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ABSTRACT

In situ X-ray diffraction (XRD), as a widely used tool in probing the structure

evolution in electrochemical process as well as the energy storage and capacity

fading mechanism, has shown great effects with optimizing and building better

batteries. Based on the research progresses of in situ XRD in recent years, we

give a review of the development and the utilization of this powerful tool in

understanding the complex electrochemical mechanisms. The studies on in situ

XRD are divided into three sections based on the reaction mechanisms: alloying,

conversion, and intercalation reactions in lithium-ion batteries. The alloying

reaction, in which lithium ions insert into Si, Sb, and Ge is firstly reviewed,

followed by a discussion about the recent development of in situ XRD on

conversion reaction materials (including metal oxides and metal sulfides) and

intercalation reaction materials (including cathode materials and some struc-

ture-stable anode materials). As for sodium-ion batteries, we divide these

researches on structure evolution into two categories: cathode and anode

materials. Finally, the future development of in situ XRD is discussed.

Introduction

With the development of human society, there is an

increasing desire for energy storage devices, which

will be extensively used in the transportation and the

power grid [1–4]. These devices should feature high

power density, high energy density as well as long

cycling life. Among them, lithium-ion battery (LIB) is

technically and economically valuable to meet these

demands, or at least theoretically. However, long-

time usage of LIB is still a great challenge, due to the

capacity fading. The capacity fading is considered

resulting from the overcharging, phase transitions,

the formation of unstable solid electrolyte interface

(SEI), and the dissolution of active materials during

electrochemical processes [5]. Apart from that, most

electrode materials suffer from poor rate perfor-

mance. Nevertheless, all these phenomena and pos-

sible mechanisms are characterized through the
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Figure 1 a In situ XRD

patterns of amorphous silicon

electrode and the discharge/

charge profile during the first

cycle. b In situ XRD patterns

of crystalline silicon electrode

and the discharge/charge

profile during the first cycle.

c In situ XRD results for a

silicon nanowires grown by

CVD at 500 �C under

electrochemical cycling. d In

situ XRD patterns of the Sb

electrode of a Li/Sb cell.

a Reproduced with permission

from Hatchard and Dahn [21].

b Reproduced with permission

from Li et al. [23].

c Reproduced with permission

from Misra et al. [24].

d Reproduced with permission

from Hewitt et al. [27].
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current/voltage curve of battery and some ex situ

strategies, which are influenced by the external cir-

cumstances greatly. The real-time electrochemical

reaction mechanism cannot be obtained unless

in situ technology is applied. Thus, researchers have

employed in situ detection methods to study these

degradation mechanisms. A series of in situ mea-

surements, including in situ X-ray diffraction (XRD),

in situ transmission electron microscope (TEM),

in situ micro Raman, and in situ X-ray absorption

fine structure (XAFS), etc., have been developed and

widely applied in the investigation of electrochemi-

cal processes. Among these measurements, in situ

XRD is considered as one of the best tools to acquire

the information of structure evolution for real-time

probing. Phase transformations, and crystal evolu-

tions, including lattice constant changes, crystalline

state ranges, and intermediate state occurrence of

transition, can be directly observed during the

electrochemical process, via in situ XRD [6–8].

Meanwhile, phase transformations and volume

changes, which can be deducted from the in situ

XRD characterization results, are of great signifi-

cance in achieving excellent cell performance [9–13].

Based on this, considerable research articles in terms

of phase evolution process have been published to

guide the electrode material design [14]. The recent

progresses regarding the employment of in situ XRD

method in LIBs and sodium-ion batteries (SIBs) are

discussed and summarized in this review. Herein,

for LIBs, we divide these progresses into three sec-

tions based on the reaction mechanisms: alloying

reactions, conversion reactions, and intercalation

reactions [15–18]. For SIBs, we divide the researches

into cathode materials and anode materials. Finally,

the broader use and the future development of

in situ XRD are discussed.

In situ XRD in lithium-ion batteries

In the past several decades, considerable papers have

been published on the topic of LIB. These researches

are aiming to solve some existing problems in LIBs.

The performance of the materials is dependent on the

structure and reaction processes. So a great number

of researches are focused on the mechanism investi-

gation, in which in situ XRD has shown its unique

ability in LIB.

Alloying reactions

In the alloying reaction, lithium ions react with the

active materials without displacing (extruding) the

components from them. The insertion of lithium ions

into Si, Sb, and Ge, leads to the alloying reactions.

And in situ XRD is very powerful in the investigation

of their reaction mechanism.

Si

Among the various kinds of anode materials, silicon

has significant advantages, such as low discharge

potential and high capacity [19]. As the anode

material for LIBs, silicon delivers the potential pla-

teau of about 0.2 V versus Li?/Li and the theoretical

capacity of 4200 mA h g-1 [20]. However, its large

volume change during the charge/discharge process

has hindered its commercialization. In view of this

critical issue, some researchers have employed in situ

XRD to probe the details including phase evolution in

the electrochemical processes. In 2004, Hatchard and

Dahn [21] performed in situ XRD to investigate the

reaction mechanism of lithium with amorphous sili-

con. As shown in Fig. 1a, they successfully confirmed

the existence of a new crystalline phase Li15Si4 below

30 mV versus Li?/Li, which was firstly observed by

Obrovac and Christensen [22] in the same year. In

2007, Li and Dahn [23] used the crystalline silicon as

the anode material and found that amorphous LixSi

crystallized into Li15Si4 swiftly at about 60 mV versus

Li?/Li (Fig. 1b). In 2012, Misra et al. [24] carried out

in situ synchrotron X-ray diffraction on silicon

nanowires, and the XRD patterns are demonstrated

in Fig. 1c. Their experimental results showed that the

Li15Si4 phase can also be avoided by controlling the

temperature.

Sb

Sb is an attracting anode material for LIBs due to its

high capacity of about 993 mA h g-1 [25, 26]. In 2001,

Hewitt et al. [27] investigated the reaction mechanism

between Li and Sb, which was raised by Wang et al.

[28] in 1986. According to the in situ XRD patterns in

Fig. 1d, the charge process is not the inverse process

of discharge. During the insertion of lithium ions,

there are two stages in the discharge curve: firstly Sb

converts to Li2Sb at the voltage of 0.90 V, and then

J Mater Sci (2017) 52:3697–3718 3699



Li2Sb converts to Li3Sb at the voltage of 0.85 V.

Unlike the insertion process, the de-insertion process

undergoes only one electrochemical stage: the Li3Sb

phase converts to Sb directly without the formation of

the intermediate Li2Sb phase.

Ge

Ge possesses a relatively high theoretical capacity of

8643 mA h cm-3 when it transforms to the Li22Ge5
phase [29]. Therefore, it is important to study the

reaction mechanism for understanding the electro-

chemical process of Ge. Ge is often compared with Si,

as they are similar in some physical and chemical

properties. However, the expansion of Si is aniso-

tropic, while the expansion of Ge is isotropic upon

lithiation/de-lithiation [30, 31]. Therefore, the detail

electrochemical reaction mechanism of Ge with Li

would be different from that of Si. In 2009, Baggetto

and Notten [32] utilized in situ XRD to detect the

reaction mechanism between Ge thin film and Li in

detail. They tried to investigate two kinds of films:

evaporated film and sputtered film, respectively. The

results in Fig. 2 show that both of the two Ge films

formed the amorphous phase LixGe firstly and then

crystallized into the cubic Li15Ge4 (with the maxi-

mum capacity of 1385 mA h g-1) with full insertion

of lithium ions. Also, they found that the electro-

chemical performance of evaporated Ge thin film is

better than the sputtered one.

Conversion reactions

Electrode materials undergo a conversion reaction

with Li often store more than one Li atom per

molecular, and are the one of the most interesting

candidates for high-capacity cathodes for LIBs. Con-

version reactions often happen when lithium ions

insert into the metal oxides and metal sulfides,

including Fe3O4, RuO2, Co2V2O7, and CuS, etc.

Figure 2 a In situ XRD characterization of a 200 nm thick evaporated Ge film. b In situ XRD characterization of a 200 nm thick

sputtered Ge film. Reproduced with permission from Baggetto and Notten [32].
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Fe3O4

Conversion reactions usually lead to high capacity in

anode materials, such as Fe3O4. Apart from the high

theoretical capacity of 928 mA h g-1, Fe3O4 is also

highlighted for its elemental abundance, low cost as

well as low toxicity [33–35]. However, this promising

material has its drawbacks in several aspects, espe-

cially the large volume change and the low coulombic

efficiency in the first cycle. To solve these problems,

various methods have been used to enhance the

structural stability and detect the reaction mechanism

of Fe3O4-based electrode materials [36]. An et al. [37]

designed a facile process to synthesize the hierar-

chical porous Fe3O4/graphene nanowires, which are

supported by the amorphous vanadium oxide

matrixes. The designed porous structure exhibited a

high coulombic efficiency, excellent cycling perfor-

mance, and outstanding reversible specific capacity

(1146 mA h g-1). In order to explore the phase evo-

lution involved in this porous Fe3O4-based material,

in situ XRD measurement was implemented (as

shown in Fig. 3a). In the initial discharge process, the

two peaks at 30.1 and 35.5� [corresponding to (220)

and (311) planes of Fe3O4, respectively] both shifted

to a lower angle continuously with the lithium-ion

insertion. In the meantime, these two peaks became

weaker and weaker, and then totally disappeared in

the following stages. Therefore, the conclusion can be

made that the insertion of lithium ions brings about

the volume expansion as well as the amorphous

transformation of Fe3O4.

RuO2

In recent years, the RuO2 anode material arouses

huge interests among researchers for its metal-like

electrical conductivity, high capacity, and unique

lithium-storage mechanism, which involves the ‘‘ad-

ditional capacity.’’ [38–40]. The ‘‘additional capacity’’

means that the experimental capacity beyond the

stoichiometric conversion limits of RuO2. According

to the conversion reaction, the theoretical capacity of

RuO2 is 806 mA h g-1. However, the highest capacity

ever reported for this material is 1310 mA h g-1,

which could be explained by a more complicated

mechanism [40]. In order to probe the origin of the

additional capacity, Kim et al. [41] employed in situ

XRD to investigate the reaction mechanism between

Li and RuO2 under deep discharge. The result is

revealed in Fig. 3b. At the start of the discharge

process, RuO2 transforms to LiRuO2 accompanied by

the intermediate phase LixRuO2. Further insertion of

lithium ions facilitates the conversion reaction, dur-

ing which LiRuO2 decomposes to nanosized Ru and

Li2O. The additional capacity shown in the last dis-

charge process with the voltage below 0.5 V, is not

given by the conversion reaction. A combination of

X-ray absorption spectroscopy, the electrochemical

techniques, and the in situ XRD verified that it is the

grain boundary between Ru and Li2O contributes to

the high capacity. Furthermore, the work by Hassan

et al. [42] proved that this phenomenon is not unique.

By studying the lithium sorption in RuO2, SnO2, and

SnS2, they found that the mechanism of interfacial

Figure 3 a In situ XRD patterns of amorphous vanadium oxides

matrixes supporting hierarchical porous Fe3O4/graphene nano-

wires. b In situ XRD patterns collected during the discharge of a

RuO2 anode. a Reproduced with permission from An et al. [37].

b Reproduced with permission from Kim et al. [41].
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storage is common for materials including metal

oxides and metal sulfides.

Co2V2O7

As an important cobalt vanadate, one Co2V2O7

molecule can accommodate 13.6 lithium ions during

the first discharge process in the voltage range of

0.02–3.5 V [43]. Recently, its performance has been

improved greatly by Wu et al. [44] They successfully

synthesized the mesoporous Co2V2O7 monodisperse

hexagonal nanoplates, which maintained a reversible

capacity of 866 mA h g-1 at a current density of

500 mA g-1. The high capacity has made Co2V2O7 a

potential anode material for lithium-ion batteries.

Afterward, Luo et al. [45] obtained a novel hierar-

chical Co2V2O7 nanosheet with excellent electro-

chemical performance by a facile synthesis method.

In order to determine the reaction details, in situ XRD

method was used, as shown in Fig. 4a. Combined

with the charge–discharge curve in the first cycle, it is

concluded that the second plateau at 0.4 V corre-

sponds to the decomposition of Co2V2O7 and the

lithiation of V2O5 (to form LiVO2). Further insertion

of lithium ions at about 0.16 V results in the reduc-

tion from CoO to Co and the lithiation of LiVO2 to

form Li1?xVO2 [46, 47]. The electrochemical reactions

of Co2V2O7 are analogous to that of the Co3V2O8 [48].

CuS

Metal sulfides are promising anode materials for

lithium batteries for their high specific capacity, good

rate capability, and low cost [49, 50]. Among them,

copper sulfide is highlighted for its good electrical

conductivity and flat discharge curves [51]. The

reaction mechanism between copper sulfide and

lithium ions, is proved to be complex and hard to

observe. In 2006, Débart et al. [52] studied the elec-

trochemical reactivity of transition metal (cobalt,

nickel, and copper) sulfides. In this study, they found

that lithium ions react with cobalt sulfide or nickel

sulfide through a conversion reaction. However,

using in situ XRD, different mechanisms are detected

in copper sulfide. From Fig. 4b, CuS reacts with

lithium ions through a displacement reaction, which

is accompanied by the formation and disappearance

of large Cu dendrites. The whole process proceeded

via the intermediary phase Cu1-xS. Based on the

determined mechanism, various subsequent resear-

ches focused on the performance improvement of

copper sulfides by solving the problems such as large

volume change. The wrapping strategies with the

guidance of this in situ probing analysis are widely

employed, and the results show that the utilization of

graphene [53, 54] and copper can enhance the cycling

performance obviously.

Figure 4 a In situ XRD patterns of hierarchical Co2V2O7

nanosheets and the second and third cycles of cyclic voltammetry

curves at a sweep rate of 0.1 mV/s in the potential range from 0.01

to 2.5 V versus Li?/Li. b In situ X-ray diffraction performed on

Li/CuS electrochemical cell cycled at C/5 in the first cycle.

a Reproduced with permission from Luo et al. [45]. b Reproduced

with permission from Débart et al. [52].
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Intercalation reactions

Intercalation reactions happen in most cathode

materials and some anode materials with

stable structures, including TiO2, Li3VO4, MnO2,

MoO3, LiMn2O4, and LiFePO4.

Negative electrode materials

Anatase TiO2 Despite the relatively low theoretical

capacity, anatase TiO2 has become one of the most

promising anode materials for LIBs. Its structural

stability, abundant resources, low cost, nontoxicity,

chemical safety, suitable working voltage as well as

good cycling performance make it an attracting sub-

ject to researchers [55, 56]. In 2007, Wagemaker et al.

[57] found the impact of particle size on lithium-ion

insertion with the example of anatase LixTiO2. Their

work has shown that the first-order phase transition

witnesses no concomitant phases in particles with

size\40 nm. In 2014, Shen et al. [58] employed in situ

XRD to further investigate the size-dependent non-

equilibrium phase transition of anatase upon

lithiation. The process is shown in Fig. 5a. Even at the

very low discharge rate of C/120, the phase transition

in anatase TiO2 is found to be a nonequilibrium

process. The experimental result demonstrated that

the nanosized anatase exhibits better performance

than the microsized anatase. According to the size-

dependent behavior, this result originates from the

sluggish lithium-ion diffusion in microsized anatase

TiO2. This work offers a perspective that improving

interstitial diffusion is quite effective to enhance the

rate performance of anatase TiO2.

Li3VO4 Li3VO4 attracts much attention as the anode

material for lithium batteries in recent years [59]. One

obvious advantage of this material is its high ion

conductivity. Besides, it is also attractive for the high

theoretical capacity and suitable voltage plateau. The

main drawback of Li3VO4 is its poor electrical con-

ductivity, which leads to poor cycling performance

[59]. In the past few years, much work has been done

to improve the electrochemical performance or to

probe the reaction mechanism of Li3VO4. In 2015,

Liang et al. [60] synthesized the carbon-coated

Figure 5 a In situ XRD patterns of LixTiO2 obtained at different

states of first discharge for three particle sizes. b In situ XRD

patterns of electrochemically cycled Li3VO4/C anode during the

first cycle. c In situ XRD patterns collected during galvanostatic

discharge/charge of the Li3VO4/C/rGO half-cell at 80 mA g-1 (0.2

C) and 400 mA g-1 (1.0 C) respectively. a Reproduced with

permission from Shen et al. [58]. b Reproduced with permission

from Liang et al. [60]. c Reproduced with permission from Li et al.

[61].
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Li3VO4 by a solid-state method. By the in situ XRD

characterization in Fig. 5b, they firstly offered the

direct observation that Li3VO4/C reacts with Li via a

reversible insertion/de-insertion process. In their

research, the whole discharge process is divided into

three parts: the initial solid-solution stage, the second

two-phase stage accompanied by an intermediate

phase, and the last stage when the final new phase is

formed. Upon charge, the intermediate phase formed

in the second stage does not appear. Li et al. [61] also

utilized in situ XRD to analyze the mechanism

involved in the mesoporous L3VO4/C/rGO

nanocomposite (Fig. 5c). The obtained two-dimen-

sional XRD patterns are in accordance with Liang’s

work. In addition, Li acquired the in situ XRD pat-

terns at a relatively high current density, which

shows a continuous shift during whole discharge

process. It is confirmed that this nonequilibrium

solid-solution process is also highly reversible.

Recently, Zhou et al. [62] combined in situ XRD with

in situ EIS to study the structure changes as well as

the interfacial properties of Li3VO4. They discovered

that the irreversible phase transformation occurs

during the initial charge/discharge process, which is

another reason for the low initial coulombic efficiency

besides the SEI formation.

Positive electrode materials

The cathode material is a key component and the

development bottleneck of the LIBs. Exploring the

reaction mechanism can contribute to the develop-

ment of LIBs with high performance.

MnO2 MnO2 is a functional metal oxide widely

applied in fields such as ion exchange, molecular

adsorption, catalysis, and biosensor [63]. Apart from

these, MnO2 is also an excellent electrode material in

lithium batteries for its low cost, high safety, natural

abundance, and especially high theoretical capacity

[64, 65]. During lithiation or de-lithiation, the valence

of Mn changes between ?3 and ?4. However, the

poor kinetics, the irreversible transformation, large

volume change, and the complex reaction mechanism

have restricted its further development [66]. In some

researches, alkaline or alkaline-earth elements are

used to stabilize this material, pursuing enhanced

electrochemical performance [65, 67]. Pang et al. [68]

used in situ synchrotron XRD to observe the reaction

mechanism upon the lithiation of cryptomelane

K0.25Mn2O4, which is a manganese oxide similar to a-
MnO2 with I4/m tetragonal structure. As shown in

Fig. 6a, the intercalation and de-intercalation of

lithium ion in this structure follows a solid-solution

path, with the variation of parameters a and c. In

addition, the reversible strain effect caused by Jahn–

Teller distortion is also determined.

MoO3 MoO3 is a promising material with the

applications in lubricants, sensors, optical devices,

photochromic devices, catalysts as well as energy-

storage devices [69, 70]. Among various transition-

metal oxides, nanosized MoO3 has been extensively

studied for its multi-electron reaction character of Mo

in the electrochemical process. There are two types of

MoO3: the a-type and the b-type [71]. The a-type of

MoO3 is a layered orthorhombic phase, which can

Figure 6 a Stack of selected synchrotron X-ray diffraction

patterns of the customized cell containing KxMn2O4 cathode and

Li anode collected at various states of charge. b In situ XRD

patterns of Na–Mo–O electrode and the corresponding charge/

discharge profile during the initial nine cycles. a Reproduced with

permission from Pang et al. [68]. b Reproduced with permission

from Dong et al. [75].
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store lithium ions at interlayer and intralayer sites.

And as a general case, the lithiation into the interlayer

sites only occurs during the initial discharge, which

results in an irreversible structure rearrangement

[72]. Besides, the low conductivity also accounts for

the fast capacity fading of MoO3. Therefore, some

researchers are aiming at improving its conductivity

[73], and others utilize the inhibiting effect of proper

metal ions to stabilize the host structure [74]. Dong

et al. [75] synthesized a Na? pre-intercalated MoO3

nanobelt via a facile method and used in situ XRD to

investigate the inhibiting effect of Na? in the inter-

layers. Figure 6b shows, in the first discharge pro-

cess, the lithiation leads to an interesting

expansion/contraction process of the layered struc-

ture. The contraction would originate from the dis-

tortion of the Mo–O bonds upon the strong attraction

of lithium ions. Then, with the de-intercalation driven

by charge, the interlayer spacing expands as expec-

ted. Although some sodium ions extracted from the

host structure together with the de-intercalation of

lithium ions, their inhibiting effect is still obvious to

some extent. This work testified that the ‘‘preinter-

calation’’ is an effective method to stabilize the lay-

ered structure of MoO3.

Vanadium oxides Vanadium oxides, such as V2O5,

VO2, V2O4, V2O3, and V6O13, are a series of electrode

materials for lithium batteries, featuring high energy

density, moderate voltage plateau, abundant resour-

ces, low cost, high safety, and facile preparation

methods [76–78]. However, in view of the poor rate

performance and structural stability of vanadium

oxides, alkali ions have been used as ‘‘pillars’’ to

stabilize the host structures [79, 80]. That is to say,

vanadates should have better electrochemical per-

formance. Based on this idea, many researchers focus

their attention on various vanadates: design new

structures and probe the reaction mechanism. Meng

et al. [81] synthesized three vanadium-based nano-

wires (V2O5, KV3O8, and K0.25V2O5), with K0.25V2O5

exhibiting the best performance. With the help of the

in situ XRD patterns in Fig. 7, they proved that the

excellent performance of K0.25V2O5 originates from

the ‘‘inhibiting effect’’ of K ions in the layered struc-

ture. Niu et al. [82] designed a three-dimensional

V2O5/NaV6O15 hierarchical heterostructure through

controlling the nucleation and growth process. The

distinct plateaus and the slight shift of the in situ

XRD patterns proved the fast and stable kinetic pro-

cess of this 3D structure. Yan et al. [83] studied the

structural change of Na0.76V6O15 nanorods in two

different voltage windows under operando conditions.

Structure refinement verified the existence of ionized

oxygen when charged to 2.0 V. Moreover, deep

charge to 1.5 V leads to amorphization and irre-

versible reaction pathway, which further results in

low electrical conductivity and fast capacity fading.

LiMn2O4 The remarkable advantage of LiMn2O4 is

its high cell voltage, which makes it one of the most

promising cathode materials for batteries in electric

vehicles [88]. However, the bad performance at ele-

vated temperature, the decomposition of the elec-

trolyte at high voltage, the Jahn–Teller distortion in

deep discharge, and dissolution of the active material

remain to be solved [84, 85]. In 2006, Chung et al. [86]

adopted in situ synchrotron XRD to study the

Figure 7 In situ XRD patterns of K0.25V2O5 nanowires (left) and V2O5 nanowires (right) during galvanostatic charge and discharge at

150 mA g-1 in lithium-ion batteries. Reproduced with permission from Meng et al. [81].

J Mater Sci (2017) 52:3697–3718 3705



structure evolution of LiMn2O4 at elevated tempera-

ture, which is accompanied by an obvious capacity

fading process. They found that both overcharging to

5.2 V and applying a high temperature of 55 �C
contribute to the residue structures. Fortunately, the

addition of a tris (pentafluorophenyl) borane (TPFPB)

compound in the electrolyte reduces the residues. In

2010, Hirayama et al. [87] employed in situ syn-

chrotron XRD to reveal the structural changes at the

interface between LiMn2O4 and the electrolyte. The

mechanism is illustrated in Fig. 8. According to the

results, the surface structure begins to change with

the creation of an electric double layer and recon-

structs once the voltage is applied. Thus, the rate of

SEI formation and the stability of the reconstructed

surface have influences on the electrochemical per-

formance of LiMn2O4.

LiFePO4 Owing to its high power, low cost, excel-

lent thermal stability, LiFePO4 has become a very

fascinating cathode material for electric and hybrid-

electric vehicle batteries since the pioneering work of

Goodenough [88]. In fact, years’ research has

improved this material’s performance to nearly the

peak and its left problems lie in the reaction mecha-

nism. Many researchers try to investigate the mech-

anism thoroughly via various advanced

characterization methods, among which the in situ

XRD is quite effective [89, 90]. In 2008, by in situ XRD,

Gibot et al. [91] demonstrated the single-phase pro-

cess of nanosized LiFePO4 upon lithium-ions inser-

tion/extraction at room temperature, which is shown

in Fig. 9a. Anyhow, the result is astounding because

its generally believed that LiFePO4 stores lithium

through a two-phase transition between LiFePO4 and

FePO4 [92]. This work indicated that tuning the size

can lead to a different phase transition mechanism. In

2011, Malik et al. [93] verified that the outstanding

rate capability of LiFePO4 originates from the exis-

tence of a single-phase transformation pathway, with

only small overpotential required at room

Figure 8 a In situ XRD patterns for LiMn2O4 (111) during the first charge–discharge cycle. b In situ XRD patterns of LiMn2O4 (110)

during the first charge–discharge cycle. Reproduced with permission from Hirayama et al. [87].
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temperature. Consequently, to search for high-power

energy- storage material, attention should be paid to

those with non-equilibrium reaction paths under a

minimal overpotential. In the same year, Chen and

Graetz [94] utilized the high-resolution synchrotron

X-ray diffraction, and the XRD patterns in Fig. 9b

reveal the elimination of antisite defects when tem-

perature is raised above 500 �C. In 2014, Liu et al. [95]

certified that apart from reducing the particle size,

high-rate cycling can also bring about the existence of

nonequilibrium solid-solution process in LiFePO4

(shown in Fig. 9c). In 2016, in consideration of the

unsatisfactory low-temperature performance of

LiFePO4, Yan et al. [96] employed in situ XRD to

observe the temperature-dependent phase evolution

in LixFePO4. On the basis of the results, it is con-

cluded that the existence of intermediate greatly

enhances the diffusion kinetics of LixFePO4 at low

temperature.

In situ XRD characterization of sodium-ion
batteries

In view of the limited lithium resource on earth, SIBs

have attracted increasing attention in the past few

years. With a larger radius, sodium ion migrates

more slowly than lithium ion and causes larger

structure change during insertion/de-insertion,

which further limits the rate capability and cycling

performance greatly. In addition, this difference in

radius may lead to new reaction mechanism.

Negative electrode materials

Sn

Chevrier and Ceder [97] predicted that Sn can react

with Na to deliver a theoretical capacity of

851 mA h g-1, with the formation of Na15Sn4. The

Figure 9 a In situ XRD measurements of 40 nm LiFePO4 and

charge/discharge galvanostatic curves of 40 nm LiFePO4 (red line)

and 140 nm LiFePO4 (blue line) at C/40. b In situ high-resolution

synchrotron XRD patterns from hydrothermally synthesized

LiFePO4 during heat treatment and expanded region of the XRD

pattern (2h: 5–7.5�). c In situ XRD patterns of LiFePO4 during

galvanostatic charge and discharge at a rate of 10 C. a Reproduced

with permission from Gibot et al. [91]. b Reproduced with

permission from Chen et al. [94]. c Reproduced with permission

from Liu et al. [95].
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improvement in cycling performance with the pre-

condition of high capacity has made Sn one of the

most prominent anode materials for SIBs [98, 99]. In

2012, Ellis et al. [100] utilized in situ XRD to observe

the reversible insertion of sodium in Sn. The corre-

sponding voltage curves show four distinct plateaus,

indicating four two-phase processes upon sodiation.

As gathered in Fig. 10a, the XRD patterns demon-

strated that full sodiation leads to the ultimate phase

Na15Sn4, in good accordance with the discharge

capacity of 847 mA h g-1. The left three phases are

new that have not predicted by the phase diagram,

among which one is amorphous, near the composi-

tion NaSn. Low atom mobility of this composition

may account for the amorphism.

Na2Ti3O7

Considering the lithium insertion compound with

very low potential versus Na?/Na, Na2Ti3O7 is a

promising candidate. This compound has long been

investigated in the fields of sensors, catalysis, waste

removal, and LIBs for its structural feature [101]:

zigzag layers of titanium oxygen octahedra together

with the sodium ions in the interlayer constitute the

structure [102]. In 2011, Senguttuvan et al. [103] first

reported the electrochemical tests of this material as

the anode for sodium batteries, and in situ XRD

measurement was also implemented. At the plateau

0.3 V versus Na?/Na, according to the three peaks at

33.9, 39.2, and 40.7� in Fig. 10b, a new phase emerges

and strengthens while the primitive phase disappears

gradually. When the oxidation process ends, no

Na4Ti3O7 phase is identified, which suggests the

good reversibility process of the sodium insertion/

de-insertion. Since this initial research, different

structures of Na2Ti3O7 have been designed to

enhance its electrochemical performance in sodium

batteries [104, 105].

NaTi2(PO4)3

In recent years, the NASICON (Na-Superionic Con-

ductor) structural compounds with polyanions have

been intensively studied for their potential applica-

tions in SIBs and supercapacitors [106, 107]. These

compounds feature the large interstitial channels to

constitute the 3D open structure, such as NaTi2
(PO4)3. Besides, NaTi2(PO4)3 is also stable, cheap, and

environmentally friendly. However, the poor electri-

cal conductivity, which leads to poor rate capability,

is a crucial problem facing this material. So many

researchers focus on improving the electrical con-

ductivity of NaTi2(PO4)3 [108, 109]. Xu et al. [110]

designed a carbon-coated hierarchical NaTi2(PO4)3
mesoporous microflowers with excellent rate perfor-

mance. Via the in situ XRD measurement in Fig. 11,

the electrochemical reaction is determined to be a

two-phase reaction in the voltage range from 1.5 to

3.0 V. All of the characteristic peaks of NaTi2(PO4)3
become weaker with the Li insertion, accompanied

by the expansion of the lattice spacing, such as (113),

(024), and (116). In the meantime, new peaks emerge

gradually, indicating the formation of Na3Ti2(PO4)3.

The process is highly reversible because no Na3Ti2
(PO4)3 phase remains at the end of the charge process.

Figure 10 a In situ XRD data and the corresponding voltage

curve of Sn electrode. b In situ XRD study of a Na2Ti3O7/Na cell

cycled between 2.5 and 0.01 V at a C/50 rate. a Reproduced with

permission from Ellis et al. [100]. b Reproduced with permission

from Senguttuvan et al. [103].
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2D transition metal dichalcogenides

Two-dimensional transition metal dichalcogenides

MX2 (M = Mo, W, Ti, V, Nb, etc.; X = S, Se, Te) are

formed by layers of X-M-X atomic slabs, which are

linked by the weak van der Waals force [111]. The

large slab spacing allows Na? to intercalate/de-in-

tercalate fast and reversibly. Besides, the ion X2- can

stabilize the intercalation or de-intercalation process

of Na ions [112]. Among these compounds, MoS2
shows great potential in SIBs. According to the

results from Wang et al. [113], the in situ XRD data

indicates that two-phase transitions occur upon

sodiation under 1 V versus Na?/Na (illustrated in

Fig. 12a). The first transition is from 2H-MoS2 to 2H-

Na0.5MoS2 and the second to 1T-NaMoS2. Insertion of

more Na? after the second plateau leads to no obvi-

ous structural change. The subsequent discharge

process starts with a solid-solution reaction. Till

charging to 2.5 V, a two-phase transition appears

from 1T-Na0.5MoS2 to 1T-MoS2. The work done by

Ou et al. [114] in Fig. 12b tracked the electrochemical

process of chemically exfoliated NbS2. XRD patterns

verify that the NbS2 sheets undergo a reversible

solid-solution reaction, a feature which is beneficial

for high electrode performance. This result is also in

good accordance with the calculation predictions

performed by Jung et al. [115].

Positive electrode materials

The limit of SIBs’ development is set by its cathode

materials. Exploring the reaction mechanism of

cathode materials with in situ observation helps to

develop better SIBs.

Figure 11 In situ XRD

patterns of the NTP/C-

F(carbon-coated hierarchical

NaTi2(PO4)3 mesoporous

microflowers) half cell during

galvanostatic discharge and

charge at 50 mA g-1 and a

voltage range of 1.5–3.0 V.

Reproduced with permission

from Xu et al. [110].

Figure 12 a In situ XRD patterns of commercial MoS2 containing

different contents of electrochemically intercalated Na ions. b First

two-cycle charge–discharge curves and the corresponding in situ

XRD patterns collected between 0.01 and 3.0 V at 0.1 A g-1 of

chemically exfoliated NbS2 nanosheets based anode. a Reproduced

with permission from Wang et al. [113]. b Reproduced with

permission from Ou et al. [114].
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Na0.44MnO2

Among various cathode materials for SIBs, Na0.44
MnO2 has its distinct advantages in several aspects: a

high specific capacity of 120–130 mA h g-1 [116], and

good cycling performance after being nanosized as

well as the potential to be applied in aqueous elec-

trolyte [117]. Despite these advantages, the applica-

tions of Na0.44MnO2 are still largely hindered by the

complex reaction which needed to be solved by the

related reaction mechanism [118]. Sauvage et al. [119]

combined in situ XRD with potentiostatic intermit-

tent titration to detect the phase transition process of

Na0.44MnO2 with the potential ranging from 2 to

3.8 V (vs. Na?/Na). The results in Fig. 13 indicate

that six biphasic reactions appear in the whole pro-

cess. For the NaxMnO2 system, the insertion of

sodium ion is fully reversible in the range of

0.25\ x\ 0.65.

Vanadate phosphates

Na3V2(PO4)3 is an outstanding energy storage mate-

rial for SIBs, which features excellent structural sta-

bility and high ion conductivity due to its unique

three-dimensional open frameworks (known as

Figure 13 In situ evolution of

the XRD patterns recorded at a

C/250 charge/discharge rate:

a upon reduction and b upon

oxidation of Na0.44MnO2.

Reproduced with permission

from Sauvage et al. [119].
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NASICON structure) [120]. Furthermore, this mate-

rial exhibits a high theoretical specific capacity up to

118 mA h g-1 [121] and a relatively high voltage

plateau of 3.4 V. In 2013, Jian et al. [122] firstly

employed in situ XRD technique to determine the

reaction mechanism of sodium insertion/extraction

of this compound at a low current rate (shown in

Fig. 14a). When charged to 14 mA h g-1, several new

peaks occur and strengthen while original peaks

weaken gradually, which is a typical two-phase

Figure 14 a In situ XRD patterns of the Na3V2(PO4)3/Na cell

cycled between 3.7 and 2.7 V at a current rate of C/10. Black

diamond suit represents Na3V2(PO4)3 and black club suit repre-

sents NaV2(PO4)3. b In situ XRD patterns of K3V2(PO4)3/C

bundled nanowire during galvanostatic charge and discharge at

100 mA g-1. a Reproduced with permission from Jian et al. [122].

b Reproduced with permission from Wang et al. [123].

Figure 15 a In situ XRD patterns collected during the first

charge/discharge and second charge of the P2-Na0.67Co0.5Mn0.5O2

electrode between 1.5 and 4.3 V. b In situ XRD patterns collected

during the first charge/discharge process of the O3-layered metal

oxide Na0.9[Cu0.22Fe0.30Mn0.48]O2 electrode cycled between 2.5

and 4.1 V under a current rate of 0.1 C. c In situ XRD patterns

collected during cycling of Na1–dNi1/3Fe1/3Mn1/3O2 electrode with

different voltage ranges. a Reproduced with permission from Zhu

et al. [124]. b Reproduced with permission from Mu et al. [125].

c Reproduced with permission from Xie et al. [14].
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reaction process. With the help of inductively cou-

pled plasma (ICP), the new phase is identified as

NaV2(PO4)3. The following discharge process just

reverses the above process, and the calculated vol-

ume change from Na3V2(PO4)3 to NaV2(PO4)3 is

about 8.26%, verifying the excellent structural sta-

bility of Na3V2(PO4)3. Recently, Wang et al. [123]

designed a novel K3V2(PO4)3/C bundled nanowire

and used it as the cathode material for SIBs for the

first time. Similar to NaV2(PO4)3, the compound

K3V2(PO4)3 lattice also has a highly stable structure

and fast ion diffusion. In the above work, further

improvement obtained from constructing nanopor-

ous structure and adding conductive carbon coating

enhanced its capacity to 119 mA h g-1 at a current

density of 100 mA g-1. In situ XRD measurement of

this material in Fig. 14b shows that only tiny shifts

can be observed at two theta range of 23�–27� and

30�–34�, corresponding to a slight variation of the

lattice parameters during the charge/discharge

process.

Multi-layered compounds

Multi-layered oxides NaxMO2 (M = transition met-

als, one or more elements), with their high capacity,

simple structure, and facile synthesis, have become

one of the research focuses as the cathode materials in

SIBs [26]. These compounds can be divided into two

groups: P-type when Na? is stored in the prismatic

site or O-type when Na? is stored in the octahedral

site [10]. Zhu et al. [124] synthesized the P2-Na0.67
Co0.5Mn0.5O2 compound with a hierarchical archi-

tecture via a facile sol–gel method. This material

delivered a very high discharge capacity of

147 mA h g-1 at the current rate of 0.1 C. Via in situ

XRD technique, they determined the specific reaction

route between 1.5 and 4.3 V versus Na?/Na.

According to Fig. 15a, during the whole process, only

a solid-solution reaction has been observed. The (00 l)

(l = 2 or 4) peaks shift to a lower angle upon charge,

indicating the expansion along c-axis direction. This

phenomenon is caused by the increased screening

phenomenon of O2-–O2-. Besides, lattice parameters

a and b show negligible change. Mu et al. [125]

obtained an air-stable Co/Ni-Free O3-layered metal

oxide Na0.9[Cu0.22Fe0.30Mn0.48]O2 via a solid-state

reaction. The related in situ XRD patterns revealed

the reaction mechanism between 2.5 and 4.1 V very

well, which is demonstrated in Fig. 15b. With

0.10–0.15 Na? de-intercalation, a two-phase reaction

occurs with the coexistence of O3 and P3 phases

[126]. Once O3 phase disappears, the P3 phase

undergoes a solid-solution reaction until charged to

3.98 V. In the final charge process, the P3 phase

transforms to a new hexagonal O3 phase. The next

discharge process is a reversible process of the charge

process. The diffraction patterns in Fig. 15c show that

the reversible evolution of the O3–P3–P3–O3 hexag-

onal phase occurring in Na1-dNi1/3Fe1/3Mn1/3O2

depends on a cutoff voltage of 4.0 V, which was

discovered by Xie et al. [14] When the cutoff voltage

is raised to 4.3 V, two new monoclinic phases

appeared. Correspondingly, the O3 phase is reversed

via O30–P30–O3 transformation process.

The applications of in situ XRD have made great

progress in the research of SIBs. Due to the active

character of the sodium, strict sealing is required,

which makes the in situ XRD characterization more

difficult than that in LIBs, presenting a great chal-

lenge for in situ tests of SIBs.

Conclusions and perspective

It is clear that in situ XRD is a powerful method in

probing reaction mechanisms in LIBs and SIBs. The

useful information acquired from this method is

important in the electrochemical process, such as

volume change, crystal structure damage, and

mechanical degradation. The obtained characteriza-

tion results can explain the degradation mechanism

and help building better batteries.

To acquire more useful information during elec-

trochemical process, future development of in situ

XRD should be focused on the improvement of

detection precision and the combination with other

advanced measurements, such as in situ TEM, in situ

Raman, and ex situ devices like the temperature

controller. For example, in situ XRD can be combined

with the temperature controller to observe the per-

formance of electrode materials under different

temperatures, as well as the measurement of the

enthalpy change of the electrochemical reactions. By

using XRD refinement, the anisotropic temperature

factors of each atom in the material can be calculated.

With the observed thermal state, the vibration

parameters of each atom can be determined. More-

over with the help of future analysis, this technique

can give a more detailed information of the
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electrochemical process with the help of future

analysis. Other energy storage devices, such as

lithium air and lithium sulfur batteries, involve the

formation of lithium peroxide and the dissolution of

polysulfide, which is hard to be detected via this

method. In addition, for organic-based material, to

achieve binder-free and low-angle detection is also a

big challenge.
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