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Improved Na storage and Coulombic efficiency in TiP207@C microflowers for
sodium ion batteries

Abstract

© 2020, Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature. Ti-based
anode materials in sodium ion batteries have attracted extensive interests due to its abundant resources,
low toxicity, easy synthesis and long cycle life. However, low Coulombic efficiency and limited specific
capacity affect their applications. Here, cubic-phase TiP207 is examined as anode materials, using in-
situ/ex-situ characterization techniques. It is concluded that the redox reactions of Ti4+/Ti3+ and
Ti3+/Ti0 consecutively occur during the discharge/charge processes, both of which are highly reversible.
These reactions make the specific capacity of TiP207 even higher than the case of TiO2 that only
contains a simple anion, 02-. Interestingly, Ti species participate only one of the redox reactions, due to
the remarkable difference in local structures related to the sodiation process. The stable discharge/
charge products in TiP207 reduce the side reactions and improve the Coulombic efficiency as compared
to TiO2. These features make it a promising Ti-based anode for sodium ion batteries. Therefore,
TiP207@C microflowers exhibit excellent electrochemical performances, ~ 109 mAh-g-1 after 10,000
cycles at 2 A-g-1, or 95.2 mAh-g-1 at 10 A-g-1. The results demonstrate new opportunities for advanced
Ti-based anodes in sodium ion batteries. [Figure not available: see fulltext.]
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TiP,O7 as a promising Ti-based anode material, combines enhanced specific
capacity, increased coulombic efficiency and low operation voltage together.
These features can be associated with the underlying electrochemical reactions
for Na storage, very different from the case of TiO..
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materials, using in-situ/ex-situ characterization techniques. It is concluded that
© Tsinghua University  the redox reactions of Ti*/Ti** and Ti*/Ti’ consecutively occur during the
Press and Springer-Verlag discharge/charge processes, both of which are highly reversible. These reactions

Berlin Heidelberg 2014 make the specific capacity of TiP207 even higher than the case of TiO: that only
contains a simple anion, O2. Interestingly, Ti species participate only one of the
KEYWORDS redox reactions, due to the remarkable difference in local structures related to

the sodiation process. The stable discharge/charge products in TiP207 reduce
the side reactions and improve the coulombic efficiency as compared to TiOx.
These features make it a promising Ti-based anode for sodium ion batteries.
Therefore, TiP20@C microflowers exhibit excellent electrochemical
sodium ion batteries performances, ~109 mAh g after 10000 cycles at 2 A g, or 95.2 mAh g at 10 A
g7. The results demonstrate new opportunities for advanced Ti-based anodes in
sodium ion batteries.

TiP20y,
electrochemical reactions,
anodes,

1 Introduction of Na* impede its diffusion in electrodes, greatly
increasing the voltage hysteresis and reducing the

Na-ion batteries (NIBs) as one of next-generation round-trip energy efficiency [3,4]. Meanwhile, the
batteries attract extensive attention in the past years, ~ 1arge ionic radius of Na* also induces a giant volume
due to the abundant reserves of Na in earth, the change in the discharge/charge processes, easily
similar working principles and fabrication protocols leading to structure collapse and particle pulveriza-
to those of Li-ion batteries (LIBs), as well as the tion. Then, the effective electrical connection between
low-cost current collector for anodes [1,2]. However, active materials and current collectors is lost,
the relatively large ionic radius and heavy ionic mass resulting in a rapid decay of performances [5,6]. To
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address these issues, the selection of electrode
materials is very important, because the electrode
materials based on intercalation reactions always
exhibit the small volume changes in theory [7-18]. In
this case, they can exhibit excellent cycle lives, such
as hard carbon, TiO2, and so on. Different from hard
carbon, TiO:2 works in a moderate voltage range of
0.2-1.5 V, thus avoiding the formation of Na
dendrites upon cycling. Meanwhile, TiO2 is nontoxic,
easy to be prepared and stable at ambient conditions.
Thus, TiO: has been regarded as one of promising
anode materials of NIBs in the past years [19-22].
However, the specific capacity of TiO: is quite limited.
More worse, it shows the poor coulombic efficiency,
especially for the first several cycles.

To solve the problems, understanding the electro-
chemical reactions of TiO2 is necessary. Unfortunately,
only a few works investigated these reactions in
details [23-26]. The
Passerini’s group [23], who reported the formation of
metallic Ti (Ti’) and Ti% in the discharge process on
the basis of X-ray photoelectron spectroscopy (XPS).
They thought that 1) the reduction from Ti* to Ti°
was fully irreversible; and 2) NaO: was produced

classic work came from

along with the continuous evolution of oxygen in the
discharging process. So, it is believed that the former
reduces the initial coulombic efficiency and the
specific capacity. The latter induces the severe safety
issues. Inspired by our recent works [27,28], if the
simple anion, O%, is replaced by polyanions like
phosphates, the formation of the unstable discharged
products like NaO:2 can be avoided, thus reducing the
side reactions and increasing the coulombic efficiency.
Meanwhile, the bulky polyanions expand the crystal
lattice and increase the open space for Na-ion trans-
portation, facilitating the electrochemical reactions.
More interestingly, the polyanions might increase the
electrochemical activity of Ti% enabling the oxidation
of Ti back to Ti* or Ti*. This possibility is supported
by the recent report about SbVOs [29], where VO4*
promoted the redox reaction of Sb3/Sb? in LIBs/NIBs.
Finally, there are still many polyanions that have
been not explored before or studied.
Therefore, it is believed that this work opens a door
for the future design of advanced electrode materials.
So far, there are only a few works using TiP207 as
electrode materials for LIBs/NIBs [30-34]. The
majority of them focused on its performances in

seldom

aqueous electrolytes. Palacin and Chen reported that
the Na storage in cubic-phase TiP2O7 was almost
negligible (~20 mAh g') within 1.0-3.5 V (vs. Na*/Na)
[30,31]. Li and Wu synthesized oxygen vacancy-
enriched TiP207 as an anode material of NIBs and
potassium-ion batteries (PIBs) [32]. However, this
“TiP207” is more likely to be the composite of TiO:2
(major phase)/TiP207(minor phase), in view of X-ray
diffraction (XRD) patterns, P contents, and thermo-
gravimetric (TG) analysis. So, the electrochemical
properties of TiP20O7 for Na storage are still unclear
yet.

Here, the electrochemical reactions of cubic-phase
TiP20r for Na storage are investigated by in-situ XRD
patterns, ex-situ high-resolution transmission electron
microscope (HRTEM) images, selected-area electron
diffraction (SAED) patterns and XPS spectra. The
redox reactions of Ti*/Ti** and Ti*/Ti° consecutively
occur during the discharge/charge processes.
Different from the case of TiO:, the redox reaction of
Ti*+/Ti® is also highly reversible, which makes the
specific capacity of TiP207 superior to that of TiO:
even if there is a heavy “dead” mass of P2O7*. More
interestingly, Ti species participate only one of the
redox reactions, either Ti*/Ti3* or Ti3*/Ti%. To our
knowledge, it is first time to disclose the electro-
chemical reactions of TiP207 in NIBs. Similar to the
case of NaTiz(POs)s, the coulombic efficiency of
TiP20O7 is improved upon cycling over TiO2, due to
the stable discharge/charge products and the reduced
side reactions. Thus, TiP207 combines the high
coulombic efficiency of NaTix(POs)s and the low
operation voltage of TiO:z together, in addition to the
enhanced capacity. These features make TiP:07 a
promising Ti-based anode material for NIBs. As a
result, TiP207@C microflowers deliver a capacity of
109 mAh g after 10000 cycles at 2 A g1, or 95.2 mAh
glat10 Agl

2 Experimental
21 Materials synthesis

Synthesis of TiOz: TiO: was synthesized by a
reported method [35]. Firstly, 1.0 mL of TiCls (15.0-
20.0% in 30% HCI, Aladdin) was mixed with 30 mL
of ethylene glycol (EG, 99%, Sinopharm) and 3 mL of
deionized water. After this solution was stirred for 15
minutes, it was transferred to a Teflon-lined stainless-
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steel autoclave with a capacity of 60 mL. The
autoclave was then kept at 150 °C for 12 h. The
product was collected by centrifugation, washed
with deionized water and anhydrous ethanol, and
dried at 60 °C in vacuum overnight. Finally, the white
powders were annealed at 600 °C in air for 4 h.

Synthesis of TiP207 and TiP207@C: The synthesis
was similar to that of TiO2 [36]. Firstly, 0.5 mL of
tetrabutyl titanate (TBOT) (98%, Sinopharm) was
dropped into 40 mL of anhydrous ethanol (99.7%,
Sinopharm). After sonication for 30 minutes, 0.4 mL
of phytic acid (PA) (270%, Sinopharm) was added
slowly with vigorous stirring. Then, the solution was
transferred to a Teflon-lined stainless-steel autoclave
with a capacity of 60 mL. After 12 h at 200 °C, the
product was collected by centrifugation, washed
with deionized water and anhydrous ethanol, and
dried at 60 °C in vacuum overnight. Finally, TiP207 or
TiP207@C was obtained by annealing the powders at
800 °C for 4 h in air or in Ny, respectively.

Synthesis of NaTi2(POs)s: NaTi2(POs)s was syn-
thesized by a reported method [37]. Firstly, 0.68 mL
of TBOT was dropped into 20 mL of ethylene glycol
(EG, 99%, Sinopharm). After 5 minutes, 20 mL of 0.05
M NaH:PO4-2H20 (99%, Sinopharm) and 0.125 mL of
HsPOs (99%, Sinopharm) were added slowly with
vigorous stirring. The obtained solution was trans-
ferred to a Teflon-lined stainless-steel autoclave with
a capacity of 60 mL. Then, the autoclave was kept at
180 °C for 12 h. The product was collected by
centrifugation, washed by deionized water and
anhydrous ethanol, and dried at 60 °C in vacuum
overnight. Finally, the powders were annealed at 700
°C in air for 4 h.

2.2 Materials characterization

XRD patterns were obtained on an X-ray diffracto-
meter (Brucker D8 Advanced, Cu ka radiation,
A=1.5418A, Germany). Scanning electron microscope
(SEM) images were acquired by a field-emission
scanning electron microscope (Zeiss Gemini 300,
Germany). Tansmission electron microscope (TEM)
images, HRTEM images, X-ray energy-dispersive
spectrum (EDS) spectra, high-angle annular dark-
field scanning TEM (HAADEF-STEM) images and
element maps were recorded using an aberration-
corrected TEM microscope (FEI Tecnai F20, USA).

XPS was achieved on an X-ray photoelectron
spectrometer (ESCALAB 250, Thermo Scientific,
USA). Raman spectra were taken on a micro-Raman
spectrometer (HORIBA JY Lab RAM HD8S, Japan),
using an excitation of 632 nm at room temperature.
N:2 sorption isotherms were measured on a sorption
analyzer (Micromeritics ASAP 2020 HDS88, USA) at
77 K. TG analysis was acquired from a thermal
analyzer (Mettle Toledo TGA/SDTA 851, Switzerland)
from room temperature to 800 °C in air.

In-situ XRD chamber was similar to that reported
in literature [38]. Specifically, the working electrode,
electrolyte-saturated separator, and Na foil were
stacked together in specially-designed cells, where
the cell case attached to the working electrode was
holed and sealed by a Be window to allow X-ray pass
and reflect. The galvanostatic discharge/charge of the
cells was conducted at a current density of 25 mA g-'.
Each XRD pattern was acquired in a step incremental
of 0.02° between 20 = 10° and 80° at a scanning rate of
0.08° s7l. At least 50 scans were performed during a
full discharge/charge cycle.

2.3  Electrochemical measurements

Electrochemical performances of TiO2 TiP20y,
NaTi2(POs4)s and TiP20-@C as anode materials for
NIBs were tested in CR2032-type coin cells. As the
active materials, TiO;, TiP207, NaTi2(POs)s or
TiP20r@C was mixed with acetylene black and
sodium alginate (SA) in a weight ratio of 7:2:1 with
droplets of deionized water. Then, the mixture was
manually ground, resulting in a homogeneous slurry.
The slurry was spread on a clean copper foil by a
doctor blade. After dried at 60 °C in vacuum for 12 h,
the foil was pouched into small discs with a diameter
of ~12 mm. The mass loading of active materials on
the discs was about 1-1.5 mg cm2 Next, the discs as
the working electrode were assembled in an Ar-filled
grove box (Mikrouna, Super 1220/ 750/900, H20 < 1
ppm; O:2< 1 ppm) with sodium metal as the counter
electrode, glass fiber (Whatman GF/F) as a separator,
and 1.0 M NaClO: in propylene carbonate (PC)
containing 3 wt% fluoroethylene carbonate (FEC) as
the electrolyte. The specific capacity also included the
mass of carbon in the case of TiP20:@C. Cyclic
voltammetry (CV) curves were measured on an
electrochemical workstation (CHI 760E, China) at

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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room temperature. Electrochemical impedance
spectra (EIS) were obtained from an electrochemical
workstation (Auto-lab PGSTAT 302N, Switzerland) in

a frequency range of 100 KHz to 0.01 Hz.

3 Results and discussion

TiP207@C microflowers were synthesized via a
solvothermal reaction of PA and TBOT, followed by a
high-temperature calcination (Fig. 1(a)). The solvo-
thermal reaction produced Ti(HPOs): microflowers
with organic species adsorbed on the surface (Fig. S1
in Electronic Supplementary Material (ESM)) that
then decomposed at a high temperature, leading to
TiP207@C in N2 or TiP20y7 in air. Fig. 1(b) shows the
XRD pattern of as-obtained product, where all the
diffraction peaks can be attributed to cubic-phase
TiP207 (JCPDS Card, No. 38-1468). But the diffraction
peaks of carbon are absent in the pattern, probably
due to the limited content and poor crystallinity of
carbon. In order to clarify the existence of carbon in
the product, Raman spectrum, TG curve and XPS
were recorded. In the Raman spectrum, the two

characteristic peaks of carbon, D band at 1330 cm!
and G band at 1610 cm™ [38], are clearly identified
(Fig. 1(c)), confirming the presence of carbon in the
product. The small but visible peak at 1050 cm* that
originates from the stretching vibration of POs [39], is
related to TiP207 in the product. Compared to the
case of carbon, the small intensity of this peak can be
assigned to the core-shell structure of TiP207@C, in
which the Raman scattering of POs is heavily
shielded by carbon. TG curve of the product in air
displays a sharp weight loss of ~16.9 wt% between
550-600 °C (Fig. 1(d)), likely resulted from the
removal of carbon in TiP207@C. The high-resolution
spectrum of C 1s indicates there are multiple carbon
species in TiP2O7@C (Fig. 1(e)), i.e. C=C at 284.6 eV,
C-C at 285.2 eV, C-O at 286.4 eV, and O-C=0 at 289.7
V [40]. These oxygenous groups facilitate the tight
contact between carbon and TiP207 reducing the
charge-transfer resistances during the sodiation/
desodiation processes. Meanwhile, the valence states
of Ti and P are also checked by XPS. The high-
resolution spectrum of Ti 2p consist of two peaks at
459.5 eV and 465.5 eV (Fig. 1(f)), well consistent with
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Fig. 1 Chemical synthesis and structure characterization of TiP207@C. (a) Synthesis process of TiP207@C, (b) XRD pattern,
(c) Raman spectrum, (d) TGA curve, XPS spectra of C 1s (e), Ti 2p (f), P 2p (g).
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Fig. 2 Morphology characterization of TiP207@C. (a, b) FESEM images, (c) TEM image, (d) HRTEM image, (¢) HAADEF-

STEM image and (f) elemental maps of Ti, P, O, and C.

Ti 2ps2 and Ti 2pi2 of Ti* [41]. The high-resolution
XPS spectrum of P 2p presents an asymmetric peak
that is then fitted into two peaks at 133.5 eV and
134.5 eV (Fig. 1(g)). These data are in good
accordance with the reported data of P 2ps2 and P
2pi2 from P20+ [42]. The molar ratio of Ti/P is ~1:
1.94, close to the chemical stoichiometry of TiP20y.
The similar result is observed in EDS (Fig. 52).
TiP207@C basically inherits the unique flower-like
structure of Ti(HPOas)2, as confirmed by SEM images.
As presented in Fig. 2a, these flower-like micro-
particles have a uniform size and a high yield. The
average diameter of these microflowers is approxi-
mately ~2 um. The close check on a single micro-
flower reveals that it is composed of interconnected
petals with a thickness of ~56 nm (Fig. 2b). The petals
are randomly curved, leaving plenty of voids
between them. This structure feature will promote
the electrolyte penetration and accommodate the
volume change upon cycling, thereby improving
reaction kinetics and structure stability. The similar
conclusions are also obtained by TEM image (Fig. 2c).
HRTEM image on the petal edge of a microflower
shows the clear lattice fringes with an interlayer
spacing about 0.32 nm (Fig. 2d) that can be assigned
to (721) planes of cubic-phase TiP2O7 [31]. The
formation of TiP207 is also supported by SAED
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pattern (Fig. S3). On the other hand, it is noted that
these lattice fringes do not propagate throughout the
particle, but become discontinuous at the edge, a
typical scenario of amorphous materials. Associated
this result with XRD, Raman, XPS and synthesis
process, it is concluded that the amorphous shell
must be carbon. Thereby, the product could be
identified as TiP207@C microflowers in a core-shell
structure. Fig. 2e and 2f show high-angle annular
dark-field scanning TEM (HAADF-STEM) image and
element maps of Ti, P, O and C, where the distribu-
tion patterns of Ti, P, O and C are in good agreement
with the proposed structure. In spite of the open
structure, TiP20;@C microflowers only present a
specific surface area of ~24.3 m? g (Fig. S4), due to
the large particle size.

Then, the electrochemical measurements were
conducted on TiP207@C. First of all, TiP207 is
compared to the well-known Ti-based oxides, TiO:
and NaTiz(POs)s to understand the possible features.
The selection of the two oxides as the references is
due to the following reasons. Firstly, Ti species in
TiO2, TiP207 and NaTix(POs)s is Ti*. Secondly,
although these oxides have different structures, Ti
species exist in the same term, TiOes. Thirdly, the
electrochemical activity in these oxides comes from
Ti species, not other elements. Finally, Na-storage
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performance of TiP207@C at 2 A g

properties of TiO2 and NaTi2(POs)s have been well-
documented in literature [43-46]. The XRD patterns
and SEM images of home-made TiO2 and NaTiz2(PO4)s
are shown in Fig. 55-57, where both of them consist
of layered-like nanostructures in similar sizes. The
working electrodes based on TiO: TiP207; and
NaTi2(PO4)s were obtained by the same protocol to
eliminate the effect caused by cell
fabrication. The electrochemical performances were
measured at a small current density (~25 mA g') to
minimize the size/shape effect as much as possible.
Fig. 3a-3c represent the galvanostatic discharge/
charge profiles of TiOz, TiP20O7 and NaTiz(POs)s as
anode materials for NIBs at the third cycle. It is
believed that the data at the third cycle can
effectively alleviate the effect of side reactions on the
voltage profiles that is always serious at the first two
cycles (Fig. S8). As a result, TiP207 exhibits a specific
capacity (~255 mAh g'), a moderate operation
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voltage (~0.97 V) and a high coulombic efficiency
(~95.3%), combining the low operation voltage of
TiO2 and the high coulombic efficiency of
NaTi2(POs)s together. Meanwhile, the increased
specific capacity of TiP207 over TiO: is surprising,
because the “dead” mass of P20 is thought to be
much larger than that of O* in TiOz. This improve-
ment is even more pronounced in terms of Na
number stored per formula (Fig. S9). It can be
ascribed to the enhanced reversible reaction between
Ti** and Ti® in TiP207, as discussed later. The
advantage in coulombic efficiency is also noted
(TiP207 ~95.3% vs. TiO2 ~92.5%). The low coulombic
efficiency will consume the limited electrolytes and
Na ions offered by cathode materials, leading to
severe capacity degradation.

To verify if the above advantages persist upon
cycling, the cycling performances were measured at a
small current density of 50 mA g (Fig. 3d). TiP:0y
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delivers a specific capacity of ~144 mAh g after 100
cycles, higher than those of TiO2 (92.1 mAh g') and
NaTiz(PO4)s (76.5 mAh g). It should be pointed out
that all the materials are tested in carbonate-based
electrolyte without carbon coating. Beside the high
capacity, the superior coulombic efficiency of TiP207
also remains in the repeated cycles (Fig. 3e). It can be
attributed to the stable discharge/charge products
related to P:07+ that effectively reduce the side
reactions and improve the coulombic efficiency. This
advantage is also observed in the case of NaTiz(POx)s,
confirming the benefit from polyanions. Despite it is
just a small difference, it can cause serious conse-
quences after hundreds of cycles. Using TiO:2 vs.
TiP207 as an example, the average coulombic
efficiency of TiP207 over 100 cycles at 0.05 A g' is
~97.4%, higher than ~92.3% of TiO: (Fig. 3e). But the
cumulative coulombic efficiency decreases to 4.53%
for TiP20r or to 0.045% for TiO2, indicating that most
of the cathode material will be deactivated if they are
directly used for full cells. In spite of this, the case of
TiP20r is still two orders higher than the data of TiO2.
The cycling performances of TiP207 at a high rate are
evaluated at 0.2 A g'. Before that, the electrode was
electrochemically activated at 0.025 A g for the first
three cycles. As displayed in Fig. 3f, the capacity of
TiP207 sustains at ~120 mAh g-! before 30 cycles and
then gradually decays to ~70 mAh g after 200 cycles,

58.3% of the capacity after the electrochemical
activiation. Since this capacity degradation can be
inhibited by carbon coating, TiP207@C presents a
capacity of ~128 mAh g and the capacity retention
of ~86.9% after the same cycles. Even after 10000
cycles at a current density of 2 A g, there is still a
reversible capacity of 109 mA h g (Fig. 3g). Such a
long cycle life is comparable to the best results of
TiO2 (Tab. S1). The discharge/charge profiles and
morphology of TiP207@C is roughly kept after 10000
cycles (Fig. S10), although its surface is covered by a
thick solid-electrolyte-interphase (SEI) film.

Fig. 4a and 4b give the rate performances of TiP20y
and TiP207@C. In the range from 0.1 A g to 10 A g7,
TiP207@C shows the higher capacity over TiP20s.
Even at a current density of 10 A g7, it still reverses a
capacity of ~952 mAh g'. As the current density
returns to 0.1 A g, the capacity goes back to 214.7
mAh g7, indicating the good durability to the high
rates. These results indicate that carbon coating
effectively improves the electrochemical kinetics, also
supported by EIS and CV curves. The Nyquist plots
of the fully-discharged electrodes, no matter what are
active materials (TiP207 or TiP-07@C), consist of one
depressed semicircle in the region of high-to-medium
frequencies, followed by a diffusion drift in the
region of low frequencies (Fig. S11). Then, the ohmic
resistance (Rs), the surface-film resistance (Rf) and the
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Fig. 4 Electrochemical kinetics of TiP207@C during sodiation/desodiation. (a, b) Rate performances of TiP207 and
TiP207@C. (c) CV curves of TiP207@C at various scan rates, (d) Plots of log (peak current) versus log (sweep rate), (e)
Contribution of capacitive behavior to Na storage in CV curves at 2 mV s, (f) Contribution ratio of capacitive behavior at
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charge-transfer resistance (R),
equivalent circuits. As listed in Tab. S2, the electrode
made of TiP207@C exhibits much smaller Rf and Re
than those of TiP207. The smaller resistances facilitate
the charge transportation and promote the electro-
chemical kinetics in the discharge process. The
superior reaction kinetics is also supported by CV
curves at different sweep rates [47]. As shown in Fig.
4c, CV curves basically keep the similar contour as
the sweep rate increases. The logarithmic plot of the
peak current (i) versus sweep rate (v) is indicative of
the rate-limited characteristics in the term of b. In our
case, b values of the cathodic/anodic peaks are
0.81/0.77 and 0.88/0.94 (Fig. 4d), indicating the mixed
contribution of a diffusion-controlled process (b=0.5)
and a surface-controlled process (b=1.0). The capacity
contributions from the surface-controlled process
and the diffusion-controlled process can be roughly
estimated, as detailed in many reports [48]. It is
noted that the surface-controlled process contributes
89.6% of the overall capacity of TiP207@C at 2 mV s
(Fig. 4e). This data steady decreases from 89.6% to
60.7% as the sweep rate is reduced to 0.1 mV s (Fig.
4f).

TiP20y, instead of TiP20:@C, was used to clarify
the underlying electrochemical reactions for Na
storage. As illustrated in Fig. 5a, TiP207 exhibits a
reversible capacity of ~255 mAh g for Na storage,
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demonstrating its good electrochemical activity to
Na*/Na. Then, in-situ XRD patterns of the electrode
using TiP207 as the active material (Fig. 5b) were
detected to reveal the evolution of crystal structures
during the first two cycles. It is noted that the
diffraction peaks of TiP20O7 at 22.6°, 25.3° and 27.7°
slightly shift to the low angles, as the electrode is
discharged to 0.5 V. Such a shift corresponds to the
lattice expansion, indicating that a small amount of
Na ions has been intercalated into TiP:07. Despite
Na-ion intercalation definitely induces structure
stress, the crystal structure still remains at this stage.
The continuous discharge of the electrode to 0.22 V
makes the diffraction peaks broad and weak, sug-
gesting that the crystal structure is severely distorted.
At the end of the discharge process (0.01 V), these
diffraction peaks completely vanish from the XRD
pattern, probably due to the poor crystallinity and
small of the The
amorphous feature of the electrode remains in the
charge process and in the following cycle. This result,
i.e. the crystal structure won't be recovered again in
the charge process, is a typical feature of anode
materials involving conversion reactions. Therefore,

sizes discharged products.

it is believed that the sodiation/desodiation processes

of TiP207 may involve certain conversion reactions.
Advanced TEM techniques and XPS spectrum are

taken to identify the products in the discharge/charge

Background
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30 33 36 39
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Fig. 5 In-situ XRD patterns of the electrode based on TiP20y in the first two cycles. (a) Discharge/charge voltage profiles, and

(b) In-situ XRD patterns.
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processes. Fig. 6a shows the HRTEM image of the
fully-discharged electrode, where the straight lattice
fringes with the interlayer spacings of 0.33 nm and
0.23 nm are clearly observed. They can be correlated
to the crystal planes of Nas«P207 (004) and Ti (110)
respectively. The existences of metallic Ti(Ti°) and
NasP20y in the fully-discharged electrode suggest the
conversion reactions in the discharge process. The
similar result is also obtained by the SAED pattern
(Fig. 6b). When the electrode is charged back to 2.5V,
only a few HRTEM images and SAED patterns
present the lattice fringes and diffraction spots of
TiP20O7 (Fig. 6d and 6e). The electrode materials are
basically amorphous. So, XPS was measured to gain
more insights about the components in these
electrodes. As displayed in Fig. S12, the binding
energy of P 2p in the fully-discharged/charged
electrodes is almost the same, excluding that there
are redox reactions on the P species during the cycles.
In the high-resolution spectrum of Ols, three binding
energies, which belongs to M-O/P-O (~531.1 eV),
C-O/O-H (~532.9 eV), and Na Auger (~536.4 eV), are
observed for the fully-discharged/charged electrodes
(Fig. S13). The intensities of Na Auger and C-O/O-H
in the fully-charged electrode decrease relative to
that of M-O/P-O, which can be ascribed to the
electrochemical desodiation, and/or the decomposi-
tion of surface films. The further distinguishing of
different oxygen species is very difficult, in view of
various oxygen-containing species in the electrodes,
such as M/P-O, polymer binder, SEI film, residual
electrolytes, and so on. Therefore, the useful
information from the O 1s spectra is limited. So, the
following discussion has to focus on Ti 2p. Fig. 6c
presents the high-resolution spectrum of Ti 2psz in
the fully-discharged electrode, where the two peaks
at 453.1 eV and 457.7 eV can be attributed to Ti’ and
Ti**. Compared to the case in TiP207 (Fig. 1f), the
result confirms again that there is a reducing reaction
on Ti species during the discharge process. Based on
the peak areas, the contents of Ti* and Ti’ are
roughly estimated as 69.8% and 30.2% (Fig. 6c). The
high content of Ti* in the electrode indicates the
limited reduction from Ti* to Ti%. The appearance of
Ti in the fully-discharged electrode is in good
agreement with what observed in HRTEM image and
SAED pattern (Fig. 6a and 6b), together supporting
the conversion reactions in TiP207 for Na storage.

e .
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Figure 6 HRTEM images, SAED patterns, and XPS spectra
(Ti 2p) of the electrode discharged to 0.01 V (a-c) or
charged to 2.5 V (d-f). (g) Schematic illustration on the
electrochemical reactions happened to TiP207 for reversible
Na storage.

charge

After the electrode is charged to 2.5 V, the XPS
spectrum of Ti 2p is fitted by two peaks, i. e. one at
459.0 eV from Ti* and the other at 457.8 eV from Ti**
(Fig. 6f). Their contents are 68.3% and 31.7%
respectively.

The carefully check on these data leads to the
following conclusions (Fig. 6g). 1) The conversion
reaction between Ti* and Ti¢ is highly reversible, as
supported by the disappearance of Ti’ in the
fully-charged electrode. This result is different from
the case of TiO2, where the conversion reaction
between Ti3* and Ti¢ is almost irreversible [49]. This
result will greatly affect the coulombic efficiency of
TiO2. 2) The oxidization of Ti° likely stops at a stage
of Ti** in the charge process, because the content of
Ti%* in the fully-charged electrode is very close to that
of Ti¢ in the fully-discharged electrode. The obstacle
to the further oxidization may arise from the local
structure changes during the formation of Ti% which
greatly affect the local atom arrangements and the
electronic structure. Therefore, the recovery from Ti°
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to Ti* is suppressed. If that’s the case, the Ti%* species
that does not undergo the in-depth reduction to Ti?,
basically remain the local structure, facilitating the
oxidization of Ti* back to Ti*. This deduction is
validated by the close quantity of Ti* in the fully-
charged electrode and Ti* in the fully-discharged
electrode, indirectly confirming our conclusion again.
So, in other words, active Ti species participate only
one of the redox reactions, either Ti%/Ti3* or Ti®/TiC. 3)
Associated these redox reactions with the voltage
profiles, it is believed that the intercalation reaction
of Ti*/Ti* occurs in high voltage (~1.8 V) and the
conversion reaction of Ti*/Ti® happens in low voltage
(~0.5 V). The two reactions may be overlapped in the
middle, due to inevitable electrode overpotentials. 4)
The reversible Na storage from the redox reactions of
Ti#+/Ti® and Ti*/Ti** is ~0.91 Na and ~0.68 Na per
formula. Although the data are roughly estimated
based on Ti 2p, it indicates that the capacity contri-
bution from Ti*/Ti® cannot be ignored. The quantity
of Ti species that participates this redox reaction,
may be not large, but the three-electron feature of
this reaction still makes its contribution considerable.
So, electrochemical reactions in the charge/discharge
processes of TiP207 are as follows.
TiP207 + x Na* + x €= <> x NaTiP207 (0<x<1) (1)
(1-x) NaTiP207 + 3(1-x) Na* +3(1-x) e —

(1I-x) NasP2O7 + (1-x) Ti ~ (2)

4  Conclusion

In summary, the electrochemical reactions of TiP207
as an anode material for NIBs are identified by
in-situ/ex-situ techniques, where Ti** and Ti® appeared
in the fully-discharged electrode along with the
gradual fade-out of crystalline feature. It indicates
that the conversion reaction is involved in the in-
depth reduction. However, Ti® does not go back to
Ti* in the fully-charged electrode, but suspends to
Ti%, probably due to the irreversible local structure
changes related to the in-depth reduction. In spite of
this, the redox reaction between Ti* and Ti¢ is highly
reversible, totally different from the reported case of
TiO2. The three-electron feature of this redox reaction
makes it significant contribution to the capacity, thus
leading to the superior specific capacity of TiP20O7
even if there is a large “dead” mass of P207*.
Meanwhile, the good stability of the discharge/
charge products of TiP207 enhances the coulombic

efficiency upon cycling, similar to the case of
NaTi2(POs)s. Therefore, TiP-07, which combines the
benefits of TiO2 and NaTix(POs)s together, can be
regarded as a promising Ti-based anode material.
Thus, TiP207@C microflowers present the excellent
Even after 10000
cycles at 2 A g, there is still a capacity of 109 mAh g,
corresponding to a retention of 88%.

electrochemical performances.
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Figure S2 EDS spectrum of TiP2O7@C.

Figure S3 SAED pattern of TiP207@C.
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Figure S7 SEM images of (a) TiOz, (b) TiP20y;, (c) NaTiz(POs)s.
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Table S1 The sodium-storage properties of the reported Ti-based anodes.

TSINGH
UNIVERSITY PRESS

Capacit Cycle Capacit
Ti-based anode pactty y p' Y Ref.
[mAhg] life retention [%]

B-TiO2(B)-P 90.2at10A gt 5000 86 1
Branched TiO2/C  283.5at02 A g 1000 86.1 2
TiO2-BP-S 290 at0.3 A gt 300 72.5 3
P-modulated

) 190 at10 A g 5000 93 4
TiO2
TiO2(A/B)-MS 125at3.35 A g 1000 100 5
TiO2 SNTs 107.4 at 5A g1 4000 82.2 6
OVs-TiO2x 125at2 A gt 3600 78 7
TiO2@Ti3C2Tx 102 at 0.96 A g 5000 97.1 8
TiO2 136 at2 A g 600 89 9
CNS-S@TiO2 215at2 Ag? 1000 69.4 10
R-TiO2x-S 128.5at 10 A g 6500 100 11
P-TiO2 141 at3.35 A g 1000 94 12
TiO2/C HRTs 1539 at3.35 A g! 14000 100 13
TiO-G 90at3.35Ag! 5000 100 14
TiO2@CNT@C 165at1 A gt 1000 93 15
B-TiO2(B) 809at3.35A g1 5000 94.4 16
MWTOG 162 at1.675 A g 7000 92.6 17
NC TiO2-Y 90.6 at8.35 A g1 3000 95.5 18
TiO2 105at 0.05 A g 600 100 19
I0am-TiO2 105at2 A g 500 52.5 20
G/P-RTiO2 144.5 at 3.35A g1 4000 94.4 21
TiO:/C 7lTat1Ag! 500 100 22
S-TiO2 136 at3.35 A g 4400 91 23
C-TiO2 180 at1.675 A g 500 100 24
TiO2@C 136 at 0.64 A g 500 90.6 25
TiO2-F/CNTs 190 at0.1 Ag? 100 97 26
G-TiO2 110at0.5A g1 4000 55 27
TiO2 155at 0.033 A g 200 99.7 28
C-TiO2 9latl.65Ag! 50 90.7 29
TiO2 165at0.1 Ag? 500 68.8 30
TiONNPCS 152 at 0.67 A g 3000 100 31
TiO2@NFG 162 at 0.67 A g 2200 90 32

This
TiP207@C 108 at2 A g 10000 88
work
@ Springer | www.editorialmanager.com/nare/default.asp
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