrochemistry, it is proposed that the
first charge of Li1.2Ni1/3Ti1/3Mo2/15O2 to 4.8 V is accompanied by
Ni2+/Ni∼3+ oxidation, oxygen loss, and oxygen oxidation largely
in this sequence, after which Mo6+ and/or Ti4+ can be reduced
upon discharge. Nelson et al.[15] studied the structural and morphological changes in Li–S batteries by operando XRD and
transmission X-ray microscopy. It was proven that the recrystallization of sulfur by the end of the charge cycle is dependent on
the preparation technique of the sulfur cathode. The crystalline
Li2S does not form at the end of discharge for all the sulfur cathodes studied. Wu et al.[16] investigated the structural evolution
of NaxTiO2 upon electrochemical de-intercalation by operando
XRD. The results revealed a reversible O3–O’3 phase transition, including an unusual lattice parameter variation coupled
to complicated Na vacancy orderings in a series of second-order
phase transitions. Wang et al.[17] performed synchrotron-based
operando transmission X-ray microscopy and high-energy XRD,

Figure 1. Schematic of the operando XRD characterization for electrode
materials in rechargeable batteries.
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and clarified the dissymmetric phase transformation and structure-evolution mechanism of layered NaNiO2 material. It was
confirmed that the phase transformation and deformation of
NaNiO2 during the voltage range of below 3.0 V to over 4.0 V
are responsible for the irreversible capacity loss during the first
cycling. The clear observation of the real-time electrochemical
process and reaction mechanism makes it easy to understand
the factors influencing the degradation of electrode materials.
Thus, in order to design and fabricate high-performance electrode materials, many researchers have focused on testing and
analyzing the chemical and physical changes through the operando XRD technique.
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EVs, numerous studies have been carried
out to optimize and investigate the reaction
mechanism of LiFePO4.[19–22] Some strateAnalytical
gies have been adopted to improve the rate
Viewpoint
performance of LiFePO4, such as reducing
Phase transition
the particle size[23] and mixing with carbon
materials.[24] Modifying the electrochemical
Phase transition
performance relies highly on understanding
Structure evolution
the phase-transformation mechanisms and
Structure evolution
ion-diffusion kinetics of the electrode matePhase transition
rials. The development of operando methods
Phase transition
is required to elucidate the phase-transition
behavior through real-time observation.
Phase transition
Recently, Orikasa et al.[25] investigated the
Structure evolution
phase transition of LiFePO4 under battery
Structure evolution
operation using time-resolved XRD. It was
Phase transition
revealed that a metastable crystal phase tranReaction mechanism
siently emerges between LiFePO4 and FePO4,
and the phase-transition path passes through
Structure evolution
the metastable phase, accounting for the
Phase transition
high rate capability of LiFePO4. Liu et al.[26]
Structure evolution
used a dilute electrode and time-resolved
Reaction mechanism
operando XRD to probe the phase-transforReaction mechanism
mation process of LiFePO4. The existence of
a facile non-equilibrium single-phase-transReaction mechanism
formation pathway can explain the high rate
performance of LiFePO4. Despite the great
progress in studying the electrochemical performance and
phase-transition behavior of LiFePO4 at room temperature that
has been achieved, a breakthrough in its low-temperature performance and probing the phase-transformation process at low
temperature is still needed.
Yan et al.[27] investigated the phase-transformation routes of
LiFePO4/FePO4 at different cyclic voltammetry (CV) scan rates
and temperatures by operando two-dimensional XRD (XRD2)
with laboratory XRD. An electrochemical-cell module with an
X-ray-transparent beryllium window was used, while the slurry
was directly cast on the beryllium window. The cell was assembled in an argon-filled glove box. During the charge/discharge
process, the operando XRD signals were collected directly
using a planar detector. The results revealed the existence of
intermediate phases during the lithium insertion/extraction
processes at low temperature. Figure 2a–c show operando diffraction patterns of LiFePO4 at various scan rates at 1.4, 2.8 and
4.2 mV s−1 at 293 K. It can be observed that the continuous positive intensities appear in the 2θ range between 41.7° and 42.8°
in the selected diffraction patterns at a scan rate of 4.2 mV s−1
(Figure 2c). This phenomenon reveals the possible existence of
intermediate phases between LiFePO4 and FePO4 under a thermodynamic equilibrium state. The phase-transition processes
of LiFePO4 were also probed by operando XRD2 at scan rates
of 1.4, 2.8, and 4.2 mV s−1 at a low temperature of 273 K, as
shown in Figure 2d–f. It was observed that the (211), (311), and
(121) reflections become broad asymmetrically with the charge
proceeding, which is accompanied by the formation of intermediate phases. In addition, the selected diffraction peaks shift to
higher angle after cycling, indicating a decrease of the unit-cell
volume. Figure 3a–c show the ion-diffusion coefficients and
structure evolution of LiFePO4 at different temperatures. With

Table 1. Classification of the electrode materials by operando XRD characterization in
rechargeable batteries.
Classification
Cathode Materials

Polyanionic Compounds

Layered Oxides

Anode Materials

Insertion Type

Conversion Type

Materials

Energy-Storage
Systems

LiFePO4[26,27]

LIBs

LiMn0.25Fe0.75PO4[37]

LIBs

Na3V2(PO4)3[35]

NIBs

K3V2(PO4)3[36]

NIBs

NaNiO2[17]

NIBs

V2O5/NaV6O15[44]

LIBs

P2-NaxCoO2[50]

NIBs

Na0.7Fe0.5Mn0.5O2[38]

NIBs

K0.7Fe0.5Mn0.5O2[47]

KIBs

NaTiO2[16]

NIBs

Li4Ti5O12[55]

NIBs

Na3Ti2(PO4)3[30]

NIBs

Mn3O4[59]

LIBs

Fe3O4/VOx/G

Alloying Type

[64]

LIBs

Co2V2O7[66]

LIBs

Si[73]

LIBs

[78]

NIBs

Sb

Here, we summarize the recent research progress on the
characterization of rechargeable-battery electrodes by the
operando XRD method. The application and development of
the operando XRD characterization method in both cathode
and anode materials for rechargeable batteries are listed (see
Table 1) and discussed in this review, including polyanionic
compounds, layered oxides, and insertion-, conversion-, and
alloying-type anodes. Moreover, the intrinsic reason of the electrochemical performance degradation and fundamental understanding of the structural changes are also analyzed in detail,
which is helpful in exploring and designing next-generation
electrode materials.

2. Operando XRD Technique for Cathode
Materials
2.1. Polyanionic Compounds
2.1.1. Observation on the Phase Evolution of LiFePO4
Since Goodenough and co-workers[18] reported LiFePO4 as a
positive electrode material for LIBs, LiFePO4 has attracted great
interest and is now considered as one of the most promising
cathode material for LIBs, owing to its high thermal stability,
low cost, environmental friendliness, and safe properties.
During cycling, electrochemical delithiation/lithiation proceeds through a two-phase reaction process between LiFePO4
and FePO4. However, the poor ionic and electronic conductors of end-member phases hinder the fast Li+ insertion/
extraction in LiFePO4. To make this electrode material meet
the demand for high-performance large-scale application in
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Figure 2. The image plot of diffraction patterns for (111), (211), (020), (311), and (121) reflections during the two CV cycles under different scan rates
of 1.4 (a,d), 2.8 (b,e), and 4.2 mV s−1 (c,f) at temperatures of 293K (a–c) and 273 K (d–f).The corresponding current curves are plotted on the right.
LFP represents LiFePO4; FP represents FePO4. a–f) Reproduced with permission.[27] Copyright 2016, Elsevier.

the temperature reducing from 293 to 273 K, the ion-diffusion
coefficient decreases slightly, as shown in Figure 3a. This
demonstrates that the formation of intermediate phases can
alleviate the kinetic limitation of LiFePO4. The lattice-parameter variations are confirmed, as shown in Figure 3b,c. When
cycling at a temperature of 273 K, it is found that the parameter
b decreases and increases with time in the cathodic and anodic
reaction processes, respectively. These results indicate a solidsolution reaction between LiFePO4 and FePO4.
The intermediate phases of LiFePO4 were captured by the
operando XRD2 analysis method at a relatively low temperature. The appearance of intermediate phases can inhibit the
degradation of the ion-diffusion coefficient at low temperature.
Such a high-time-resolution operando XRD2 analysis method
can also be applied to observe the processes during the reaction
time of other rechargeable battery electrodes.

2.1.2. Studying the Electrochemical Reaction Process of
Na3V2(PO4)3
In the past decade, sodium super ionic conductor (NASICON)structured compounds derived from the polyanion system have
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been widely studied as potential cathodes for SIBs, which possess an open framework containing large interstitial channels
and provide high ionic mobility.[28–32]
As a typical NASICON-structured compound, Na3V2(PO4)3
has received extensive attention in SIBs owing to the highly
covalent three-dimensional open frameworks, which provide
high ionic conductivity and large interspace.[33,34] Although
Na3V2(PO4)3 has been considered as one of the best candidates
for room-temperature SIBs. However, its intrinsic sodiumstorage mechanism and the crystal-structure evolution during
the charge/discharge processes are still unclear. Ren et al.[35]
reported a novel three-dimensional Na3V2(PO4)3 nanofiber
network controllably constructed via a facile self-sacrificed
template method. The crystal-structure evolution during the
sodium-ion insertion/extraction processes was investigated
through the operando XRD technique with laboratory XRD
(Figure 3d,e). The Na-rich Na3−αV2(PO4)3 phase and Na-poor
NaβV2(PO4)3 phase are clearly observed in the operando XRD
patterns. Obviously, the Na3−αV2(PO4)3 peaks disappear on
desodiation and are restored after the sodiation process. On
the contrary, NaβV2(PO4)3 peaks form in the initial stage, and
grow and disappear during the desodiation and sodiation processes, respectively. Moreover, the (211) and (300) peaks shift to
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Figure 3. a) Ion-diffusion coefficients of LiFePO4 at different temperatures. b,c) The unit cell parameter b as a function of reaction time, obtained from
Rietveld refinement at temperatures of 293 K (b) and 273 K (c) with a scan rate of 1.4 mV s−1. d) The operando XRD patterns of three-dimensional
Na3V2(PO4)3 nanofiber network for a full charge/discharge cycle in a voltage range of 2.3–3.9 V. e) The corresponding time–potential curve. a–c) Reproduced with permission.[27] Copyright 2016, Elsevier. d,e) Reproduced with permission.[35] Copyright 2016, Elsevier.

higher angles during the desodiation process, indicating the
d-spacings decrease during the extraction of the sodium ions.
After fully charging, all of the peaks return to the original positions, manifesting the excellent structure reversibility.[36] Therefore, the intrinsic sodium-storage mechanism and the reason
for the excellent cycling stability of the Na3V2(PO4)3 are revealed
by the operando XRD technique.

2.1.3. Investigating the Phase Transitions of LiMn0.25Fe0.75PO4
As a lithium transition-metal phosphate, LiMnPO4 is a
good alternative to LiFePO4 with a similar specific capacity
(170 mA h g−1) and a higher Mn2+/Mn3+ redox voltage
(4.1 V vs Li+/Li); however, its power capability is significantly reduced. To take advantage of LiFePO4 and LiMnPO4,
binary LiFe1−xMnxPO4 olivine cathodes have been studied by
researchers.[10] Chen et al.[37] studied the phase transformations of LiMn0.25Fe0.75PO4 during lithiation/delithiation using
the operando XRD technique with synchrotron XRD. Figure 4
shows the operando XRD patterns of LixMn0.25Fe0.75PO4 as a
function of lithium content x during the first cycle (Figure 4a
and Figure 4b showing respectively charge/discharge at 0.05C)
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and second cycle (Figure 4c and Figure 4d showing respectively
charge/discharge at 0.5C). It was observed that two significant
two-phase transformations occur during delithiation. The first
two-phase transformation is caused by an Fe2+/Fe3+ redox reaction. The LixMn0.252+Fe0.753+PO4 (020) peak begins to appear at
x = 0.62, indicating the coexistence of LixMn0.252+Fe0.752+PO4
and LixMn0.252+Fe0.753+PO4. At x = 0.30, the phase becomes
entirely LixMn0.252+Fe0.753+PO4. The second two-phase transformation is a result of the Mn2+/Mn3+ redox reaction. At x = 0.14,
the LixMn0.253+Fe0.753+PO4 (020) peak begins to appear and the
phase changes to LixMn0.253+Fe0.753+PO4 at x = 0.02. During the
lithiation process, the two-phase transformation of the Mn2+/
Mn3+ redox reaction still exists, but only the single-phase transformation of the Fe2+/Fe3+ redox reaction can be detected.

2.2. Layered Oxides
2.2.1. Investigating the Phase Transformations of V2O5/NaV6O15
Sodium-intercalated layered-oxides are another kind of promi
sing cathode materials in rechargeable batteries. These layeredoxides can be categorized into three main groups according to
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Figure 4. The operando XRD patterns of LixMn0.25Fe0.75PO4 as a function of the lithium content x during the first cycle (charge/discharge at 0.05C (a,b))
and second cycle (charge/discharge at 0.5C (c,d)). a–d) Reproduced with permission.[37] Copyright 2009, Elsevier.

the freedom of the sodium ions (unable, partial, and complete
insertion/extraction) in the crystal skeleton.[38] These layered
oxides are being revisited as cathode materials in LIBs/SIBs,
due to their high theoretical capacity, low cost, and facile synthesis conditions.[39–41] Among the different layered-oxides,
vanadium-based layered-oxides are remarkably attractive candidates for rechargeable-battery cathodes due to their abundant
resources, stable thermodynamic properties, and easy preparation.[42,43] However, their poor rate capacity and low cycling
stability seriously limit their further application in energystorage systems. In order to overcome these problems, many
scientists have done a lot of research work in this field.[41–44]
Niu et al.[44] designed and fabricated a three-dimensional hierarchical heterostructure, V2O5/NaV6O15. The phase transformations of V2O5/NaV6O15 during the charge/discharge process
were investigated by operando XRD with laboratory X-ray diffraction (Figure 5a–g). During the lithiation process, six stages
of phase transformations are observed and exhibited accurately
with the extension of time. In stage I, no obvious peak evolution occurs, while only a slight phase transformation is evident
between Li1/18Na1/3V2O5 and Na1/3V2O5. In stage II and IV,
the evolution of distinct peaks associated with the V2O5 phase
occurs. The peak evolutions indicate the phase transformation from V2O5 to ε-Li0.5V2O5 (stage II) and from ε-Li0.5V2O5 to
δ-LiV2O5 (stage IV), respectively. The other stages correspond
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to the stepwise phase transformation from Li1/18Na1/3V2O5 to
LiNa1/3V2O5. The obvious evolution of the lattice parameters
clearly demonstrates a synergistic effect between the branched
NaV6O15 and the V2O5 backbone of the three-dimensional
V2O5/NaV6O15 hierarchical heterogeneous microspheres
during the lithiation/delithiation process, which can efficiently
improve the lithium-storage performance. These valuable
results demonstrate the intrinsic lithium-storage mechanism
of the three-dimensional V2O5/NaV6O15 hierarchical heterogeneous microspheres in LIBs.

2.2.2. Stable Crystal Framework and Enlarged Diffusion Channel of
K0.7Fe0.5Mn0.5O2
Potassium-ion batteries (KIBs), as a new type of energy-storage
device, faces a major challenge, which is the lack of stable materials to accommodate the intercalation of the large-size potassium ions.[45] Sodium-containing Fe/Mn-based layered materials
(Na0.7FexMn1−xO2, 0 < x < 1) demonstrate high specific capacities
but show poor cycling performance due to their structural instability upon insertion/extraction of the large-sized ions.[46] To reinforce the layered structure of the Fe-/Mn-based materials, Wang
et al.[47] reported potassium-containing Fe-/Mn-based layered
oxide (K0.7Fe0.5Mn0.5O2) interconnected nanowires as a cathode
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Figure 5. Operando X-ray diffraction patterns: a) 3D V2O5/NaV6O15 hierarchical heterogeneous microspheres. b) V2O5/NaV6O15 physical mixture.
c) Pure V2O5 nanogears. d) Pure NaV6O15 nanospindles. e–g) Magnified time-resolved evolution of 3D V2O5/NaV6O15 hierarchical heterogeneous
microspheres in one discharge process from 4.0 to 2.4 V. h) Operando XRD patterns of interconnected K0.7Fe0.5Mn0.5O2 nanowires at 22.5–29.0° and
31.5–38.0° during the first two cycles. i) The image plot of the XRD patterns at 22.3–29.2° and 31.3–38.3° during the first two cycles. a–g) Reproduced
with permission.[44] Copyright 2016, Elsevier. h,i) Reproduced with permission.[47] Copyright 2016, American Chemical Society.

material for KIBs that exhibits both high capacity and good
cycling stability. The structural evolutions of the K0.7Fe0.5Mn0.5O2
during the potassiation/depotassiation processes were characterized using the advanced operando XRD technique with laboratory
XRD. No change was observed for the peak located at 2θ = 25.2°
during the voltage increase from 3.27 to 3.7 V. However, one new
peak appeared and was finally fixed at 26.0° when charging to
4.0 V. This trend was reversed during the first potassiation stage,
indicating a reversible expansion/contraction. Another two peaks
of 35.4° and 36.2° exhibited minor shifts to low angles at the end
of depotassiation, and then returned to their original position
during the potassiation. All the peaks were stably preserved or
highly reversible during the potassiation/depotassiation processes
apart from showing changes in their peak intensities (Figure 5h,i),
confirming that K0.7Fe0.5Mn0.5O2 can provide a stable crystal
framework.[48,49] As a consequence, the highly reversible crystal
structure of the interconnected K0.7Fe0.5Mn0.5O2 nanowires
exhibits excellent potassium-storage performance for KIBs.

domains appearing on sodium intercalation, combining the
electrochemical process with the operando XRD technique
and laboratory XRD. Figure 6 shows the synergy between the
electrochemistry and the operando XRD through sodium-ion
intercalation in P2-NaxCoO2. The results of the operando XRD
measurements indicate that the (008) diffraction peak was
shifted to a higher 2θ position. It was proven that the interslab
distance decreases during sodium intercalation. The (102) diffraction peak of the Be window is marked by the asterisk. A new
P2-NaxCoO2 phase diagram is shown for the ≈0.62 ≤ x < ≈0.92
region, exhibiting single-phase domains with either peculiar
composition or solid-solution behavior, and biphasic domains.

3. Operando XRD Technique for Anode Materials
3.1. Anodes based on the Intercalation Reaction Mechanism
3.1.1. Investigation of the Sodium-Storage Mechanism in Li4Ti5O12

2.2.3. Studying the Phase Transformations of P2-NaxCoO2
Among sodium-intercalated layered-oxides, P2-NaxCoO2 attracts
a high level of scientific interest given its unique physical
properties due to the strong electronic correlations. Berthelot
et al.[50] identified a succession of single-phase or two-phase
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Lithium titanium oxide spinel (Li4Ti5O12) has been considered
as one of the most promising anode materials for LIBs, due to
its zero-strain insertion property, excellent structural stability,
and high reversibility.[51] However, Li4Ti5O12 suffers from low
electronic and ion conductivity, resulting in a high overpotential
and a poor rate capability. To solve these issues, various work
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Figure 6. Synergy between electrochemistry and operando XRD through sodium-ion intercalation in P2-NaxCoO2. The galvanostatic intermittent titration technique (GITT) electrochemical battery discharge (right side) enables the equilibrium potential for each given composition to be obtained. At
the end of each relaxation step (top right inset), the operando XRD measurements (left side) are carried out to characterize the corresponding system.
Reproduced with permission.[50] Copyright 2011, Nature Publishing Group.

has focused on surface coating,[52] doping with metal ions,[53]
and reducing the size of the electrode materials.[54] Some nanostructured Li4Ti5O12 materials have been developed to shorten
the diffusion path of both electrons and ions, improving
the electrochemical performance of the electrodes. Recently,
Li4Ti5O12 has also been reported as an anode material for SIBs,
showing an average voltage of about 0.9 V.[55] The relatively
high storage voltage makes it much safer than hard carbon as
an anode material. Zhao et al.[56] adopted ex situ XRD to investigate for the first time the structure changes of Li4Ti5O12 after
sodium-ion insertion/extraction. However, the relationship
between the structural changes and the electrochemical performance of the electrodes is far from clearly understood, which
deserves more investigation via operando methods.[57,58]
Sun et al.[55] investigated the sodium-insertion mechanism of
Li4Ti5O12 via operando synchrotron XRD. These data were collected at Beamline BL148 (λ = 0.12398 nm) of the Synchrotron
Radiation Facility, using an image plate detector in transmission
mode. Mylar film was used as a window to allow the penetration
of the synchrotron beam into the in situ cell. Figure 7a shows the
operando synchrotron XRD results of the Li4Ti5O12 electrode in
the SIB system during the first charge/discharge process. During
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the discharge process, new peaks of the Na6Li phase appear.
However, these peaks disappear in the following charging process, which indicate a phase-separation reaction instead of a
solid-solution reaction occurring in the Li4Ti5O12 electrode.
Yu et al.[54] studied the structure changes of a Li4Ti5O12 electrode using a combination of chemical sodiation and operando
XRD with synchrotron XRD. The result demonstrated that the
sodium-storage behavior is size dependent. The XRD patterns of
Li4Ti5O12 (44 nm) during the chemical sodiation process are collected in Figure 7b. With increasing reaction time, the new peaks
appear on the left side of the Li4Ti5O12 (400) and (440). When the
reaction time increases to 2 h, the sodiation process is complete,
with no change of the XRD patterns. Figure 7c shows the XRD
pattern of the final sodiated product, which confirms two new
phases, Na6(16c)LiTi5(16d)O12(32e) and Li7Ti5O12, were formed
during sodium insertion. To further investigate the size effect
on the phase-transition behavior, the XRD-pattern changes of
the Li4Ti5O12 samples with larger particle size (120 and 440 nm)
were also studied during an operando chemical sodiation process (Figure 7d–f). Interestingly, the sodiation reaction does not
complete until the reaction time increases to 24 h for Li4Ti5O12
with a particle size of 120 nm. For 440 nm Li4Ti5O12, no new
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Figure 7. a) Operando synchrotron XRD patterns of Li4Ti5O12 electrode in SIB system during the first cycle. b,c) XRD patterns of Li4Ti5O12 (particle
size ≈44 nm) during the chemical sodiation process and the final sodiated Li4Ti5O12, respectively. d) Operando XRD patterns collected during chemical
sodiation of the nanosized 44 nm (top), 120 nm (middle), and 440 nm (bottom) Li4Ti5O12. e) Enlarged view of the (111) reflections for the pristine
Li4Ti5O12. f) XRD patterns of the sub-microsize Li4Ti5O12 collected after chemical sodiation for 20, 40, and 80 h, respectively. g) The charge–discharge
curve (first, dashed line; 30th, solid line) of sodium storage into Li4Ti5O12 (0.1C, 0.5–3 V). a) Reproduced with permission.[55] Copyright 2013, Nature
Publishing Group. b–g) Reproduced with permission.[54] Copyright 2013, American Chemical Society.

phase forms in the initial chemical sodiation stage (8 h). With the
increase of the chemical sodiation time, the peaks of the Na6LiTi5O12 phase appear and become stronger. However, only 36 wt%
of the Li4Ti5O12 is transformed to Na6LiTi5O12 and Li7Ti5O12 even
after reaction for 80 h. The relationship between the sodiumstorage performance and the particle size was also studied, as
shown in Figure 7g. The specific capacity of 175 mA h g−1 was
obtained after sodium insertion into Li4Ti5O12 (44 nm), which is
largely higher than that of 440 nm Li4Ti5O12 (16 mA h g−1). The
results indicate that the sodium-storage performance of Li4Ti5O12
is highly relevant to the particle size.
In summary, the advanced synchrotron-based operando
XRD method was developed to investigate the phase-transition
behavior of Li4Ti5O12 as a SIB anode material. It has been demonstrated that the sodium-storage performance of Li4Ti5O12 is
related to the particle size. The operando XRD results provides
a clear direction to improving the sodium-storage performance
of Li4Ti5O12, making it a suitable anode material for SIBs.
3.2. Anodes based on the Conversion Reaction Mechanism
3.2.1. Observation of the Electrochemical Reaction Process of
Metal Oxides
Transition-metal oxides as conversion-type materials have
been widely investigated for LIBs due to their high theoretical
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capacity, relatively low cost, and environmental friendliness.
However, these materials suffer from a large volume change
and low conductivity during insertion/extraction of ions, hindering their practical applications. In order to circumvent
these issues, various synthetic methods and operando analysis
techniques have been developed to improve their performance
and understand the electrochemical reaction mechanism.
Lowe et al.[59] studied the conversion-reaction mechanism of
Mn3O4 anode material with operando synchrotron XRD and
X-ray absorption spectra (XAS). The electrochemically induced
variation of several intermediate phases during lithiation were
probed. It was demonstrated that the Mn3O4 surfaces react
first, with concurrent reduction of both Mn3O4 and LiMn3O4
throughout most of the higher-voltage regime. In addition, XAS
results show that metallic Mn does not appear until the reduction of Mn2+ to an average oxidation state Mn1+. Nanostructured metal-oxide materials have been synthesized, including
nanosheets,[60] nanowires,[61] and nanotubes.[62] Not only can
the diffusion length be shortened, but also the volume expansion during insertion/extraction of ions can be accommodated.
In addition, constructing hybrid electrodes composed of metal
oxides and carbonaceous materials has also been proven as a
facile and effective approach to enhance the electrochemical
performance of anode materials.[63] An et al.[64] constructed
amorphous matrixes of vanadium oxides that supported hierarchical porous Fe3O4/graphene nanowires (Fe3O4/VOx/G-P
NWs) providing fast lithium-ion diffusion, effective electron
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was revealed. Metallic Co and Li1+xVO2 formed
in the initial discharge process. The formation of CoO from metallic Co and the delithiation of the vanadium oxides occurred in the
subsequent charging process. In the following
cycles, electrochemical reaction process corresponds to a reversible transformation reaction
between the phases of CoO and Co.

3.3. Anodes based on the Alloying Reaction
Mechanism
3.3.1. Investigation on the (De-)Lithiation
Mechanism in Silicon
Silicon (Si) is widely considered as one of the
most promising anode materials for LIBs due
to its high theoretical capacity and abundant
resources. However, the practical application
of Si is limited by the large volume changes
during the lithiation/delithiation processes.
The large volume expansion causes the pulverization and cracking of Si, resulting in damage
to the electrode, an unstable SEI, and limFigure 8. a) Operando XRD patterns of Fe3O4/VOx/G-P nanowires. b) Operando XRD patited cycle life.[67–69] Various approaches have
terns of CoVO-1 (left) and corresponding discharge/charge curve (right). a) Reproduced with
permission.[64] Copyright 2014, American Chemical Society. b) Reproduced with permission.[66] been developed to address these problems,
such as designing pomegranate-like Si strucCopyright 2016, American Chemical Society.
tures[70] and nonfilling carbon-coated porous
Si microparticle core–shell structures.[71] The cycling stability of
transport, and excellent stress relaxation, exhibiting superior
lithium-storage performance. The reaction mechanism of the
Si has been largely improved by these efficient strategies. HowFe3O4/VOx/G-P NWs was also investigated by operando XRD
ever, studies focused on understanding the (de-)lithiation and
degradation mechanisms of Si anode material are still needed to
with laboratory XRD as shown in Figure 8a. During the first disfurther enhance its electrochemical properties. Despite the (de-)
charge process, it could be observed that the diffraction peaks of
lithiation mechanisms of Si nanowires having been studied via
the (220) and (311) planes of Fe3O4 shift to a low angles, owing
ex situ XRD,[72] they are still unclear in clarifying the real electroto the expansion of the electrode materials, while the two diffraction peaks become weaker and weaker until they completely
chemical reaction processes. Misra et al.[73] investigated the lithdisappear. There are no obvious diffraction peaks appearing
ium-ion insertion/extraction mechanism in Si-nanowire anodes
during the following charge/discharge, indicating the formaby operando synchrotron XRD. The metastable Li15Si4 phase was
tion of amorphous materials after lithium-ion insertion.
observed at low potentials. Moreover, it was demonstrated that
Recently, binary metal oxides have also been exploited as anode
the existence of the crystalline phase degrades the cycling staelectrodes in LIBs, because they can synergistically enhance ion
bility of Si. Figure 9a–g show the operando XRD results for Si
and electronic conductivity, mechanical stability, and reversible
on a stainless-steel mesh cell during the first and second lithicapacity.[65] Luo et al.[66] designed and synthesized hierarchical
ation/delithiation cycles. When the Si nanowires are lithiated,
the diffraction peak intensity of Si(111) decreases, indicating
Co2V2O7 nanosheets consisting of interconnected nanoparticles.
the disappearance of crystalline Si and the formation of amorThey exhibited a high reversible specific capacity, excellent rate
phous LixS (Figure 9c). The diffraction peaks corresponding to
capability, and long cycle life, owing to the short pathways for ions/
electrons and sufficient voids for the volume expansion. An operthe Li15Si4 phase are observed at low potentials (<20 mV), which
ando XRD study with laboratory XRD was conducted to observe
is consistent with previous studies on Si anode materials using
the reaction process of the hierarchical Co2V2O7 nanosheets
operando methods.[74] However, it is not possible to observe the
during cycling (Figure 8b). Three plateaus could be observed
presence of the Li15Si4 phase by ex situ studies. The results demin the discharge curve. The peak intensity of the Co2V2O7 just
onstrate the importance of operando techniques in probing the
electrochemical reaction mechanism of electrodes.
decreased and there were no other changes at the first plateau,
which is associated with the formation of a solid electrolyte interface (SEI). However, the diffraction peaks of the Co2V2O7 disappeared and a new peak formed at the second plateau. The new
3.3.2. Studying the Electrochemical Reaction Mechanism of Antimony
peak at 43° is indexed to the (311) diffraction peak of LiVO2. On
Antimony (Sb) has been widely investigated as an anode matethe basis of operando XRD characterization and CV measurement
rial for SIBs due to its low cost, environmental benignity, good
results, the electrochemical reaction mechanism of the Co2V2O7
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Figure 9. a–g) Operando XRD pattern for an stainless-steel (SS) mesh cell: a) at the start of the lithiation cycle; b–f) zoomed-in sections of Q-space
regions shown in (a) for the first and second delithiation/lithiation cycles, respectively. d,g) Voltage profile showing the first and second cycles,
respectively. h) Operando evolution of the XRD pattern recorded at a C/8 rate (top left). A zoom-in illustrating the diffraction peaks from the cubic
Na3Sb (bottom). i) Selected operando XRD patterns at various stages of discharge and charge of an Sb/Na cell. j) Normalized areas under the
most intense diffraction peaks for Sb (28.8°) (in red) and Na3Sb (21.2°) (in blue) during the first cycle plotted as a function of Na number (x).
a–g) Reproduced with permission.[73] Copyright 2012, American Chemical Society. h–j) Reproduced with permission.[78] Copyright 2012, American
Chemical Society.

electronic conductivity, and high theoretical capacity.[75] Liang
et al.[76] reported Sb-nanorod arrays as an SIB anode material,
exhibiting a high capacity of 620 mA h g−1. Luo et al.[77] fabricated Sb nanoparticles anchored in a three-dimensional carbon
network, showing a high reversible sodium-storage capacity and
stable cycling performance. To better understand the electrochemical reaction mechanism of Sb, Darwiche et al.[78] investigated the phase-transformation process of bulk Sb in the first two
cycles by operando XRD with laboratory XRD (Figure 9h–j). The
diffraction-peak intensities of crystalline Sb decreased during the
first discharge process. Peaks due to hexagonal Na3Sb appear
only after the Sb diffraction peaks vanish. New small peaks

Small Methods 2017, 1700083

corresponding to the cubic Na3Sb can also be observed. The phase
is completely amorphous at the end of the charge process. The
results demonstrate that the Sb first transforms to an intermediate amorphous phase, NaxSb, and then converts to cubic-hexagonal Na3Sb mixed phases, finally stabilizing as the hexagonal
Na3Sb phase during the discharge process. On the contrary, the
Na3Sb disappears and the amorphous Sb and NaxSb phase occur
during the charge process. The reversible electrochemical mechanism occurs between two phases through an amorphous intermediate phase. The existence of the intermediate amorphous
phase can relieve strain, explaining the enhanced cycling performance of Sb as an SIB anode material.
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4. Conclusion and Perspective

Keywords

The physical and chemical changes in electrode materials are
important factors that affect the electrochemical properties of
electrodes. Detecting their electrochemical-reaction mechanism
and phase-transformation process during cycling is meaningful
to achieve high-performance electrode materials. Operando
analytic techniques have been developed to observe the electrochemical reaction process of electrodes under working conditions. The operando XRD technique, as an important analytic
tool, can efficiently probe the phase transitions and crystalstructure evolution in electrodes, which is useful for designing
next-generation electrode materials for rechargeable batteries.
Here, we have summarized the recent advances in studying
the electrochemical reaction process of electrodes during charge/
discharge processes by operando XRD analysis method. By
understanding the real-time chemical changes, as well as the
physical changes in electrodes, including the evolution of the
phase-transformation reaction and the formation of an intermediate phase during cycling, we can realize and design better
electrode materials for rechargeable batteries. Although great
progress in the development of the operando XRD method has
been made for studying LIBs and SIBs, it remains a challenge
to monitor the complex electrochemical process in a metal–air,
multivalent-ion battery system. In addition, it is also difficult to
detect low-crystallinity samples and achieve detailed information
in a certain area. Pushing the development and improvements
of the operando XRD technique is very important for achieving
high-performance rechargeable batteries. One way is to improve
and enhance the light-source intensity and detection precision.
An enhanced X-ray intensity can efficiently improve the precision
of the detection, but an ultrahigh intensity may impart radiation
damage to battery samples. To enhance the signal source intensity and avoid the damage of samples, we can control the X-ray
intensity in an appropriate range and extend the detection time to
achieve better measurement results. In addition, the combination
of the operando XRD technique and other advanced operando
techniques will also be a promising strategy to probe and trace
the specific electrochemical changes in electrodes, which can
provide considerable insight on the correlation between structure
changes and electrochemical performance of electrode materials.

electrode materials, intrinsic mechanism, operando X-ray diffraction,
rechargeable batteries
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