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Water-soluble binders are demonstrated to provide significantly better capacity, cycle life stability and rate response for
NASICON-type NaTi,(PO,); Na-ion battery anodes during reversible sodiation compared to electrodes made using polyvinylidene
difluoride-containing slurries. The role of carboxymethyl cellulose (CMC) binders on the physical structure and chemical
interfacial reactions with sodium-poor NaTi,(PO,); are uncovered using electron microscopy and spectroscopy data and we show
that a more stable NASICON NaTi,(PO,); structure is found from the desodiation process from compensation of sodium
deficiencies in the NaTi,(PO,); by extra sodium from the CMC binder. When the binder comprises CMC and a styrene butadiene
rubber (SBR) additive, the electrode delivers significantly better voltammetric and galvanostatic electrochemical response with a
specific capacity of ~120 mAh g~ with capacity retention of 90.5% for 500 cycles at 0.2 C (1 C = 133 mAh g "), and ~54 mAh
¢ ! at 20 C. The durability of the electrode during cycling and the stability of the redox processes ensures a higher capacity, longer
cycle life electrode which is important for sustainable materials development for Na-ion technologies.

© 2023 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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Manuscript submitted March 27, 2023; revised manuscript received May 3, 2023. Published May 22, 2023.

While lithium ion batteries (LIBs) are the dominant battery
technology in portable electronic devices and electrical vehicles,
rechargeable batteries with increasing energy/power density (Wh
Kg~', Wh1™"), and lower costs (€/$/kWh) are being sought to fulfil
the growing demands for next-generation sustainable energy storage
and power systems.'™ Sodium is more abundant and cheaper
(0.0017 wt% and 2.3 wt% for Li and Na, respectively) and as it
has some similar physical-chemical properties to that of lithium ions,
sodium ion batteries (SIBs) have captured widespread attention to be
as a foundation/alternative for a next generation of batteries.
Additionally, unlike lithium, sodium does not form an alloy with
aluminum, so that the cost in SIBs further decreases by using
cheaper aluminum current collectors (Al foil: $70 per 100 m, battery
grade; Cu foil: $210 per 100 m, battery grade) for cathode/anode
electrodes.

Today, considerable effort is devoted to SIBs development to
find electrode material phases where the replacement of lithium by
sodium in the crystal structure allows a high capacity, long life
electrode.”! For cathodes, Na-based layered transition-metal oxides
have similar frameworks of MOg edge-sharing octahedra with
LiMO, and are excellent candidates for high performance sodium
storage. For example, layer structured NaCoO, and NaFeO,
materials used as cathodes in SIBs show a specific capacity of
120 mAh g~! and 80-100 mAh g™, respectively.''™* Additionally,
Na-containing layer polyanionic compounds such as NaFePO, have
been considered as potential cathodes in SIBs, and can deliver a
reversible capacity of about 110 mAh g~'.'* They offer reasonable
performance as practical cathodes, even though the cell voltage and
specific capacity of layered Na-substituted metal oxide cathode
materials in SIBs are less compared to analogue LIBs because of the
larger cationic radius (Na:1.02; Li: 0.59 A), higher molar mass
(Na:23; Li: 7 gmol~") and more positive standard electrode poten-
tial (Na: —2.71 V vs NHE; Li: —3.05 V vs NHE) of the sodium ion.
While graphitic carbon as an anode in commercial LIBs can exhibit
a capacity of 372 mAh g™, it delivers a sodium storage capacity of
just 31mAh g~' and a low insertion potential (close to the
deposition potential of metal Na), which cannot meet the

*Electrochemical Society Member.
“E-mail: yan.zhang@ucc.ie; c.odwyer@ucc.ie

requirement of SIBs applications and is a potential safety hazard.'’
As for Na-alloy types, they suffer from rapid capacity decay because
of significant volume expansion during sodiation/desodiation pro-
cesses, even though exhibiting reasonably high specific capacities. In
this regard, the development of suitable anode materials with high
energy storage capability, stable cycling stability, and better safety
are still challenging and a key issue for SIBs deployment.

The polyanion-type NaTi,(PO,4); material, with a crystal struc-
ture of a Na-super-ionic conductor (NASICON), is considered a
promising anode for sodium-ion batteries (SIBs).'®"'® Its “zero-
stress” framework guarantees long-term cycling life, and high Na-
ion conductivity ensures excellent rate performance. Since the first
report by Demas et al.,'” the two-phase mechanism including two
additional reversibly sodium ions intercalating to form NazTi,(POy,);
was put forward as the sodium storage process for NaTi,(PO,4); in
SIBs. The theoretical capacity is 133 mAh g~', and its relatively
safety and lower cost make it a candidate material for SIBs in future
battery industries.'®™'

At electrode fabrication level, the primary role played by the
binder is to link the different electrochemically active and con-
ductive particles together and to ensure the active material uniformly
adheres to the current collector; uniformity and local aggregation are
important for controlling the electrical and mechanical behavior of
the electrode.”? More effective methodologies including solvent and
additive-driven improvement for preparing homogeneous slurries
are vital for fabricating electrodes with high gravimetric and areal
loading of active materials in bulk processing. Traditionally, poly
(vinylidene fluoride) (PVDF), as a common commercial binder,
possesses high chemical resistance, good thermal and electroche-
mical stability.>> However, PVDF binders require N-methy-1-2-
pyrrolidone (NMP) as a dispersion medium, which is an organic
solvent with high toxicity, volatility and flammability. Additionally,
PVDF binder swelling and its dissolution in nonaqueous liquid
electrolytes cause problems of desquamation of electrode particles,
which shortens cycle stability and exacerbates capacity fading.>**
As typical water-soluble binder, sodium carboxymethyl cellulose
(CMC) is a linear polymeric derivative of cellulose with two special
functional groups: one is the carboxylate anion with the (-linked
glucopyranose residues that makes it soluble in water; the hydroxyl
(—OH) groups give favorable adhesive strength and uniform active
material dispersion in aqueous suspension.*® CMC is viewed as
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being more environmentally friendly (water-based solvent), and with
stable bonding properties, stronger adhesion etc., it has been shown
to improve sodium storage performance compared to PVDF as the
binder in SIBs. For example, CMC binders were reported to enhance
cycling stability for Sb electrodes and sodium titanate electrodes as
well as capacity retention compared to PVDF.?¥

However, CMC-based electrodes can suffer from inelasticity and
brittleness in some formulations due to an overall lower Young’s
modulus and tensile strength.>'** In the last few years, the
combination of CMC and styrene butadiene rubber (SBR) was
developed to mitigate some of these issues for water-soluble binders
in battery systems. As an elastomer, SBR strengthens binding force,
adhesion, improves heat resistance, and overall electrode flexibility.
Some studies have suggested that the limited oxidative stability of
SBR in SBR/CMC-based electrodes is useful for forming a
passivation layer at the electrode surface, further improving capacity
retention compared to PVDF-based electrodes.>*™> Another attrac-
tion is the lower cost of CMC (1-2 € kg™") and SBR (0.2-1 € kg™"),
compared with that of PVDF (15-18 € kg™ "),? in addition to safer
and less polluting solvents. CMC-SBR composite binders have also
been successfully applied to graphite-based negative electrodes by
replacing the conventional PVDF binder in commercial LIBs.>’
Furthermore, the use of CMC-SBR has already been extended to Li-
S systems.*®* According to the report from Huang et al., SBR-
CMC mixture binders improves sulfur utilization and suppresses the
agglomeration of Li,S by serving as high adhesion agent as well as a
strong dispersion medium. This was reported to allow homogeneous
distribution of insulating sulfur and conductive carbon black (CB).
The promoted capacity retention and stability for sulfur cathode
using the SBR-CMC binder are achieved, showing a high specific
capacity of 580mAh g~' after 60 cycles.*® Given the reported
benefits and basis for stability and improvement in performance and
electrode processing from CMC and CMC-SBR binders, we decided
to explore how the PVDF, CMC and CMC-SBR binders function in
Na-ion batteries. In particular, our work here examines the binders
influence on the two-phase sodium storage mechanism of
NaTi,(POy4); anodes in SIBs and compares the relative behavior of
these binders for the first time.

Here, we synthesized quasi-cubic architecture NaTiy(POy4)s
(NTP) materials using the hydrothermal method and explored the
effects of traditional PVDF binder, water-soluble CMC binder, and
CMC binder with SBR additive, on the structural stability and
sodium storage performance of NASICON NaTi,(POy4); anodes. In
comparison to PVDF, we show that the water-soluble binder
improves the electrochemical properties and stability of the slurry
on the current collector. The structural stability and phase integrity
of the NaTi,(PO,); material with water-soluble CMC binder leads to
improved electrochemical reversibility, capacity and durability
compared to equivalent electrodes fabricated with PVDF as binder.
We show that the wuse of SBR additive enhances the
Super-P-NaTiy(PO,4); slurry adhesion to the current collector,
enabling continuous fast ion/electron transfer particularly for faster
charge-discharge rates.

Experimental

Materials preparation.— Preparation of NaTi)(POy)s;—In a
typical synthesis, 1.2 g sodium acetate (CH;COONa) was dissolved
in a mixed solvent of isopropyl alcohol (CH;CH,CH,OH), 85 wt%
phosphoric acid and acetic acid (CH;COOH). The solution was
stirred constantly for 24 h. Secondly, Titanium(IV) isopropoxide
(C12H,50,4Ti, TTIP) was added dropwise into the above solution and
further stirred for another 12 h. All liquid precursors are used with a
volume ratio of 25:1:1:1. Subsequently, the as-formed white
suspension was transferred into 100 ml Teflon-lined stainless-steel
autoclaves and kept in an oven for 12 h at 200 °C. After cooling
down to room temperature, the white precipitates in the hydro-
thermal autoclaves collected by centrifugation and washed three
times with absolute ethanol and deionized water.

Materials characterization.—Scanning electron microscopy
(SEM, Zeiss Supra 40) and transmission electron microscopy
(TEM, JEOL JEM-2100F, 200 kV) were conducted to investigate
the morphologies and structure of the materials. The X-ray diffrac-
tion (XRD, a Philips Xpert PW3719, diffractometer with Cu Ka
radiation (\ = 1.542 A)) was used to analyze the crystalline structure
in the composite. High angle annular dark field TEM measurements
and electron energy loss spectroscopic (EELS) mapping of electrode
materials were acquired using a FEI Titan 80 FEG S/TEM
(80-300kV). The Fourier transform infrared (FT-IR) spectral
measurements were carried out on a FT-IR spectrometer
(Perkin-Elmer BX-2, U.S.A) at room temperature in the wave
number range of 4000-500 cm™'. Raman scattering was acquired
using a Renishaw InVia Raman Spectrometer using a 30 mW Ar-ion
laser under 532 nm excitation. The beam was focused onto the
samples using a 50x objective lens and spectra were collected using
a RenCam CCD camera.

Electrochemical measurements.—The electrochemical perfor-
mances of obtained NTP products were evaluated by assembling El-
Cell cells (ECC1-01-0012-A/L, 18 mm diameter, 0.65 mm thick-
ness) as half-cells. All electrochemical tests were conducted on a
multichannel BioLogic VSP Potentiostat/Galvanostat. Electrodes
were examined using cyclic voltammetry, constant current (galvano-
static) potentiometry, and potential steps. The details of potentials,
applied currents, scan rates or voltage ranges are provided in the
captions to each relevant figure. The electrodes were prepared via a
traditional slurry coating procedure. The slurries were obtained by
mixing the NTP active material, conductive carbon (Super-P) and
binders in the mass ratio of 8:1:1. The slurry mixtures were
homogenized in N-methy-2-pyrrolidinone (NMP) for polyvinylidene
fluoride (PVDF) binder or deionized water for sodium carboxy-
methyl cellulose (CMC) binders and CMC with styrene-butadiene-
rubber (SBR) binders. The obtained electrodes were first dried in a
vacuum oven at 80°C for 12h. After drying, electrodes were
punched into discs with a diameter of 15 mm and used as the anode
for SIBs. The EI-Cell cells assembled in an argon-filled glovebox
(Inert I-Lab, H,O/O, content <1 ppm). Lithium metal was used as
the counter electrode, glass fiber was used as the separator, and the
electrolyte consisted of 1 M sodium perchlorate (NaClO,, Alfa
Aesar, 299%) in propylene carbonate (PC, C4H¢O;, Sigma-
Aldrich, 99.7%) with 5% fluoroethylene carbonate (CsH3FOj3;, Alfa
Aesar, >299%) additive.

Results and Discussion

Morphology and structure of the NaTi,(PO,); and binder
slurries.—The crystal structure and phase formation of the compo-
sites are confirmed by XRD and Raman spectrums. As shown in
Fig. 1a, the diffraction reflections in the XRD patterns match well
with NASICON-structured NaTi,(PO4); (JCPDS file No.00-033-
1296). The typical surface characteristics of as-prepared NTP
powders were also recorded using Raman scattering spectra in the
range of 200—1600cm™ (Fig. 1b). The peaks between 400 and
1200 cm™" are assigned to the symmetric/antisymmetric bending
models and stretching vibrations of (PO,)*~ anion (peaks at 1098
and 1013 cm™: vl symmetric stretching mode; peaks at 975 and
996 cm™': V3 antisymmetric stretching mode; weak peaks in the
500-900 cm™": v3 antisymmetric stretching mode; peak at 445 cm™':
V2 symmetric stretching mode). A series of bands below 400 cm™ is
attributed to external modes of the PO, tetrahedra.?!*°

The residual functional groups on the NTP electrodes with each
of the different binders are confirmed by the FTIR spectra in Figs. 1c
and 1d. The NTP electrodes prepared with PVDF show similar
spectral features from PVDF at 1400, 1186 and 878 cm™!, and are
dominated by strong signals originating from NTP at 1226, 960, 640,
569 cm™.*"*2 The NTP electrodes containing CMC or CMC-SBR
display characteristic groups of vibrational modes from NTP at
similar wavenumbers, and display typical signals at 1594, 1413 and
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Figure 1. (a) X-ray diffraction pattern of the NaTi,(PO,); anode material following hydrothermal synthesis. The reflections are indexed to the reference JCPDS
file No. 00-033-1296. (b) Raman scattering spectra for NTP nanoparticulate material acquired under 532 nm excitation. (c) FTIR spectra of pure PVDF binder
and the NTP electrode slurried with PVDF binder. (d) FTIR spectra of pure CMC binder and of the NTP electrode mixed with CMC and CMC-SBR binders.

1066 cm™ from the CMC binder.*' For the typical characteristics of
NTP in each of the three electrode formulations, the infrared band of
1226 cm™ corresponds to the stretching vibration of PO, units; the
bands at 1016 and 569 cm ™" are related to the PO bonds from PO,
tetrahedra, and the vibrations from Ti*'—O?~ bonds of TiOs
octahedra are evidence by the bands at 960 and 640 cm™'.2'*?

Compared to PVDF-containing electrode, the spectrum of NTP
electrodes with water-soluble binders contain broad peaks between
3000-3500 cm™' in CMC electrodes from hydrogen bonded O-H
stretching vibrations, and the two absorption peaks at 1413 and
1594 cm™ are attributed to the —-COOH group.**™* The presence of
the large polar functional groups from the CMC binder provides
sufficient adsorption sites to bind with NTP nanoparticles. Strong
hydrogen bonding between CMC and anode materials has been
previously demonstrated to be a vital factor that determines the
cycling performance of the electrode.*®*’

The structural, morphological properties and chemical composi-
tion of as-synthesized NTP nanoparticles are further confirmed by
SEM and TEM analysis. As shown in Figs. 2a and 2b, the
nanoparticles are relatively uniform and have average dimensions of
20-30 nm. TEM images (Fig. 2¢) further demonstrate the nanoparti-
cles appeared quasi-cubic in shape. These particles are typically
~20nm in size. Dark field HAADF-STEM images (Figs. 2d—2e)
show the cubic morphology in projection of the NTP crystals. Detailed
elemental and oxidation state analysis was conducted using electron

energy loss spectroscopic mapping. The EELS maps in Figs. 2f—2h
confirm the co-existence of Ti, O (the orange box in Fig. 2d, and Na
(the orange box in Fig. 2e). The EELS spectrum for the Ti L, 5 edge is
consistent with Ti*" bonded to O.

Electrochemical response of NaTi,(PO,); with various binders:
Rate response.—In processing the NaTi,(PO,); electrode, the binder
solutions were uniformly diluted to translucency by stirring the
PVDF powders with NMP, and the CMC powder with DI water.
Second, the NaTiy(PO,); active powders and Super-P were added to
the binder solutions in the same proportions of mass to obtain the
electrode slurry. As shown in the photograph in Fig. 3a, the electrodes
have a similar appearance. Typical of the PVDF—containing slurry, the
electrode shows a flaky outer edge from being slightly more fragile
and lower adhesion to the current collector.

Typically, the rate performance is a key evaluation factor for
benchmarking electrodes in batteries for practical applications. We
characterized each of the three slurries using two methods. Standard
charge—discharge behavior (galvanostatic) was used in cells ranging
over two orders of magnitude from 0.2 C to 20 C. Secondly, we
employed the chronoamperometric (CA) response method, which
uses a constant potential method to examine the rate behavior of an
electrode spanning many orders of magnitude in rate in a fraction of
the time compared to galvanostatic cycling methods. Readers are
referred to several papers that outline this approach.**=>* Basically, a
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Figure 2. (a), (b) SEM images of the synthesized NaTi,(PO,4); materials showing the relatively uniform and dense agglomeration of the crystals of this phase.
(c) The HRTEM image identified the cubic-like morphology of the crystals with many individual particles overlapped in projection. (d), (¢) HAADF-STEM
images of the same region at two different magnifications and EELS spectrum of the Ti L, ;. and O K edges. The bright regions are the NaTi,(PO,); crystals
(higher atomic number), the black regions are the chamber vacuum. (f), (g) EELS maps of Ti and O from the regions indicated by orange (smaller) box in (d), and

similarly the Na map (h) from the orange boxed region in (e).

constant potential equivalent to the lower cut—off potential of the
anode is applied and the current is measured vs time. +34 The current
can be converted to charge and thus capacity vs rate data which
accurately predicts that rate response of electrodes in just several
minutes.

Figure 3b shows the specific capacity vs rate data for NTP electrodes

with different binders. The fitted capacity-rate data were obtained on the
basis of the following equation :% = Oyll — (Ro)*(1 — e~ ®™)#

Here, % represents the measured, rate—dependent specific capacity; Q)

is low-rate specific capacity, R is a fractional charge/discharge rate that
is similar to the definition of C-rate but uses the maximum obtained
capacity at the lowest rate instead of the theoretical capacity of the
material, and 7 is the characteristic time associated with charge/
discharge. The exponent n is a constant and lies in the range O-1.

The equation describes the dependence of specific capacities (%) on

current rate (%) Thus, it provides a constant capacity at low rate.

Whereas at high rate, the linear relationship (» = 1.0, %) between the

specific capacity (%) and the current rate (%) is presented as pure
capacitive behavior such as in e.g., supercapacitors. The specific capacity

(Q) and the square root of the rate are linear proportional (n = 0.5, ﬁ)

M
representing a diffusion limited battery material/system.>>°

The CA method is used here to evaluate the rate performance of
electrode with different binders. As shown in Fig. 3b, a clear and
significant improvement in rate performance can be seen in water-
soluble binder electrodes. The specific capacities are higher when
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Figure 3. (a) Photos of NTP electrode slurries made with each of the three different binder mixtures. (b) Specific capacity vs rate data using chronoamperometry
(CA) method for NTP anodes with CMC-SBR, CMC and PVDF binders. Here, the potential is stepped from OCV to the lower potential cut-off of 1.5 V and
converted to Q/M vs rate (see main text). (c)—(h) Rate performance at various current densities corresponding to the two order of magnitude range 0.2 C-20 C
and the corresponding charge-discharge profiles for (c), (d) NTP/CMC-SBR, (e), (f) NTP/CMC, (g), (h) NTP/PVDF electrodes.

using water-soluble binders than using organic PVDF binder at all
investigated rates. It is notable that the specific capacities of
approximately 80 mAh g~' are exhibited at the extremely high
rate of 100C (1C is defined as the current required to fully
discharge/charge to 133mA g ' in 1h) in water-soluble binder
electrodes. Unfortunately, for PVDF binder electrode, the capacity
decreases quickly, the specific capacities are suppressed to ~10 mAh
¢! when the current density is greater than 10 C. Additionally, it
can be observed to the contribution of the addition of SBR on rate
performance. There are no obvious improvements at low rates
between 0.1 C and 2 C for CMC binder electrodes and CMC-SBR
binder electrodes, where a stable capacity of ~130mAh g™' is
obtained. When the rate is more than 20 C, the electrodes using
water-soluble binder with SBR exhibit superior rate capacity.
Conventional rate capability tests of NTP electrodes using each
of the three binders were evaluated at different rates over ten
successive cycles, as presented in Figs. 3c, 3e and 3g. The
corresponding charge-discharge curves for each electrode/binder,
ranging from 0.2 C to 20 C, are shown in Figs. 3d, 3f and 3h. For
NTP electrode using CMC-SBR binders, the sPeciﬁc capacity scales
from 132.9 mAh g~" at 0.2 C to, 53.1 mAh g~ at 20 C. An electrode
using water-soluble CMC binder without any SBR delivers a similar
specific capacity decay at lower rates (121.3 mAh g~ ' at 0.2C to
72.5mAh g~" at 5 C). However, when charged/discharged at high
rates of 10 and 20 C, a much lower specific capacities of ~42.1 mAh
¢ "and 24.1 mAh g~ are found, close to the half of the values from
the NTP electrode with SBR additive; the additive improves high-
rate performance. In comparison, the specific capacity for NTP
electrodes using PVDF binder diminished drastically from
108.3 mAh g~' (0.2C) to 20.7mAh g~' (5 C). The capacity fades
to less than 10 mAh g™ at high rates of 10 C and 20 C. Because the
capacity fully recoveries when the rate is returned to 0.2 C confirms
that the suppressed high-rate capacity is caused by the intrinsically
higher electrical resistance at higher specific currents. CMC-SBR
electrodes behave more stably at a higher rate. These changes agree
with the potential step CA data in Fig. 3b. Both electrodes using
water-soluble binders exhibit a symmetrical voltage plateau in their
charge-discharge response at ~2.1 V vs Na'/Na due to the rever-
sible redox pair of Ti**/Ti*".'"?° Even at a rate of 20 C, these
plateaus are still observed in NTP electrodes using the CMC-SBR
binder. In comparison, the NTP electrodes with a PVDF binder show
significant cell polarization and the fastest capacity fades higher
specific currents. This data shows that the water-soluble CMC binder

with SBR additive markedly improves the rate performance of NTP
electrodes in SIBs, especially at the higher current rates. These
improvements in rate performance are mainly ascribed to a more
uniform electrode material (NTP and conductive carbon) additive
dispersion in the slurry and adhesion, which presumably ensures
good areal electrical interface between the current collector and the
active material, compared to PVDF-containing electrodes.

Electrochemical response of NaTiy(PO,); with various binders:
Cycle life and efficiency.—The representative galvanostatic charge-
discharge curves and cycle stability at the lower current density of
0.2 C are displayed in Fig. 4. In the first discharge-charge profiles,
well-defined flat discharge plateaus at ~1.95V with a symmetric
charge plateau at ~2.25V, are found in electrodes made with the
CMC- and PVDF-based NTP slurries, and correspond to sodium ion
insertion/extraction reactions of NTP coupled with Ti*™/Ti*" redox
(NaTiy(PO4); + 2Na™ + 2e~ «+ Na3Tiy(PO,)3). The primary charge
storage reaction is consistent between all three electrodes. The
differences in rate behaviour we showed earlier are not fundamen-
tally caused by changes to this primary reaction. It is noted that all
NTP electrodes show a slightly lower first discharge plateau just (<
2.0 V) compared to some previous reports where the plateau is found
at ~2.1 V. The slightly lower voltage in our case, by comparison, is
assumed to be due to fewer sodium deficiencies or rich crystalline
Ti-phases (TiP,O5) in our NaTiy(POy); electrodes.””®

For NTP electrodes with water-soluble CMC binders, the
similarly long stable charge plateaus (~2.20 and 2.25V) are
observed in all subsequent cycles. The electrode shows a stable,
reversible desodiation process. It is notable that the new charge
plateau at ~2.15V is formed and the discharge-charge polarization
seen in the first charge plateau disappears after the first 5 cycles. This
indicates better reversibility during sodiation. A possible explanation
might be that sodium ion availability from the CMC compensates the
NTP material with a sodium deficiency to maintain a stable NTP
structure during the discharging process. This hypothesis is further
indicated by the sodiation/desodiation properties of the NTP
electrodes using PVDF binders, which cannot provide additional
sodium content. It is interesting to observe that there are two sloped
discharge plateaus between 2.0-1.6 V in the first discharge process.
The longer one is near 1.95-2.0 V, which is ascribed to sodium
insertion into the structure of the NaTiy(PO,4); phase. The other
shorter voltage plateau between 1.6 and 1.7 V might arise from the
sodium storage contribution from a small amount of rich crystalline
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Figure 4. Galvanostatic charge-discharge curves and cycling stability tests for the NaTi(PO,4); electrode slurries acquired at 0.2 C rate (capacity at 1 C =
133 mAh g") over 500 cycles using (a), (b) CMC/SBR, (c), (d) CMC, and (e), (f) PVDF binders.

Ti-phases, which are not present in NTP electrodes with either CMC
or CMC-SBR binders. NaTi,(PO,4); phases with a sodium deficiency
that reacted with the CMC binder would form a stable chemically
bonded C-NaTi,(PO,); electrode when using water-soluble CMC
binders. In addition, the discharge plateau near 1.95 V is not found to
divide into two stages, and a larger voltage gap between charge and
discharge plateaus (>180mV) is present after the 2nd cycle.
However, a very smaller discharge-charge voltage gap (CMC-
SBR: 40 mV; CMC: 80mV) in the electrode using the CMC is
observed from the 2nd cycle and stays more or less invariant beyond
50 cycles. These results indicate the sodium-deficient NaTi,(PO,);
reacts with the sodium from CMC to form stable C-NaTiy(PO,);
electrodes and has a positive effect on reversible electrochemical
reactions and faster kinetics for NTP electrodes using these binders.

The water-soluble binder-containing NTP electrodes yield higher
initial discharf%e/charge specific capacities (CMC-SBR: 135.7/
132.0mAh g='; CMC: 127.2/125.4 mAh ¢~ ") and higher initial
Coulombic efficiency (ICE) (CMC-SBR: 97.3%; CMC: 98.6%),
whereas the PVDF binder NTP electrode provides a relatively low
capacity (90/42.8 mAh g~') and a Coulombic efficiency level,
~50% lower overall. It indicates the initial Coulombic efficiencies
for CMC/CMC-SBR electrode are much better than that of PVDF
binders in the related literature (Table I). In these investigations we
do find that the ICE for the first cycle is marginally lower that for
CMC-only binder, but that is due to the oxidation of SBR during first
charging sequence.>*>°

The cycle-stability of NTP electrodes using water-soluble binder
electrodes is also significantly improved compared to PVDF-binder-
containing electrodes, as demonstrated in Figs. 4b, 4d and 4f. The
CMC-SBR electrode responds with discharge/charge specific capa-
cities as high as 119.7/119.5mAh g=' with a high Coulombic
efficiency of 99.8% at the 500th cycle at 0.2 C rate. The CMC-
containing electrodes exhibit a similarly high degree of sodium
storage capacity as the CMC-SBR electrode, showing discharge/
charge specific capacities of 127.2/125.4 mAh g~' with a Coulombic
efficiency of 98.5% at 500th cycle. The high-capacity retention for
the NTP electrodes (CMC-SBR: 90.5%; CMC: 89.2%) indicates a
very stable long-cycle performance when using water-soluble
binders. By contrast, the NTP electrodes using PVDF binder

undergo considerable capacity decay (~20% of the capacity of
CMC-containing electrodes) because of the unstable sodium-defi-
cient NTP phase, effects due to swelling of the PVDF polymer
binder and the self-aggregation of NTP nanoparticles during cycling,
issues that have been identified in previous report and that are
mitigated effectively with CMC-based binders. These results de-
monstrate that higher specific capacities, better capacity retention
and rate performance are possible using of CMC/CMC-SBR
electrodes with NaTi,(PO4); as the active material in Na-ion
batteries when compared to previous reports in the Table I. The
improvement is attributed to two main factors: (a) the extra sodium
from CMC reacting with NaTi,(PO,4); unstable phases to form stable
chemically-bonded C-NaTi,(PO,); phases that improve NTP rever-
sible utilization, and® more uniform dispersion of the NTP particles
in the water-soluble binders and a stronger adhesive strength
provided by the combination of water-soluble CMC binder and
SBR additive, which favour higher ionic/electron conductivity,
solvation and faster kinetics.

Voltammetric examination of NaTiy(PO4); with various bin-
ders.—We used cyclic voltammetry to probe the electrochemical
behaviour of NTP in each of the three binder-containing slurry
mixtures. The voltammetric study removes constraints of galvano-
static polarization at fixed current (reaction rate), allowing a better
comparison of the redox events in each electrode. Figure 5 presents
the comparison of the typical cyclic voltammograms (CVs) of NTP
electrodes with three different binders between 2.8 and 1.5 V. The
tests were recorded at scan rates range from 0.1-1.0mV s~'. At a
scan rate of 0.1 mV s™', all curves show one pair of well-defined
redox peaks in the first scan, and the initial reduction peaks between
1.8 and 1.95V might be attributable to the low conductivity and
sodium deficiencies of NTP electrodes. It is noted that, from the
second voltammetric scan, the reduction peaks resolve into two
peaks, one at ~1.9 V and another at ~2.08 V. We see an anodic shift
in of the reduction peaks and reduced polarization of the NTP
electrodes using CMC binders form the 2nd scan, mainly ascribed
to increase the conductivity by the formation of C-NaTi,(PO,); phase,
consistent with previous reported NASICON-type materials.”**!6+65
The single oxidation peak remains consistent at ~2.3 V for all three
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Table I. Comparison of NTP anodes in SIBs using different binders, focused on the initial coulombic efficiency, capacity retention and rate capacity.

Active materials Binder material Initial coulombic efficiency Capacity retention Rate capacity (mAh g~')  References
Bare NTP quasi-cubic CMC-SBR 97.3% 90.5% after 500 cycles 53.1 200) This work
nanoparticles CMC 98.6% 89.2% after 500 cycles 24.1 (20C)
PVDF ~47.6% 35.8% after 500 cycles <10 (20 C)
Bare NTP nanoparticles PVDF 79% 58% after 200 cycles Close to 0 (10 C) 20
Bare NTP nanoparticles  PVDF / ~30% after 500 cycles 320 42
Bare NTP nanocubes PVDF / 72% after 1000 cycles Close to 0 (10 C) 60
Bare NTP nanocubes SA (Sodium Alginate) / 85% after 1000 cycles 65-90 (10 C) 61
Bare NTP powder PVDF / / ~5 (20 C) 62
Bare NTP/Ni foam Binder free / 68.4% after 500 cycles 20 (20 0) 63
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Figure 5. Cyclic voltammetry curves for NTP anodes slurried with each of the three binders. CV scans 1-10 are shown in each case at scan rates of 0.1 mV s~
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1

for NTP electrodes using (a) CMC-SBR, (b) CMC, and (c) PVDF binder. The CVs were carried out at scan rates in the range 0.1-10 mV s~ ! between 1.5 and

2.8 V are also shown for (d) CMC-SBR, (e) CMC, and (f) PVDF binder.

electrode types, which indicates the oxidation production is always
NaTi)(POy); + 2Na™+ 2e~ « NazTin(PO,4)s."° In addition, the
reduction and oxidation peaks of the CMC-SBR/CMC electrodes are
more defined and have a higher current than those from PVDF-based
electrodes.

The initial first scan voltage difference AE between oxidation
and reduction peaks for CMC-SBR electrodes (reduction: 1.87 V;
oxidation: 2.33 V; AE: 0.46 V) is also smaller than found for the
PVDF electrode (reduction: 1.84 V; oxidation: 2.34 V; AE: 0.50 V).
This smaller voltage difference AE for the CMC-SBR/CMC
electrodes also appears in the CV curves at high scan rate between
0.2 and 1.0 mV s~'. Considering that the AE is determined by the
potential polarization of the active material during the charge and
discharge process, the lower AE and the sharper peak both
demonstrate that the redox reactions in the NTP electrodes using
CMC-soluble binders SBR cathode behave more likely as a
Nernstian system. For CVs shown (Figs. 5b, 5d, 5f) with changes
to scan rate (v), we observed the classical increase in peak current

(Iy) and shift in potential (E}) with faster scan rates, and we find
linear trends that follow the Randles-Sevcik relation I, vs v, and Ej,
vs In(v). While the examination confirms the likely diffusion-limited
behavior of all electrodes, specific comparative interpretation is
limited by a general lack of knowledge of the diffusion coefficient of
the electroactive species in each case (so that the stoichiometry of
the redox process can be compared), and confidence that the
electrolyte and electroactive species remain unchanged.

We also examined the morphology of NTP electrodes made using
water-soluble CMC binder and those made with the combination of
CMC and the SBR additive, before and after cycling using scanning
electron microscopy (SEM). The particle distribution of the pristine
materials for CMC and CMC-SBR electrodes is homogeneous with
no visible cracks (Figs. 6a and 6b). However, the PVDF systems
show several agglomerates and disconnected areas from cracking.
The uniform slurry morphology from the CMC and CMC-SBR
binder is because of the carboxylate groups within the adsorbed layer
of CMC that favors surface binding and strong adhesion to give a
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CMC+SBR

10 cycles
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Figure 6. SEM images of the NTP electrode slurries on their current collectors in their pristine pre-cycled state using (a) CMC-SBR binder, (b) CMC binder, (c)
PVDEF binder. Images obtained after 10 cycles are also shown for electrodes using (d) CMC-SBR binder, (¢) CMC binder, and (f) PVDF binder, and again after

500 cycles using (g) CMC-SBR binder, (h) CMC binder, and (i) PVDF binder.

material that accommodates expansion and plastic deformation.®® As
expected, the electrodes using the combination of CMC and SBR
binders presented similar morphology and integrated structure after
cycling for 10 and 500 cycles (Figs. 6d and 6g). This relative
invariance of morphology and structure is in part a contributory
factor in the excellent cycle stability for CMC-SBR electrodes.
Small agglomerates and particle expansion does appear to happen in
NTP electrodes using only CMC after extended cycling (Figs. 6e and
6h). However, numerous spheres of PVDF are found in NTP
electrode using that binder (Figs. 6f and 6i) after cycling due to
the swelling of PVDF and the structural reorganization during
discharge and charge, which is likely to lead to the isolation of
single carbon particles as well as formation of many interstices/
disconnections inside the electrode. Undoubtedly, seriously dete-
rioration in the electrode structure will lead to internal contact loss
between the active materials, conductive and current collector,
which gives rise to a large potential difference between charge and
discharge plateaus, poor rate performance and cycling life, as we
have shown. It can be concluded that the soluble CMC and CMC-
SBR binders can provide a more effective electronically conductive
network and a more stable interface structure than traditional PVDF
binder. In particular, the addition of SBR in the water-soluble binder
enables a stable chemically bonded C-NaTi,(PO,4); network struc-
ture to improve intra-particle electrical connectivity in an NTP
electrodes that is not sodium-poor and behave with better stability
over extended cycling and at all rates.

Conclusions

The electrochemical properties of NaTi,(PO,); electrode slurries
used in Na-ion batteries can be considerably improved by changing
from a PVDF binder to a water-soluble CMC binder with SBR
additive. This systematic investigated showed that electrodes

applying water-soluble CMC binders show a significantly higher
reversible capacity and initial coulombic efficiency, better high-rate
performance and cycle stability, especially when combined with the
SBR additive. The initial coulombic efficiencies of more than 97%
are found when using the water-soluble CMC binder. The largest
specific capacity of 120mAh g~' with the highest coulombic
efficiency of 99.8% over 500 cycles at 0.2 C and a notable capacity
of 53mAh g~' at high rate of 20 C are possible with the NTP
electrode using CMC-SBR as co-binders. These improvement in the
sodium storage behaviour and rate response stem from the formation
of a C-NaTiy(PO,); structure between the CMC binder and
NaTiy(POy); active materials, as well as a stronger adhesive
strength/flexibility of CMC and SBR binder to favour high ionic/
electron conductive connection. In addition, for the electrodes using
these water-soluble binders, we posit that the complex interfacial
reactions between sodium deficient NaTi,(PO,4); and the additional
sodium from CMC binder favours a more stable NASICON
NaTi,(POy); structure during the electrode preparation and desodia-
tion process. The evidence and data shown here indicate the
sensitivity of behaviour and overall electrode performance in Na-
ion batteries on the type of binder-active material pairing. The
durability of the electrode during cycling and the stability of the
redox processes ensures a higher capacity, longer cycle life electrode
which is important for sustainable materials development for Na-ion
technologies.
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