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Vanadium-based compounds are explored as promising electrode materials in
lithium/sodium-ion batteries exhibiting superior energy storage properties.
However, similar attempts are rarely reported for potassium-ion batteries
(PIBs), in which the fundamental reaction mechanisms remain inexplicit.
Herein, porous CaV4O9 nanobelts (NBs) are selected as a PIB anode to
systematically investigate potassium storage mechanisms through in situ
transmission electron microscopy. In situ measurements track overall
electrochemical potassiation reactions of CaV4O9 and identify a polyphase
state of V4O7, CaO, and K2O phases after potassiation. Unexpectedly, the
potassiated products can be partially converted back to the original CaV4O9

phase with residual VO2 and CaO phases, which is different from the
irreversible phase transformations in lithium/sodium storages of CaV4O9.
Impressively, the cavities in NBs alternately disappear and appear with
(de)potassiation, avoiding the drastic volume change and structural
degradation of anodes. The reversible potassium storage and stable cycling
are evaluated by electrochemical measurements and in situ X-ray diffraction
analysis. This work provides a paradigm by revisiting the existing anode
materials in lithium/sodium-ion batteries to seek out viable anodes for
next-generation PIBs.
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1. Introduction

The rapidly growing markets of portable
electronics and electric vehicles have cre-
ated a strong demand for rechargeable bat-
teries with high energy density and long cy-
cling life.[1−3] However, the rarity of lithium
in the earth’s crust (only 0.0017 wt.%)
and the increasing cost of lithium com-
pounds hinder a wider usage of lithium-
ion batteries (LIBs).[4−6] Sodium-ion batter-
ies (SIBs)[7−9] and potassium-ion batteries
(PIBs)[10−12] have attracted wide attention
due to the comparatively high natural abun-
dance and low cost of sodium and potas-
sium resources. Compared with SIBs, PIBs
have the advantage of a lower standard elec-
trode potential (K+/K: −2.93 V vs Na+/Na:
−2.71 V), which guarantees a higher op-
eration voltage and energy density in bat-
teries. Furthermore, among Li+, Na+, and
K+, the higher ionic conductivity and the
lower desolvation energy of solvated K+ en-
able the faster electrode reaction kinetics of
PIBs.[13−16] Despite these merits, the larger

ion size of K+ (1.38 Å) inevitably results in rapid capacity decay
and poor cycling stability, which becomes the main obstacle for
the practical application of PIBs.[17−20] Therefore, the search for
suitable electrode materials for PIBs with long-term cycling sta-
bility and high capacity is desired but challenging.
The prototype of potassium-based batteries employing a

potassium anode was rst reported by Ali Eftekhari.[21] After
that, a series of anode materials have been attempted for use
in PIBs, including conversion-type (e.g. VSe2,

[19] MoS2,
[22] and

MnO2
[23]) and alloying-type (e.g. Sb,[24] P,[25] and Bi[26]) anodes.

Nonetheless, their practical applicability in PIBs suers from
the low conductivity and the drastic volume change (such as
≈681% for Sn4P3

[27]) during cycling. Dierent from the con-
ventional conversion-type anodes, vanadium oxides potentially
possess small volume change when used as anodes, since the
valence of vanadium rarely reaches zero at low voltage due to
the strong V−O bond strength.[28,29] Additionally, vanadium can
achieve multi-electron transfer below 1.0 V due to its multivalent
characteristics, indicating that it may deliver a higher theoretical
capacity.[30] A case in point is the vanadium-based anode mate-
rial, CaV4O9, which has exhibited remarkable electrochemical
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performances and small volume change (near-zero for LIBs[31]

and < 10% for SIBs[32]). In the previous works involving CaV4O9
anode, its lithium/sodium storage mechanisms have been
systematically studied, revealing distinct energy storage mech-
anisms that are closely related to structural evolution pathways.
Encouraged by these works, CaV4O9 is also expected to be a
viable anode material for use in PIBs, but there are no relevant
reports so far. Therefore, its fundamental reaction mechanisms
associated with structural evolution and reaction kinetics still
remain inexplicit when used in PIBs.
In this work, the potential of porous CaV4O9 nanobelts (NBs)

as a PIB anode material was carefully explored by using in
situ transmission electron microscopy (TEM) approach[33−36]

to observe electrochemical potassiation and depotassiation be-
haviors at the nanoscale. The combined use of high-resolution
imaging, electron diraction (ED), electron energy loss spec-
troscopy (EELS) and in situ, X-ray diraction (XRD) enables real-
time tracking of morphological/structural changes and chemi-
cal states of CaV4O9 NB anodes during (de)potassiation. The in
situ measurements show that the initial CaV4O9 phase was con-
verted into a polyphase state of V4O7, CaO, and K2O phases upon
potassiation, accompanied by the disappearance of cavities in the
NBs. Impressively, the potassiated products could be partially
converted back to the initial CaV4O9 phase only with some resid-
ual VO2 phase. This partial reversibility is in sharp contrast to
the completely irreversible electrochemical reactions occurring
in lithium and sodium storage in CaV4O9, indicating their dif-
ferent phase evolution pathways. Remarkably, the porous mor-
phology of NBs was restored after depotassiation. The alternately
disappearing and appearing cavities in NBs were considered to
eectively alleviate the drastic volume change induced by the in-
ow and outow of large K ions, which can ensure good cycling
stability. Rigorous electrochemical tests show that CaV4O9 as PIB
anodes canmaintain a high capacity above 125mAh g−1 after 150
cycles at a current density of 100 mA g−1, exhibiting good cycling
stability and great potential for potassium storage.

2. Results and Discussion

The crystal structure and morphology of the as-synthesized ma-
terial were rst characterized carefully, Figure 1. The XRD re-
sult in Figure 1a shows that the as-synthesized material is the
pure CaV4O9 phase (JCPDS: 01-070-4469, space group: P4/nZ,
a = b = 8.327 Å, c = 5.013 Å). Structurally, CaV4O9 possesses
a layered structure along the c direction with Ca2+ distributed
uniformly in the layers, as illustrated by atomic structure mod-
els in Figure 1b,c. Figure 1d shows a low-magnication TEM
image of the CaV4O9 sample. By coupling with SEM observa-
tion in the inset of Figure 1d, the sample is conrmed to ex-
hibit 1D porous belt-like shape with 100−200 nm in width and
several microns in length, respectively. Further magnied TEM
image in Figure 1e clearly shows the porous feature exhibiting
many irregular cavities distributed on the CaV4O9 NB. The for-
mation of such cavities is attributed to the evaporation of crys-
tal water during synthesis.[32] Nonetheless, the NB possesses a
single-crystalline nature, as proven by the corresponding single-
crystalline ED pattern in the inset of Figure 1e. Figure 1f shows a
high-resolution TEM image in which the lattice fringe spacings
of 2.40 and 1.91 Å can be indexed as (−102) and (222) planes

of CaV4O9. The corresponding fast Fourier transformation (FFT)
pattern in the inset of Figure 1f matches well with the tetragonal-
structured CaV4O9. Note that the CaV4O9 NBwas relatively stable
even under prolonged electron beam irradiation and no visible
structural damage appeared, as shown in Figure S1, Supporting
Information. High-angle annular dark-eld (HAADF) scanning
transmission electron microscopy (STEM) imaging coupled with
energy dispersive X-ray spectroscopy (EDS) elemental mapping
was used to analyze compositional distribution. Figure 1g shows
the uniform distribution of Ca, V, and O elements on individ-
ual CaV4O9 NBs. Additional HAADF-STEM and HRTEM char-
acterizations further identify the successful synthesis of single-
crystalline NBs of tetragonal-structured CaV4O9, Figure S2, Sup-
porting Information.
To ascertain the underlying potassium storage mechanisms

of CaV4O9 NBs during the entire electrochemical potassiation
and depotassiation process, an all-solid K-CaV4O9 nanobattery
was constructed in situ inside a TEM, as schematically illustrated
in Figure 2a. By applying a potential of −3.0 V to the NB elec-
trode with respect to the K counter electrode, the potassiation
process was initiated. The time-sequenced TEM snapshots of
the morphological evolution of individual CaV4O9 NBs during
potassiation were recorded, as presented in Figure 2b–f (see also
Movie S1, Supporting Information). During initial potassiation,
K+ is transported into the NB starting from its point of contact
with the K resource, accompanied by the observable volume and
contrast variations. Meanwhile, the cavities on the NB gradually
disappear as the volume of the NB expands. Such a potassiation
process can be visualized by the moveable ‶reaction front″ (RF,
marked with red arrows in Figure 2c–e) that was used to distin-
guish the reacted and unreacted regions.
The cross-section variation is measured with an expansion

from 247 to 298 nm after full potassiation (750 s) in Figure 2f,
corresponding to a≈20.6%width expansion. In addition, the lon-
gitudinal elongation of an NB before and after potassiation can
also be estimated quantitatively, Figure 2g,h. Based on the refer-
ence position, the longitudinal elongation of the NB is found to
be from 499 to 523 nm after potassiation, indicating a longitudi-
nal expansion of 4.8%. At the same time, a width expansion of
19.5% (from 221 to 264 nm) is estimated for the potassiated NB
in.Figure 2g,h, implying the same degree of potassiation as the
NB in Figure 2b−f The HAADF-STEM imaging and correspond-
ing STEM-EDS element mapping further highlight the RF in a
partially potassiated NB shown in Figure 2i, in which the distri-
bution of K+ gradually decreases from right to left and stops at
the RF. Furthermore, the statistical results of the cross-section
expansion of six NBs are shown in Figure 2j and their cross-
section expansion ratios are similar (≈20%±3%). Undoubtedly,
such morphological changes should result from electrochemical
potassiation rather than beam-induced phase decomposition, as
evidenced by additional in situ experiments in Figure S3 in Sup-
porting Information. Further observation of the morphological
details during potassiation of CaV4O9 NBs is carried out by focus-
ing on the magnied TEM images, as presented in Figure 2k. As
the potassiation progressed, the original cavities on the NBs were
graduallylled and became smaller until they were invisible. This
scenario is particularly obvious before and after the RF, as shown
in Figure S4, Supporting Information. The schematic diagram in
Figure 2l vividly depicts the cavity evolution of a porous CaV4O9



Figure 1. a) XRD pattern of the as-prepared CaV4O9 sample. b,c) Crystal structure models were observed along the a and c axes of CaV4O9, respectively.
The green and red balls represent Ca and O ions, respectively, and the blue polyhedrals represent the V–O pyramids. d) Low-magnication TEM image
of the CaV4O9 NBs with an inset of SEM image. e) High-magnication TEM image and corresponding ED pattern. f) HRTEM image and corresponding
FFT pattern. g) EDS elemental maps of CaV4O9 NBs.

NB upon potassiation. Interestingly, this dynamic process of cav-
ity disappearance has not been observed before for the lithiation
and sodiation of CaV4O9 NBs,

[31,32] possibly due to the larger ion
size of K+ compared to Li+ and Na+.
To deeply understand the overall reaction mechanism during

potassiation of a single CaV4O9 NB, the real-time potassiation
scenario is schematically illustrated in Figure 3a,b. Figure 3c–e
shows the time-sequenced ED patterns collected in the order of
K+ concentration from low to high along the regions marked
in Figure 3a,b. The pristine part on a partially potassiated NB
clearly shows the single-crystalline ED pattern (Figure 3c), in
which the diraction spots marked by the orange dotted rings

can be indexed as the (111) and (121) planes of the tetrago-
nal CaV4O9 phase (JCPDS: 01-070-4469). Upon a slight potas-
siation, the diraction spots belonging to the original CaV4O9
phase basically remained, but new diraction rings correspond-
ing to CaO (JCPDS No. 01–1160), K2O (JCPDS No. 26–1327),
and V4O7 (JCPDS No. 72–1718) phases appeared, as shown in
Figure 3d. Upon a deep potassiation, the CaV4O9 phase com-
pletely disappeared and the diraction intensity of the CaO, K2O,
and V4O7 phases became stronger, but no new phases were gen-
erated, Figure 3e. Obviously, the nally potassiated products were
in a polyphase state including CaO, K2O, and V4O7 phases. Lo-
cal HRTEM image and corresponding FFT pattern from the fully



Figure 2. (a) Schematic illustration of the experimental setup for in situ electrochemical potassiation/depotassiation. b−f) and g,h) Snapshots of
dierent CaV4O9 NBs during the potassiation process. i) STEM-HAADF image and EDS maps of K, Ca, V, and O at the corresponding area in the
partially potassiated CaV4O9 NBs from (h). j) The histogram shows the variation in cross-sectional diameter of the six CaV4O9 NBs before and after
potassiation. k) TEM images show the pristine and potassiatedmorphologies of a CaV4O9 NB. Large amounts of cavities distributed on theNB disappear
during potassiation. l) Schematic illustration of morphological evolution during the rst potassiation process of CaV4O9 NB.

potassiated region are shown in Figure 3f. Lattice fringes with d-
spacing of 3.02 and 2.86 Å attributable to (004) and (−122) planes
of V4O7 can be identied. Note that no clear lattice fringes cor-
responding to CaO can be detected by HRTEM, possibly due to
the very small size of the CaO crystallites. It is generally recog-
nized that although Ca ions are electrochemically inactive, they
are expected to form nano-sized CaO crystallites that can re-
sult in a “spectator eect” to buer the large volume change
of electrode materials and restrain the agglomeration of active
components.[37] The phase evolution of CaV4O9 anode during the
rst potassiation process is schematically given in Figure 3g.

For a deeper understanding of phase evolution pathways dur-
ing potassiation of CaV4O9, electron energy loss spectroscopy
(EELS) was also performed along the direction of K+ diusion
on a partially potassiated NB, Figure 3h−j. The HAADF-STEM
image of the partially potassiated NB and the corresponding K
elemental distribution mapping is shown in Figure 3i. The in-
creased intensity of K-L2,3 edge is clearly observed as the potassi-
ation progressed, Figure 3h, implying dierent degrees of potas-
siation along the longitudinal axis of NB. Moreover, a shift of
the V-L2,3 edge is observed clearly with potassiation, indicating
a decrease in the valence of vanadium. As seen in Figure 3j,



Figure 3. a) Schematic illustration of the real-time potassiation scenario. b) TEM image of the partially potassiated CaV4O9 NB. (c−e) ED patterns
are used for identifying the phase evolution during the rst electrochemical potassiation process. (f) HRTEM image of the potassiated product.
g) Schematic illustration of the reaction mechanism of the CaV4O9 during the rst potassiation process. h−j) Arranged STEM-EELS data in the or-
der of K+ concentration, collected from the partially potassiated NBs, the HAADF-STEM image, and the distribution of element K as shown in (i). h)
K-L, Ca-L, and C-K edges. (j) V–L and O–K edges. Inset refers to the enlarged V–L edges from the pristine and fully potassiated regions.

the V L2 and O K edges are very close; thus, dening the posi-
tion of the L2 edge on the continuum becomes dicult. Gen-
erally speaking, the L3 edge onset energies show a monotonic
increase with the cation oxidation state. The enlarged view of
the V-L2,3 peaks shows that the half-peak width of the V L3
edge in the potassiated region is larger than that in the un-
potassiated region, which indicates a clear tendency to shift to
the left. Although the valence state change of vanadium dur-

ing the rst potassiation process is too small (only 0.5) to quan-
tify in the EELS data, we can clearly observe the downtrend of
the valence state. It can be estimated that four moles of V4+ in
one mole of CaV4O9 can be converted to four moles of V3.5+

in one mole of V4O7, so two moles of electrons are transferred
and the corresponding capacity is 138 mAh g−1. This value is
close to electrochemical testing results (which will be discussed
below).



Figure 4. a−e) Time-resolved TEM images showing the morphological evolution of a CaV4O9 NB during the rst depotassiation. f−g) TEM images
show the potassiated and depotassiated morphologies of a CaV4O9 NB. Showing large amounts of cavities distributed on the NB reappear during
depotassiation process. h−i) ED patterns used for identifying phase evolutions upon the rst depotassiation process of CaV4O9 NB. j) HRTEM image
demonstrating the depotassiated products includes the original CaV4O9.

To evaluate the reversibility of the potassium storage in
CaV4O9 NBs, a constant potential of 3.0 V was applied to already
potassiated CaV4O9 NBs to extract K ions, as typically shown
in Figure 4a−e (see also Movie S2, Supporting Information) in
which a NB was undergoing a typical depotassiation process.
With the extraction of K+, the diameter of the potassiated NB in
Figure 4a–e gradually shrunk from 140 to 120 nm, corresponding
to a diameter reduction of 14.3%. Impressively, the disappeared
cavities in potassiation reappeared with depotassiation. The de-
potassiation of another NB in Figure 4f and g also resulted in the
reappearance of the cavities. Note that no structural collapse in
the depotassiating NBs was observed despite the fast outow of
K+. A previous study on the failure mechanism of SnO2 anode
for SIBs revealed that nanopore formation during desodiation of
SnO2 nanowires greatly increased the electrical impedance and
thus led to the poor cyclability of SnO2 anode. However, for the
CaV4O9 NB anode, the recovered cavities during depotassiation
were congenital, and thus their reappearance did not cause a
structural degradation of the NBs. In a like manner, the congen-
ital cavities can also buer drastic stress accumulation and vol-
ume expansion induced by the inserted K+ during potassiation,
thus avoiding the occurrence of cracking and fracture in NBs.
The ED patterns during depotassiation of NB anodes were

recorded to further analyze the cycling reversibility associated
with phase transformations, as displayed in Figure 4h,i. With de-
potassiation, the diraction rings attributable to V4O7 and K2O
phases began to weaken and gradually disappeared. The original
CaV4O9 phase was recovered as the nally depotassiated prod-
uct. But, some residual VO2 (JCPDS No. 09–0142), CaO and K2O
phases still existed in the depotassiated NB, implying an incom-
plete depotassiation. Figure 4j further displays a local HRTEM
image of the fully depotassiated region, in which the nanograins
with ordered lattice fringes can be identied as the tetragonal
CaV4O9 phase. Obviously, the single-crystalline CaV4O9 NB can-

not be recovered and instead, the poly-crystalline CaV4O9 NB an-
ode with the partially residual VO2, CaO, and K2O phases was
formed after the rst potassiation and depotassiation cycle.
Since the cavities on CaV4O9 NBs can buer drastic stress ac-

cumulation and volume change during the rst potassiation and
depotassiation cycle, the cycled NBs are also expected to well run
during the following cycles. To this end, further validation exper-
iments were carried out to investigate the long-term restorability
of porous CaV4O9 NBs. Figure 5a−i (see also Movie S3, Support-
ing Information) shows a typical example during the initial four
cycles of a single NB with the red arrows indicating the direc-
tion of K+ diusion. As expected, the NB during multiple cycles
can withstand the repeated volume expansion and contraction
and no obvious cracking or fracture occurred in the NB, imply-
ing its good mechanical exibility when used as the PIB anode
material. Figure 5j further displays the cross-section expansion
and contraction rates for each cycle. Notably, the NB after ve cy-
cles shows a nearly similar size as that of the initial state. While
for each cycle, the disappeared cavities upon potassiation can re-
formed on theNB during depotassiation. However, we also found
that as the number of cycles increased, fewer and fewer cavities
could be recovered on the NB. This detailed observation indicates
that the structural integrity of the NB anode during cycling was
kept at the sacrice of cavities. The above in situ observations
demonstrate the good stability of CaV4O9 NB anodes during the
electrochemical cycles.
The in situ ED patterns acquired from the rst and fth

(de)potassiation cycles were used to examine the reversible phase
transformation duringmultiple cycles, Figure 5k–n. As expected,
the fth cycle exhibited the same phase transformation as that
in the rst cycle, that is, the fully potassiated products (CaO,
K2O, and V4O7 phases) were partially converted into the CaV4O9
after each potassiation process. Similarly, the VO2 phase and
irreversible CaO and K2O phases coexisted with the CaV4O9



Figure 5. a−i) In situ TEM observation of the morphological evolution of CaV4O9 NBs electrode during the rst four (de)potassiation cycles. The
NBs exhibits multicycle reversible volume expansion and contraction with the insertion and extraction of potassium ions. j) Statistics of the cross-
sectional diameter changes versus the number of (de)potassiation cycles. k−n) ED patterns show structural evolutions during the rst two cycles of
(de)potassiation processes CaV4O9 NB.

phase after each depotassiation. Although the starting phases
during the rst and fth potassiation processes were dierent,
the potassiated products (Figure 5k,m) were the same. Moreover,
the fth depotassiation products in Figure 5n also exhibit the
same ED pattern as that of the rst depotassiation product. Ac-
cording to the in situmeasurements, nometallic substances such
as V were formed during cycles. To summarize, the overall elec-
trochemical reactions related to the partial reversible potassium
storage can be expressed as follows:
The rst potassiation process:

CaV4O9 + 2K+ + 2e− → V4O7 + K2O + CaO (1)

The rst depotassiation process and subsequent cycles:

V4O7 + K2O + CaO ↔ CaV4O9 + 2K+ + 2e− (2)
V4O7 + K2O + CaO ↔ 4VO2 + 2K+ + 2e− + CaO (3)

In addition, the electrochemical reactions of Li andNa storages
in CaV4O9 are also provided for comparison according to the pre-
vious reports.[31,32] It is found that a common product is the newly
formed CaO nanograins that can provide a self-preserving eect
to prevent the agglomeration of active components in electrodes,
and thus help to keep the high electrode cycling reversibility.[37]

For the lithiation and sodiation, CaV4O9 anodes are reduced to

VO0.9 + Li-V-O (amorphous) and NaVO2 respectively and no al-
kali metal oxides (Li2O and Na2O) are formed, which is dier-
ent from the potassiated products (V4O7 + K2O). By comparison,
the lithiated products (VO0.9 and Li-V-O) have the lowest valence
state of V and the potassiated products exhibit the highest valence
state of V. In this regard, the small valence state variation of V in
K storage of CaV4O9 anode can ensure moderate electrochemical
reactions, despite the sacrice of the capacity.
The rst lithiation/delithiation process[31]:

CaV4O9 + Li+ + e− → VO0.9 + CaO + Li − V − O (amorphous)

(4)

VO0.9 + CaO + Li − V − O (amorphous) → VO2 + CaO + V − O

(amorphous) (5)

The rst sodiation/desodiation process and subsequent
cycles[32]:

CaV4O9 + 4Na+ + 4e− → 4NaVO2 + CaO (6)
NaVO2 + CaO ↔ VO2 + CaO + Na+ + e− (7)

Electrochemical tests were further carried out to evalu-
ate the potassium storage performance of CaV4O9 anodes. The



Figure 6. a) Galvanostatic discharge/charge proles at a current density of 100 mA g−1 b) CV curves of CaV4O9 at the scan rate from 0.2 to 1.0 mV s−1.
c) The relation between the square root of the scan rate (v1/2) and the corresponding currents at 0.01 V. d) In situ XRD patterns of CaV4O9 during the
rst three electrochemical cycles and the corresponding discharge/charge proles. e)Rate performances of CaV4O9 at dierent current densities of 100,
200, 300, 500, 1000, 2000, and 3000 mA g−1. f) Cycling performances and Coulombic eciency of CaV4O9 at a current density of 100 mA g−1.

galvanostatic discharge/charge proles (Figure 6a) at 100mA g−1

between 0.01 and 3V (vs. K/K+) exhibit a stable capacity of
≈142 mAh g−1. Compared with the storage capacities of Li and
Na in CaV4O9 anodes,

[31,32] this value is a little low due possibly
to larger K+ radius that causes the sluggish diusion kinetics.
In addition, no distinct voltage plateau is observed and this phe-
nomenon also appears in other vanadate-based anode materials,
such as Co3V2O8 and NiV3O8.

[38,39] Figure S5a shows the CV
curves without obvious peaks, which are consistent with the
discharge/charge proles. The activation process could be seen
in the initial scans and the capacity loss below 0.5 V is found,
which could be possibly attributed to the formation of solid
electrolyte interphase and side reactions at low voltages.[40,41]

To clarify the K storage mechanism, CV measurements were
performed at dierent scan rates, as displayed in Figure 6b. The
potassiation currents at 0.01 V show a linear relation with the
square root of the scan rate (v1/2) (Figure 6c), which indicates a
diusion-controlled charge storagemechanism in CaV4O9 rather
than a capacitive process.[42,43] Moreover, the reversible phase
transformation was proved by in situ X-ray diraction (XRD)
measurement in Figure 6d. Although the signals detected by the
in situ XRD are weak, the periodic change of diraction peaks
can be observed. During the potassiation process, the diraction
peaks at 29.9 degree and 34.0 degree corresponding to (121) and
(310) planes of CaV4O9 phase became weak gradually, suggesting

the decomposition of CaV4O9 with the insertion of K+. As for
the depotassiation process, such peaks reappeared and gradually
became strong, indicating the recovery of CaV4O9 phase.
The rate capability of CaV4O9 NB anodes was further analyzed

at various current densities, Figure 6e. With increasing the cur-
rent densities from 100 to 3000 mA g−1, the discharge capac-
ity decreased from 142.5 to 10.9 mAh g−1. When cycled back to
100 mA g−1, a reversible capacity of 142.2 mAh g−1 was recov-
ered. Even for the second circulation from 100 to 3000 mA g−1

and then back to 1000 mA g−1, such a good capacity recovery
was also achieved. Corresponding discharge/charge proles are
shown in Figure S5b. Figure 6f displays the long-term cyclability
of CaV4O9 NB anodes and corresponding Coulombic eciency
at 100mA g−1. It is found that a gradual capacity increase was ob-
served during the initial dozens of cycles and the highest capac-
ity reached ≈147 mAh g−1. After 100 cycles, the capacity began
to decrease but still remained above 100 mAh g−1. In addition,
the Coulombic eciency signicantly increased during the ini-
tial twenty cycles and then stabilized at ≈96% in the subsequent
cycles.
It should be noted that the electrochemical potassium storage

performance of the CaV4O9 material has never been investi-
gated before. In the previous studies, the CaV4O9 NBs used
as anode materials for LIBs and SIBs exhibited small or even
“near-zero” volume change and remarkable electrochemical
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performances.[31,32] The electrochemical tests in this work also
show the huge potential of CaV4O9 NB anodes for PIBs. For the
volume change, the complete potassiation of CaV4O9 based on
Equation (1) results in a theoretical volume expansion of 36.6%,
namely, onemole of CaV4O9 (173.8 Å

3) can be converted into one
mole V4O7 (55.2 Å

3), one mole of K2O (155.6 Å3), and one mole
of CaO (27.6 Å3). In addition, the larger size of K+ would lead to
large interlayer expansion/contraction with insertion/extraction
of K+. However, as a matter of fact, the volume expansion of the
NBs during potassiation is slightly below 36.6%, as estimated
according to the in situ TEM measurements in Figure 2. This is
because the unique multi-cavity morphology of CaV4O9 NBs can
eectively oset the volume expansion induced by the inserted
K+. Moreover, according to the in situ TEM observations, the cav-
ities on CaV4O9 NBs can be recovered after each depotassiation,
which ensures small volume expansion for the next potassiation;
as a result, the excellent electrochemical cycling stability can be
maintained during discharge-charge cycles.

3. Conclusion

In summary, the morphology evolution and phase transforma-
tion pathways of CaV4O9 NB anodes during (de)potassiation cy-
cles have been carefully explored by in situ TEM and in situ XRD
for the rst time. The results show that the original CaV4O9 NBs
completely transform into a mixture of V4O7, CaO, and K2O.
Moreover, the original CaV4O9 phase and some residual VO2
phase are found in the depotassiated product, indicating that
the CaV4O9 anodes undergo a partially reversible phase transfor-
mation during cycles. In particular, the cavities on NBs disap-
peared during potassiation and then reappeared during depotas-
siation. Both the recovered morphology of cavities and the par-
tially reversible phase transformation reactions during multiple
(de)potassiation cycles contribute to good cycling stability. The di-
rect comparisons among Li, Na, and K storage mechanisms are
also discussed, highlighting the critical eect of dierent alkali
metal ions in CaV4O9 anodes on the electrochemical reactions.
This work provided a paradigm by revisiting the existing anode
materials in lithium/sodium-ion batteries to seek out viable an-
odes for next-generation PIBs.

4. Experimental Section
Material Synthesis and Characterization: The CaV4O9 NBs were pre-

pared by a hydrothermal method. In brief, 2 mmol of V2O5 was dissolved
in 30 mL of deionized water and then 5 mL of H2O2 (30%) was added to
form an orange solution after stirring for 20 min. Afterward, 90 mmol of
CaCl2 was added to the orange solution to form a red suspension after stir-
ring for 2 h. The nal suspension was transferred in a 50 mL Teon-lined
stainless-steel autoclave. The autoclave was sealed and heated to 200 °C
for 48 h and then cooled to room temperature. The obtained product was
dispersed in 30 mL of deionized water, washed with deionized water four
times, and rinsed with ethanol once. After drying at 70 °C for 24 h, the sam-
ple was annealed in an H2/Ar (5/95 volume ratio) atmosphere at 450 °C
for 8 h with a heating rate of 2 °C min−1. Structural characterization of
the as-prepared sample was conducted using a Bruker D8 Discover X-ray
diractometer (XRD) with Cu K radiation source. In situ, XRD signals
were obtained with the electrode covered by an X-ray-apparent beryllium
sheet. Morphological characterization was carried out using a scanning
electron microscope (SEM, JSM-7600F, JEOL, Japan) operated at 15 kV.

TEM imaging and ED pattern were recorded using an aberration-corrected
FEI Titan 80–300 kV TEM. High-angle annular dark-eld (HAADF) scan-
ning transmission electron microscopy (STEM) imaging coupled with en-
ergy dispersive X-ray spectroscopy (EDS) elemental mapping was used to
analyze compositional distribution.

In Situ TEM Electrochemical Potassiation and Depotassiation: The
aberration-corrected TEM (FEI Tian 80–300 kV) with a fast-responding
charge-coupled device (CCD) camera was used for in situ observation of
the electrochemical reactions of CaV4O9 NBs, including real-time imag-
ing, consecutive ED sampling, and energy dispersive X-ray spectroscopy
(EDS) mapping. The CaV4O9 NBs, which were dispersed in ethanol and
dropped onto a carbon lm-supported TEM half-grid, were used as the
electrode. Potassium metal, which was scraped onto a tungsten probe,
was employed as the counter electrode and potassium source. The holder
was quickly transferred into the TEM column from an Ar gas-lled sealing
bag. A thin layer of KOx, which would naturally form on the surface of the
potassium metal due to the exposure of the specimen holder to air, acted
as a solid electrolyte for transporting potassium ions. Then, the tungsten
tip was driven by a piezo-positioner in a STM-TEM (PicoFemto) holder
inside TEM to make the K/KOx and CaV4O9 NBs contact. Once the con-
tact was made, an electric bias was applied to drive the K ions to insert or
extract from the NBs and thus enable electrochemical potassiation and
depotassiation reactions that could be recorded in situ for subsequent
analysis. In situ electron energy loss spectroscopy (EELS) studies were
performed using a double aberration-corrected Thermo Fisher Themis Z
S/TEM operated at 300 kV, equipped with the high-speed K3 camera.

Electrochemical Measurements: The electrochemical performance of
CaV4O9 NB electrodes was evaluated using an assembly of 2016-type coin
cells in a glove box lled with pure argon gas. The electrodes were prepared
from a mixed slurry with a weight ratio of 70% CaV4O9 active material,
20% acetylene black, and 10% carboxy methyl cellulose (CMC aqueous
solution). The mixed slurry was pasted on copper foil and dried in an oven
at 70 °C for 12 h. Then, a metallic potassium foil was used both as a refer-
ence and counter electrode. A Whatman glass microber lter membrane
acted as a separator and a solution of 0.8  KPF6 in ethylene carbon (EC)
and diethyl carbonate (DEC) (1:1 by volume) was used as the electrolyte.
Galvanostatic discharge-charge testing was performed after the activation
of the rst cycle at a potential range of 0.01−3 V vs. K/K+ using a multi-
channel battery testing system (LAND CT2001A). Cyclic voltammetry (CV)
was tested with an electrochemical workstation (CHI 760E).
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