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ABSTRACT: Polyanion phosphates exhibit great potential as 3D tomography
3 ala- @ a-d » (‘* econstruction

calcium-ion battery (CIB) cathodes, boasting high working

voltage and rapid ion diffusion. Nevertheless, they frequently

suffer from capacity decay with irreversible phase transitions;

the underlying mechanisms remain elusive. Herein, we report

an adaptively layerized structure evolution from discrete S &/
NaV,0,(PO,),F nanoparticles (NPs) to interconnected \M \ 2
VOPO, nanosheets (NSs), triggered by electrochemical (de)- N3
calcification, leading to an improvement in Ca’* storage ——

performance. This electrochemistry-driven self-adapted layeri-
zation occurs over approximately 200 cycles, during which NPs ~ NaV,0,(PO.);F — 2VOPO,+Na*+F- mmp Faster and more Ca?* storage
undergo a “deform/merge-layerization” process, transitioning

from a three-dimensional to a two-dimensional atomic structure, with a distinct 0.68 nm lattice spacing. The transition
mechanism is demonstrated to be linked to the gradual separation of structural Na* and F~. The resultant VOPO, NSs exhibit
exceptional Ca*" diffusion kinetics (3.19 X 107 cm? s™', currently the optimal value among inorganic cathode materials for
CIBs), enhanced capacity (~100 mA h g'), longevity (over 1000 cycles at 50 mA g™ '), and high rate (84% retention rates
when increasing current density from 50 to 200 mA g~ '). Employing advanced electron microscopy, this study reveals an
electrochemical activation-induced structure evolution at the atomic level, providing valuable insights into the design of high-
performance CIB cathodes.

KEYWORDS: Ca-ion batteries, cathode materials, reaction mechanism, electrochemical activation, structure transformation

INTRODUCTION ance.'”"” Thus, developing cathode materials that can
withstand the structural changes associated with Ca®*
insertion/extraction is crucial for advancing the CIB industry.

Polyanion phosphate cathodes, especially those with
LISICON and NASICON structures, have gained significant
interest due to their rapid ion transfer kinetics, high working
voltage, and lattice stability in Li* and Na* batteries.'”® With
the rise of CIBs, researchers have sought to adapt these
materials to this emerging field. However, the larger ionic
radius of Ca** compared to Li* and Na* presents a formidable
challenge to maintaining the structural integrity of g)olyanion
phosphates during repeated insertion/extraction.'” Despite
extensive efforts to enhance their resilience and accommodate
(de)calciation, such as regulating the proportion and content

of different elements in the structure’”*' and the synthesis of

Multivalent-ion batteries, such as those based on Zn**, Mg*,
Ca?', and AI**, have attracted significant attention due to their
high energy storage capability and safety. The multielectron
process of polyvalent metals is expected to push through the
energy density limit of secondary batteries compared to
monovalent-ion systems."”” Among multivalent-ion batteries,
calcium-ion batteries (CIBs) are particularly promising, owing
to the low standard electrode potential of Ca**/Ca (—2.87 Vs
SHE)® and weak polarization strength of Ca' (10.4),"°
enabling higher output voltage and improved rate performance.
Calcium’s abundance in the earth’s crust and seawater, along
with its dendrite-free deposition,6 makes CIBs an attractive,
safe, and cost-effective solution for commercial energy storage.

Cathode materials are essential for the energy density of
CIBs. Recent studies have investigated various nonaqueous
CIB cathode materials, including Prussian blue analogues,7’8
transition-metal oxides,”"* phosphates,'”"* and organic
compounds.'® These materials often possess a layered
structure that facilitates Ca®* insertion/extraction. However,
the larger size and higher charge of Ca®* can easily destabilize
the cathode structure, resulting in poor cycling perform-
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Figure 1. Structural characterizations of NaV,0,(PO,),F as a preactivated cathode material. (a) Galvanostatic charge/discharge profiles for
the desodiation process of the N;VOPF. (b) Rietveld refinement of NVOPF. (c) V 2p XPS spectra of N;VOPF and NVOPEF. (d) Crystal
structure of NVOPF. TEM images and SAED patterns of (e) N;VOPF and (f) NVOPF. (g) HAADF—STEM image, particle size distribution
(inset of g), and corresponding (h) EDX mapping images of NVOPF. Atomic-resolution HAADF—STEM image of (i) NVOPF,
corresponding FFT pattern (inset of i) and (j) crystal structure at the [001] orientation.

materials with expanded lattice parameters,'” the structural
integrity of conventionally prepared polyanion phosphates in
chemical route remains insufficient for achieving stable cycling
performance in CIBs.”

Electrochemical activation has emerged as a powerful
method for fabricating unconventional materials with proper-
ties that are otherwise difficult to achieve through traditional
synthesis routes.”’ Electrochemical conditions could enable
spontaneous self-adaptive formation of thermodynamically
unfavored/metastable structures, including ultrathin nano-
sheets (NSs),”* ultrafine nanoparticles (NPs),”>*° and open
mesoporous structure,”” often exhibiting significantly improved
properties compared to their thermodynamically stable
counterparts. Electrochemical structure activation is frequently
mentioned to alter the properties of the electrode materials,
such as introducing ion/electron conductive agents,”” exposin§
additional storage sites,”” or inducing new redox couples.’
Nevertheless, a vast majority of them involve the consumption
of the active ions for the proceedings of the activation process,
leading to irreversible capacity loss."**! Therefore, to
effectively utilize the benefits of electrochemistry-induced
structure activation in CIB electrode materials, it is crucial to
identify suitable candidates that either exclude active Ca** from
the activation process or employ them as catalysts during the
structural transformation. Furthermore, a comprehensive
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investigation is urgently required to unravel the correlation
between structural transformation and Ca’* storage perform-
ance for the continued development of polyanion phosphate
cathode materials in CIBs.

Herein, an electrochemical activation mechanism in
NaV,0,(PO,),F (NVOPF) NPs is elucidated, resulting in
enhanced Ca’" storage properties. This transformation is
characterized by a “deform/merge-layerization” process,
initiated by repeated Ca®" insertion/extraction. Over approx-
imately 200 cycles, NVOPF undergoes a morphological
evolution from three-dimensional (3D) discrete NPs to a
two-dimensional (2D) interconnected network of VOPO,
NSs. This structural transformation is driven by the progressive
separation of structural Na* and F~, occurring independently
of Ca** consumption. The resultant VOPO, NSs demonstrate
exceptional Ca** diffusion kinetics (3.19 X 107 cm?® s7'),
representing the highest reported value among inorganic
cathode materials for CIBs. Consequently, VOPO, NSs exhibit
enhanced capacity (~100 mA h g™!), long cycling stability
(over 1000 cycles at 50 mA g™'), and high rate (84% capacity
retention under a current density increase from 50 to 200 mA
g™"). Utilizing advanced electron microscopy techniques, this
study provides atomic-level insights into electrochemical
structure activation, offering valuable guidance for the
development of high-performance CIB cathodes.

https://doi.org/10.1021/acsnano.4c08704
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Figure 2. Improved calcium storage performance from electrochemical activation. (a) Cycling performance of NVOPF at 20 mA g~ and
representative (b) discharge profiles after different cycles. (c) Charge/discharge profile of the 200th cycle. (d) Cycling performance of
NVOPF at 50 mA g~'. (e) CV curves of the NVOPF before and after activation at a scan rate of 0.2 mV s™'. (f) Rate performance after
activation. (g) Capacity retention of NVOPF at different rates before (blue column) and after (orange column) activation. (h)
Representative charge/discharge profiles from the rate performance after activation.

RESULTS AND DISCUSSION

Structural Characterizations of NVOPF as a Preacti-
vated Cathode Material. NASICON structured NVOPF
NPs were chosen as the pre-electrochemically activated
cathode material. To gain such a material, Na-rich
Na;V,0,(PO,),F (N3;VOPF) NPs were synthesized as a
precursor utilizing a facile hydrothermal method, while
reduced graphene oxide (rGO) was added to improve the
conductivity and electrochemical kinetic. Then, part of the Na*
was removed through in situ desodiation to make room for the
subsequent Ca®" insertion/extraction (Figure la). We have
confirmed the removal of active Na* through comparing the
Rietveld refinement of X-ray diffraction (XRD) patterns of
these two phases (Figures S1, 1b, and Tables S1 and S2). We
have revealed the detailed content changes of two Na” sites: 8h
and 8j sites.”” Analysis of Na* occupancy in the 8h and 8j sites
revealed a decreasing trend, with partial removal from the 8h
sites and complete extraction from the 8;j sites. This suggests
that Na* at the 8h sites are electrochemically inert and serve as
structural Na*.”* Meanwhile, the peak merging phenomenon in
the XRD patterns, where the peak of the (101) plane merges
with the (002), while the peak of the (103) plane merges with
the (200), indicating successful removal of a portion of the
active Na*. Moreover, the increase in the lattice parameter ¢
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from 10.6341 to 10.8638 A after desodiation further supports
the extraction of active Na*.**

The valence states of vanadium(V) in N;VOPF and NVOPF
were analyzed through X-ray photoelectron spectroscopy
(XPS). As depicted in Figure lc, the V in N;VOPF exists in
a tetravalent state (V*'), whereas the appearance of V°* in
NVOPF confirms the successful desodiation process.”> A
comparative examination of the full XPS spectra (Figure S2)
also reveals a decrease in the Na* content. The crystal structure
of NVOPF exhibited a “pseudolayers” structure as depicted in
Figure 1d: pairs of [VOSF] octahedrons share corner F atoms
that is bonded to two structural Na* along the c-direction. The
Raman spectrum suggest the enrichment of [PO4] within the
structure (Figure $3).%

Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) images were employed to
compare the morphologies and crystal structures of N;VOPF
(Figure le) and NVOPF (Figure 1f). The morphology of
NVOPF remains consistent with that of N;VOPF. rGO
enhances the conductivity on the surface of the NVOPF NPs
(Figure S4). High-resolution TEM (HRTEM) images reveal
the (002) plane of N;VOPF and NVOPF (Figure SS), the
increased lattice distance indicates the partial removal of the
Na*,*” which matches well with the Rietveld refinement of
XRD results. The high-angle annular dark-field (ADF)—

https://doi.org/10.1021/acsnano.4c08704
ACS Nano 2024, 18, 28246—28257
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Figure 3. Nature of electrochemical activation-induced adaptive layerization. (a) TEM images after different cycles and schematic illustration
showing the layerization process. (b) In situ XRD patterns and the corresponding charge/discharge profiles. (c) Ex situ XRD patterns at the
decalciation state after different cycles. (d) HAADF/BF-STEM image of VOPO, NSs. (e) ADF—STEM image and corresponding EELS
mapping images. (f) EDX spectra at the decalciation state after different cycles. (g) ADF—STEM images of VOPO,. (h) Atomic-resolution
HAADF images from labeled area in (g) and corresponding FFT patterns of VOPO,. (i) Schematic illustration of structural evolution from

NVOPF to VOPO,.

scanning TEM (HAADF—STEM, Figure lg) image indicates
that N;VOPF NPs are uniformly distributed with an average
diameter of ~19.28 nm. Energy-dispersive X-ray (EDX)
mappings (Figure 1h) confirm the homogeneous signal
distribution of Na, V, O, P, F, and C, which is similar to
N,VOPF (Figure S6). A comparative analysis of the
normalized EDX spectra of N;VOPF and NVOPF is provided
in Figure S7, revealing a decrement in the Na signal intensity
for NVOPF. Atomic-resolution HAADF—STEM image dis-
plays a periodic atomic arrangement from the internal structure
of NVOPF, the corresponding fast Fourier transform (FFT)
pattern suggest a [001] orientation of NVOPF (Figure 1i).
This observation indicates that NVOPF maintains a tetragonal
structure with space group I4/mmm (Figure 1j).

Improved Calcium Storage Performance from Elec-
trochemical Activation. The electrochemical performance
of NVOPF was evaluated using activated carbon cloth (ACC)
as the counter electrode. This strategic approach effectively
mitigates complexities associated with undesirable side
reactions that may arise from the use of calcium metal.® The
potential of the ACC was determined to be 3.168 V vs Ca*'/
Ca in Ca(TFSI),-propylene carbonate (PC)/ethyl carbonate
(EC) electrolytes using a three-electrode system (Figure S8). It
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is worth noting that the current method for calculating the
Coulombic efficiency (CE) for cathode materials in CIBs
remains a topic of debate. Some researchers use the ratio of
decalciation to calciation capacities,”** while others employ
the opposite.”> Considering that CIB cathode materials, to
date, do not inherently contain Ca and require an initial
calciation process, the most rational and logical way for
calculating CE should be to use the ratio of decalciation
capacity to calciation capacity.

Figure 2a presents the cycling performance of the electrode
material. The reported mass of the active material includes the
rGO component. The capacity contribution from rGO within
the same voltage window (—0.5 to 1.5 V vs ACC) is negligible
(Figure S9). Initially, the specific capacity experiences a decline
during the first few cycles, which is a typical observation in CIB
polyanion cathode materials due to structure change.'
However, it exhibits a subsequent and significant capacity
increase, rising from 57 to 98 mA h g™ over 160 cycles. This
behavior suggests the presence of an activation process within
the material potentially involving structural rearrangements or
compositional changes that enhance the ability to store and
release Ca’*. Furthermore, the capacity stabilizes at 93 mA h
g~! for an additional 240 cycles, reaching a total of 400 cycles.

https://doi.org/10.1021/acsnano.4c08704
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This extended stability implies that the activation process not
only improves the capacity but also induces structural integrity
within the material, enabling its ability to withstand repeated
cycling without significant degradation.

Notably, the CE consistently exceeds 100% throughout the
entire cycling process (Figure S10), particularly during the
activation stage, where it reaches approximately 106%. This
phenomenon indicates that the number of active ions extracted
from the cathode during charge surpasses the number
intercalated during the discharging process. Such behavior is
different from the expected 1:1 ion transfer and suggests a
more complex interplay of processes occurring within the
electrode material. One explanation could involve the
extraction of not only Ca®* but also other cationic species
present within the electrode material, leading to an excess of
charge during discharge.

Figure 2b presents the representative galvanostatic discharge
profiles of the electrode material. It is evident that the
calciation slopes progressively shift toward lower potentials as
the cycle number increases. This phenomenon indicates subtle
changes in the electrode’s electrochemical behavior as the
capacity increases during the cycling process, suggesting a
dynamic evolution of the material’s structural or compositional
properties during the activation process. Figure 2¢ presents a
charge/discharge profile of the NVOPF material after
activation at the 200th cycle. The discharge capacity attains
a value of 98 mA h g™', accompanied by a CE of 103%. The
average charge and discharge voltages are 3.64 and 3.42 V vs
Ca’/Ca, respectively, which rank among the high values
reported for CIB cathode materials.””' Figure 2d illustrates the
cycling performance at a current density of SO mA g~'. The
capacity remained stable for more than 1000 cycles after
activation, maintaining a value of 81 mA h g™' for 1050 cycles.
In addition, it is observed that NVOPF is capable of cycling
3000 times at 100 mA g~ with a capacity maintaining at ~60
mA h g7! (Figure S11). This capacity retention demonstrates
the exceptional cycling stability of NVOPF. The cyclic
voltammetry (CV) curves of NVOPF before and after
activation reveal significant changes in its electrochemical
behavior (Figure 2e). The electrochemical activation shifts
these peaks to lower potentials but increases peak currents,
suggesting the changes in electrochemical activity and reaction
mechanism.

The activation process significantly enhances the NVOPF’s
rate capability, demonstrating its ability to maintain high
capacity even at elevated current densities. As depicted in
Figure 2f, specific capacities of 76.3, 75.7, 73.4, 72.3, 70.4, 68.2,
and 64.2 mA h g™ are achieved at current densities of 50, 70,
90, 100, 120, 150, and 200 mA g™, respectively. The capacity
is restored to 75.4 mA h g~' when the current density is again
reduced to S0 mA g~ '. Furthermore, the capacity retention at
higher current densities showcases the effectiveness of the
activation process: compared to the capacity at SO mA g™, the
retention rates at 70, 90, 100, 120, 150, and 200 mA g_1 are
99.2%, 96.2%, 94.8%, 92.3%, 89.4%, and 84.1%, respectively,
which indicates a substantial improvement over NVOPF
before activation (Figures 2g and S12). The slopes in the
charge/discharge curves shift to higher/lower potential (Figure
2h), indicative of a slight increase in polarization.*

Nature of Electrochemical Activation-Induced Adap-
tive Layerization. Ex situ TEM studies were conducted to
explore the structural evolution process during the electro-
chemical activation (Figure 3a). It is observed that in the

pristine state, NVOPF exhibits a discrete NPs morphology.
After 25 cycles, the NPs are no longer spherical but become
deformed, aggregated, and merged, like a pile of soft clay balls
that have been pressed together. HRTEM shows that the
deformed NPs are actually polycrystalline NVOPF (Figure
S$13). Such a polycrystalline process might be associated with
the crystal pulverization/disintegration from the volume
expansion/contraction during Ca®>" insertion/extraction.*’
After 100 cycles, we observed flake-like NSs formed within
the deformed NPs and gradually became the dominant phase
after 200 cycles. Such a layerization process should be
attributed to the gradual formation of a new crystal phase
with a layered atomic arrangement as the intrinsic structure
evolution origin. Over 200 cycles, the pristine discrete NVOPF
NPs have gradually become deformed/merged and eventually
evolved into the interconnected NSs (Figure S14).

To further explore the crystalline nature of the generated
layerized phase associated with the dynamic electrochemical
activation process, in situ XRD was employed. Figure 3b
presents the in situ XRD pattern of NVOPF during two cycles
after the initial discharge. Throughout the charging process,
the (200) and (202) diffraction peaks shift toward higher
angles, which is attributed to the lattice contraction resulting
from the extraction of Ca*. During the subsequent discharging
process, these peaks return to their initial positions. The
continuous changes in these peaks indicate that the Ca®*
storage mechanism proceeds via a single-phase insertion/
extraction reaction.'’ Figures S15 presents the Rietveld
refinement of XRD pattern and a structural schematic of the
calciated state. The Rietveld refinement result presented in
Table S3 reveals increases in the 4 and b lattice parameters and
a decrease in the ¢ parameter (a = b = 6.36496 A, ¢ = 10.73254
A), suggesting the refilling of Ca** to the previously emptied
Na" sites. The observed decrease in lattice parameter ¢ can be
ascribed to the diminished electrostatic repulsion between
adjacent O”” layers. This reduction in interlayer repulsion
stems from the progressive filling of Ca** layers, which
effectively screens the negative charges on the oxygen ions.
Conversely, the expansion of the lattice parameter a is
attributed to the increase in the vanadium octahedra size
upon electrochemical reduction of vanadium ions.” The EDX
spectrum and mappings of the calciated state of NVOPF
(Figures S16 and S17) exhibit a clear Ca signal, which also
confirms the Ca?* insertion.”

The unit cell volumes can also be calculated from the lattice
parameters from the in situ XRD results. The cell volume
demonstrates a volumetric expansion in the calciated state,
which continues to increase in the subsequent cycle (Figure
3b). The volumetric expansion rate of the unit cell after
calciation during the second cycle rises from 3.7 to 5.1%. This
observation indicates that part of the structural deformation
induced by Ca®* insertion/extraction is irreversible, which
explains the initial capacity decline in Figure 2a,d. Further-
more, compared with the initial state, the crystallinity of the
(202) plane after the second discharge process is reduced
(Figure S18), suggesting a poly crystallization process, which
matches well with the TEM results (Figures 3a and S13).

Ex situ XRD was employed to investigate the electrochemi-
cally activated product. Figure 3c presents ex-situ XRD
patterns of NVOPF at charged states after different cycles
(corrected with the PTFE peak). It is observed that over 200
cycles, the peaks of the original NVOPF phase have gradually
broadened/disappeared, while a set of new peaks emerge at
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Figure 4. Interconnected structure characterization. (a) HAADF/BF—STEM images of VOPO, NSs in the charged state at the 200th cycle.
(b) Representative STEM—HAADF images at different rotation angles and reconstructed VOPO, NSs. (c) Reconstructed VOPO, NSs
model. (d) Extracted volume from area labeled by red dashed area in (c) and the corresponding front, top, and right views. (e)
Representative ortho slices [xy planes, perpendicular to the z-axis at 25 (#1), 31 (#2), 37 (#3), and 43 (#4) nm] marked by the red dashed
lines in (d). (f) Volumes from segmentation by contrast corresponding to VOPO, NSs (blue) and voids (green), respectively.

12.8, 25.2, and 29.7°, which are assigned to the (001), (002),
and (200) planes of VOPO,, respectively."* This observation
demonstrates that NVOPF undergoes a complete trans-
formation into VOPO, during the electrochemical activation
process.

To further understand the structural characteristics of
VOPO,, we performed HAADF—STEM and EDX analyses.
The HAADF—STEM and corresponding bright-field (BF)—
STEM images clearly reveal the morphology of VOPO,
(Figure 3d). Figure 3e presents the ADF—STEM image and
the corresponding electron energy loss spectroscopy (EELS)
mappings of V, Ca, Na, and F. The V-EELS signal is primarily
localized throughout the interior region of the VOPO, NSs
and aligns well with the bright contrast region in the ADF
image. The Na-EELS mapping exhibits a strong signal in the
dark contrast area of the ADF image, confirming the near-
complete extraction of Na* from the structure. Conversely, the
Ca-EELS signal is relatively weak and primarily distributed at
the surface of the VOPO, NSs, suggesting the possible
presence of Ca in the cathode-electrolyte interphase (CEI).
Similarly, the F-EELS signal is predominantly located at the
surface of the VOPO, NSs, indicating the migration of F~ from
the inner region to the CEI at the surface.

To further confirm the extraction of Na*, F~ from the
structure, ex situ EDX spectra (Figure 3f), EDX mapping
(Figures S19 and S20), and XPS (Figure S21) were conducted.
Ex situ EDX spectra of the charged electrode were collected at
the second, 70th, and 200th cycles (normalized by V—K peaks,

Figure 3f). The decreasing Na content with an increasing cycle
number indicates that structural evolution is accompanied by
the continuous separation of Na®. Since the F signal is too
subtle to be detected by EDX, ex situ XPS analysis was
conducted (Figure S21a), The F 1s XPS peak exhibited a shift
toward higher energy (~0.5 eV) in the decalciated state after
200 cycles, suggesting a change in its chemical environment
from structural F~ in NVOPF to a surface CEI component
(Figure S21b). It is worth noting that structural Na* and F~ are
closely bonded, which makes their simultaneous separation
highly possible. This is further supported by the shift in the V
2p XPS spectra (Figure S21c), where the main V peak in
VOPO, shows a 0.2 eV shift toward higher energy compared
to the initial desodiated NVOPF, indicating the successful
transformation from NVOPF to VOPO,.** Consequently,
the transformation can be described by the following equation

NaV,0,(PQ,),F — 2VOPO, + Na* + F~

Figures 3g and S22 depict the STEM images of VOPO, after
charging, revealing the (001), (002), and (200) planes of
VOPO,. The atomic-resolution HAADF—STEM image
(Figure 3h) displays a periodic atomic arrangement with the
corresponding FFT pattern showing the vertically aligned
(01-2) and (—200) planes, corresponding to the [021]
orientation of VOPO,. Figure 3i provides a schematic
illustration of the structural evolution from NVOPF to
VOPO,. During the activation process, the separation of
structural Na* and F~ induces a transformation from the

https://doi.org/10.1021/acsnano.4c08704
ACS Nano 2024, 18, 28246—28257


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c08704/suppl_file/nn4c08704_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c08704/suppl_file/nn4c08704_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c08704/suppl_file/nn4c08704_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c08704/suppl_file/nn4c08704_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c08704/suppl_file/nn4c08704_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c08704/suppl_file/nn4c08704_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c08704?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c08704?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c08704?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c08704?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c08704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org Article
a V2, D cazp| C 200" cyclel (] [Ca content 200 cycle
Ca 2py, ‘ 4.73 1.061
Y 3 4.11
................... A —/ I A
200t charge 200t charge 2m cycle
3 el R f XY S VS [ I ——es A
8 s VAR
%- %- 200" discharge e Charge Discharge Charge Discharge
2 2 400 f -7
= = Ca 2p. ° th °l =
= — £ L 3007 " 200" o o | o -8
2nd charge Lo - o) ° ° NE
charge & = 200 : oo S -9
v+ o it i‘.' K a
ING ¥ 100 2-10-
................. " VAN E
2nd discharge 2nd discharge 200t

522 520 518 516 514360

Binding energy (eV) Binding energy (eV)

T T T 0
355 350 345 340 0

—_ ~ "~ |'scanrate
< < 1.0mvs
£ £0.1
= =
€ €
8 500
S t
0. 35.0.1 204
o (& —0.6=—0.8
Peak 2y —1.0mV s

24— T T T T
-0.5 0.0 05 1.0 15

"05 00 05 10 15
Potential (V vs. ACC)

Potential (V vs. ACC)

0 20 40 60 80 100
State of charge (%)

[ ;

— |518.5 ev; VL-edge

3 i

&

P

b~ i519.5eV

7] A

@ f

o

2

£ | — 200" discharged
= 200" charged

510 515 520 525 530 535
Energy loss (eV)

I [ piffusion [l Capacitance m
31 00 210

@
o

Contribution (%

c
o
=
3
2
=
=
c
o
(8]

0
02 04 06 08 1
Scan rate (mV s)

0
02 04 06 08 1
Scan rate (mV s*)

Figure S. Advantages from electrochemical activation induced adaptive layerization. Ex situ XPS spectra of (a) V 2p;,, and (b) Ca 2p at
different states. Calculated (c) V valence states and (d) Ca content at charge/discharge state after different cycles. (e) EIS profiles and (f)
calculated D, from GITT curves after different cycles. ADF image and corresponding EELS mapping images at (g) discharge and (h) charge
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the insets are their calculated capacitive contribution to the charge storage at 1.0 mV s, respectively. Percentage of the diffusion and
capacitance contribution at different scan rates of (1) NVOPF and (m) VOPO,.

NVOPF structure (tetragonal, space group I4/mmm) to the
layered VOPO, structure (tetragonal, space group P4/nmm),
ultimately leading to the “adaptive layerization” phenomenon.
The layered VOPO, exhibits an enlarged interlayer lattice
spacing (0.68 nm), which is beneficial for the stable insertion/
extraction of Ca*".

The gradual separation of structural Na® provides a
convincing explanation for the observed CE exceeding 100%.
During the decalciation process, Na' migrate into the
electrolyte, serving as a constant supplementary source of
active positive charges (same as Ca’*). This increased
concentration of positive ions in the electrolyte attracts more
TFSI™ to the ACC anode (Figure $23), enhancing its capacity.
Conversely, during the calciation process, the separated Na*
are unable to reinsert into the NVOPF (Figure S24), resulting
in a higher decalciation capacity compared to the calciation
capacity. Notably, this phenomenon could be advantageous in
certain scenarios, particularly when the counter electrode
employed in CIBs can accommodate both Na* and Ca*. In
such cases, the constant separation of Na* could potentially
compensate for the CE loss at the anode, ultimately improving
the overall energy density of the battery.

Interconnected Structure Characterization. Figure 4a
displays the HAADF—STEM and corresponding BF—STEM
images, revealing the interconnected network structure formed

28252

by VOPO, NSs. To further confirm the interconnected nature
of the VOPO, NSs, 3D tomographic reconstruction was
performed. 75 HAADF—STEM images were collected over a
150° range with a 2° interval for tomographic reconstruction
(Supplementary Movie S1). The resulting reconstructed
structural units and HAADF images at different rotation
angles are shown in Figures 4b and S25. The reconstructed
front view shape closely resembles the HAADF image captured
at 75° angle, validating the effectiveness and authenticity of the
reconstruction. Figures 4c and S25 present the front, right, and
top views of the reconstructed unit. The length (x-axis), width
(z-axis), and height (y-axis) of the bounding box are 1210.86,
312.48, and 1310.68 nm, respectively. Furthermore, the
volume contrast is presented in the VolrenRed colormap,
where high contrast (yellow) and low contrast (orange—red)
within the structure correspond to VOPO, NSs and voids,
respectively. To enhance visualization, ortho slicing and their
dynamic process of reconstructed VOPO, NSs is presented
(Supplementary Movie S2 and Figure $26). To better display
the internal structure, the contrast of the ortho slices was
converted to Physics colormap. Representative ortho slices
marked with black pieces in the right view [xy plane,
perpendicular to the z-axis at 25 (#1), 31 (#2), 37 (#3), and
43 (#4) nm)] of the reconstructed unit demonstrate the
interconnected nature of the ultrathin VOPO, NSs.
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Subsequently, to further analyze the interconnected network
structure, a subvolume extraction operation was performed on
the reconstructed VOPO, NSs (Figure 4c). Figure 4d displays
a magnified image of the region marked by the red dashed area
in Figure 4c. The length (x-axis), width (z-axis), and height (y-
axis) of the bounding box for the front, right, and top view
images of the reconstructed structure are 546.84, 260.4, and
581.56 nm, respectively (Supplementary Movie S3). The
internal structure of the ortho slices (Figure 4e) is also
identified as continuous. Furthermore, as depicted in Figure 4f
and Supporting Information, segmentation based on STEM—
HAADF contrast was employed to separate high-contrast
volumes (VOPO, NSs) from low-contrast volumes (voids).
Figure S27 illustrates the separation process. The blue region
represents continuous VOPO, NSs, while colors other than
blue indicate isolated regions. Notably, over 99% of the volume
is continuous (Figure S28a). Similarly, the majority of the
voids (green region) are also continuous (Figure S28b).
Moreover, the volume of voids accounts for 25% of the total
volume, suggesting that this structural transformation is
expected to prevent NP aggregation during cycling, thereby
enhancing the material’s activity and stability. Conclusively, the
initially isolated NVOPF NPs bridged by weak physical
attachment undergo a transformation into a continuous,
integrated network of VOPO, NSs, which further accelerates
Ca®" transport.

Advantages Enabled by the Adaptive Layerization.
Beyond the gradual separation of Na® acting as a constant
supplementary source of active ions, enhancing the CE, the
adaptive layerization process offers several additional advan-
tages for calcium storage. These can be categorized into four
key aspects: (I) increased calcium storage sites in the structure;
(I1) improved electron/Ca*" diffusion kinetic; (III) enhanced
reversibility for Ca?* insertion/extraction; (Iv) improved
pseudocapacitance contribution, as elaborated below.

Layerized VOPO, Showed Increased Calcium Storage
Sites in the Structure. XPS was employed to examine the
chemical environment of Ca®* in both charged and discharged
states, aiming to elucidate the changes in the Ca* storage
mechanism before and after electrochemical activation. Ex situ
XPS analysis (Figure Sa) reveals the electrochemical reaction
mechanism of VOPO, NSs and its comparison with NVOPE.
Both NVOPF and VOPO, exhibit a similar tendency in the V
valence state during charge and discharge. Upon discharging to
—0.5 V, Ca*" insertion leads to reduction of V°* to V*'.
Conversely, charging to 1.5 V resulted in the oxidation of V**
to V*.** Additionally, Ca 2p is detected in the discharged
state, with a significantly decreased signal intensity observed
after charging (Figure 5b). 10 Notably, VOPO, exhibited more
sufficient Ca®" extraction after charging compared to that of
NVOPE.

Figure Sc,d presents a comparison of the calculated changes
in the V valence state and Ca content during the second and
200th charge/discharge cycles. VOPO, displays a higher
number of transferred electrons during the charge/discharge
process compared to NVOPF (Figure Sc). Additionally, the
difference in Ca content between the charged and discharged
states of VOPO, is greater than that of NVOPF (Figure 5d),
which matches well with the results in Figure Sc and provides
crucial evidence for the capacity increase.

Layerized VOPO, Showed Improved Electron/Ca®
Diffusion Kinetic. Electrochemical impedance spectroscopy
(EIS) analysis was employed to investigate the charge transfer

and ion diffusion kinetics before and after the electrochemical
activation (Figure Se). The reduced diameter of the high-
frequency semicircle after 200 cycles (in the charged state)
indicates a decrease in the charge transfer resistance.
Additionally, the increased slope in the low-frequency region
suggests enhanced Ca®* diffusion kinetics.”” To further
determine the accurate Ca®" diffusion coefficient and study
the variation of the diffusion coefficient in the different
discharge states, galvanostatic intermittent titration technique
(GITT) was employed (Figure S29). Both NVOPF and
VOPO, exhibited a gradual decrease in Ca®>* diffusion
coefficient with increasing calciation depth (Figure Sf),
potentially due to the reduction in available Ca®" intercalation
sites.*® However, VOPO, demonstrated a notably higher Ca®*
diffusion coeflicient at high calciation depths compared to that
of NVOPF, which agrees well with the EIS results. This
enhancement could be attributed to the increased lattice
distance in VOPO,, providing Ca®>* with a greater spatial
mobility. Consequently, the average Ca®" diffusion coefficient
of VOPO, (3.19 X 107 cm® s') is higher than that of
NVOPF (2.37 X 107 cm® s7'). It is worth mentioning that
such electrochemical activation-induced VOPO, exhibits the
highest Ca®* diffusion coefficient among inorganic cathode
materials for CIBs, surpassing typical values observed in other
multivalent-ion battery cathode materials and even approach-
ing those found in monovalent-ion battery cathode materials
(Table S4).

Enhanced Reversibility for Ca** Insertion/Extraction
Minimized the Consumption of Active Ca®* and
Maximized the Capacity. Figure Sgh presents STEM—
EELS mappings of VOPO, in charged and discharged states
from representative regions (Figure S30). The Ca signal within
VOPO, nearly disappears after charging, while the presence of
Ca signals outside VOPO, may be attributed to Ca®' in the
CEI layer,"”** with minimal content as evidenced by the nearly
absent peaks in the corresponding EELS spectra (Figure S30).
After full discharge, an obvious Ca signal is observed within the
host material.

EELS spectra reveal a shift in the V L;-edge of VOPO, from
519.5 eV in the charged state to 518.5 eV in the discharged
state (Figure 5i), confirming the reduction of V to a lower
oxidation state upon Ca®>' insertion.”” These EELS results
demonstrate that the de(calciation) of VOPO, is highly
reversible and is capable of fully extracting Ca*" during the
charge process, which minimized the consumption of active
Ca’ and maximized the capacity.

Increased Capacity from Pseudocapacitance Contri-
bution. Multiscan rate CV tests were conducted to investigate
the Ca’" migration kinetics in NVOPF and VOPO, (Figure
5j,k). NVOPF exhibited one oxidation peak and two reduction
peaks, with peak shape distortion and overlap at higher scan
rates, suggesting an ongoing structural evolution. Conversely,
VOPO, displayed two broad, stable redox peaks across all scan
rates, confirming its excellent structural stability.

To further understand the diffusion mechanism, the
relationship between peak current (i) and scan rate (v) was
determined according to eq 1°°

i=at (1)

The slopes of the fitted lines in Figure S32 represent the b
values for NVOPF and VOPO,. The b values for the three
peaks of NVOPF are 0.85, 0.8, and 0.58 (Figures S32a),
indicating the coexistence of diffusion control and capacitive
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behavior in the charge storage process.” The b values for the
two peaks of VOPO, are 0.79 and 0.76 (Figures S32b), with
the ion diffusion peak disappearing and capacitive control
increasing. To analyze the proportion of capacitive contribu-
tions at different scan rates, eq 2 was used to assess the
capacity ratio between capacitive (k;v) and diffusion-controlled
(k,v'/2) processes during cycling”'

i=ky+ kp'? ()

At a scan rate of 1 mV s7}, the shaded area in the CV curve
represents the capacitive contribution to charge storage, which
is 83.7% for NVOPF (Figure Sj inset) and 86.7% for VOPO,
(Figure Sk inset), indicating an enhanced pseudocapacitance in
VOPO,. For both NVOPF and VOPO,, the capacitive
contribution increased with increasing scan rates (Figure
SLm), suggesting a dominant role of capacitive control in
charge storage at higher scan rates.”

The adaptive structural transformation of NVOPF during
electrochemical activation significantly enhances its calcium
storage capabilities, resulting in improved capacity, cycle
stability, and rate performance. This enhancement originates
from two key factors: (i) the atomic arrangement transferred
from a 3D framework to a 2D layered structure with increased
interlayer lattice spacing and almost emptied interlayer
structural Na* facilitates smoother and more sufficient Ca**
insertion/extraction. (ii) The morphological transition from
discrete 3D nanospheres to an interconnected network of 2D
NSs provides shorter and continuous diffusion pathways,
enabling faster kinetics for Ca®* transport.

CONCLUSIONS

In summary, we reveal an electrochemically driven structural
transformation in NVOPF, enhancing its Ca®' storage
capabilities. Over approximately 200 cycles, the discrete
NVOPF NPs undergo a “deform/merge-layerization” process,
transitioning from a 3D framework to a 2D interconnected
network of VOPO, NSs with a layered structure. This
transformation, triggered by repeated calcification-decalcina-
tion, involves the gradual separation of structural Na" and F~,
without consuming Ca**. The resulting 2D interconnected
VOPO, NSs are expected to avoid aggregation of NPs and
simultaneously promote Ca* transport during cycling. The
resulting 2D interconnected VOPO, NSs facilitates Ca*
transport, prevents NP aggregation, and offers increased active
sites, which increased calcium storage sites, improved electron/
Ca’* diffusion kinetic, enhanced reversibility for Ca®*
insertion/extraction, and improved pseudocapacitance con-
tribution, collectively contributing to advanced electrochemical
performance. This study elucidates the distinctive calcium
storage mechanism of polyanionic phosphates, offering
valuable insights into the design and optimization of
polyanionic phosphate cathodes for CIBs.

EXPERIMENTAL SECTION

Materials Synthesis. Na,V,0,(P0O,), (N;VOPF) was synthe-
sized through a hydrothermal method. First, solution A was prepared
by dissolving 4.5 mmol of NaF and 3 mmol of NH,H,PO, in 15 mL
of deionized water. In the meantime, solution B was prepared by
dissolving 3 mmol of vanadyl acetylacetonate (VO(acac),) in a S0 mg
suspension of GO dispersed in N,N-dimethylformamide suspension
(2 mg g"). Second, solution A was poured into solution B to obtain
solution C after 10 min of stirring. The obtained solution C was
sealed in 100 mL Teflon-lined autoclaves and heated at 180 °C for 24

h. After natural cooling to room temperature, the obtained
precipitations were centrifuged and washed with deionized water
and ethanol for several times. Finally, the N;VOPF cathode material
was obtained after freeze-drying.

The prepared N;VOPF was mixed with super P and poly-
(tetrafluoroethylene) PTFE binder (the mass ratio is 7:2:1) and then
pressed into thin sheets using a Roller Press. The positive electrode
sheet was obtained after being dried overnight at 70 °C. The mass
loading of the active material was about 7—8 mg cm ™. A sodium ion
coin cell was assembled with the prepared cathode, separator (GF/A
Whatman glass fiber), and Na metal anode and was charged to 4.5 V
to obtain NaV,0,(PO,), (NVOPF). The electrolyte used in this work
was 1 M NaClO, in EC/dimethyl carbonate (1:1 v/v ratio) with 5%
fluoroethylene carbonate. Before being used as working electrodes in
calcium-ion batteries, the desodiated electrodes were washed with
anhydrous acetonitrile (ACN) several times and kept in a glovebox
(0, £ 1 ppm and H,0 < 1 ppm).

Material Characterization. In situ XRD measurements were
performed using Bruker AXS D8 Advance powder X-ray diffrac-
tometer with a detector using Cu Ka X-ray source. Powder and ex situ
XRD Rigaku MiniFlex600-C with a detector using a Cu Ka X-ray
source. TEM, HRTEM, HAADF images, and EDX mappings were
carried out using a Titan G2 60—300 microscope. Microstructural
analysis was conducted using a double aberration-corrected FEI Titan
Themis TEM instrument (Thermo Fisher) operated at 300 kV.
HAADF—STEM imaging was performed with a probe convergence
angle of 17.8 mrad, achieving a spatial resolution of 0.08 nm, and a
probe current of ~40 pA was used for EDX mapping imaging. For
atomic resolution STEM imaging, the probe current was further
reduced to ~1 pA for minimized beam damage. The HAADF images
were acquired using an annular-type STEM detector with a collection
inner semiangle of 84 mrad. EELS data was acquired using a Gatan
Quantum 965 GIF system with a beam current of ~10 pA,
simultaneously recording zero-loss, V. L, and Ca L edges for
calibration. Electron tomography was conducted using a Fischione
tomography holder with a tilt range of +80°, with reconstruction and
visualization performed using Thermo Fisher 3D Inspect and Avizo
software, respectively. Chemical state and elemental composition were
determined via XPS using an ESCALAB 250Xi (Thermo-Fisher
Scientific Co., USA). Raman spectroscopy used an excitation
wavelength of 532 nm (Thermo-Fisher Scientific Co., USA).

Electrochemical Analysis. The pure rGO electrode was
fabricated using a mixture of rGO powder, Super P, and PTFE
binder in a weight ratio of 7:2:1. This mixture was then processed into
a uniform film using a Roller Press, resulting in a mass loading of 7—8
mg cm™% The electrochemical performance of NVOPF cathode
material was measured in 2016-type coin cells assembled with
desodiated NVOPF as a cathode, GF/A Whatman glass fiber as a
separator, and ACC as an anode in the glovebox. A PC/EC (1:1 v/v
ratio) solution of 0.5 M Ca(TFSI), was used as the electrolyte. The
mass loadings of the cathode active material and ACC are about 7—8
and 16 mg cm™?, respectively. The galvanostatic charge—discharge
tests and GITT were carried out at a voltage window of —0.5 to 1.5V
vs ACC using LAND CT2001A and NEWARE multichannel battery
testing systems. CV and EIS tests were collected from an
electrochemical workstation (CORRTEST CS3105) under the
alternating current ranging from 0.01 Hz to 10 kHz. All electro-
chemical tests were carried out at room temperature.
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