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ABSTRACT

In the field of materials science and engineering, controlling over shape and crystal orientation remains a tremendous challenge.
Herein, we realize a nano self-assembly morphology adjustment of NasV,(PO,),F; (NVPF) material, based on surface energy
evolution by partially replacing V** with aliovalent Mn?. Crystal growth direction and surface energy evolution, main factors in
inducing the nano self-assembly of NVPF with different shapes and sizes, are revealed by high-resolution transmission electron
microscope combined with density functional theory. Furthermore, NVPF with a two-dimensional nanosheet structure (NVPF-NS)
exhibits the best rate capability with 68 mAh-g™ of specific capacity at an ultrahigh rate of 20 C and cycle stability with 80.7% of
capacity retention over 1,000 cycles at 1 C. More significantly, when matched with Se@reduced graphene oxide (rGO) anode,
NVPF-NS//Se@rGO sodium-ion full cells display a remarkable long-term stability with a high capacity retention of 93.8% after
500 cycles at 0.5 C and —-25 °C. Consequently, experimental and theoretical calculation results manifest that NVPF-NS
demonstrates such superior performances, which can be mainly due to its inherent crystal structure and preferential orientation
growth of {001} facets. This work will promise insights into developing novel architectural design strategies for high-performance
cathode materials in advanced sodium-ion batteries.
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But unfortunately, many studies show that pristine NVPF in fact
still suffers from unsatisfactory practical discharge C; and cycling
performance, which may be hindered mainly by its very poor

1 Introduction

In the past several decades, sodium-ion batteries (SIBs) have

drawn wide interest on account of their prominent
electrochemical performances, low cost, and abundant sodium
sources [1-3]. Nevertheless, large ion radius of 1.02 tends to
restrict Na® from intercalating into/extracting from the host
materials, thus leading to insufficient electrochemical
performances for SIBs and hard to practical application [4-7]. As
a result, it is fundamental to exploit and optimize various cathode
materials with ultra-stable structure, appropriate morphology, as
well as satisfactory energy density for high-performance SIBs
[8-13]. At present, cathode materials mainly include layered
transition metal oxides [14-22] (e.g. Na,TMO,, TM = Mn, Fe, Co,
Ni, etc.), polyanion-type compounds [23-28] (e.g. Na;V,(PO,);,
Na,MnV(PO,);, Na,;V,(PO,),F;), and Prussian blue analogs
[29-32] (e.g. Na,M[Fe(CN)z], M = Fe, Co, Mn, Nij, etc.). Among
these reported cathode materials, Na;V,(PO,),F; (NVPF) has been
considered as a promising candidate by virtue of its stable crystal
structure, extraordinary average working voltage (3.9 V vs.
Na‘'/Na), and theoretical specific capacity (C,) (128 mAh-g™) [33].

intrinsic electronic conductivity (10 S-cm™) [34, 35].

Currently, most research strategies on NVPF are usually
through the construction of conductive carbon coatings [24, 34,
36] and element doping [37-41] to ameliorate the electronic
conductivity of NVPF and reduce side reactions between electrode
materials and electrolytes, so as to achieve the enhanced
electrochemical performances of NVPF. However, unremitting
efforts are still needed to boost rate capability and cycling
performance for advanced SIBs. Generally, controlling
morphology and size of sample particles plays a significant role in
improving  charge transfer dynamics, structural and
electrochemical stability, as well as interfacial compatibility
between electrode material and electrolyte [42-45]. So far, a
certain amount of studies have been done on the electrochemical
enhancement brought about by the shape of material itself and the
particle growth process [46-51]. Learning from previous research,
it is found that nanostructures are equipped with a shorter
diameter and a larger specific surface area, which are capable of
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reducing the diffusion path of electrons and ions while increasing
the amount of active sites in electrode materials, thereby
promoting rate and cycling capability [35]. Among a series of
microstructures such as zero dimensional (0D) nanospheres, 1D
nanofibers, 2D nanosheets, and 3D porous architectures, active
materials with the 2D nanosheet structure generally prefer to
exhibit both amazing rate performance and long-term life owing
to its unique advantages of numerous active sites and shorted ion
transport paths. Unfortunately, it is difficult to rationally control
size and morphology for cathode materials due to their complex
components, especially for NVPF. In accordance with previous
reports, researchers have used surfactant-assisted or pH-regulative
strategies to achieve the suitable size and morphology control for
NVPE. For example, Criado et al. used oleic acid as a surfactant to
obtain an ideal morphology with a high evenly distribution and
embedded into carbon networks [52]. Also, Li et al. found that
SPAN 80, stearic acid, and octadecyl amine were applied as three
different surfactant molecules to construct NVPF materials with
nanoflakes, nanorods, and nanocubes structures, separately [36].
Besides, Dai’s group indicated that NVPF nanoflowers can be
synthesized by pH-regulation [53]. However, as far as we are
aware, there has been no literature on the nano self-assembly
adjustment of NVPF by means of using aliovalent ions to
modulate V sites.

Herein, a series of NVPF samples with various shapes and sizes
were successfully prepared by using aliovalent Mn* to adjust the V
positions in NVPE. Moreover, with increase of the amount of
aliovalent Mn*, NVPF material can realize a precisely controlled
morphology adjustment from the randomly distributed
microtetraprisms (NVPE-MTP) at the beginning and gradually
self-assemble into regular 2D nanosheets (NVPF-NS), then 3D
microballs (NVPF-MB), sub-microballs (NVPF-SMB), and finally
nanoparticles (NVPF-NP). The calculation results according to
density functional theory (DFT) demonstrate that introduction of
aliovalent Mn* can contribute to surface energy evolution of
NVPF materials and hence induce NVPF to self-assemble into
different microstructures. In particular, when applied as cathode
material for SIBs, NVPE-NS exhibits the optimal electrochemical
properties, which is largely attributed to Mn** substitution into
NVPF crystal lattice leading to the coexistence of V** with V*, and
thus enhancing electronic conductivity and structural stability of
NVPE. At the same time, aliovalent Mn* regulates the crystal
lattice and surface energy of the material to self-assemble into a
unique 2D nanosheet structure, which shortens Na* migration
path and promotes ion transport in the NVPF-NS material,
bringing about an increased Na* diffusion rate in the crystal lattice.
Additionally, both performance improvement and internal
mechanism on the basis of aliovalent Mn* induced NVPF lattice
adjustment to achieve the self-assembled 2D nanosheet structure
are investigated adequately with the help of scanning electron
microscopy (SEM), cyclic voltammetry (CV), galvanostatic
intermittent titration technique (GITT), in-situ X-ray diffraction
(XRD), and first-principles DFT calculations. Moreover, NVPF-
NS also presents superior low-temperature (LT) performance,
which has access to a C, of ~ 95 mAh-g" even at —25 °C and
obtains a capacity retention of over 95% after 350 cycles. More
surprisingly, excellent rate capability and long-term cycling
stability can be achieved for sodium-ion full cells (SIFCs) when
matched with Se@reduced graphene oxide (rGO) anode.
Particularly, a capacity retention up to 93.8% can be accomplished
over 500 cycles at 0.5 C and —25 °C. This study has demonstrated
convincingly that crystal lattice of fluorophosphate can be
effectively controlled to realize the nano self-assembly of the
material with a 2D nanosheet structure based on aliovalent
substitution, thus improving the stability of crystal structure and
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realizing an outstanding energy storage capability in half and full
cells for great application prospects.

2 Results and discussion

XRD patterns were employed to identify the crystal structure of
our prepared NVPE-MTP, NVPE-NS, NVPF-MB, NVPF-SMB,
and NVPE-NP samples. As shown in Fig. S1 in the Electronic
Supplementary Material (ESM), they have a number of diffraction
peaks that can be fully indexed to Na,V,(PO,),F; (JCPDS NO. 89-
8945) with P4,/mnm space group belonging to tetragonal crystal
system. Moreover, all observed diffraction peaks are sharp and
intense, indicating the high crystallinity. At the same time, no
impurity peaks were detected, confirming the high purity of these
prepared materials. An appropriate amount of Mn** doping did
not damage the integrity of NVPF crystal structure. Also, Le Bail
refinement of the prepared NVPF-NS material is displayed in Fig.
1(a) with the cell parameters of a = b = 9.0394(5), ¢ = 10.6189(6)
(Table S1 in the ESM). Based on XRD data and Le Bail
refinement, the schematic illustration of NVPF-NS crystal lattice
was showed, where [V,0O4F;] bi-octahedra units and [PO,]
tetrahedra units constructed a 3D open framework, while doping
Mn* (with a larger ionic radius of 0.97 A compared to that of
078 A for V*) occupied part of V sites, accounting for vast
transport paths for Na* (Fig. 1(b)). Fourier transform infrared
spectrum (FTIR) investigation was further conducted to obtain
detailed information about bonding modes of the atoms in NVPE-
NS material. As shown in Fig. S2 in the ESM, a typical broad band
appearing at the range from 1,200 to 1,000 cm™ is designated to
the asymmetrical stretching vibration of PO, unit, while a strong
peak locating at 921 cm™ can be identified as the vibration of V-O
bond. Peaks at 672 and 556 cm™ can be considered as the
symmetrical stretching vibration and the bending vibration of
P-O bond, respectively.

Figure 1(c) is the selected area electron diffraction (SAED),
which is applied to identify the direction of crystal growth
[54-56]. SAED patterns were analyzed to imply the internal
mechanism of morphological transformation for above
mentioned unique 2D nanosheet from the perspective of crystal
structure. As shown in Fig. 1(c), it can be speculated that
nanoparticles grow preferentially along the [001] direction to self-
assemble into a unique 2D nanosheet structure finally.
Transmission electron microscopy (TEM) image and SEM test of
as-prepared NVPE-NS sample were employed to obtain its
microscopic morphology and the results are shown in Fig. 1(d)
and Fig. S3 in the ESM. It is found that a distinct 2D nanosheet
structure with an average size of 1-2 um and a sheet thickness of
~ 0.1 um can be observed clearly. Simultaneously, it should be
pointed out that this unique morphology is different from those
typically reported in Refs. [34, 52, 57, 58]. Also, there is a uniform
element distribution of Na, V, Mn, C, O, P, and F in the sample
from the energy dispersive spectroscopy (EDS) mapping results, as
shown in Fig. 1(e). In order to confirm Mn* has been successfully
introduced into NVPF lattice, high-resolution X-ray photoelectron
spectroscopy (XPS) and inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) tests were conducted.
According to the deconvolution results from high-resolution XPS
in Fig. 1(f), there are a couple of additional peaks representing V*
(523.13 and 516.59 eV) in NVPE-NS. In addition, V*:V* = 321
was obtained by XPS peak fitting, which means that the presence
of V* is induced by the generation of crystal defects after the
substitution of aliovalent Mn* at the V site. Also, they both
delivered an additional Mn-induced peak, which can be classified
as the deconvoluted Mn-O and Mn-F from O 1s and F 1s spectra
(Figs. 1(g) and 1(h)), separately. All the results indicate that Mn**
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Figure1 Structural and morphological information for the as-prepared NVPF-NS sample: (a) Le Bail refinements result based on XRD data; (b) schematic diagram
of NVPF-NS crystal structure; (c) SAED pattern; (d) SEM image; (e) EDS mapping; high-resolution XPS spectra of (f) V 2p, (g) O 1s,and (h) F 1s.

has been successfully introduced into NVPF lattice and strongly
interacts with O and F atoms. In addition, the aliovalent Mn*
partially replaces V in NVPF and thus induces V sites to produce
defects, resulting in the mixed existence of V*/V*, which will be
beneficial to improving the electronic conductivity of NVPE.
According to ICP-AES tests (Table S2 in the ESM), the molar ratio
of Na, V, and Mn elements conforms to the findings obtained
from EDS mapping and full XPS spectra. In addition, the full XPS
spectra also clearly confirms the coexistence of Na, V, Mn, C, O, P,
and F in the NVPF-NS sample, as presented in Fig. S4 in the ESM.
Surprisingly, our study has signified that surface morphology
can be regulated with the increasing Mn content in the samples.
Figure 2(a) is schematic illustration of morphology control for
NVPF by Mn* substitution. Firstly, the original NVPF without
Mn* substitution shows a number of randomly distributed
microtetraprisms. And then the microtetraprism structure evolves
into a distinctive 2D sheet structure when the molar ratio of doped
Mn to V is exactly equal to 0.1 over 1.9 (x = 0.1). Subsequently, the
microstructure in turn transforms into 3D porous microball
structure as more Mn* goes into the crystal lattice for
Na,,,V,_ Mn(PO,),F; (x = 0.3). Furthermore, it returns to 3D sub-
microball structure formed by stacked cubes and followed by
nanoparticles when introducing more Mn sources into the
samples (x = 0.5 and 0.7). The above discussion can be strongly
substantiated in terms of SEM images for the five representative
NVPE-MTP, NVPE-NS, NVPF-MB, NVPF-SMB, NVPE-NP
samples, which are able to capture their morphological features
directly. As shown in Fig. S5(a) in the ESM, the pristine NVPF
without Mn source addition generally appears a typical tetraprism

shape with the average size of ~ 3 pm x 2 ym x 1 um. In the
beginning, along with the addition of Mn to reach a certain molar
ratio (Mn:V = 0.1:1.9), initial morphology disappears completely
and transforms into another distinct morphology made of stacked
2D nanosheet structure, which is conducive to giving full play to
the electrochemical properties of NVPF material. As displayed in
Fig. S5(b) in the ESM, it can be observed clearly that these smooth
nanosheets have an average size close to 2 pm with a thickness of
~ 0.1 pm. Sequentially, when continuing to add the Mn source
until the molar ratio of Mn to V is equal to 0.3 to 1.7 (Fig. S5(c) in
the ESM), 2D nanosheet structure also vanishes and instead a
number of small nanocubes primary particles (about 200 nm)
aggregating into typical secondary microspheres with the average
diameter of 1.5-2 um come out. Subsequently, a slightly smaller
average diameter of ~ 1 um of these sub-microballs has been
evidenced in Fig. S5(d) in the ESM when the molar ratio of Mn to
V increases to 0.5:1.5. At last, the regular morphology is damaged
and transforms into obviously fewer regular nanoparticles with the
ratio of Mn to V increasing to 0.7:1.3 (in Fig. S5(e) in the ESM),
which may be due to introducing a great amount of Mn* with a
larger ionic radius into crystal lattice, thus leading to the collapse
of gross morphologies. As a result, it can be summed up that
NVPF goes through an unprecedented self-assembly adjustment
from irregular bulks to a series of morphological changes of 2D
nanosheets and microballs as the amount of aliovalent Mn*
instead of V** into the crystal lattice increases. This means that the
content of aliovalent Mn* is a decisive factor in inducing NVPF to
self-assemble into different structures.

Although an interesting phenomenon about morphology
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Figure2 (a) Schematic diagram of morphology evolution process for NVPF-MTP, NVPF-NS, NVPF-MB, NVPE-SMB, and NVPE-NP samples by the substitution
of V** with different Mn* concentrations. Theoretical calculation: (b) calculated ball-and-stick model of Naj,,V, Mn,(PO,),F; (x = 0.1, 0.3, 0.5, 0.7, and 1) samples: top
view (top) and side view (bottom) of (100), (110), and (111) facets. Color code for different elements: Mn in blue, V in indigo, P in pink, O in red, F in grey, and Na in
yellow. (c) Surface energy evolution of three representative crystal facets of (001), (100), and (110) with different Mn concentrations.

evolution has been uncovered, the internal mechanism still needs
to be further explored. In order to grasp more insights into the
underlying mechanism of morphology control for NVPF, the first-
principles calculations based on DFT were performed. Specifically,
the calculated results of surface energies for some typical crystal
faces are shown in Figs. 2(b) and 2(c). It is well defined that
surface energy can reveal the stability of the corresponding plane,
thus affecting the crystal growth and morphology [59,60]. In
generally, surface energy values of different crystal faces are
different in a selected crystal. For example, it can be obviously seen
that surface energy y,q of (001) facet for Na,,,V, Mn,
(PO,),F; (x = 0.1) is much lower than that of (100) and (110)
facets, indicating that (001) facet is more stable than (100) and
(110) facets and hence the growth rate of (001) facet is slower than
that of (100) and (110) facets. As a consequence, Nas;, .V, Mn,
(POy,F; (x = 0.1) crystal grows preferentially along the axial
direction of (001) crystal plane to form a 2D sheet architecture, as
shown in Fig. S5(b) in the ESM by SEM tests. On the other hand,
as for other Nas, V, Mn(PO,),F; (x = 0.3, 0.5, 0.7, and 1)
samples, their surface energies of (001) facet increase significantly
compared to the initial sample. Although they are still slightly
lower than those of (100) and (110) facets, the differences among
these surface energy values for three crystal facets become
relatively smaller. Maybe that explains why these samples are
composed of numerous 3D cubic primary particles. In short, the

results based on theoretical calculation are also well agreement
with the aforementioned SAED and SEM images.

Galvanostatic charge/discharge (GCD) curves were applied to
probe into the effects of Mn*-induced different morphologies on
the enhancement of electrochemical performances. At first, Fig.
3(a) characterizes the representative GCD curves for NVPF-MTP,
NVPE-NS, NVPF-MB, NVPF-SMB, and NVPF-NP electrodes
from 2.0 to 4.3 V (vs. Na’/Na) at 0.1 C (1 C = 121.6 mA-g"). In
sharp contrast to the four NVPF-MTP, NVPF-MB, NVPF-SMB,
and NVPF-NP electrodes, NVPE-NS electrode can deliver the
highest reversible C; of ~ 118 mAh-g" with a highest coulombic
efficiency (E)) of 84.2%, indicating that the crystal structure of
NVPE-NS possesses the optimal reversibility to withstand the
de-/embedding of two Na*. However, compared with NVPF and
other materials, the initial coulombic efficiencies of all materials
are lower than 90%, which is mainly attributed to the formation of
cathode electrolyte interface (CEI) and partial electrolyte
decomposition [37]. In addition, two noticeable pairs of
charge/discharge plateaus for all the electrodes can be observed at
about 4.03/4.00 V and 3.64/3.60 V, which are mainly attributed to
V*/V* redox couples along with Na* extraction from/insertion
into NVPF host materials. The above results are also in good
agreement with the previous Refs. [61-63]. As well as it can be
seen from GCD curve that there is a negligible polarization during
charge-discharge process, elucidating NVPF-NS experiences a
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Figure 3 Electrochemical performances of sodium-ion half cells with NVPE-MTP, NVPF-NS, NVPF-MB, NVPF-SMB, and NVPE-NP electrodes within the voltage
window of 2.0-4.3 V vs. Na*/Na: (a) GCD curves and inset is their corresponding E; (b) rate capability; (c) cyclic performance at 1 C for NVPE-NS and specific
transport paths of electron and Na* are displayed by inset of (c); (d) 3D columnar diagram of rate capability and (e) cycling performance in the low temperatures with

corresponding capacity retentions (inset) for NVPF-NS.

highly reversible ion-(de)intercalation process accompanied by
reduced charge transfer resistance and improved electronic
conductivity. Figure 3(b) displays the rate capability at a series of
different current densities of the as-prepared five NVPF
electrodes. As a comparison of pristine NVPF-MTP, capacity
attenuation is apparently suppressed for those NVPF samples with
Mn substitution. It can be seen that the highest discharge C; of
116, 115, 113, 110, 105, 96, 85, 76, and 68 mAh-g™ is obtained for
NVPE-NS at increasing rates of 0.1, 0.2, 0.5, 1, 2, 5, 10, 15, and
20 C, separately. Also, when the rate gets back to initial 0.1 C, its
C, will also recover to approach the initial value. Figure S6 in the
ESM shows GCD curves under various rates from 0.1 to 20 C.
Particularly, GCD curve still shows two obvious pairs of charging
and discharging plateaus even under the ultrahigh rate of 20 C,
maintaining a good curve profile. This signifies that NVPF-NS has
not only excellent structural stability but also fast Na* migration
rate. The superior rate capability is probably because of the
synergistic effects of Mn** substitution and unique 2D nanosheet
structure, which are capable of providing a large number of active
sites and shortening Na* transport paths. Cycling performances
were also examined in Fig. 3(c). It is worth mentioning that the
NVPE-NS sample still delivers 80.7% of capacity retention over
1,000 cycles at 1 C. At the same time, no particle agglomeration
and cracks appeared in the cycled NVPF-NS electrode according
to the SEM and TEM images (Fig. S7 in the ESM). Furthermore,
the E, remains close to 100% during the cycle, which is mainly due
to the fact that substitution of Mn* enhances the stability of NVPF

crystal structure and the unique 2D nanosheet structure improves
the overall cycle stability of the material by alleviating severe
volume changes during the Na'-(de)intercalation process, as
presented in the inset of Fig. 3(c). The outstanding electrochemical
performances in the low temperatures were also evaluated for
sodium-ion half cells.

In addition, we performed electrochemical tests along with the
operation temperature ranging from 0 to —25 °C. As shown in Fig.
3(d), NVPE-NS cathode delivers a highly promising C; of about
95 mAhg' at 01 C and -25 °C, implying superior LT
performance of NVPE-NS cathode. It is exciting that NVPF-NS
cathode owns the superior cycling performance with an
extraordinary capacity retention exceeding 95% obtained in
different temperatures for 350 cycles at 0.5 C, implying that Mn*-
introduction has strengthened the stability of crystal structure for
NVPF cathode (Fig. 3(e)). Given the above electrochemical test
results, it can be concluded that NVPF-NS material, which is self-
assembled into 2D nanosheets after the substitution of aliovalent
Mn*, has outstanding rate, cycle performance, and excellent LT
performance when used as SIBs positive electrode. This may be
mainly on account of the fact that aliovalent Mn* enhances the
lattice stability of NVPF and unique 2D nanosheet structure
accelerates Na* migration rate and enhances structural stability.

In consideration of the important influence of Mn*
introduction on the kinetics of NVPF materials, CV (Figs. 4(a)
and 4(b)) and GITT (Fig.4(c)) tests were conducted to further
study Na* migration kinetics of NVPF-NS cathode. To gain a
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Figure4 Na* migration kinetics of NVPE-NS electrode: (a) CV curves at different scan rates; (b) linear fittings between 7, and v** from CV curves; (c) GITT results
with the evolutions of Dy, v, and quasiequilibrium potential during the charging-discharging cycle.

better understanding of computation process for apparent Na*
diffusion coefficient (D, n), the readers are advised to note the
relevant detailed explanations (as shown in the ESM). Figure 4(a)
displays CV tests at various scan rates. Obviously, redox peak
current (i,) also increases and potential difference value between
each redox couple becomes augmented slightly in the scan rate
ranging from 0.1 to 1.0 mVs™. Nevertheless, the shapes of curves
remain almost the same, demonstrating high reversibility of the
correlative redox reactions. Moreover, the presence of PC and
FEC in the SIBs electrolyte solution leads to the formation of a
passivation layer on the surface of metallic sodium, and the
increased polarization in the low-voltage region results in a split
reduction peak at 3.5 V [64]. In addition, remarkable linear fittings
between i, and square root of scan rates (+'*) manifest that the
electrochemical behaviors of NVPF-NS are dominated by Na*
diffusion process [65] (as shown in Fig. 4(b)). Besides, Dy, xa
values assigned to each redox peak from stepwise Na’
insertion/extraction can be calculated based on Randles-Sevcik
equation [66]. Manifestly, NVPE-NS electrode possesses higher
D,pp, na Values than other phosphate cathode materials (Fig. 4),
implying the redox reactions occur accompanied by accelerated
apparent Na* diffusion kinetics.

Additionally, GITT profiles disclose the evolution of D,, v, for
NVPE-NS cathode throughout the charging and discharging
process (Fig. S8 in the ESM and Fig. 4(c)). NVPE-NS shows a
higher D,,, , in a narrow range of about 10°-10™" cm*s™ and the
fluctuation of Dy, , value is smaller than that of reported NVPF

p
materials (about 10°-10" cm?>s?) [4,34]. Smaller D,

app, Na
fluctuations mean that NVPF-NS material is relatively easy foipNa+
(de)intercalation during the (dis)charging process. In addition,
NVPE-NS has faster Na* migration rate in the plateaus area.
Compared with other NVPF materials that have been reported
[41,45], rapid migration in the plateaus area will be more
conducive to the rate performance. CV and GITT results insinuate
that Mn* is introduced into NVPF lattice, which thus produces a
unique 2D nanosheet structure, and thereby the electrode kinetics
are enhanced. From the perspective of these results obtained
above, lattice regulation of NVPF based on V**-substitution with
aliovalent Mn* is proven to be able to not only increase electronic
conductivity of active material by creating crystal defects, thereby
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reducing battery polarization, but also induce NVPF to self-
assemble into unique 2D nanosheets with improved Na* diffusion
rate. These should be crucially responsible for the enhanced rate
capability and sodium storage performances for NVPE-NS
material.

In order to wuncover the mechanism of Na*
intercalation/extraction, structural evolution of NVPF-NS was
represented by in-situ XRD collected every 15 min at 0.5 C during
the first GCD cycle. The high reversibility from the perspective of
peak intensity and angle originated from NVPF-NS crystal planes
during the whole cycle is illustrated by full-scale in-situ XRD in 2D
color mode, which was conducted from 15° to 35° (Fig. 5(a)).
Also, the selective in-situ XRD curves of 26 angle (15°-35°) with
strong diffraction peaks from (220), (113), and (222) planes are
displayed to study the Na® insertion/extraction process by
monitoring peak shifts (Fig. 5(b)). During the initial charging
process (the first Na* extraction occurring at approximately 3.6 V,
as displayed in Fig. 5(c)), two peaks locating at ~ 28.07° and 32.87°
are identified from (220) and (222) planes, separately, which tend

Time (10° s)

3 4
Potential (V)

%5
26()
Figure5 Structural evolution of NVPE-NS electrode (color online): (a) In-situ
XRD in 2D color format and (b) selective in-situ XRD curves from 15° to 35%
(c) the corresponding GCD curve.
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to shift to higher angles. These peak variations correspond to a
phase transition from NasV,(PO,),F; to the conductive
Na,V,(PO,),F;. When continuing to charge until the cut-off
voltage is 4.3 V, the diffraction peak angle from (220) plane
further offsets to a larger value and then consolidates with an
adjacent peak of (113) plane to form a broad diffraction peak,
while the peak at 33.06° also moves to a higher angle, suggesting
the transformation from Na,V,(PO,),F; to NaV,(PO,),F;
accompanied by the second Na* extraction. Afterwards, when
discharging to 2.0 V, all diffraction peaks can be well recovered to
their pristine states, which proves NVPEF-NS goes through a highly
reversible crystal structure evolution (Na;V,(PO,),F; <«
NaV,(PO,),F; + 2Na® + 2e) during Na' insertion/extraction
processes.

Furthermore, inspired by the outstanding electrochemical and
dynamic properties for sodium-ion half cells, the comprehensive
electrochemical performances were also evaluated in the
assembled SIFCs coupled with NVPE-NS cathode and Se@rGO
anode (Fig. 6(a)). It is worth pointing out that the Se@rGO anode
used here was prepared like our previous work [67]. Firstly, the
SIFCs demonstrate outstanding energy storage application
prospects in consideration of rate capability and long-term
stability at 25 °C. As demonstrated in Fig. 6(b), rate capability is
performed ranging from 0.1 to 20 C, and the discharge C, can still
reach 85.7 mAh-g" even at an exceedingly high rate of 20 C
(71.4% of C; at 0.1 C). Moreover, compared with the half cells, the
initial E. of NVPF-NS//Se@rGO SIFCs is lower, which is mainly
due to the fact that the full cells will undergo the activation process
during the first cycle [68,69]. It is surprising that NVPF-
NS//Se@rGO SIFCs deliver the obviously improved rate
performance compared to the corresponding data from half-cell
tests especially at the high rates (Fig. 6(b)), which should be due to
the extra side reactions of Na metal electrode in the half cells.
Normally, in half cells, Na metal electrode inevitably forms Na
dendrites during the deposition/dissolution process accompanied
by continuous consumption of electrolyte, severe volumetric
change, and the formation of unstable solid electrolyte interphase,
especially at high current density, which may severely impact the
electrochemical performance of half cells [70, 71]. In addition, the
SIFCs exhibit superior cycling performance with 90.4% of capacity
retention at 0.5 C after 300 cycles (Fig.6(c)). Meanwhile, the
electrochemical performance tests were also performed at the low
temperatures for SIFCs. The excellent rate capability of NVPE-
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NS//Se@rGO SIFCs is testified in Fig. 6(d). Moreover, it is
worthwhile to note that 93.8% of initial discharge capacity is able
to be well maintained when this full cells are cycled 500 times at
the low temperature of —25 °C. In addition, the coulombic
efficiencies of approaching 100% are evidenced, which is beneficial
for long-term cycling. Such superb electrochemical performances
for SIFCs even at the low working temperatures make the as-
prepared NVPE-NS cathode material as one of the most
promising candidates to realize its practical application in the
future.

3 Conclusions

In summary, a novel nano self-assembly process of NVPF was
successfully realized based on surface energy adjustment and
vanadium site regulation of NVPF by heterovalent Mn*
substitution, and the unique NVPE-NS material with a 2D
nanosheet-like structure was prepared. Furthermore, the prepared
NVPE-NS acting as cathode material in SIBs can demonstrate
significantly enhanced electrochemical performances, including
extraordinary Cg (120 mAh-g™ at 0.1 C), remarkable rate capability
(85.7 mAh-g' at 20 C), prominent cycling stability (capacity
retention of 80.7% over 1,000 cycles at 1 C), and simultaneously
distinguished LT performance (the capacity retention can exceed
93.8% after 500 cycles at 0.5 C and —25 °C). The reason for these
improved performances of NVPE-NS is that the unique 2D
nanosheet-like structure provides more active sites, enhanced
electronic conductivity and ion mobility rate, and stable crystal
structure, which are demonstrated convincingly by theoretical and
experimental (SEM, XPS, GITT, CV, and in-situ XRD)
measurement analyses. Accordingly, these findings suggest doping
strategy for NASICON-type fluorophosphates is viable to achieve
unique morphology control and further electrochemical
performance improvement for advanced SIBs with great potential
application.
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