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ABSTRACT: The manipulation of the chemical environment of P by
forming phosphorus-titania—carbon (P—TiO,—C) composite leads to a
high-performance anode material with a reversible capacity of 1147 mA h
g~ at a current density of 100 mA g~', a high rate capacity retention of
81.5% for charging/discharging rate increasing from 100 to 1000 mA g~!, 2,
and a good cycle stability (540 mA h g™" at a current density of 1 A g™" is
maintained after 100 cycles). The excellent electrochemical properties of
the composite anode originate from the changed chemical states of both
TiO, and P, providing an effective strategy in designing high-performance

sodium ion battery anode materials.
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hosphorus (P) has been considered as a promising anode

material for sodium ion batteries (SIBs), due to its high
theoretical capacity (2596 mA h g™') and reasonably low redox
potential (~0.45 V vs Na/Na*), implying achievable high
energy density.'~'> However, the intrinsic low conductivities
(~107'* S cm™), the huge volume expansion (390% of its
original volume), and the instability of the P species in the
electrolyte result in low practical capacity, inferior cycle
stability, as well as low initial Coulombic efficiency for the
phase pure P-based anodes.'*™**

Numerous attempts have been made to tackle the above
outstanding issues, aiming to achieve high reversible capacity
and cycle stability simultaneously. Forming phosphide is found
to improve cycle stability of the anode but at the expense of
significantly reduced capacities far below the respective
theoretical values of these materials.***~>* Recent work of P-
core/phosphide-shell leads to significantly improved electro-
chemical properties, representing an alternative phosphide-
based approach to stabilize the P during cycling while
maintaining its reversible high capacity.'” On the other hand,
composite approaches using P and C appear to be promising,
and demonstrations of very high capacity (~1900 mA h g™')
and long cycle life are recently shown in a P—C composite
fabricated by thermal evaporation methods.'® Nonetheless, the
performance of the P—C composites are found to be
dependent on their fabrication methods.”” The large amount
of carbon (usually >30%)"? in the composite is also a concern.
The low density (~2.16 g cm™ for carbon materials)’*, high
specific area, poor air stability and low operating voltage (<0.1
V vs Na/ sz’)35 of these carbonaceous materials usually result
in low volumetric capacity, low Coulombic efliciency, auto-
ignition (e.g., some P/C samples are flammable in air), and

-4 ACS Publications  © 2018 American Chemical Society

661

possible sodium plating in the composites electro-
des. 0122136738 The higher the carbon content, the more
significant these problems are. In this regard, reduced carbon
content in the electrode, if not a complete elimination, is
desired, and search of non-carbonaceous materials that can
carry out similar functions as those of carbon is in need.

A possible candidate for such an application is TiO,, which
is a low cost and environmentally friendly ceramic with high
density (3—5 g cm™, depends on the crystal phases)’*, high air
stability, and suitable sodiation/desodiation potentials (~0.7 V
vs Na/Na®). In fact, it has been studied as an anode itself, or as
stable matrix to enhance the electrochemical performance of
the Sb-based and Sn-based anodes in SIBs.>’~*° However, it
remains unclear whether TiO, can work with P, in which case
one would need synergistic mechanisms that can enhance the
electronic conductivity of TiO, (intrinsically low electronic
conductivity ~107> S cm™")*” as well as provide a suitable
chemical environment for phosphorus so that it can survive the
cycling process and release high capacity.

In the present work, we have synthesized P—TiO,—C
composites by a simple, low-cost, and easily scalable high-
energy ball milling (HEBM) method. We show that the
introduction of TiO, leads to a composite anode with higher
capacity, higher rate performance, and comparable cycle
stability to that of P—C composite fabricated with the same
method. Detailed studies on the chemical states of the
compositional elements before and after the composite
electrode formation disclose the origin of the superior
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Figure 1. (a) XRD patterns of the P—TiO,—C composite sample; the XRD results of the P, TiO,, and C source materials are also shown for
comparison. (b) SEM image showing the particle like morphology of the sample. (c) STEM high-angle annular dark field image and EDS maps of

the P—TiO,—C composites. The scale bar is 250 nm.

performance of the electrode, that is, the modified local
chemistry of both TiO, and P in the composite sample. The
present work sheds light on the general understanding of
manipulating the chemical environment in the electrode
material for improved electrochemical performance and
provides an effective strategy for designing high-performance
sodium ion battery anode.

Figure la shows the X-ray powder diffraction (XRD)
patterns of the as-milled P—TiO,—C composites with an
optimized weight ratio of P/TiO,/C as 6:2:2 (Figure S1).
XRD taken from the starting source material of P, C, and TiO,
are also shown for comparison. The main diffraction peaks can
be indexed to those of anatase and rutile TiO, (JCPDS no. 1-
1292 and 4-477 for rutile and anatase TiO,, respectively). No
other distinct diffraction peak is found, suggesting the poor
crystallinity/amorphous nature of both red P and carbon in the
composite sample. This is consistent with the TEM
observation of the sample (Figure S2), i.e.,, one can see small
crystallites of ~15 nm embedded in an amorphous back-
ground. Compared to the source TiO,, the increased full width
at half maximum (fwhm) (Figure S3) of the corresponding
diffraction peaks suggest deteriorated crystallinity of TiO, in
the composite after ball milling. Figure 1b shows the scanning
electron microscopy (SEM) image of the composites, in which
featureless particles with diameters ranging from hundreds of
nanometers to ~1 pm appear to be agglomerated. Figure Ic
shows the HAADF image and the corresponding energy
dispersive spectrometer (EDS) maps of the composite sample.
A mixture of P, C, Ti, and O can be found, while the Ti signal
always overlaps with that of O, and a mismatch among P, C,
and Ti/O is constantly observed below a ~100 nm scale.

Figure 2a compares the Raman spectra of C, TiO,, red P
starting materials, and the P—TiO,—C composite. The two
bands at 1352 and 1589 cm™' observed in the C starting
material (green) are known as the defect-induced (D) band
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Figure 2. (a) Raman spectra comparison of the P—TiO,—C
composites and the red P, TiO,, and C starting materials. (b)
EELS Ti L, ;-edge fine structure comparison of the P—TiO,—C and
TiO, starting materials. (c) O K edge fine structures taken from the
same sample as (b).

and graphitic-induced (G) band of carbon.*® The Raman
spectrum taken from TiO, (black) shows three bands at 397,
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Figure 3. XPS results of (a) Ti 2p, (b) O 1s, (c) P 2p, and (d) C 1s of the P=TiO,—C composites.

517, and 637 cm ™, being characteristic of anatase TiO,."” The
shoulder at 610 cm™' and the small peak at 448 cm™ come
from the rutile phase*® of the same material. The Raman
spectrum of the P source (blue) shows three bands from ~300
to 500 cm™', which can be assigned to the B!, A', and E'
modes of red P.** After ball milling, the D and G bands
preserve in the Raman spectrum of P—TiO,—C composite
(red) but shift to 1337 and 1606 cm ™', respectively. A shoulder
at ~400 cm ™" can be found in the same spectrum, but features
being characteristic of TiO, or P are lost. The downshift of the
D band and the upshift of the G band suggest change in the
structure of the original carbon owing to new defects
generation.”® The disappearance of the spectra fingerprints in
the cases of red P and TiO, indicates that the chemical
environment of P and TiO, are likely modified. The
crystallinity/structural deterioration of the TiO, after the
composite formation is also evidenced in the EELS spectra
taken from such a sample. Figure 2b compares the Ti L,;
edges of the TiO, source materials (black) and the P—TiO,—C
composites (blue). In the TiO, source material, the fine
features of t,; and e, as resulted from the crystal field splitting
are clearly observed in both L; and L, edges. This is
determined by the local symmetry of the Ti—O tetrahedral/
octahedral.”’ Then, the disappearance of the tye and e, splitting
in the composite suggests deterioration of the structural
symmetry, likely due to the incorporation of C and/or P into
the TiO, lattice. Consistent results are obtained at the O K
edge (Figure 2c).

Figure 3 shows the X-ray photoelectron spectroscopy (XPS)
of the compositional elements in the P—TiO,—C sample.
Figure 3a is a high-resolution scan of the Ti 2p peak, the fitting
of which gives two sets of doublets (Ti 2p;/, and Ti 2p, ;) with
one set peaking at 458.93 and 464.63 eV and the other at
460.53 and 466.23 eV. Those two doublets can be attributed to
the Ti—O—C>>>’ and Ti—O—P.>*>° This represents a
significant change of the Ti chemical states from the starting
TiO, source material (Figure S4a) to the composite. The Ti 2p
XPS of the TiO, source material is fitted by one set of doublets

663

at ~458.52 and ~464.22 eV, both of which can be attributed to
Ti*, being consistent with that of TiO,*° in high purity. The
observed blue shift in the composite sample (vs the source
material TiO,) can be understood as possible phosphorus and
carbon diffusing into the lattice of TiO,, in which case Ti is
replaced by P or C species with higher electronegativity.”"’
The O 1s XPS spectrum in Figure 3b can be fitted by peaks at
531.52 and 532.96 eV, corresponding to the binding energy of
Ti—O—C/Ti—O—P/P—0/0—C and O=C,”**’ respectively.
The feature is completely altered from that of a typical TiO,,
which is centered at 529.63 eV (Figure S$4b).°° This is
consistent with the changes observed in the XPS results of Ti.
The presence of O=C suggests surface oxidation of the
sample. The P 2p XPS are shown in Figure 3¢, in which two
sets of fitted doublets can be found. The doublet peaks at
129.83 and 130.7 eV are attributed to the elemental P, while
the other peak pairs at 133.7 and 134.57 eV originate from
chemically bonded P in P—C, Ti—O—P, and/or P—O (the
chemical shifts of these binding states are too small to be
distinguished).”" The fact that the binding energy of P in the
composite sample blue shifts (vs elemental P) suggests that
metal phosphide is not likely formed in the composite.”’ As a
comparison, the P in the source material stays in its elemental
form (slight oxidation exists), as shown in Figure S4c. The C
Is spectrum taken from the composite sample is shown in
Figure 3d. It can be fitted by three peaks, corresponding to C—
C (284.8 eV), P—C/Ti—O—C/C=C (284.35 eV), and O—C/
0=C (286.33 eV).”? Compared to the XPS taken from the
starting C material, the main peak in the composites shifts to
low binding energies, likely due to the newly formed chemical
bonds of P—C/Ti—O—C (Figure S4d). We have also carried
out infrared spectroscopy (IR) to further examine the local
chemistry of P—TiO,—C composite (Figure S5). The spectra
of P, TiO,, and C source materials are also shown for
comparison. Few features are observed in the IR spectra taken
from either P or C, while a broad peak for TiO, appears at
~500—800 cm™'.°*** In the P—TiO,~C composite, despite
the peak at ~500 cm™ for the modified TiO,, peaks at ~1160

DOI: 10.1021/acsaem.8b01666
ACS Appl. Energy Mater. 2019, 2, 661—667


http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01666/suppl_file/ae8b01666_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01666/suppl_file/ae8b01666_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01666/suppl_file/ae8b01666_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01666/suppl_file/ae8b01666_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01666/suppl_file/ae8b01666_si_001.pdf
http://dx.doi.org/10.1021/acsaem.8b01666

ACS Applied Energy Materials

(a)

(b)

. T ] 2.0
< 2 052V _qst
E 1 > 1.5 __qst
o P ___ond |
§ 0 ] 1.0 2 N
5 = 05 — st
© Yoy >
ey 0.0 : ; .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 400 800 1200 1600
( ) Voltage / V ( d) Capacity / mA h g'1
C
1600 . - 2 :
‘o 4 ] E
= | 01Ag" 02A g’ p 0. o 9100* O—
< 1200 088888900000 05Ag" 1Ag" o8ogeg| & O\G\‘
£ 800000 4 @ P
- goC000 ° P-TiO.-C 81.5%
2 800{ O P-TiO,-C Charging ; 50/ 2
§ O P-TiO,-C Discharging 5
S 400 : , : J 2 : : : : :
© 6 12 18 24 3 § o 200 400 600 8010 1000
(e) Cycle number Current density / mA g
2000 —~ T T T T 100
‘o 1600_5 o Charging 1 Ag'1 o Discharging 1 Ag'1 o Efficiency 1 Ag'1 180 §
=
< 1200_@ o Charging 0.5Ag'1 o Discharging 0.5 Ag‘1 Efficiency 0.5Ag'1 {60 2
£ 2
> 800 g
'S L
8 400
Qo
©
o 0 T T T T 0
0 20 80 100

40
Cycle number

Figure 4. Electrochemical performance of the P—TiO,—C composites: (a) CV plots scanned at a rate of 0.05 mV s™" in the voltage range of 0.01—2
V; (b) charge/discharge curves at a constant current density of 100 mA g™'; (c) rate performance measured at current densities of 100, 200, 500,
and 1000 mA g% (d) capacity retention at different current density; and (e) cycle stability measured at current densities of 0.5 and 1 A g™".

and 1005 cm™ show up, which can be ascribed to the P—0O/
P—C">% and Ti—O—P/Ti—0—C*>°"* bonds, respectively.

The electrochemical performance of the P—-TiO,—C
composites anode has been evaluated by assembling them
into coin cells with sodium as both the reference and counter
electrode. Figure 4a shows the cyclic voltammetry (CV) profile
of the P=TiO,—C composites. In the initial cathodic scan, a
weak and broad peak occurs at ~0.9 V, which can be ascribed
to formation of the solid electrolyte interphase (SEI). Another
sharp peak appears at ~0.01 V, corresponding to the initial
sodium ion insertion and formation of Na P (1< x < 3)."” In
the next four cathodic scans, despite the sodiation peak at
~0.01 V, another two peaks centered at ~0.4 and ~0.17 V
repeatedly show up, and the peak intensities slightly increase
along with cycling. The three cathodic peaks indicate the
stepwise sodiation of P during cathodic scan.”’ The potential
difference between the first and later cathodic cycles as well as
the increased peak intensities may be ascribed to an activation
process of the electrode. In the anodic scans, repeatable peaks
appear at ~0.52 and 0.75 V, which originate from the stepwise
sodium ion extraction from the charged Na,P phase, being
consistent with most of P-based anodes.”>”" Although both C
and TiO, are active for sodiation/desodiation, their respective
capacities (theoretical values of both around 300 mA h
g1)’"?”* are significantly lower than that of P (theoretically
~2600 mA h g™'). Considering the amount of C and TiO, in
the composite sample and their respective sodiation/
desodiation potentials, their redox peaks should be buried
under those of P and remain indiscernible, suggesting their
minor roles in contributing to the total capacity of the anode.

Figure 4b shows the charge/discharge profiles of the P—
TiO,—C composites in the initial five cycles. The first
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discharging capacity is measured to be 1496 mA h ¢!, and
the first charging capacity is 1147 mA h g™/, corresponding to a
high initial Coulombic efficiency of 77%. The capacities are
calculated based on the mass of the composite including TiO,
and C. Due to the little capacity contribution from the TiO,
and C, the high capacity of the P—TiO,—C composites would
majorly originate from the active P species inside the
composites (Figure S6). These are much higher when
compared to the P—C composite electrode without TiO,
incorporation (Figure S1). The charging capacity is stable in
the subsequent cycles, suggesting that the sodiation—
desodiation process is highly reversible. The rate capacity of
the P—TiO,—C composites is shown in Figure 4c. The anode
delivers a discharge capacity of 1154.6, 1129.2, 1052.6, and
958.9 mA h g_1 at the current densities of 100, 200, 500, and
1000 mA g, respectively. The capacity is retained as 81.5%
when the discharge rate increases from 100 to 1000 mA g~
(Figure 4d), which is much higher than the 68.5% capacity for
the P—C composite electrode without TiO, incorporation
(Figure S7). To reveal the cycle stability of the P—TiO,—C
composites, the electrode is galvanostatically discharged and
charged at 100 mA g~" for the first two cycles and then charged
and discharged at 0.5 and 1 A g for the following cycles
(Figure 4¢). The electrode can be steadily cycled for 100 cycles
with a high capacity of 632 and 540 mA h g™' at the current
density of 0.5 and 1 A g, respectively. The cycling
performance is comparable with most of the ball milling P/C
composites electrodes.”® One shall note that the P—TiO,—C
composites show low transfer resistance after the first cycle
(from EIS measurement, Figure S8), indicating its good
electronic conductivity. After 100 cycles, the transfer resistance
is found to increase, likely due to the possible volume change
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and the chemical instibility of the elelctrode during cycling.
Consequently, the deteriorated conductivity contributes to
capacity fading after 100 cycles.

The excellent performance of the P—TiO,—C composite
anode is ascribed to the synergistic effect originating from the
specific combination of P, TiO,, and C. When considering the
capacity, the conductivity, the volume expansion, and the
stability, P, TiO,, and C are complementary to each other. P
has the highest theoretical capacity of ~2600 mA h g™/, but it
suffers from low conductivity (~107"* S cm™), huge volume
expansion, and instability in electrolyte during cycling. TiO, is
a stable ceramic but has low capacity and electronic
conductivity (~107% S cm™). C material is stable and has
good conductivity but is limited by its low capacity. When
compositing those three species together into P—TiO,—C with
creating proper chemical environments, a synergistic effect
arises from the doping of TiO, by P and/or C (leading to
significantly improved conductivity”> (~3 X 107 S cm™,
Table S1)), as well as stabilization of P by the Ti—O—P and/or
P—C chemical environment. The higher reversible capacity of
the P—TiO,—C composite sample (vs P—C composite)
suggests the existence of a more active chemical state of
phosphorus.

The cycle life of the P—TiO,—C composite electrode is
limited by the presence of elemental P in the electrode. The
present ball-milling method is ineffective in transferring all
elemental P to those of Ti—O—P. This is also the reason why
carbon is still needed to accommodate some P by forming P—
C bonds. A more effective method to completely transfer
elemental P to Ti—O—P is currently being sought.

In conclusion, we show that forming P—TiO,—C composites
leads to changes of local chemistry in both titanium oxide and
phosphorus, improving the electronic conductivity of the
former and stabilizing the latter during repeated sodiation/
desodiation cycles. The resulting composite anode thus
delivers a high reversible capacity of 1147 mA h g™' at a
current density of 100 mA g ' with good cyclability. Such a
composite electrode also shows excellent rate performance by
maintaining 81.5% of its original capacity when the discharge
rate increased from 100 to 1000 mA g~

B EXPERIMENTAL SECTION

Synthesis of the P—TiO,—C Composites. Red phosphorus in
size of 100 mesh and titanium oxide (an anatase and rutile titanium
oxide mixture) were purchased from Aladdin Industrial Co., Ltd., and
carbon powder was obtained from Sigma-Aldrich. P—TiO,—C
composites were prepared by ball milling under an argon atmosphere.
In order to investigate an optimized ratio for the P—TiO,—C
composites, the weight ratio of P/TiO,/C was set to 6:4:0, 6:3:1,
6:2:2, 6:0:4, and 7:2:1 for preliminary electrochemical tests. The
weight ratio of milling balls (stainless steel) to powders was 20:1. The
rotation speed of the mill was set to 500 rpm for 48 h.

From preliminary electrochemical tests in SIBs, the P—TiO,—C
composites with a ratio of 6:2:2 show the best electrochemical
performance in terms of capacity and cycle stability (Figure S1),
Therefore, all the data discussed in the main text refers to P—TiO,—C
(6:2:2) composites unless otherwise specified.

Characterization. X-ray diffraction (XRD, SmartLab, Rigaku)
with a Cu—Ka radiation source (1= 0.1541 nm) was used to
characterize the crystallinity and phases of the samples. Scanning
electron microscopy (SEM, JSM-7800F, JEOL) was performed to
reveal the morphological features of the samples. Transmission
electron microscopy (TEM)-based techniques were carried out using
a Tecnai F20 ST (FEI) microscope operating at 200 kV. Element
mapping taken in the STEM model was performed by using energy-
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dispersive X-ray spectroscopy (EDS). Electron energy loss spectros-
copy (EELS) was carried out to disclose the electronic structure of the
composition sample. The chemical states of the compositional
elements of the samples were analyzed by X-ray photoelectron
spectroscopy (XPS) (Thermo Scientific, Escalab 250Xi). The
electronic conductivity of the composites was measured by a four-
point probe method. Raman analysis was performed using a Micro
Raman spectrometer (RM-1000, Renishaw Co., Ltd.) with a 10 mW
helium—neon laser at 514 nm. The local chemistry of the samples was
examined by a Fourier transform infrared spectrometer (FTIR,
Nicolet 670, Thomas Nicolet, Waltham, MA).

Assembly of a 2032 Coin-Type Half-Cell with Na as the
Anode. The electrodes were prepared by spreading a slurry of 70 wt
% active materials (P—TiO,—C composites), 20 wt % multiwalled
carbon nanotubes (MWCNTs), and 10 wt % sodium carboxyme-
thylcellulose (CMC) binder (without any other additional additive)
on a copper foil substrate to form a thin film. The mass loading of the
active materials within the film was about ~0.9 mg cm™. A mixture of
1 M NaClO, in propylene carbonate/fluoroethylene carbonate (PC/
FEC, 95:5 in volume) was used as the electrolyte. Cyclic
voltammertry (CV) scanned at a sweep rate of 0.05 mV s™' and
electrochemical impedance spectroscopy (EIS) performed in the
frequency between 100 kHz and 10 mHz with an amplitude of 10 mV
were measured on a CHI660c electrochemical workstation (ChenHua
Instrument Co., China). The galvanostatic charge/discharge test was
conducted on a LAND CT2001A battery test system. To reveal the
cycle stability of the P—TiO,—C composites, the electrode was
galvanostatically discharged and charged at 100 mA g~" for the first
two cycles and then at 0.5 and 1 A g~ for the following cycles.
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