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a b s t r a c t 

Lithium-ion migration at the WO 3 /electrolyte interface is governed by the phase transformation mech- 

anism by which metastable states are replaced from one phase to another. Herein, an in situ single 

nanowire-based cell is constructed to investigate the dynamic phase transformation and morphology evo- 

lution of h-WO 3 nanowire in real-time during its deep lithiation. One of the most significant features of 

h-WO 3 lithiation is the irreversible transformation from h-WO 3 to Li 2 WO 4 . There are a large number of 

deep ion-trapping sites composed of 4 O atoms in Li 2 WO 4 crystal structure, that is, inserted lithium ions 

are irreversibly bound in these traps and nearly cannot be deintercalated. A mechanism on irreversible 

WO 3 -to-Li 2 WO 4 transformation in deep lithiation reaction is demonstrated. With the aid of in situ trans- 

mission electron microscopy, we controllably triggered lithium-ion migration at the WO 3 /electrolyte in- 

terface and directly visualized the nanoscale lithium-ion migration as a stop motion movie. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Tungsten oxide (WO 3 ) shows a wide range of applications 

n electrochromic devices [1–3] , lithium-ion batteries [4] , fuel 

ells [5] , and photoanodes in organic chemicals [6] due to its 

nique contribution to ion / proton transport properties [7] . It 

s generally believed that as far as electrochromic devices and 

ithium-ion batteries are concerned, electrodes with nanocrys- 

als and nanostructures can increase the effective contact area of 

he material/electrolyte interface and improve the charge trans- 

ort and lithium-ion diffusion efficiency. Thus, nanocrystalline or 

anoporous WO 3 tends to enjoy the excellent electrochromic per- 

ormance (greater optical modulation and higher coloration ef- 

ciency) [ 8 , 9 ] and superior electrochemical characteristics (good 

yclic stability and higher theoretical capacity) [10] . Lithium ions 

re intercalated when a suitable voltage is applied to WO 3 elec- 

rodes in electrochromic devices with reversible two-state opti- 

al transformation, resulting in the formation of colored Li x WO 3 

ronze [11] . Conversely, when the applied voltage is reversed, the 

eintercalation of lithium ions leads to a bleached state. Recent re- 

orts reveal that there are a series of lithium-ion-trapping posi- 

ions in WO 3 , and when x exceeds a limit value ~ 0.65 in Li x WO 3 ,

he phenomenon of conspicuous ion trapping arises [12] . When ex- 
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essive lithium ions are intercalated, WO 3 at the active interface 

ndergoes an irreversible transformation to form Li 2 WO 4 , which is 

table phase compared with metastable Li x WO 3 . As pointed out by 

ashimoto et al , injecting a large number of lithium ions into the 

O 3 electrode can form a stable lithium tungstate (Li 2 WO 4 ) and 

ause its cyclic stability degradation in electrochromic and elec- 

rochemical performance [13] . It is demonstrated that excessive 

ithium ions and electrons lead to the formation of irreversible 

i 2 WO 4 , and there are only two ion states of W 

6 + and W 

4 + in

O 3 electrode, which hinders the progress of the redox reac- 

ion and degrades its electrochromic performance [14] . Although 

uch degradation originated theoretically from Li 2 WO 4 has been 

idely considered, designing in situ strategy to uncover the dy- 

amic phase transformation and morphology evolution of WO 3 

lectrode in real-time during its deep lithiation still needs to be 

xperimentally explored further. 

In this work, in situ HRTEM direct observation of hexagonal 

O 3 (h-WO 3 ) irreversible transformation to Li 2 WO 4 is conducted 

n an electrochemical cell setup shown in Fig. 1 a, which consisted 

f a h-WO 3 nanowire cathode, a naturally-grown Li 2 O solid elec- 

rolyte, and a bulk lithium metal counter electrode, similar to that 

escribed in the literature [15–17] . Investigation on the real-time 

hase transition, dynamic morphology evolution, electrochemical 

eaction kinetics and microscopic mechanism of h-WO 3 irreversible 

ransformation to Li 2 WO 4 via in situ TEM is performed. 

https://doi.org/10.1016/j.scriptamat.2021.114090
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Fig. 1. (a) Schematic illustration of the in situ WO 3 nanowire cell. A WO 3 nanowire is bridged between copper grid current collector (right) and lithium metal with a layer 

of naturally-grown Li 2 O (left). (b) Typical TEM image of “nanowire cell”. 
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Fig. 1 displays a schematic illustration of the in situ WO 3 

anowire cell and its typical TEM image. Lithiation reaction of a 

ingle h-WO 3 nanowire was carried out under an external bias 

-2.0 V). The h-WO 3 nanowires were synthesized by a facile hy- 

rothermal method as reported elsewhere (see Experimental Sec- 

ion and Fig. S1 in Supplementary Materials [18] . The diameter and 

ength of the WO 3 nanowires are varied from 150 to 300 nm and 

 to 10 μm, respectively. 

Fig. 2 (a) and (b) present the BF-TEM image of the pristine and 

ithiated state for a single WO 3 nanowire. When the nanowire cell 

s driven (placing a single WO 3 nanowire in intimate physical con- 

act with Li 2 O and applying an external -2.0 V voltage), the lithi- 

tion reaction occurs in the contact zone between the Li 2 O thin 

ayer and the pristine WO 3 nanowire. After the lithiation reaction 

s completely stopped, a lithiated layer is formed on the surface 

f the WO 3 nanowire, which causes an average expansion in ab- 

lane direction by 24.7% (see Fig. S3 and Table S1 for details). Fur- 

hermore, the lithiation diffusion distance along the c-axis direc- 

ion reaches 5 μm, which is 100 times more than the diameter 

n the ab-plan direction. It is revealed that an anisotropic behav- 

or of lithium-ion migration in LiFePO 4 is similarly observed [19] . 

nterestingly, a significant difference of the electrochromic switch- 

ng time of the h-WO 3 nanowire array films between the perpen- 

icular to the substrate (t colored = 30.0 s, t bleached = 17.0 s) [20] and

he evenly lying on the substrate (t colored = 272.0 s, t bleached = 364.0 

) [21] can be attributed to anisotropy of lithium-ion migration. 

he enlarged TEM image and selected area electron diffraction 

SAED) pattern (inset) of the pristine and lithiated WO 3 nanowire 

re given in Fig. 2 (c) and (d). The transformation from the ini- 

ial h-WO 3 (JCPDS card No: 75-2187) to hexagonal Li 2 WO 4 (JCPDS 

ard No: 72-0086) during the lithiation of WO 3 nanowire is ob- 

erved. In fact, when a series of external positive voltages ( + 2.0 

, + 5.0 V, or even + 10.0 V) are applied for half an hour, Li 2 WO 4 

s not reversibly converted to h-WO 3 , which indicates the irre- 

ersible transformation from Li 2 WO 4 to WO 3 . In the verification 

xperiment of the ex-situ lithium-ion battery, a relatively poor 
2 
oulombic efficiency of 40.1 % is observed in the initial cycle of 

alvanostatic charge/discharge (GCD), which indicates the forma- 

ion of stable Li 2 WO 4 phase in WO 3 electrodes (Fig. S4). Fig. 2 (e)

hows a high-resolution TEM image of lithiation region marked by 

 green dotted circle in Fig. 2 (d). The inverse Fast Fourier Trans- 

orm (FFT) method based on Digital Micrograph has been applied 

o filter the square area 1-3, as shown in Fig. 2 f–h. There are lat-

ice fringes with 0.409 nm and 0.274 nm lattice spacing in the 

RTEM image of green dashed square area 1 and 3, and pairs of 

right spots can be observed in the related FFT image, correspond- 

ng to the (300) and (23 ̄1 ) planes of Li 2 WO 4 , respectively. It is gen-

rally believed that the production of Li 2 WO 4 in deep lithiation 

s apparently harmful to electrochromic devices. Operating below 

he threshold voltage should be considered as an effective strategy 

o efficiently suppress / eliminate the formation of Li 2 WO 4 [14] . 

esides, our previous findings suggest that synergistic effects of 

i + and H 

+ on WO 3 electrode could also inhibit the formation of 

i 2 WO 4 [22] . Additionally, only the halo background and no lattice 

ringes are found in the HRTEM image of green dashed square area 

 in the FFT image ( Fig. 2 (g)), implying that the lithiated layer is

artly composited of a mixed amorphous phase. 

To further reveal the dynamic deep lithiation process of the 

ingle h-WO 3 nanowire, time series BF-TEM images are shown 

n Fig. 3 (see Movie S1 for details). The series of BF-TEM im- 

ges indicate that the whole lithiation reaction of the single h- 

 O 3 nanowire can be described as a three-stage process. In the 

n-situ TEM observations, no obvious changes in morphology and 

tructure are observed during the initial electron beam irradiation 

rocess. Under the action of sufficient potential of -2.0 V, several 

ubble-shaped ‘lithium bubbles’ composed of Li + and Li 2 O are con- 

idered to be gradually formed in the solid-state electrolyte in the 

rst stage ( Fig. 3 (a)–(c)). After that, these generated ‘lithium bub- 

les’ can be migrated from Li 2 O (marked by the yellow arrow in 

ig. 3 (b)) with a potential barrier of 0.4 eV to the outer surface 

f the single WO 3 nanowire (see yellow arrow in Fig. 3 (c)) un- 

er the applied electric field [23] . In the second stage ( Fig. 3 (d)–
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Fig. 2. Detailed structural characterization of the pristine and lithiated state for a single WO 3 nanowire. (a) Bright-field TEM (BF-TEM) image of pristine WO 3 nanowire. (b) 

BF-TEM image of lithiated WO 3 nanowire. (c) The enlarged TEM image and selected area electron diffraction (SAED) pattern (inset) of the pristine WO 3 nanowire. (d) The 

enlarged TEM image and SAED pattern (inset) of the lithiated WO 3 nanowire. (e) The high-resolution TEM (HRTEM) image of the lithiation layer, marked by a green dotted 

circle. (f)–(h) The inverse Fast Fourier Transform (FFT) filtered HRTEM images and FTT patterns (inset) of the characteristic region of the lithiation layer. 
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g)), excessive Li + ions from ‘lithium bubbles’ can be diffused into 

he internal structural framework of h-WO 3 . And a dynamic struc- 

ural rearrangement in h-WO 3 contributes to the irreversible for- 

ation of Li 2 WO 4 , which gradually cause the volume expansion of 

he WO 3 nanowire. As the number of ‘lithium bubbles’ increases, 

he speed of the lithiation reaction has been improved greatly. Dur- 

ng the deep lithiation of the h-WO 3 nanowire, the contact point 

etween the lithium source and the nanowire (marked by an or- 

nge triangle) is shifted to the left by 150 nm ( Fig. 3 (f) and (g)),

uggestive of elongation of the single h-WO nanowire along c- 
3 

3 
xis, which can be due to the partial transformation from W-O-W 

onds with the bond length of 3.889 Å to W-O-Li-O-Li-O-W bonds 

ith the bond length of 9.602 Å along c-axis (Fig. S2). The vol- 

me expansion of the h-WO 3 nanowire gradually slows down with 

ecreasing the ‘lithium bubbles’ and then stops, possibly predict- 

ng the occurrence and termination of its lithiation reaction in the 

ast stage ( Fig. 3 (h) and (i)). The lithiated layer is acted as a pas-

ivation layer on the surface of the WO 3 electrode [24] , that is to

ay that it can isolate the ‘lithium bubbles’ and the WO 3 nanowire 

nd inhibits the further lithiation of WO . It is worth noting that 
3 

http://dict.youdao.com/w/eng/occurrence/?spc=occurrence
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Fig. 3. Time series BF-TEM images of a single WO 3 nanowire during the lithiation process (under an external constant voltage of -2.0 V). 
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he generation of ‘lithium bubbles’ is a necessary process for the 

lithium bubbles’ migration of the WO 3 /electrolyte interface, and 

ts lithiation rate seems to depend on the number of ‘lithium bub- 

les’. 

In order to explain the mechanism of irreversible transforma- 

ion of h-WO 3 to Li 2 WO 4 , the schematic diagram of the structural 

ransition process during the deep lithiation of the single nanowire 

s shown in Fig. 4 . In the initial activation phase, it can be seen that

lithium bubbles’ as a lithium source (Li and Li 2 O) show the fluid- 

ty characteristics of the liquid. Moreover, the solid-state ‘lithium 

ubbles’ can form a liquid-like substance driven by an external - 

.0 V electric field, and it covers the outer surface of the WO 3 

anowire. Then, the excellent surface-wetting effect between the 

nanobubbles’ and the single WO 3 nanowire leads to rapid and suf- 

cient diffusive infiltration of ‘lithium bubbles’ into the nanowires. 

ithium ions are migrated from ‘lithium bubbles’ (Li-rich region) to 

O 3 nanowire (Li-poor region) through the ‘lithium bubbles’/WO 3 

nterface. From the top and side view of h-WO 3 crystal structure 

space group: P 6/m m m), it can be seen that there are hexago- 

al windows and triangular cavities along the c-axis direction and 

uadrilateral square windows in the ab-plane direction [25–28] . 

ithium ions can be transported in all of these structural frames 

uring the lithiation of h-WO 3 nanowire and be stored in the tri- 

ngular cavities through the transportation in hexagonal windows 

nd quadrilateral square windows [29] . For the deintercalation of 

ithium ions, this process follows the ordering rule that lithium 
4 
ons first move from the triangular cavities to the quadrilateral 

quare windows, then to the hexagonal windows, and finally dein- 

ercalate from WO 3 . With the progress of the WO 3 lithiation reac- 

ion, lithium ions are continuously accumulated in WO 3 and reach 

quilibrium with that in the Li bubbles, which leads to the ces- 

ation of the lithiation reaction. The structure of WO 3 is restruc- 

ured but still based on the original structure during its lithia- 

ion. In the restructuring phase, the hexagonal WO 3 composed of 

O6 octahedrons is transformed into Li 2 WO 4 consisted of type Ⅰ 
LiO4) and Ⅱ (WO4) tetrahedrons. From the top and side view of 

he h-Li 2 WO 4 crystal structure (space group: R-3(148)), it can be 

iscovered that the inserted lithium ions participate in forming 

he hexagonal window, where phase transformation can generate 

ue to the lattice in-plane deformation in the horizontal direction 

nd the elongation of the unit cell along the c-axis. This twisted 

tructure in Li 2 WO 4 causes the inserted lithium ions to be located 

n ion-trapping sites composed of 4 O atoms and suppresses the 

eintercalation of lithium ions. The original stable triangular cavi- 

ies are transformed into unstable quadrilateral window channels 

uring the intercalation of lithium ions into h-WO 3 , which can 

ead to the structural damage of Li 2 WO 4 crystal and generation of 

morphous phase in the lithiated area due to the instability of the 

exagonal window and the insertion of lithium ions. From the side 

iew, the transformation from regular quadrilateral square window 

o curved hexagonal channels induced by overload lithium ions can 

e obtained and it can hinder the intercalation / deintercalation of 
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Fig. 4. Schematic diagram of the structural transformation of hexagonal WO 3 to Li 2 WO 4 during the deep lithiation of a single WO 3 nanowire. 
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ithium ions in ab-plane direction, resulting in the lithiated layer 

o act as a passivation layer. 

In summary, our unique experimental design demonstrates a 

irect observation of Li 2 WO 4 irreversible transformation to h-WO 3 

ia in situ TEM. The irreversible structural transformations might 

idely occur in active interface kinetics such as electrochromic 

evices and lithium-ion batteries, which should refresh our fun- 

amental understanding of the WO 3 /electrolyte interface proper- 

ies. Conventionally, the properties or the dynamic responses of 

he WO 3 /electrolyte interface under external stimulus are consid- 

red to be only dependent on the reversible WO 3 -to-Li x WO 3 trans- 

ormation. However, when the structural transformations of the 

O 3 active interface occur during deep lithiation reaction, the 

O 3 /electrolyte interface properties should change abruptly, which 

uggests that the active interface properties of the WO 3 electrodes 

hould depend on all the stable Li 2 WO 4 and metastable Li x WO 3 

tructures and their transformations. Moreover, our experimental 

pproach is potentially applicable to further investigate fundamen- 

al issues of materials science that involve the WO 3 /electrolyte in- 

erface dynamics. 
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