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ABSTRACT Maintaining structural stability is a great challenge for high-capacity conversion
electrodes with large volume change but is necessary for the development of high-energy-density,
long-cyding batteries. Here, we report a stable phosphorus anode for sodium ion batteries by the
synergistic use of chemically bonded phosphorus—carbon nanotube (P—CNT) hybrid and cross-
linked polymer binder. The P—CNT hybrid was synthesized through ball-milling of red phosphorus
and carboxylic group functionalized carbon nanotubes. The P—0—C bonds formed in this process
help maintain contact between phosphorus and CNTs, leading to a durable hybrid. In addition,
cross-linked carboxymethyl cellulose—citric acid binder was used to form a robust electrode. As a
result, this anode delivers a stable cycling capacity of 1586.2 mAh/q after 100 cycles, along with
high initial Coulombic efficiency of 84.7% and subsequent cycling efficiency of ~99%. The unique
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electrode framework through chemical bonding strategy reported here is potentially inspirable for other electrode materials with large volume change in use.
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he rapid adoption of electrical vehi-
Tcles and intermittent energy sources

such as solar and wind power requires
reliable, low-cost, and efficient electric en-
ergy storage systems. Lithium ion batteries
(LIBs) have achieved great success in the
past two decades due to their high energy
density and are being pursued for these
growing applications.''* However, due to
the limited supply of lithium precursor and
its uneven global distribution, the cost of
LIBs may increase severely in the foresee-
able future.’>~2° Therefore, it is essential to
develop new low cost and sustainable en-
ergy conversion and storage technology. In
this respect, room-temperature sodium ion
batteries (SIBs) are attractive for energy
storage due to the abundance and low price
of sodium resources.?’* Critical obstacles
still exist in the commercialization of SIBs,
with the lack of suitable anode materials
being one of the greatest, since commercial
graphite anodes in LIBs hardly accommo-
date sodium ions due to size mismatch
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between sodium ions and the graphite
lattice and thermodynamic instability of
the Na—graphite system.?**° Conversion
material can usually offer a higher capacity
than that of graphite, making them promis-
ing candidates. Unfortunately, crystalline
silicon, which has been widely studied in
lithium ion batteries, is inactive to sodium
insertion at room temperature.?’

Recently, phosphorus has been identified
as a promising anode for SIBs due to its high
theoretical capacity of 2595 mAh g~ ', the
highest among existing SIB anodes.3273¢ In
addition, its low price makes it attractive as
an active material for large-scale batteries.
Despite these advantages, the large volume
change of phosphorus upon sodiation/des-
odiation (>300%) makes achieving high
practical capacity with long cycle life diffi-
cult. Similar to silicon in LIBs, this volume
change is expected to cause poor electrical
contact between phosphorus particles and
the conducting matrix, pulverization of
phosphorus particles, delamination of the
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Figure 1. (a) XRD patterns of red phosphorus (P), carbon nanotube (CNT), and ball-milled P—CNT hybrid. (b) Raman spectra of
ball-milled red phosphorus (P), carbon nanotube (CNT), and P—CNT hybrid.

electrode, and growth of an unstable solid—electrolyte
interphase (SEI). Consequently, phosphorus anodes
commonly show fast capacity fading, low Coulom-
bic efficiency, and electrode deterioration upon
cycling.?* To address these issues, the phosphorus—
carbon composites, including phosphorus—carbon
black and phosphorus—raw carbon nanotube, were
developed as sodium ion battery anodes via ball-
milling or hand-milling methods. The mechanical force
enables relatively good distribution of phosphorus
particles in the carbon matrix, thus enhancing the
conductivity of the composites.3>7>* Although this
research shows some encouraging results for high
reversible capacity, relatively fast capacity fading
(<60% retention after 100 cycles) and limited cycle life
(30 cycles) were shown.2273% The unsatisfactory elec-
trochemical performances may due to the poor physi-
cal interaction between phosphorus particles and
carbon matrix, which cannot endure the large volume
changes of phosphorus electrode upon cycling.?’=®
Very recently, Wang et al. developed a red phosphorus/
carbon nanotube composite anode via a vaporization—
condensation approach.>® The mechanically strong
CNT network can enhance the conductivity of the
composite, and thus, this composite anode delivered
a capacity of ~550 MAh/gcomposite UPON extended
200 cycles at 500 mA/g. This indicates that the main-
tenance of electrical conductivity of phosphorus
and structure integrity of the electrode play a critical
role in the electrochemical performance of phos-
phorus-based anodes. In view of these promis-
ing works, the strong interaction beyond physical
interaction between phosphorus particle and conduc-
tive matrix used in the aforementioned literature
is desirable for high-performance phosphorus-based
electrodes.

Recent work found that chemical bonding between
carbon and phosphorus can help maintain the close
contact of phosphorus and carbon during cycling,
thereby improving the cycling life.3”*® Despite the
important role of chemical bonding in maintaining
electrical contact, it is insufficient for maintaining the
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structure of the whole electrode, composed of many
particles and multiple components (active materials,
conductive additive, binder, and current collector)
in terms of the huge volume change upon cycling.
In addition, the reported layer-structured graphene
sheets exhibit a large irreversible capacity loss, limiting
the initial Coulombic efficiency of the phosphorus-
based anode.*® Thus, novel phosphorus—carbon com-
posite electrode materials with robust and durable
binding of different electrode components is desirable
for developing long cycle life, high energy density
sodium ion batteries.

Here, we report a stable phosphorus anode for
sodium ion batteries by integrating red phosphorus
(P), carbon nanotubes (CNTs), and polymer binder
through multicomponent chemical bonding. To this
end, red phosphorus was chemically bonded to the CNTs
via P—O—C bonds formed during ball-milling the mix-
ture of phosphorus and carboxyl-groups-functionalized
CNT. These P—CNT hybrid particles were further bonded
together with a cross-linked polymer (sodium carboxyl-
methyl cellulose—citric acid, c-NaCMC—CA) to form a
robust electrode. The —OH group of NaCMC is not only
cross-linked with citric acid but also chemically bonded
with carboxyl group functionalized CNT via esterification.
Thanks to close contact and its durable structure due to
chemical bonding, the P—CNT composite anode with
cross-linked polymer binder delivered a specific capacity
of 2134 mAh g~ with a good cycling stability (~91%
capacity retention relative to the second-cycle capacity)
for over 100 cycles.

RESULTS AND DISCUSSION

The P—CNT hybrid was prepared by a facile ball-
milling approach. Briefly, commercial red phosphorus
and carboxyl group functionlized CNTs (7:3, weight
ratio) were placed in a stainless steel ball-milling jar
under argon atmosphere, followed by ball-milling,
yielding P—CNT hybrid (see the Experimental Section
for details). Figure 1a shows the diffraction pattern
of ball-milled P—CNT hybrid; only a few very broad
peaks are observed, indicating its amorphous structure.
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Figure 2. (a) SEM image of pristine phosphorus particles. (b) Low and high (inset) magnification SEM images of the P—CNT
hybrid. (c) High magnification TEM image of P—CNT hybrid. (d) Medium magnification TEM image and (e and f) corresponding
energy filtered element mapping of the P—CNT hybrid: (e) carbon and (f) phosphorus.
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Figure 3. (a) FT-IR spectra of P, CN,T and P—CNT hybrid. (b) P 2p XPS spectra of P and P—CNT hybrid.

This is further demonstrated by the apperance of a
diffuse ring in the selected area electron diffraction
pattern of the P—CNT hybrid (Figure S1). The disappear-
ance of graphitic reflection peaks (25.9° and 42.7°) seen
in pristine CNTs is most likely due to shortening and
deformation of the CNTs under mechanical impact
and shear force during ball-milling.3® This is further
confirmed by the increased intensity of the D band of
the C—C bond in the Raman spectra of the P—CNT
hybrid as shown in Figure 1b. The P—CNT hybrid
particles (Figure 2b) were found to be much smaller
than the bulk phosphorus particles (Figure 2a), ranging
from submicron to a few microns in size. The high-
magnification transmission electron microscopy (TEM)
image (Figure 2c) revealed that the CNTs were closely
attached to the surface of red phosphorus particles. To
further clarify the structure of P—CNT hybrid, elemental
mapping was conducted using energy-filtered TEM
(EF-TEM) as shown in Figure 2d—f. The carbon and
phosphorus can be found all over the samples, indicat-
ing the uniform mixing of phosphorus and CNT in the
hybrid. The primary domains of phosphorus in the
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hybrid as indicated by the phosphorus element map-
ping (Figure 2f) are in the range of 10—200 nm. The
uniform distribution of phosphorus and carbon and
their intimate contact allow for fast electron transfer.*°

Mechanical force has previously been shown to in-
duce formation of covalent bond in other phosphorus/
carbon composite materials.3”* Fourier transform infra-
red spectroscopy (FT-IR) and X-ray photoelectron spec-
troscopy (XPS) were conducted to investigate the
interaction between amorphous P and CNTs in the
P—CNT hybrid. The appearance of P=0 (1160 cm ™)
and P—O (1080 cm™") characteristic peaks in the FT-IR
spectra (Figure 3a) of phosphorus indicated the exis-
tence of a thin layer of phosphorus-based oxides due to
oxidation when exposed to air.*"*? Noticeably, a new
peak centered at 1008 cm ™" appears in the FT-IR spectra
of the P—CNT hybrid. This indicates the formation of
P—O—C bonds during ball-milling.3® Three peaks cen-
tered at 129.8, 130.7 (shoulder peak), and 134.8 eV were
observed in the P,p XPS spectrum of the phosphorus
(Figure 3b). The peaks at 129.8 and 130.7 eV can be
attributed to the P53/, and Py, respectively.*** The
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Figure 4. (a) Cross-linked polymer binder formed by thermally induced condensation of carboxymethyl cellulose and citric
acid (c-NaCMC—CA). (b) Interaction between P—CNT hybrid and c-NaCMC—CA binder; (c) FT-IR spectra of citric acid (CA),
NaCMC, c-NaCMC—CA, and NaCMC—CNT. Photo images of (d) c-NaCMC—CA film and (e) NaCMC—CNT composite film after

2 days' storage in deionized water at room temperature.

relatively broad higher binding energy peak at 134.8 eV
arises from phosphates.*? In contrast, in the P2p spec-
trum of the P—CNT hybrid, an additional peak is ob-
served at medium binding energy (~132—133 eV). This
may arise from the P—O—C or P—C bonding; however,
the characteristic peak (~700 cm™") of P—C bond does
not appear in the Raman spectra (Figure 1), suggesting
that the binding energy shift of P, in the P—CNT hybrid
is due to the formation of a P—O—C bond.3"8 This result
is also consistent with the FT-IR observations. This
chemical bonding enables the CNT to bind strongly
with the phosphorus particles and thereby helps pre-
vent the loss of electrical contact between phosphorus
particles and the conducting carbon network during
electrochemical cycling, increasing the durability of the
structure.

Polymer binder, one of the major components in an
electrode, plays an important role in cell electrochemi-
cal performance, especially for the cycle life and irre-
versible capacity losses.>' "> As mentioned previously,
phosphorus can have a large volume change of over
300% during charge and discharge, making it difficult
to maintain the electrode structure. To integrate
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P—CNT hybrids particles into electrodes with good
structural stability, a novel polymer binder with a
cross-linked network structure was exploited. This
was accomplished by utilizing aqueous NaCMC as a
polymer matrix and citric acid as a cross-linker. In situ
formation of the network was conducted by drying
electrodes composed of P—CNT hybrid, conducting
additives, NaCMC, and CA at 150 °C (see details in the
Experimental Section). The chemical bonding between
these electrode components was schematically shown
in Figure 4ab. To elucidate the interactions among
NaCMC, CA, and the P—CNT hybrid, NaCMC—CNT
composite and ¢-NaCMC—CA film were prepared
following the same protocol and characterized by
FT-IR spectroscopy, as shown in Figure 4c. When citric
acid was introduced as a cross-linker to NaCMC, the
new peaks at 1724 and 1592 cm™' were observed,
which are attributed to carbonyl (—C=0) and carbox-
ylate (O=C—O0) in ester groups, respectively. These
changes indicate that NaCMC was cross-linked by
CA through the esterification reaction between —OH
of NaCMC and —COOH of CA.***” The NaCMC can be
easily dissolved in water and is a well-known aqueous
VOL.9 = NO.12 = 11933-11941 = 2015 @M\()
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Figure 5. (a) Initial charge—discharge voltage profiles of P—CNT mixture with NaCMC binder (P—CNT mixture/NaCMC),
P—CNT hybrid with NaCMC binder (P—CNT hybrid/NaCMC), and P—CNT hybrid with cross-linkd NaCMC-CA binder (P—CNT
hybrid/c-NaCMC—CA). (b) Cycling stability and (c) Coulombic efficiency of the P—CNT mixture/NaCMC, P—CNT hybrid/
NaCMC, and P—CNT hybrid/c-NaCMC—CA electrode at a current density of 260 mA g~ for activation and thenat 520 mA g '
in the subsequent cycles. (d) Rate performance of the P—CNT hybrid/c-NaCMC—CA electrode. All of the capacity was

calculated based on the mass of phosphorus.

polymer binder, while the c-NaCMC—CA film remains
undissolved after 2 days' storage in deionized water
(Figure 4d). This further demonstrates the cross-linked
nature of the c-NaCMC—CA system. The NaCMC has
—OH groups that can chemically bond with carboxyl
groups on CNTs, supported by the new carboxyl-
ate (0=C—O0) stretching peak (1592 cm™') of ester
groups.'"*® This was further confirmed by the insolu-
ble CNT—NaCMC film (Figure 4e) in deionized water.
Strong interactions through chemical bonding of the
binder to active material have been previously identi-
fied as one of the most critical factors affecting the
stability of electrodes using high-volume-change
materials.>'" In addition, 3D-cross-linked networks
can also commonly endure large volume change with
less structural degradation than conventional lineal
polymer binders. This c-NaCMC—CA binder thus com-
bines both advantages into one robust package.

The covalent bonds between phosphorus, CNTs, and
the cross-linked polymer binder are expected to lead to
a significant improvement in the electrochemical per-
formance of the P—CNT anode over more conventional
phosphorus anode designs. To test this, electrodes
composed of P—CNT hybrid, carbon black, and
c-NaCMC—CA binder (70:15:15, weight ratio) were
used as working electrodes, and sodium was used as
counter electrodes. To demonstrate the important role
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of the chemically bonded P—CNT composite structure,
ball-milled phosphorus was hand-mixed with CNT and
used as a control sample, denoted as a P/CNT mixture.
In addition, the P—CNT hybrid anodes with just NaCMC
binder were also prepared following the same protocol
and compared with the cells with ¢-NaCMC—CA bin-
der. The cells were tested at a current density of
260 mA g~ ' at the first cycle for activation and then
switched to a higher current density of 520 mA g~ ' in
the subsequent cycles. All of the capacity was calcu-
lated on the basis of the mass of phosphorus in this
study considering the negligible capacity contribution
of CNT in sodium ion batteries (~30 mAh/g, Figure S2).
The typical initial charge/discharge voltage profiles of
these three samples in the voltage range of 0.01—-2 V
are shown in Figure 5a. The P—CNT hybrid anodes with
both NaCMC and c-NaCMC—CA binder show similar
voltage profiles: Two plateaus at around 0.60 and
0.25 V in the sodiation process and three plateaus at
around 0.5V, 0.7 and 1.4 V in the reverse desodiation
process were observed, which resemble the CV results
in Figure S3 and are also consistent with the litera-
ture.3® Noticeably, the P/CNT mixture anode has a large
polarization compared with the P—CNT hybrid anodes
and exhibits a relatively low specific capacity with a
large irreversible capacity loss in the first cycle. This is
also reflected by the very weak anodic peak in the CV
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curve of the P—CNT mixture anode in Figure S3. The
P—CNT hybrid anode delivers an initial capacity of
~2100 mAh g ' (corresponding to ~81% of the
theoretical capacity) with high initial Coulombic effi-
ciency (ICE) (>81%) with both NaCMC and c-NaCMC—CA
binder (Figure 5b,c). Both the capacity and ICE for the
hybrid anode with cross-linked polymer binder are
higher than that with NaCMC binder (2134.7 mAh g~
vs 21133 mAh g~ ', 84.7% vs 81.7%). More importantly,
the P—CNT hybrid anode with c-NaCMC—CA binder still
had a high capacity of 1586.2 mAh g™ after 100 cycles,
which is ~91.7% capacity retention relative to the
second-cycle capacity of 1729.4 mAh g~ '. Although
the P—CNT hybrid anode with NaCMC binder shows a

Figure 6. SEM images of the P—CNT hybrid anode with
NaCMC binder (a) before and (b) after 60 cycles. SEM images
of the P—CNT hybrid anode with c-NaCMC—CA cross-linked
polymer binder (c) before and (d) after 60 cycles.

faster capacity fading (~1046 mAh g~ after 100 cycles),
it still shows much better cycling life when compared to
the P/CNT mixture control sample (only 81 mAh g™’
after 100 cycles). To the best of our knowledge, this is the
first report of a phosphorus-based anode with such a
high reversible capacity (>1500 mAh g~') and capacity
retention (>90%) after 100 cycles.

We also evaluated the rate performance of the
anode using the P—CNT hybrid and c-NaCMC—CA
binder with current densities ranging from 200 to
52 Ag ', as shown in Figure 5d. As the current density
increased, a specific capacity of 2245, ~1770, ~1570,
and ~1340 mAh g~ was obtained at 200, 520, 1.3, and
2.6 A g, respectively. Even at 5.2 A g~ ', the hybrid
anode still can deliver a high reversible capacity
of ~850 mAh g~'. When the rate was restored to
520 mA g~ after 40 cycles of rate testing, the specific
capacity of the P—CNT hybrid anode returned to
1250 mAh g~ ', close to the 1270 mAh g~ ' from the
initial 520 mA g~ trial. This indicates that the anode
charge/discharge was reversible even at high current
density.

To better understand the effect of multiple chemical
bonding among electrode components, electrochemi-
cal impedance spectroscopy (EIS) and SEM character-
izations were performed. The Nyquist plots of these
electrodes in Figure S4 consist of a single depressed
semicircle in the high-medium frequency region and
an inclined line at the low frequency. The EIS spectra
at 20th cycle and 50th curves is almost overlapped
for P—CNT hybrid/c-NaCMC—CA anode; slightly and
much increased semicircle diameter were observed
for the P—CNT hybrid/NaCMC electrode and P—CNT
mixture/NaCMC electrode, respectively. According to
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Figure 7. Schematic illustration of structure evolution of the phosphorus-base anode during cycling.
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the literature and our previous study, the semicircle in
EIS spectra relates to the impedance of sodium-ion
transport through surface films and charge transfer
at the electrode/electrolyte interface.*’® Obviously,
without the chemical bonding between these elec-
trode components, the impedance increase a lot dur-
ing the cycle, suggesting an increased resistance for
charge transfer at the electrode/electrolyte interface
and Na™ transport through the surface films (SEl) for
the P—CNT mixture/NaCMC sample. The relatively
stable SEI and lower resistance of P—CNT hybrid/
c-NaCMC—CA electrode is believed due to chemical-
bonding-induced synergetic effects. The P—O-C
bonding in the P—CNT hybrid enables intimate elec-
trical contact of phosphorus and CNT, and thus toler-
ance for successive volume change of phosphorus
upon cycling. This leads to fast electron transfer and
better cycling stability, which was reflected by lower
polarization of the cell in Figure 5a and good rate
performance in Figure 5d. SEM images of the post-
cycling electrode in Figure 6 show large cracks in
electrodes with NaCMC binder, while the relatively
continuous morphology was observed by using
c-NaCMC—CA binder, suggesting well maintenance
of the electrode structure. As illustrated in Figure 7,

EXPERIMENTAL SECTION

Preparation of P—CNT Hybrid. The P—CNT hybrid was synthe-
sized through a simple ball-milling approach. The mixture of
commercial phosphorus (Afla Aesar, 99%) and multiwalled
carbon nanotubes functionalized with carboxylic acid groups
(1.55 wt % —COOH content, Chengdu Organic Chemicals Co.,
China) with a mass ratio of 7:3 was placed in a stainless steel jar
and sealed in a glovebox under argon protection, followed by
ball-milling for 1 day at a speed of 400 rpm.

Characterization. Powder X-ray diffraction (XRD) was collected
on a Rigaku Miniflex Il spectrometer with Cu Ka radiation. The
morphology of the P—CNT hybrid was investigated via scanning
electron microscopy (Nano630 FE-SEM). Energy-filtered trans-
mission electron microscopy (EF-TEM, JEOL 2010 LaBg) was used
for the microstructure investigation and elemental mapping.
Fourier transform infrared spectrometry (FTIR) was performed
on a Bruker Vertex V70 spectrometer in diffuse reflection mode
with a Spectra Tech Collector Il accessory. X-ray photoelectron
spectroscopy (XPS) measurements were carried out with a
Kratos XSAM800 Ultra spectrometer.

Electrochemical Measurements. Electrochemical tests were per-
formed by using 2016 coin-type half cells assembled with
sodium metal as the counter electrode in an argon-filled glove-
box. The composites were prepared by coating slurries contain-
ing P—CNT active materials (70 wt %), Super P acetylene black
(15 wt %), and polymer binder (15 wt %) on copper foil. The typical
active material loading of the electrodes was 0.8—1 mg/cm?. To
well integrate all the electrode components, we developed a
novel cross-linked polymer binder of sodium carboxymethylcel-
lulose—citric acid (NaCMC—CA, 9:1, wt/wt), in which citric acid
functioned as a cross-linker to form 3D network when drying the
electrode at 150 °C for 2 h. The pure sodium carboxymethyl
cellulose binder in the absence of citric acid cross-linker was also
studied for the purpose of comparison. Moreover, to demonstrate
the important role of the chemical bonding between P and CNT,
the P/CNT mixture control sample without any chemical bonding
was also prepared as follows: ball-milled phosphorus was simply
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the better structure stability at electrode level is
attributed to the 3D-cross-linked network of the
c-NaCMC—CA polymer and its chemical bonding with
functional CNTs, helping maintain the structure of the
electrode as a whole.

CONCLUSION

In summary, we have demonstrated a high-capacity,
long-cycle-life phosphorus—CNT-cross-linked polymer
binder composite anode for sodium ion battery based
on a chemically bonded P—CNT hybrid and cross-
linked polymer binder through a multiple bonding
strategy. The P—O—C bond formed in the mechanical
synthesis endows intimate contact of phosphorus and
CNT. This electrode material was further integrated
via chemical bonding with an efficient cross-linked
polymer network to form robust electrodes. As a result,
a high reversible capacity of 2134 mAh g~' and good
cycling stability (~91% capacity retention relative
to the second-cycle capacity after 100 cycles) were
achieved, which are outstanding results for the P-based
sodium ion anode. The robust electrode constructed via
the multicomponent chemical bonding strategy here
may also be applicable to other high-performance
conversion electrode materials with long cycle life.

hand-milled with CNT with the mass ratio of 7:3 and used as the
active material for the control cells by following the above cell
fabrication protocol.

The electrolyte consists of 1 mol/L NaClO, in a mixture of
ethylene carbonate and diethyl carbonate (1:1 by volume) and
fluoroethylene carbonate (FEC, 10 vol %). Galvanostatic charge/
discharge tests were carried out on a LANDHE battery tester
between 0.01 and 2.0 V versus Na/Na™. Cyclic voltammetry (CV)
was performed at a scan rate of 0.1 mV/s within the range of
0—2.5 V using a CHI 660D electrochemical workstation. Electro-
chemical impedance spectroscopy (EIS) was carried out by
applying a perturbation voltage of 5 mV between 1 Hz and
10° Hz using a Solatron SI 1260 impedance analyzer.
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