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H I G H L I G H T S

• Two transition metal borates are proposed as new promising anode materials for NIBs.

• The conversion reaction can be thoroughly realized for transition metal borates.

• Na insertion into transition metal borates are energetically more favorable than oxides.

• Fe3BO5/Na2V3(PO4)2F3 full cell exhibits a high energy density of 180.3Whkg−1.
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A B S T R A C T

Development of anode materials with high performance is crucial for the successful application of Na-ion bat-
teries. In this study, we provide a novel type of conversion-type anode materials, transition metal borates, as
promising candidates for Na-ion storage. The transition metal borates (Fe3BO5 and Ni3(BO3)2) are successfully
fabricated by a facile sol-gel route. When they are firstly evaluated for Na-ion storage, they deliver remarkably
better Na-ion insertion kinetics and high reversible capacity than transition metal oxides. It’s notable that the
conversion reaction can be thoroughly realized for transition metal borates during sodiation/desodiation process
accompanying with the change of B-O coordination. First-principles calculation indicates that Na insertion into
transition metal borate are energetically much more favorable compared with transition metal oxides.
Furthermore, carbon coated borates are designed and firstly prepared, which exhibit good rate capability and
excellent cycling stability. Moreover, the Fe3BO5/Na2V3(PO4)2F3 full cell exhibits a high energy density of
180.3Wh kg−1 at a high power density of 150.1W kg−1. This study demonstrates a class of new promising
conversion-type anodes and also verifies the practical application in Na-ion batteries with high energy/power
density.

1. Introduction

Electrical energy storage (EES) is a significant technology for the
conversion and storage of green energy resources [1]. Lithium ion
batteries (LIBs), which are lightweight and possess an available capa-
city ranging from 700 to 2500mAh for a small cell, are widely applied
in power portable electronic devices [2,3]. However, lithium resources
are scarce, pocket and high cost, which prohibit large-scale application

of LIBs. Thus, it is indispensable to exploit alternative EES device to
replace LIBs. When Na-ion batteries (NIBs) emerge into our sight again,
it rapidly attract much attentions due to the abundant sodium re-
sources, similar metal ions storage mechanism to LIBs and acceptable
energy density [4–6]. As the electrode material is an important content
of LIBs, it is also a vital part of NIBs, particularly anode material [7]. Up
to now, there are plentiful materials that have been found and applied
as anode materials for NIBs [8–11]. These contain carbon-based
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materials (typically for hard carbon) [12], transition metal oxides
(Fe2O3, TiO2, etc.) [13,14], transition metal sulfides (CoS, NiS, SnS,
etc.) [15–17] and alloy-based materials (Sn, Bi, P, etc.) [18,19]. Among
these anode materials, transition metal oxides were chosen as suitable
anode material owing to their abundances and high theoretical capacity
based on conversion-type storage mechanism [11,20]. However, there
have been some common obstacles for transition metal oxides. One of
the obstacles is the large volume changes during Na+ ion insertion/
extraction, leading to agglomeration or pulverization as well as fast
capacity weakening. The other obstacle is the low initial Coulombic
efficiency probably arising from its low electronic and ionic con-
ductivity [21,22]. With many efforts contributed by researchers, var-
ious strategies have been carried out to solve these problems. Designing
and fabricating nonstructural materials and metal oxide/carbon-based
composites (MxOy/graphene, carbon coated MxOy, MxOy/carbon na-
notubes) were widely investigated [23–28]. Although these studies
provide some valuable strategies to resolve the decay of conversion-
type anode, the complicated and laborious synthesis routes render them
far from real application.

In 1997, the borates were mentioned firstly by Idota et al. as al-
ternative for anode materials in LIBs [29]. The distinction between
transition metal borates and transition metal oxides is the introduction
of boron element in the structure. The boron element has a low atomic
weight, causing the higher specific capacity of the borates [30,31].
What’s more, the boron can form a series of clusters (such as BO3

3−,
BO4

5− and BO6
9−) with oxygen atom, which has many electro-

negativity sites to bond the cations and make the borates turn into
various structure. These characteristics can reduce the voltage polar-
ization [32] and offer various redox potentials when they are adjacent
to cations [33–36]. Accordingly, various transition metal borates
(Ni3B2O6, Co3B2O6 and Cu3B2O6) were proposed and demonstrated
promising application in LIBs [7,37–40]. In consideration of the similar
mechanism between NIBs and LIBs, transition metal borates could be a
class of promising anode materials of NIBs as well. In 2017, Fe3BO6 was
firstly studied as anode of NIBs, and showed satisfied reversible Na-ion
storage capacity after carbon coating based on the similar conversion-
type storage mechanism to Li-ion storage [36]. However, the report
about transition metal borates for Na-ion storage performance is rare
until now and their potential applications in NIBs needs to be explored
[41].

Herein, we focus on the comparative investigation of transition
metal borates and transition metal oxides as potential anodes for NIBs.
Firstly, two kinds of transition metal borates (Fe3BO5 and Ni3(BO3)2)
were successfully prepared through sol-gel method. Then, the Na-ion
storage performance of such transition metal borates were firstly in-
vestigated, demonstrating remarkably larger reversible capacity com-
pared with transition metal oxides (Fe3O4 and NiO). Theoretical cal-
culation revealed that it requires much lower energy when Na-ion
insert into borates compared with oxides. Furthermore, carbon coated
borates (Fe3BO5@C and Ni3(BO3)2@C) was obtained to improve the
rate capability and cycling performance. It is also revealed only a part
of transition metal oxide can be transformed, while conversion reaction
can be thoroughly achieved for transition metal borates during the
sodiation/desodiation. This finding is significantly meaningful for the
design of conversion-type anodes and their practical application in
NIBs.

2. Experimental

2.1. Materials synthesis

Carbon coated Fe3BO5 (Fe3BO5@C) was fabricated by the reduction
of Fe3BO6. Firstly, Fe3BO6 was synthesized through a sol-gel method.
1.01 g iron(III) nitrate nonahydrate (Fe(NO3)3%9H2O) and 0.465 g bor-
acic acid (H3BO3) were successively dissolved in 50mL deionized water
under stirring. And then, 1.31 g citric acid was added into the solution

as chelating agent. After stirring for half an hour, this solution was put
into blast air oven and kept at 150 °C for 10 h. Sequentially, the brown
powders were collected in alumina crucible and annealed at 750 °C for
4 h. Finally, the Fe3BO6 was obtained. Subsequently, Fe3BO6 were
milled with 500 rpm rotate speed for 12 h. After that, 200mg Fe3BO6

was ultrasonic dispersed into a Tris-buffer solution (100mL, 10mM) for
1 h. And then, 100mg dopamine was added into the solution, followed
by stirring for 10 h. The black product (Fe3BO6@PDA) was collected
and washed several times with deionized water and ethanol and dried
at 60 °C. Finally, Fe3BO5@C was obtained by annealing Fe3BO6@PDA
precursor at 600 for 2 h under Ar atmosphere. In addition, Ni3B2O6 and
carbon coated Ni3(BO3)2 (Ni3(BO3)2@C) were obtained through the
same process as the Fe3BO6 and Fe3BO5@C, instead of the use of Nickel
(II) acetate tetrahydrate (Ni(CH3COO)2%4H2O). In addition, 0.1M HCl
solution was used to dissolve the nickel metal in Ni3(BO3)2@C coming
from its part reduction during carbonization. Fe3O4@C and NiO were
synthesized following the above process without the H3BO3.

2.2. Electrochemical measurements

To test the storage performance of Na-ion for these materials, the
working electrodes, containing active materials, were made through a
common slurry-coating process. Typically, the active material was ad-
mixed with super-P (SCM Industrial Chemical Co.Ltd.) and arabic gum
(Sigma) in a weight ratio of 80:10:10. Then, this slurry was coated on
the copper foil as working electrode and dried at 120 °C in vacuum
overnight. Subsequently, this foil was tailored to a 12.5 mm diameter
disc with a loading density of around 1.0 mgcm−2. NIBs were fabricated
in coin cell (CR2025) in a glove box which was filled with argon gas (O2

and H2O levels< 1 ppm) and a Na metal foil as the counter electrode,
glass fiber separator (Whatman GF/F) and 1M NaPF6 in Diethylene
glycol dimethyl ether as the electrolyte. The capacity ratio between
cathode and anode of the full cell is ～1.1 (anode/cathode). The gal-
vanostatic charge/discharge tests of the cells were performed with a
multichannel battery testing system (Wuhan, LAND, China). Cyclic
voltammograms (CV) measurements at a scanning rate of 0.5 mVS−1

were conducted on Zennium (Zahner).

3. Results and discussion

The core-shell structure Fe3BO5@C and Fe3O4@C were synthesized
through the reduction of Fe3BO6 and Fe2O3, which were fabricated by
sol-gel route and then coated with PDA. The structure and morphology
of Fe3BO6 and Fe2O3 are identified by X-ray diffraction (XRD) patterns
and SEM images, as shown in Fig. S1. Fig. 1a shows the XRD patterns of
the as-prepared samples. XRD diffraction peaks of Fe3BO5@C and
Fe3O4@C can be precisely associated with orthorhombic vonsenite
Fe2Fe(BO3)O2 (JCPDS 25-0395) and cubic Fe3O4 (JCPDS 26-1136),
respectively. The diffraction peaks of both samples are very sharp,
suggesting high crystallization due to the high annealing temperature.
The SEM images of Fe3BO5@C and Fe3O4@C are displayed in Fig. 1b
and c. The size of two samples are mostly around 40–100 nm. It’s no-
table that a core-shell structure is clearly presented for the two samples.
TEM image of Fe3BO5@C (Fig. 1d) further confirm this morphology.
Fe3BO5 nanoparticles were uniformly coated by a carbon shell. In ad-
dition, the HAADF-STEM image and elemental mapping were also used
for further investigating the structure of the composites. As shown in
Fig. 1e–h, a core-shell structure with uniform carbon layer is observed
for Fe3BO5@C. The contents of the carbon shell is 4.3% calculating
from the thermogravimetric analysis (Fig. S2a) and the Raman spec-
trum (Fig. S2c) indicates that there are two obvious peaks at～1340 (D-
band) and ～1590 cm−1 (G-band), which correspond to the vibrations
of carbon structure. It also suggests the presence of some disoriented or
defect structure in such nanocarbon materials. In the previous reports,
the same result was also found that core-shell structure is formed after
the reduction of Fe3+ (Fe2O3) to Fe2+ (Fe3O4), resulting in the grain
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shrinking during the carbonization process of PDA [42]. However, core-
shell structure Fe3BO5@C was firstly achieved in this study, which may
possess expected electrochemical performance.

Accordingly, Ni3(BO3)2 (NiBO) and NiO nanomaterials were syn-
thesized by the sol-gel method and NiBO@C was prepared through the
same route. The verification of crystalline phase and the microstructure
of these materials can be found from Fig. 2. From the XRD patterns
displayed in Fig. 2a, it’s concluded pure phase orthorhombic Ni3(BO3)2
(JCPDS 26-1284) and cubic NiO (JCPDS 47-1049) were successfully
prepared. From the SEM images (Fig. 2b–e), close-packed grain is ob-
served for NiO with size from 20 nm to 60 nm. NiBO shows nanorod
morphology with diameter about 60–100 nm. It should be mentioned
that NiBO@C was also coated by a uniform carbon layer with carbon
content is 2.4% coming from the thermogravimetric analysis. The
presence and structure of carbon is identified by Raman spectrum (Fig.
S2d). Such a well coating carbon layer can be found from TEM image
(Fig. 2f). Furthermore, HAADF-STEM image and elemental mapping for
NiBO@C (Fig. 2g–j) also confirm a uniform carbon coating. In addition,
the size of NiBO decreased to a certain extent after carbon coating due
to the reduction reaction with carbon. The pure NiBO@C sample can be
obtained after removing the produced metal Ni by diluted HCl solution.
In a word, these results demonstrated a general method for the synth-
esis of uniform carbon coated transition metal borates.

Up to now, it is scarce to study the Na-ion storage performance of
transition metal borates as well as the relationship between their

structure and properties. In this work, the comparative investigation of
transition metal borates and transition metal oxides for Na-ion storage
was evaluated by Na-ion half cells. The first five CV curves of
Fe3BO5@C and Fe3O4@C electrodes were performed between 0.01 and
3 V with a scan rate of 0.5 mVS−1, shown in Fig. 3a and b. An obvious
cathodic peak at 0.3 V at the first cycle can be largely attributed to the
reduction of Fe3+/Fe2+ to metal Fe accompanying with the generation
of the solid electrolyte interphase (SEI) film. A broad anodic peak
around 1.3 V is observed at the anodic curve, which corresponds to the
oxidation of the metallic iron to iron oxide (Fe2+) [43]. In the sub-
sequent CV curves, they exhibit high reproducibility with cathodic
peaks at 0.7 V and the anodic peaks at 1.3 V, demonstrating good cy-
cling performance of Fe3BO5@C electrode [36]. As a comparison, the
CV peak intensity of Fe3O4@C (Fig. 3b) is weak and much lower than
that of Fe3BO5@C electrode, suggesting poor electrochemical activity.
The cathodic peaks at 0.37 V was also arising from the reduction of
Fe3O4 to metal Fe at the first cycle. Meanwhile, two anodic peaks at
1.91 and 2.1 V can be attributed to the oxidation of metal Fe [44–46]. It
can be noticed that the cathodic peaks at 0.37 V still occurred at the
following curves, indicating that the conversion reaction continually
proceed. This result further confirms the low electrochemical activity
and conversion rate of Fe3O4@C electrode for SIBs.

Fig. 3c and d present the charge-discharge profiles of Fe3BO5@C
and Fe3O4@C electrodes at 50 mAg−1. Fe3BO5@C displays a large
discharge capacity of 653.5 mAhg−1 and charge capacity of

Fig. 1. (a) XRD patterns of Fe3BO5@C and Fe3O4@C. SEM images of (b) Fe3BO5@C and (c) Fe3O4@C. (d) TEM image of Fe3BO5@C. (e) HAADF-STEM image and
elemental mapping of (f) Fe, (g) C and (h) O from Fe3BO5@C.
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471.9 mAhg−1 at the first cycle, while Fe3O4@C only displays a limit
discharge capacity of 141.1mAhg−1 (107.8 mAhg−1 for charge). An
obvious discharge plateaus located around 0.5 V can be clearly ob-
served for Fe3BO5@C, representing the proceeding of conversion re-
action of the electrode material. However, this is barely visible for
Fe3O4@C. This remarkable difference demonstrates that iron borate
exhibits significantly higher Na-ion storage activity than ferriferrous
oxide. The rate capability of the samples was further evaluated from 50
to 2000mAg−1. Fe3BO5@C exhibits a reversible charge capacity of
~470mAhg−1 at 50mAg−1 (~107mAhg−1 for Fe3O4@C) and
~142mAhg−1 (~41mAhg−1 for Fe3O4@C) at a relatively high rate of
2000mAg−1. When the rate returned to 100mAg−1, it gets back a high
reversible capacity of ~420mAhg−1. Because of the superior rate

performance of Fe3BO5@C, the cycling performance and Coulomb ef-
ficiency (Fig. 3f) are also investigated at constant current density of
100mAg−1, which displays excellent stability with retaining capacity
around 400mAhg−1 after 350 cycles and high Coulomb efficiency
around 100% during cycling.

The sodium storage properties of nickel borate and nickel oxide
were also studied, as shown in Fig. 4. NiBO@C electrode shows a sig-
nificant cathodic peak around 0.3 V at the first cycle (Fig. 4a), which
can be ascribed to the reduction of Ni2+. In addition, the pure NiBO
electrode exhibits the similar CV curves (Fig. S3a). Although NiO
electrode shows a similar cathodic peak around 0.2 V at the first CV
scan (Fig. 4b), the redox peak current is quite small compared with
nickel borate. Thus, the nickel borate exhibits remarkably higher Na-

Fig. 2. (a) XRD patterns of NiO, NiBO and NiBO@C. SEM images of (b) NiO, (c) NiBO and (d, e) NiBO@C. (f) TEM image of NiBO@C. (g) HAADF-STEM image and
elemental mapping of (h) Fe, (i) C and (j) O from NiBO@C.
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ion insertion kinetics than nickel oxide even with a larger size. Dis-
charge and charge profiles of these samples are presented in Fig. 4c, d.
NiBO@C exhibits remarkably higher capacity (755mAhg−1) than that
of NiO (138.4mAhg−1) at the first discharge. The distinct platform
around 0.5 V of NiBO@C and NiBO (Fig. S3b) are also apparent, which
is not found for NiO. What’s more, NiBO@C delivers much higher re-
versible capacity (619mAhg−1) than NiO (104mAhg−1). This result
suggests that the conversion reaction between nickel borate and metal
nickel is completely achieved and reversible. The rate capability and
cycling stability of NiO, NiBO and NiBO@C were investigated, as dis-
played in Fig. 4e. NiBO@C exhibits more outstanding rate performance
(~240mAhg−1 at 2000mAg−1) and cycling stability (~420mAhg−1

after 150 cycles at 100mAg−1) than the other two samples. Meanwhile,
the high coulomb efficiency around 100% is also presented in Fig. 4e. It
should be pointed out that NiBO electrode without carbon coating has
poor cycling performance largely owing to the large volume expansion
of conversion type electrode. The storage capacity of NiO is very limited
due to the poor Na-ion insertion activity. These results reveal that
transition metal borates possess remarkably higher Na-ion insertion
activity and better sodium storage properties than transition metal
oxides.

For the sake of revealing the sodium storage mechanism, NiO and
NiBO electrodes at different discharge and charge states were opened
up in glove box with argon gas atmosphere, and the corresponding XRD
patterns of these electrodes are shown in Fig. 5a, b. In Fig. 5a, the
diffraction peaks of NiBO phase were disappeared instead of the

presence of metallic nickel at 44.5° after the first sodiation process (as
highlighted in the inset). And NiO can be found based on the diffraction
peaks 44.3° of NiO after the first desodiation. As a contrast, the XRD
patterns of NiO electrode at different working states are presented in
Fig. 5b. It should be noticed that NiO is the main content in the elec-
trode and were always existent during the first cycles, and a small
content of metallic nickel can be found after first sodiation. Thus, the
complete conversion reaction for nickel borate can be realized, but only
a few NiO participated in the electrode reaction. This result well ex-
plains why nickel borate exhibits high sodium storage capacity and
nickel oxide has low capacity. Meanwhile, the XRD patterns of
Fe3BO5@C and Fe3O4@C are shown in Fig. S4a, b. It is obvious that it
demonstrates the similar results as NiBO and NiO. Fe3BO5 can be
converted to metal Fe at the first discharge process, and it can be
transformed to FeO after the charge process. However, Fe3O4 were al-
ways existent at different working states and the other phase was al-
most not found. In other words, it can be concluded that the in-
troduction of the boron is greatly in favor of the conversion reaction of
transition metal cations, leading to large sodium storage capacity.

Furthermore, the Fourier Transform infrared spectroscopy (FT-IR)
were carried out to investigate the change of structure of borate during
sodiation/desodiation (Fig. 5c). All of the electrodes have two peaks at
621 cm−1 and 691 cm−1, which are well coincident to the bending
mode of B-O. The peaks at 1185 cm−1, 1236 cm−1 and 1409 cm−1 can
be ascribed to B-O stretching of trigonal BO3 units for the fresh elec-
trode [33,39]. The peaks at 1340 and 1570 cm−1 are largely due to B-O
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asymmetric stretching of trigonal BO3 units for the electrodes after the
first discharge and charge [47]. These two blue shift peaks may be due
to the broken of Ni-O-B and the formation of Na-O-B [48]. It should be
noted that the new emergent peaks at 996 cm−1 and 837 cm−1 at the
discharge state can be ascribed to the B-O asymmetric and symmetric
stretching of tetrahedral BO4 units, respectively. These two peaks be-
came weak and the peak 1570 cm−1 belong to trigonal BO3 units
strengthened at the charge state. Therefore, it is deduced that the
structure of the borate was transformed between trigonal BO3 units and
tetrahedral BO4 units during sodiation/desodiation process. Mean-
while, X-ray photoelectron spectroscopy (XPS) further uncovers the
chemical structure of the NiBO electrodes. The full XPS spectrum is
displayed in Fig. S5a. As shown in Fig. 5d, the peak of B 1 s at 191.8 eV
corresponding to the binding energy of the borates divided into three
peaks located at 194.0, 192.0 and 190.2 eV after the discharge, de-
monstrating the presence of Na2B4O7 and/or other sodium borates
(Na3B3O6) [49]. After achieving the charge process, only one peak at
192.0 eV is existent, which reveals that the conversion of Na2B4O7

during Na-ion storage process. The peaks of Ni 2p2/3 spectrum (Fig. 5e)
at 854.3 and 860.5 eV for the fresh electrode are shifted to low binding
energy at 853.8 eV and 859 eV after discharge, which verifies the re-
duction reaction of Ni2+ to metal Ni during sodiation process. In ad-
dition, the peaks at 850.1 and 861.2 eV verify the recurrence of Ni2+

after desodiation process [50]. For the O 1 s spectrum as shown in

Fig. 6f, the peak at ~532.5 eV and 530.8 eV for the fresh electrode can
be ascribed to B-O bond and Ni-O eV. The Na-O peak at 531.2 eV is
found after the discharge, but it was reduced after charge [51]. This
suggests the extraction of Na from sodium borates, corresponding to the
above XPS results of B element. Besides, the Na 1 s located at 1071.8 eV
(Fig. S5b) can be clearly observed after first sodiation process which is
not found in fresh electrode. Therefore, the XPS result further confirms
the conversion reaction of nickel borate electrode to metal Ni and so-
dium borate, accompanying with the change of B-O coordination
during sodiation/desodiation process.

According to the careful structure characterization of NiBO@C
during discharge and charge process, the discharge process equation
can be provided as follow:

3Ni3(BO3)2+ 18Na++18e− → 9Ni+ 9Na2O%3B2O3

And the charge process equation can be described as follow:

Ni+ 9Na2O%3B2O3→NiO+2Na++8Na2O%3B2O3+2e−

The phase transition of the sodium borates between 9Na2O%B2O3

and 8Na2O%B2O3 can be revealed from FTIR and XPS. It should be noted
that 9Na2O%B2O3 represent the structure of sodium borate including
B4O7

2− group and the composites of BO3
3− and BO4

5− groups, where
8Na2O%B2O3 represent BO3

3− and BO4
5− groups [41]. The electro-

chemical reaction of Fe3BO5@C is similar to NiBO@C. Therefore, the
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discharge process equation can be deduced as follow:

2Fe3BO5+14Na++14e− → 6Fe+7Na2O%B2O3

Accordingly, the theoretical capacity of Fe3BO5 and Ni3(BO3)2 can
be up to 547.3mAhg−1 and 726.8 mAhg−1, respectively.

To further compare the energetic and thermal stability of the so-
dium insertion reactions, we define and calculate their formation en-
ergies through first-principle methods. The sodium insertion reaction
for transition metal oxide (MO, M=Ni, Fe) and transition metal borate
(MBO, M=Ni, Fe) can be expressed by

+ − → + −−M O x y Na M Na O x y M( ) ( )x y x y (1)

+ − → + −−M BO x y Na M Na BO x y M( ) ( )x y x y (2)

The corresponding formation energies for Na inserted into M sites in
MO and MBO are defined as follows [52,53]:

=

+ − − − −

−

−E
E M Na O x y E M E M O x y E Na

x y
( ) ( ) ( ) ( ) ( ) ( )

f
y x y x

(3)

=

+ − − − −

−

−E
E M Na BO x y E M E M BO x y E Na

x y
( ) ( ) ( ) ( ) ( ) ( )

f
y x y x

(4)

where −E M Na O( ),y x y E M O( ),x −E M Na BO( ),y x y E M BO( ),x E M( ), and E
(Na) are the calculated total energies of −M Na O,y x y M O,x −M Na BO,y x y
M BO,x transition metal M (M=Ni, Fe), and Na metal, respectively.

Fig. 6a and b presents the calculations models for Ni3(BO3)2 (NiBO)
and NiO, respectively. In NiBO, Ni ions occupy two different Ni sites [Ni
(1) and Ni(2) site shown in Fig. 6a. Therefore, there are two types of Na
insertion into Ni sites in NiBO, denoted as Na/Ni(1) and Na/Ni(2), re-
spectively. In the case of NiO, all the Ni ions occupy the same Ni sites as
shown in Fig. 6b. Table S1 summarizes the calculated formation en-
ergies for Na inserted into Ni sites in NiBO and NiO. It should be sig-
nificantly notable from Table S1 that the formation energies (minimum
value of −2.21 eV) of the Na insertion into Ni sites in NiBO are much
lower than that in NiO (−1.681 eV). This implies that Na insertion into
NiBO is energetically more favorable. Fig. 6c and d show the structures
for Fe3BO5 and Fe3O4, respectively. The calculated formation energies
of Na insertion into Fe sites in Fe3BO5 and Fe3O4 are listed in Table S2.
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It is also clear to find that the formation energies (minimum value of
−2.59 eV) of the Na insertion into various Fe sites in Fe3BO5 [Fe(1), Fe
(2), Fe(3), and Fe(4) site in Fig. 6c] are all lower than those in Fe3O4

(minimum value of −2.1 eV), indicating that Na prefers to insert into
Fe3BO5 compared to Fe3O4. Based on the above calculated results, we
can conclude that Na insertion into transition metal borate (e.g.,
Ni3(BO3)2 and Fe3BO5) are energetically much more favorable relative
to transition metal oxide (e.g., NiO and Fe3O4). These results agree well
with the experimental findings in this work.

In order to further test the practical application of the borates on the
energy storage device, Fe3BO5 anode were assembled with
Na2V3(PO4)2F3 cathode to constitute a Fe3BO5/Na2V3(PO4)2F3 full cell.
The cathode material was prepared through the previous literature
[54]. The electrochemical performances of Na2V3(PO4)2F3 cathode is
shown in Fig. S6, delivering good rate capability and cycling stability.
The charge and discharge profiles of Fe3BO5/Na2V3(PO4)2F3 full cell is
presented in Fig. 7a, which demonstrating a high working voltage
compared with the-state-of-art Na-ion full batteries [41]. In addition,
the capacity of the cathode side is used to illustrate the full cell capa-
city). Fig. 7b shows the rate performance of Fe3BO5/Na2V3(PO4)2F3 full
cell at different current density and exhibits average discharge capa-
cities of ~90.4, ~76.7 ~62.0, ~48.7, and ~38.2mAhg−1 at 100, 200,
500, 1000 and 2000mAg−1. Accordingly, the energy density of the full
cell is 180.30Whkg−1 and the power density is 150.1Wkg−1 (calcu-
lating on the basis of total mass of anode and cathode). Fig. 7c presents
the cyclic performance for the full cell at the current density of

200mAg−1 and a stable capacity of 72.9mAhg−1 can be remained after
100 cycles, which demonstrates good cycling stability of the device.
Therefore, the borates can be applied in practical energy storage de-
vices with good performance and low cost.

4. Conclusion

In conclusion, the comparative study of transition metal borates and
transition metal oxides as potential conversion-type anodes for NIBs is
firstly achieved in this study. Two kinds of transition metal borates
(Fe3BO5 and NiBO) were successfully synthesized by a facile sol-gel
method, which exhibit significantly higher Na-ion insertion activity and
reversible capacity than transition metal oxides (Fe3O4 and NiO).
Furthermore, the conversion mechanism of the transition metal borates
was also studied. The conversion reaction can be completely realized
for transition metal borates during the sodiation/desodiation, while
only a part of transition metal oxide can be transformed under the same
condition. It’s revealed by first-principle calculations that it requires
much lower energy when Na-ion insert into borates compared with
oxides. At last, carbon coated borates were designed and triumphantly
fabricated, which display much enhanced rate capability and excellent
cycling stability. This study provides a class of new promising conver-
sion-type anodes for NIBs and comprehensive study of their structure
and properties.

Fig. 6. Unit-cell structures of (a) Ni3(BO3)2, (b) NiO, (c) Fe3BO5, and (d) Fe3O4. The dark green, brown, blue, and red balls represent Ni, Fe, B, and O, respectively.
Different types of Ni sites and Fe sites in various structures are labeled.
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