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ARTICLE INFO ABSTRACT
Keywords: In battery production, the comprehensive performance of cathode materials is the key to achieving applications.
Blended electrodes However, in the research area of cathode, their modification is limited to improving the material properties only

Sodium-ion batteries
Cathode
Comprehensive performance

from one or two aspects, mainly focused on doping, coating and other methods. Potentially, physical mixtures of
multiple types of cathode materials with different characteristics is regarded as an effective strategy to enhance
the comprehensive performance of batteries. In this work, cathode materials of NaNi 3Fe; /3Mnj,302 (NFM) and
NayFe3(PO4)2(P207) (NFPP) will be used as a case model to investigate the improvement of battery performance
by blended electrodes. And the pilot equipment is used throughout the entire manufacturing process of electrode
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to ensure that the experimental results are closer to practical production. After analyzing from multiple angles,
we discover that the blended electrodes compensate for the shortcomings of single electrodes, thereby effectively
improving their overall performance; at the same time, it comprehensively improves the energy density of the
battery in multiple dimensions such as electrode characteristics and electrochemical performance. These sig-
nificant improvement effects are difficult to achieve solely through material modification. This work shows that
active material blending strategy is a promising approach to improve the general performance of SIBs.

1. Introduction

Under the pressures of environmental pollution and energy crisis, the
applications of clean energy and large-scale energy storage are receiving
increasing attention[1-3]. Sodium-ion batteries (SIBs) have become the
preferred technology for large-scale energy storage due to their abun-
dant resources and excellent performance [4,5]. SIBs are hoped to
become a supplement to lithium-ion batteries (LIBs) and reduce exces-
sive consumption of limited lithium resources [6,7]. In recent years, a
large amount of researches have promoted the continuous improvement
of energy density, cycling stability and safety of SIBs, further propelling
its application in energy storage products [8,9].

In the research of SIBs, the cathode material is considered to be the
key to improving battery performance due to the stability of crystal
structure and the limitation of electron transfer number [10]. For
cathode materials, research work mainly focuses on layer and tunnel
type transition metal oxides, polyanionic materials, Prussian blue ana-
logues and organic compounds [11,12]. The main advantages of tran-
sition metal layered oxide cathode materials are high theoretical specific
capacity and high compaction density[13-15], but there are also diffi-
culties in poor cycling stability and thermal stability. Among diverse
polyanionic materials, iron-based phosphate has garnered significant
interest for commercialization on account of its stable structure and long
cycle performance. Unfortunately, the low energy density reduces its
competitiveness [16,17]. Developing cathode materials with excellent
comprehensive performance is an important way to promote the
large-scale application of SIBs.

Various modification methods have been adopted to improve the
performance of different cathode materials due to their shortcomings.
For polyanionic materials with low theoretical capacity, Xia et al. [18]
introduced reduced graphene oxide during the synthesis of NFPP,
resulting in an initial reversible specific capacity of 110.2 mAh g ! at
0.1C for the composite cathode. In addition, Ma et al. [19] improved the
intrinsic conductivity of the material by doping with Grt, effectively
promoting the migration of sodium ions during charge and discharge
processes. The initial capacity of the modified material at 0.1C was
113.6 mAh g_l. However, due to the theoretical specific capacity of
NFPP being only 129 mAh g™}, the space for capacity improvement is
restricted. The NaNi; s3Fe; ,3Mn; 302 (NFM) materials with high specific
capacity, has a disadvantage of poor cycling stability. Many strategies
were used to improve its cycling stability, but with little effect [20].
Compare to traditional modification, cathode materials blending strat-
egy has been proven to as a promising approach to improve the
comprehensive performance [21,22]. Nevertheless, the strategy is often
overlooked in scientific research. In long-term research and industrial
production, blended strategy of cathode materials has been proven to
have the advantages of low cost and repeatable preparation process
[23]. And the physical and chemical characteristics of the blended
materials mainly depend on the proportion of each component mate-
rials, which play a significant role in the battery voltage, capacity, rate
and cycle performance, tap density, compacted density, safety perfor-
mance, as well as energy density[24-26].

In this work, NFM and NFPP were mixed in different proportions in
planetary triple high-speed disperse mixer to produce blended electrode,
which were used as a case for subsequent research. The improvement of
the comprehensive performance of blended electrodes were systemati-
cally studied from multiple perspectives, including electrode

characteristics, electrochemical performance, and thermal stability.
Research has found that blended electrodes have general optimization
for whether the compaction density, the electrolyte absorption rate, or
the specific capacity, thereby significantly improving the energy density
of the battery compared with NFPP. In terms of NFM, the performance of
blended electrodes effectively optimized in multiple aspects, include
cycling stability, kinetic properties and heat release. Through blending
strategies, the comprehensive performance of materials can be conve-
niently and effectively improved, which will provide effective support
for the development of low-cost, high-energy density, and high-safety
SIBs.

2. Material and methods
2.1. Electrode preparation

The cathode materials NaNi; sFe;/3Mn; /305 (NFM) and NagFes.
PO4P207; (NFPP) are commercial materials. The cathodes slurry was
prepared by mixing cathode material, Super P, Carbon nanotube (CNT)
and polyvinylidene fluoride (PVDF) binder with a mass ratio of
94.5:2:0.5:3.0 in N-methyl-2-pyrrolidone (NMP). Then, the cathode
slurry was coated on carbon coated Al foils. Finally, the electrodes were
dried at 80 °C in vacuum for 12 h. The active mass loadings of the
cathode were about 12.0-13.0 mg cm 2. The entire experimental pro-
cess was conducted using pilot equipment, including planetary triple
high-speed dispersion mixer, high precision coating device, and high
precision battery plating roller (Optical images are shown in Fig. S1).

2.2. Material characterization

The crystallographic structure of the specimens was determined
utilizing X-ray diffraction analysis (Rigaku Miniflex 600 instrument),
with a scan rate of 5° per minute and employing Cu Ka radiation. The
surface morphologies of the samples were characterized through the
scanning electron microscopy (SEM, Hitachi S-4800). Furthermore, the
differential scanning calorimetry-thermogravimetry-mass spectrometry
(DSC-TG-MS, SDT-650 + Discovery MS) was to analyze the thermal
behavior of samples in a temperature range of 50-400 °C with a heat
rate of 5 °C min™".

2.3. Electrochemical measurements

All cells were assembled using the 2016-type coin cell. In addition,
glass fibers (GF/D, Whatman), a counter electrode (Na metal sheet), and
electrolyte (Hunan Fenlanite New Energy Technology Co., Ltd.) were
also used for battery assembly. All the assembly processes were operated
in a glove box filled with argon (H20, Oz < 0.5 ppm). The specific ca-
pacity was calculated based on the total mass weight of NFM and NFPP
in the blended electrode. Galvanostatic charge and discharge (GCD) test
was conducted on the Neware battery test system with a voltage range of
1.5-4.0 V (vs Na"/Na) at room temperature. What’s more, the galva-
nostatic intermittent titration technique (GITT) was performed on the
LAND battery testing system in a voltage range of 1.5-4.0 V. The cells
were charged at 0.1C for 10 min, followed by open-circuit relaxation of
1 h. The current values of various rates were calculated according to the
specious capacity of NFM (120 mAh g1) and NFPP (105 mAh g~ 1). All
electrochemical tests were carried out at the room temperature.
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3. Results and discussion

In order to ensure that the experimental results are more closely
related to practical applications, the pilot equipment is used throughout
the entire electrode manufacturing process. Firstly, the active material,
conductive agent, binder, CNT, and NMP were thoroughly mixed in the
planetary triple high-speed dispersion mixer (about 6 h). Then, the
slurry was conducted a qualification test using a viscometer and particle
size analyzer. If it fails, continue stirring until it meets the requirements
(sometimes NMP needs to be added again). Subsequently, we filtered the
qualified slurry. Finally, coating, electrode baking, and electrode rolling
processes were carried out. It is worth noting that the above operations
must be carried out in a dry environment to prevent the active materials
from deteriorating. The specific process diagram is shown in Fig. 1, and
the experimental record is shown in Figs. S2 and S3. All subsequent
experiments and tests were conducted using the electrode prepared by
this process.

The XRD patterns of different mixed ratios of NFM and NFPP are
shown in Fig. 2(a). The lattice spacing differences are chiefly reflected in
the diffraction peaks of NFM at diffraction angles of 16° and 41°, with
the peak intensity being directly proportional to the content of NFM.
This indicates that the composition of the blended electrode is rational.
Moreover, no new peaks were observed in XRD after mixing, indicating
that there were no side reactions. NFM and NFPP were initially
measured in the Laser particle size analyzer and SEM (Fig. 2(b),
Figure S4), The particle size distribution of NFPP predominantly ranging
from 1 to 10 pm. And the powder of NFM exhibits a normal distribution
in particle size, predominantly within the range of 5-10 ym. The median
particle sizes (Dsg) of NFM and NFPP are 10.675 pm and 6.848 pm. After
mixing larger particle size NFM with smaller particle size NFPP, a
morphology of small particles filling pores and large particle gaps is
observed (Fig. 2(c)). Through SEM and mapping images of elements, it
can be observed that the large particles of NFM and the small particles of
NFPP in the blended electrode are uniformly mixed. Subsequent
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research based on this blended electrode is reliable (Fig. 2(d and e)).
Additionally, a detailed study was conducted on the basic characteristics
of blended electrode (compaction density, electrolyte absorption rate
and so on). Tap density and compaction density are important indicators
for measuring the compactness of materials and play a crucial role in
improving the energy density of batteries, and the testing method for
compaction density is shown in Fig. S5. The tap density and compaction
density of NFM are 1.73 g/cm® and 3.02 g/cm?®, respectively, while
those of NFPP are only 1.12 g/cm® and 2.00 g/cm®. Compared to NFPP,
the compaction density of the blended cathode has been significantly
improved (Fig. 2(f)-Table S1). It is worth noting that the growth rates of
compacted density and tap density are not consistent, which may be due
to the influence of particle size distribution on the physical properties of
the electrode. Additionally, the electrolyte absorption rate of NFPP is
higher than that of NFM. With the increase of NFM blending ratio, the
electrolyte absorption rate of the blended cathode will also decrease
linearly (Fig. 2(g)). Compared to NFPP, the increase in compaction
density and the decrease in electrolyte absorption rate of the blended
cathode both contribute to the improvement of battery energy density.

Subsequently, the electrochemical performance of the blended
electrode was further studied. The mixed cathode is subjected to ca-
pacity testing in the voltage range of 1.5-4.0 V and at a rate of 0.1/1.0C.
The capacity of the blended cathode has been significantly improved
(compared with NFPP), and shows a linear growth relationship with the
amount of NFM added. The fitting curve of capacity change of 0.1/1.0C
conforms to the equation y = 21.53*x+4105.05, y = 22.37*x+96.31 (x is
the proportion of NFM added, 0<x < 100) (Fig. 3(a and b)). More
detailed capacity information can be found in Table S2. The different
slopes of the fitting curve can also provide data references for electrode
design in different usage scenario. The increase in the proportion of NFM
significantly enhances the specific capacity of the battery. Furthermore,
we normalized the voltage-capacity curve of the first charge and
discharge cycle (Fig. S6). Due to the different oxidation-reduction re-
actions that occur when the cathode material gains and loses electrons,
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Fig. 1. Schematical illustrations of the preparations of the battery slurries and electrodes.



W. Liet al.

Journal of Power Sources 631 (2025) 236275

a b 1z C
‘ NFM:NFPP |:|Npp‘p
. 15| [CINFM
Rk o 10:0
3 12+
;. 7.3 £
2 g g/
= 55| S
= =
2 (=]
E 37| 7 64
prsinsindb 0:10 3]
-
. S S 0 ol NFM O e ® SuperP /"'\_f\/’ PVDF
10 20 30 40 50 60 70 @80 90 0.1 1 10 100 - ° :
2-Theta (degree) Granularity (um)
d NFM: NFPP=10: O NFM: NFPP=5: 5
7 S 4 i D
e
. @,
& . .
53.0— '.._ﬂ -3.0H 164 \‘.
s Lo T = R
251 L L2585 <
g o8 B 214 >
e wem" y=1.04x+1.95 z > *‘\'
3204 @- 208 2 >,
3 - § g1 *a,
G 1.5 g @TTT—1153 8 .
-] o = © .
g 10 G- y=0.61x+1.08 1.0 1.04 S
o o A=Y
05 X is the proportion of NFM added 05 o8 Vacuum maintained for 24 h
BT 73 &5 37 010 ' 10:0 73 &5 :7T 010

NFPP:NFM (by wt.)

NFPP:NFM (by wt.)

Fig. 2. Physical characteristics and properties of blended electrode. (a) The x-ray diffraction patterns of different mixed ratios of NFM and NFPP; (b) The particle size
distribution of NFPP and NFM; (c) Schematic illustration of the materials distribution of blended electrode; (d) SEM images of NFM-NFPP electrode mixed in different
proportions for 10:0, 7:3, 5:5, 3:7, 0:10; (e) Mapping images of elements (P, Ni, Fe, and Mn); (f) Linear relationship graph between tap density and compacted

density; (g) electrolyte absorption rate, and the blended proportions of NFM-NFPP.

there are significant differences in the voltage plateau during the charge
and discharge process. The differential capacity (dQ/dV) curve also il-
lustrates this point (Fig. 3(c)). In the study of NFM material, the anodic
oxidation peaks observed at 2.8 V and 3.6 V are attributed to the redox
couples of Ni?*/N3* and Ni®t/Ni*t, respectively [27]. The capacity
contribution of NFPP originates from the reversible redox transition of
Fe?*/Fe3* [16]. Concurrently, this transition prompts the extraction of
Na™ ions from various crystallographic sites, thereby generating two
distinct oxidation peaks as observed in Fig. 3(c). The oxidation peak at
2.75 V is corresponding to the extraction of Na™ at Na3 (5-coordinated)
and Nal (6-coordinated) with the extraction of and sites [28]. In addi-
tion, the oxidation peaks at 3.20 V are assigned to the transformation of
Na™ at Na4 site (6-coordinated) [29]. In addition to the increase in ca-
pacity, the increase in discharge platform voltage of the blended cathode
will also contribute to the improvement of energy density. When the
charging and discharging voltage range is extended to 1.5-4.3 V, the
increase in discharge capacity also shows a linear growth pattern, and
the fitting curve of capacity change conforms to the equation y =
54.43*x+104.73 (x is the doping ratio of NFM, 0<x < 100) (Fig. 3(d and
e)). Under high voltage cycling, the capacity growth rate of the mixed
electrode doubles, due to the emergence of a new platform for NFM
above 4.0 V (Fig. 3(f)).

According to the above experimental data, we normalized the
discharge curve based on the discharge capacity and calculated the
average voltage during the discharge process through integration. The
average discharge voltages of NFPP and NFM were calculated to be 2.92
V and 3.09 V, respectively. At the same time, the average voltage of the

blended cathode showed a linear increasing trend (Figure S7, Fig. 4(a)).
Subsequently, based on the average voltage, cathode capacity, and cell
design parameters, the variation trend of the energy density (mass en-
ergy density and volume energy density) of the blended electrodes was
roughly estimated (Fig. 4(b and c)). The estimated results are based on
the cell design parameters in Table S3 and Table S4. The increase in
energy density of the entire battery is not only related to the capacity of
the cathode material, but also to the average discharge voltage, the
compaction density of the cathode material, as well as the electrolyte
absorption rate of the electrode. Nevertheless, the common modification
of cathode materials is limited to one or two aspects of improvement
[30-34]. By contrast, the blending material strategy can effectively
enhance the comprehensive performance of materials, thereby signifi-
cantly improving the energy density of batteries (Fig. 4(d)).

The above analysis mainly indicates that the strategy of incorpo-
rating NFM into NFPP has achieved a significant increase in battery
energy density. Reciprocally, the incorporation of NFPP will also
improve the performance of NFM. NFM with high specific capacity is
plagued by Jahn-Teller distortion in practical applications, leading to
severe structure instability and capacity fade [20]. The blended elec-
trode of structurally stable NFPP and NFM exhibit better cycling stability
and slower energy density decay compared to NFM alone (Fig. 5(a and
b)). Whether at a charging cut-off voltage of 4.0 V or 4.3 V, the cycling
stability of the blended cathode has been significantly improved. And we
found that increasing the cut-off voltage to 4.3 V does not deteriorate the
performance of NFPP. In addition, when NFM is blended with NFPP, it
has been demonstrated to significantly enhance the rate performance,
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Fig. 3. Electrochemical performance of NFM-NFPP electrode blended by different proportions. (a) Initial charge-discharge curves of Na/NFM-NFPP full cells
(1.5-4.0 V, 0.1C, 25 °C) in commercial electrolyte; (b) The relationship between capacity and NFPP electrode added by the amount of NFM at 0.1C, and 1C; (c)
Corresponding dQ/dV curves of the charge process of (a); (d) First charge-discharge curves of Na/NFM-NFPP full cells (1.5-4.3 V, 0.1C, 25 °C) in commercial
electrolyte; (e) The relationship between capacity and NFPP electrode added by the amount of NFM at 0.1C. (f) Normalization plot of the voltage - capacity curve of
the first charge discharge cycle of the blended cathode (1.5-4.3 V).
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particularly under high current densities (Fig. 5(c)). This enhancement
is attributed to the faster Na ion diffusion of NFPP [35]. Therefore, the
kinetic test of the charge process using GITT (Fig. 5(d, e) and Figs. S8
and S9) shows that NFM exhibits lower diffusion coefficients of 1010
cm?/s near 2.8 V, 3.0 V, and 3.2 V, while the diffusion coefficient of
NFPP increases continuously during the charging process, and the
diffusion coefficient of NFPP is higher throughout the charge process.
From the current researches touching on the battery safety, the
exothermic behavior of the cathode materials is one of the main sources
of heat during thermal runaway processes. Therefore, the study of the
thermal stability of cathode materials is also an important part of battery
application. Due to its structural instability, NFM is prone to phase
transitions and the release of significant heat during the whole heating
process [36]. In contrast, NFPP exhibits superior structural stability,
maintaining its integrity and stability throughout the heating process
[37]. Fig. 6(a) illustrates a pronounced exothermic peak for NFM near

300 °C, which indicates a significant thermal event. Upon the incorpo-
ration of NFPP, this exothermic peak diminishes progressively, with
pure NFPP exhibiting substantially lower heat release compared to NFM.
In addition, the heat release also increases with the increase of NFM, and
a sudden increase occurs when the mass proportion of NFM reaches 50
% (Fig. 6(b)). By adjusting the ratio of NFM to NFPP, the heat release of
the mixed electrode can be adjusted to a safer level, which will greatly
reduce the safety hazards of the battery. In addition, in the research of
LIBs, the active oxygen released by layered cathode materials will react
violently with the electrolyte and lithiated graphite, which will provide
a large amount of heat for thermal runaway [38]. Fortunately, through
TG-MS testing, both NFPP and NFM showed no oxygen release behavior
in the desodiation state, demonstrating high thermal stability (Fig. 6(c)).
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Fig. 6. The thermal behavior of NFM-NFPP blended electrode different proportions at 100 % SOC. (a, b) The DSC plots curve and heat release of NFM-NFPP
electrodes blended different proportions in sealed crucibles; (c) The oxygen release from NFM or NFPP.
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4. Conclusion

In this work, NFPP, NFM and their blended electrodes were used as a
case model to systematically study the improvement of battery perfor-
mance by blended electrodes from the aspects of electrode properties,
electrochemical performance, and thermal stability. For NFPP cathode
with lower specific capacity, the addition of NFM with high specific
capacity will effectively enhance the discharge capacity of the cathode
material. At the same time, it also has a forward effect on the average
discharge voltage and compaction density of cathode materials. There-
fore, the improvements of capacity, average discharge voltage, and
compaction density can comprehensively enhance the energy density of
batteries, which cannot be achieved solely through material modifica-
tion. For NFM cathode with poor cycling stability and kinetic properties,
the incorporation of NFPP into the blended electrode will slow down the
capacity decay and improve the rate performance. In summary, active
material blending is a simple and effective strategy to enhance the
comprehensive performance of electrode/batteries, and may be a wiser
and more strategic approach for the development of high-energy density
batteries.
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