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ABSTRACT: Developing advanced cathode materials is pivotal
for successful commercialization of sodium-ion batteries
(SIBs), but it requires reliable evaluation of electrochemical
performance. However, the widely used sodium metal anode in
academic research is not a “qualified counter electrode”,
particularly under high-mass-loading and limited-Na condi-
tions. Herein, the limitations of Na metal anode are discussed,
and reliable high-mass-loading hard carbon (HC)-based full
cells are proposed with a detailed guideline provided for
qualified slurry preparation, electrode fabrication, and cell
design. Three-electrode tests reveal Na metal’s severe potential
fluctuations, which influences the evaluation of electrochemical
performance for high-mass-loading NaNi1/3Fe1/3Mn1/3O2 cath-
odes. Encouragingly, HC-based pouch cells demonstrate good electrochemical performance, including lower polarization
(∼0.07 Ω ohmic resistance), enhanced cycling stability (85% retention after 250 cycles), and rate performance (80% capacity
maintained at 4 C), highlighting the exceptional reliability and suitability. This study offers a robust methodology for
evaluating lab-developed cathode materials, bridging the gap between academia and industrial applications.

Large-scale electrochemical energy storage systems play a
crucial role in regulating peak load transfer in renewable
energy generation, which is often characterized by

intermittent output.1,2 Unlike portable electronic devices and
electric vehicles dominated by lithium-ion batteries (LIBs),
large-scale energy storage prioritizes the operating cost and
cycling life over energy density. In this context, sodium-ion
batteries (SIBs) have emerged as a promising alternative to
LIBs due to their comparable electrochemical properties and
cost-effectiveness of sodium resources.3 Specifically, the
development of advanced cathode materials and their
modification strategies has garnered considerable attention,
as these materials directly determine both the energy density
and operating cost of SIBs.2,4−9

In the academic community, the most commonly used
method for evaluating cathode materials involves assembling
sodium metal batteries, where Na metal serves as the counter
electrode. However, the observed electrochemical performance
of the cathode in this system is influenced by the entire cell
and cannot exclude the effects of the Na metal anode.10−12 For
instance, in galvanostatic cycling tests, the monitored cell

voltage (Ecell) is used to evaluate performance, but the actual
cathode potential (Ecathode) also depends on the plating and
stripping potentials of the anode (Ecathode = Ecell − Eanode). While
the cell cutoff voltage remains constant, the voltage polar-
ization at the sodium metal anode directly impacts the cathode
charge cutoff potential, resulting in deviations in desodiation
degrees and overall cycling performance. From an electro-
chemical prospect, the Na metal anode is not a “qualified
counter electrode” due to the severe interface side reactions
and potential fluctuations13−15 (confirmed by the three-
electrode-cell results using NaTi2(PO4)3 (NTP) as the
reference electrode in this work). From the perspective of
cost and energy density (Tables S1 and S2), developed
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cathode materials should be fabricated into high-mass-loading
electrodes and pouch cells for practical applications rather than
the low-mass-loading electrodes typically employed in
laboratory evaluations. When coupled with such a high-mass-
loading cathode, the plating capacity and current density on
the Na metal anode significantly increase under the same C-
rate, exacerbating Na dendrite growth and irreversible side
reactions. Our preliminary tests, in which we assembled Na
metal anodes with both high and low mass loadings of the
same NaNi1/3Fe1/3Mn1/3O2 (NFM) cathode material, reveal a
pronounced discrepancy in cycling stability and voltage
polarizations (Figure S1).

Hard carbon (HC)-based full batteries could be a more
reliable platform for assessing cathode materials, particularly
under high-mass-loading conditions. The HC anode offers a
considerable Na+ storage capacity (∼300 mAh g−1) with a
relatively low platform voltage (0.1 V vs Na/Na+).16,17

Furthermore, HC is composed of a highly disordered and
distorted pseudographite structure (Figure S2a-c) with
substantial interlayer spacing (Figure S2d), enabling it to
accommodate sodium ions more effectively.18 Thus, its limited
volume expansion and low reactivity ensure high reversibility,
allowing for an accurate assessment of the actual electro-

chemical performance of cathodes.19 Therefore, establishing a
comprehensive understanding of the principles governing HC-
based full batteries in laboratory settings is critical and will
undoubtedly drive the development of high-performance
cathode materials. However, these aspects remain insufficiently
explored to date.

In this work, the limitations of Na metal anodes are
discussed, and the critical parameters for preparing high-mass-
loading HC-based full cells in the laboratory are systematically
investigated, including slurry preparation, electrode fabrication,
and cell design (Figure 1a). As anticipated, metallic Na-based
coin cells exhibit higher resistance and poor electrochemical
performance compared to HC-based battery configurations.
Moreover, HC-based pouch cells demonstrate superior cycling
stability under high-loading-mass conditions compared to HC-
based coin cells, indicating the excellent reliability of HC-based
pouch cell configuration. Besides, in situ projective XRD
measurements can be readily conducted on HC-based pouch
cells, facilitating the study of electrochemical mechanisms. This
study offers a robust methodology for evaluating lab-developed
cathode materials and bridges the gap between scientific
research and industrial applications.

Figure 1. Impact of anode material and electrode mass loading on cell performance. (a) Comparison of Na metal and HC material. (b) In-
situ optical microscopy image of bubble generation on Na metal immersed in electrolyte. (c) XPS result of Na metal after immersing in
electrolyte. (d) Current density distributions in Na metal/electrolyte interphase with different area-capacity cathodes. (e) Open circuit
potential of Na||NTP and NTP||NTP in a three-electrode cell. (f) Overpotential on Na electrode during the process of deposition and
stripping. (g) Cycling performance of NFM cathode with different mass loadings.
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The Limitations of Na Metal Anode. The utilization of
Na metal as an anode presents numerous challenges, including
severe side reactions between Na metal and the electrolyte,
dendritic Na formation, and the generation of “dead Na”
during cycling. In-situ optical microscopy and X-ray photo-
electron spectroscopy (XPS) are used to verify the serious side
reactions between Na metal and electrolyte. As shown in
Figures 1b,c and S3, noticeable bubbles and solid electrolyte
interface (SEI) form on the surface of Na metal after
immersing in the electrolyte. Under the real state of the
high-area-capacity electrode, the issue becomes more pro-
nounced. These issues are further exacerbated under high-area-
capacity electrode conditions. The plating capacity and current
density of the Na metal anode can be substantially enhanced
by increasing the mass loading of the cathode material. The
increased current density exacerbates the nonuniform dis-
tribution of ions and promotes dendrite growth (Figure 1d),
thereby intensifying the by-reaction with electrolyte and the
formation of “dead Na”.20 When compared to the stable
NaTi2(PO4)3 reference electrode (RE), the use of Na metal as
a counter-electrode (CE) exhibits instability in open circuit
potential (Figure 1e), resulting in significant fluctuations in

overpotential observed during the process of deposition and
stripping particularly at the high current density (Figure 1f,
Figure S4). In addition, as the electrode thickness increased,
the internal resistance and the inhomogeneity of state of charge
(SOC) distribution rose.21 Ultimately, the specific capacity and
cycling performance of Na metal cells vary with different mass-
loading electrodes (Figure 1g).

Consequently, when coupled with high-mass-loading NFM
cathodes, NFM||Na half cells demonstrate poor electro-
chemical performance (Figure S5), which is attributed to the
high reactivity of Na metal, limited reversibility of its plating/
stripping processes, and continuous consumption of the
electrolyte. Furthermore, Na metal provides a large amount
of Na+ and the cell is a nonstoichiometric sodium system,
which introduces a bias in the assessment of the cathode
materials. Therefore, Na metal is not the optimal anode choice
for assessing the properties of cathode materials under real
high-area-capacity conditions. Benefiting from the good
structural stability of HC and high Na+-insertion/extraction
reversibility (as confirmed by the stable and small charge-
transfer resistance (Rct), Figure S6), the NFM||HC exhibits
excellent cyclic stability, rate performance, and lower voltage

Figure 2. Impact of the fabrication procedure of slurry and electrode on cell performance. (a) Schematic diagram of the fabrication
procedure of the slurry and electrode. Effect of binder MW on electrode: (b) digital photographs, (c) surface scanning electron microscopy
(SEM) images, (d) cross-section images, and (e) laser scanning confocal microscopy (LSCM) surface topography images of HC electrode
with low MW CMC binder, (f) Digital photographs, (g) surface SEM images, (h) cross-section images, and (i) LSCM surface topography
images of HC electrode with high MW CMC binder; (j) Schematic diagram and (k) results of electrode peel-off strength test; (l) First-cycle
charging and discharging curves and (m) cycling performance of HC with different MW CMC.
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polarizations. On these grounds, the significance of employing
a high-area-capacity HC-based anode in lieu of a Na metal
anode for assessing the electrochemical performance of
cathode materials is elucidated.
Qualified Slurry and Electrode Preparation. Under

high-loading conditions, additional factors, including electrode
fabrication, formation of an effective conductive network, and
ionic diffusion kinetics, also play critical roles in influencing
cathode performance. Therefore, the preparation of slurry is
the key technological issue in electrode manufacture, further
impacting battery performance. A typical slurry consists of
active materials, conductive agents, binders, and solvents that
should be uniformly dispersed as a suspension. However, the
difficulty escalates when preparing a homogeneous high-solid-
content slurry to obtain a high mass-loading electrode,
primarily due to the challenges encountered during the mixing
process such as inadequate binder dissolution, particle
agglomeration, and so on. And the poor slurry will result in

uneven electrode films, resulting in powder loss, cracking, and
difficulty in forming an effective conductive network. Given
that, a reliable homogenizing process of the slurry, which is
seldom discussed in existing literature, is proposed with
reference to industrial processes. And the key points in
preparation are summarized as follows (Figures 2a and S7;
Tables S3 and S4):

(1) Dry powder mixing. The active materials and conductive
agents are totally added and preliminarily mixed in the
stirring tank.

(2) Adding binder. The binder should be predissolved in a
solvent and possess a relatively high initial viscosity.

(3) Vacuumizing and stirring. The vacuum environment
promotes liquid wetting of the solid powder surface and
defoaming, thus promoting dispersion.

(4) Viscosity adjusting. Appropriate amount of solvent is
added to adjust the slurry viscosity to approximately
3000 cps.22

Figure 3. Effect of factors on full cell performance. (a) Cycling performance and (b) first charge−discharge curves of a full coin cell with
different N/P ratios. (c) Cycling performance and (d) charge−discharge curves of a full coin cell with different resting times. (e) Schematic
diagram of pouch cell assembly.
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After the vacuumizing and stirring steps, the powder and
binder are evenly mixed to form a creamy slurry (Figure S7),
which is the key feature for a successful slurry. The shear stress
during stirring could facilitate the uniform dispersion of active
material and conductive agent, thus contributing to establish-
ing an effective conductive network in electrode. Before the
mixing process, the binder should be fully dissolved to prevent
the viscosity of the binder from changing during slurry
preparation. Attentionally, the viscosity of the slurry should be
adjusted to an appropriate value, since excessively low viscosity
will lead to insufficient loading and high porosity, while overly
high viscosity may result in coating difficulties and defects due
to poor flow dynamics. For most of the cathode materials that
use polyvinylidene difluoride (PVDF) as binder, high air
humidity should be avoided to prevent gelation of the slurry
during the mixing process. Meanwhile, for anode materials, if
carboxymethyl cellulose (CMC) and polymerized styrene
butadiene rubber (SBR) are employed as binders, it is
advisible to refrain from prolonged high-speed stirring, as
this will lead to the structural damage of SBR. Once the
qualified slurry is prepared, coating and drying should
promptly proceed to achieve a high mass-loading electrode.

In addition to the acquisition of slurry, a lot of details also
affect the successful preparation of a qualified electrode.10,23,24

For instance, the molecular weight (MW) of the binder will
significantly affect the robustness of the electrodes. In
particular, there is a reduced binder content in the high
mass-loading electrodes, thus amplifying the influence that
adhesive strength of binder has on the viscosity of the slurry
and the adhesion of the electrodes. In order to simplify the
discussion, commercial HC materials with superior electro-
chemical performance (Figure S8) are used to prepare
electrode with two CMC binders. As presented in Figure 2b-
i, the MW of the CMC binder exerts a significant impact on
the morphology of the HC electrode. After the drying process,
numerous cracks appear on the surface of the high-mass-
loading HC electrode prepared using low-MW CMC (Figures
2b-d, S9), whereas that with high-MW CMC binder maintains
a smooth surface (Figure 2f-h). Furthermore, laser scanning
confocal microscopy (LSCM) is employed to map the
roughness of the electrode surface (Figure 2e and i). As
shown in Figure 2e, the electrode prepared using low-MW
CMC exhibits severe deviation in height, which can be
attributed to the inadequate adhesive strength of low-MW
CMC. By contrast, there is no significant fluctuation on the
surface of the HC electrode with high-MW CMC binder
(Figure 2i). In addition, the adhesion between the active
materials and the current collectors is evaluated by 180° peel-
off tests (Figure 2j). As illustrated in Figure 2k, the normalized
average peel-off strength of the electrode prepared by low-MW
CMC (1.35 N cm−1) is obviously smaller than that of high-
MW CMC (2.35 N cm−1), indicating the relationship between
the adhesive strength and MW of the binder. The presence of
cracks will disrupt the continuity of conductive network within
the electrode, while the loose structure may further accelerate
the active material loss and capacity fading. As a result, the
high mass-loading HC electrode with a low-MW CMC binder
and poor mechanical strength exhibits a worse cycle perform-
ance in half cells, and the capacity diminishes to zero rapidly
after 90 cycles, with repeated appearance of “soft short circuit”
during cycling due to the nonuniform conductive network
(Figures 2l,m and S10). The high-MW CMC, which has a
higher adhesive strength and viscosity, is more suitable for the

preparation of high-mass-loading HC electrodes. But it should
be noted that the overhigh MW of binder will result in
excessive viscosity and poor fluidity of slurry with the same
solid content,25 which leads to the uneven stripes on electrode.
Considering the properties of active materials and conductive
agents, it is necessary to carefully select a suitable type and
MW of binder.26

Design and Assembly of Full Cells. The assembly of the
full cell is similar to that of the coin half cell. In order to
optimize the utilization of the cathode material, the anode area
is typically larger than the cathode. From the perspective of
battery safety, the capacity of the negative electrode is usually
designed higher than that of the positive electrode. However,
an overly high N/P ratio can lead to a significant reduction in
the energy density of the battery. Besides, the relatively low
first-cycle Coulombic efficiency of the HC anode will lead to
an increase in irreversible capacity loss when the N/P ratio is
higher.27 Therefore, the areal-capacity ratio of negative and
positive electrodes (N/P ratio) is a critical factor for the
capacity of full cell.28,29 Based on the actual specific capacity
(Figure S11) and the areal mass loading of cathode (NFM)
and anode (HC), full cells with different N/P ratios are
designed, as shown in Figure 3a,b. Optimal specific capacity
and cycling performance can be achieved when the N/P is
approximately 1.16. However, when N/P = 1.26, the full cell
delivers a large irreversible capacity loss (the specific capacity is
only 82 mAh g−1 at 1 C) due to an excess of anode. In
addition, the cycling performance will be affected by the
resting time (interval between the cell assembly and the
commencement of electrochemical testing). In the first two
activated cycles (0.1 C), the full cell of resting 6 h delivers
similar capacity to that of resting 30 h (Figure 3c,d); however,
the cell of resting 6 h degrades rapidly after 150 cycles (only
34% cycle retention after 300 cycles). The high-mass-loading
electrode exhibits a slower electrolyte wetting rate compared to
the low-mass-loading electrode due to its overall thickness.
After 6 h of resting, the majority of the electrode surface
becomes saturated but is insufficient for achieving uniform
wetting within the electrode. The inhomogeneity of wetting
has a minimal influence on cell capacity for the first charging−
discharging cycle due to the minimal applied current density.
Nevertheless, as a large current is applied for the long-term
cycling periods, the ion diffusion rate in the electrolyte
surpasses that in the bulk phase of the electrode, resulting in a
significant impact arising from the inhomogeneity of the
wetting situation.

Considering the practical application, evaluation results in
pouch cells are more realistic than those in coin cells. Besides,
the larger resistance of the coin cell also leads to a non-
negligible deviation from real cycling stability and rate
performance. The NFM||HC laminated full pouch cells with
a N/P ratio of 1.16 are assembled as following steps (Figure
S12): First, the prepared electrodes are punched as suitable
pieces by regular dies (Figure 3e), and a small part of the
collector is reserved for welding later. Generally, the area of
negative electrode is slightly larger than that of positive
electrode to ensure the utilization of cathode material. Second,
a piece of separator is cut, whose width is slightly larger than
cathode and anode, and length is longer than the combined
width of electrodes. Next, a piece of anode is placed on one
side of the separator, followed by folding the separator
discretely to cover the anode. Then the cathode is stacked on
top of the separator, and the separator is folded again to cover
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the cathode. The stacking process is repeated to obtain the
multilayered pouch cell, and the reserved collectors of cathode
or anode should coincide during the assembly process.
Afterward, the stacked electrodes and separators are fixed
with insulated tapes. The reserved collectors are subsequently
trimmed to the same length and welded to aluminum tape.
The height of adhesives across two tapes remains consistent to
ensure good sealing after hot packing. Subsequently, the
stacked electrodes are packed in the aluminum plastic film with
three sealed sides and one open side for subsequent electrolyte
filling. After addition of the electrolyte, the aluminum plastic
pouch is hermetically sealed. The pouch cell should be
clamped tightly in the fixture and undergo a resting period
exceeding 12 h. After electrochemical activation with a small
current, the gas generated during the formation process is
evacuated, and the pouch is resealed for the subsequent
electrochemical test (Figure S13). Notably, most air-sensitive
layered cathode materials need to be assembled in a low-
humidity environment (such as dry room or glovebox), thus
preventing degradation of the pouch cells.
Superiority and Application of Pouch Cell. Never-

theless, there exist notable distinctions between coin cells and
pouch cells, primarily concerning their cell impedance. The
impedance of cells with different types is evaluated by the
galvanostatic intermittent titration technique (GITT), direct
current internal resistance (DCIR), and electrochemical
impedance spectroscopy (EIS). The impedance in all cell
types exhibits almost consistent trends that vary with voltage
and SOC, where the impedance increases as the voltage and
the SOC decreases during both the charging and discharging
processes (Figures 4a-c, S14−S16). The EIS results reveal that
Na+ ion migration resistance and charge-transfer resistance of
the coin half cell (Figure S16) are significantly higher than
those of the coin full cell, indicating the formation of unstable
SEI due to the high reactivity of the metallic Na anode.
Besides, GITT and DCIR results indicate a higher ohmic
resistance in the coin cell (∼5.5 Ω at 60% SOC) compared to
the pouch cell (∼0.07 Ω at 60% SOC) (Figures 4b,c, S14b,c,
and S15), which is attributed to the disparities in cell
configuration and internal component resistance. The total

overpotential (Utotal) can be summarized by the ohmic
overpotential (Uohm) and nonohmic overpotential (Unonohm)
(Figure 4d),30 and the ohmic resistance constitutes a
significant proportion of the cell’s total resistance (Figure 4a-
c) at the beginning of the cycle. Thus, the higher ohmic
resistance in coin cells can lead to a notable increase in the
cell’s overpotential, which leads to increased energy spent
(Qloss) and may induce detrimental phase transitions during
charging process.31,32 Additionally, during the discharging
process, the rise in resistance and overpotential results in the
output voltage deviating from the theoretical equilibrium
potential (Figure 4e) and the internal resistance drop (IR
drop) arises (Figure 4f), which consequently diminishes the
efficiency, capacity and power (Ploss) of cells, thus generating
heat release and accelerating the deterioration of the battery
performance.32−35 Anyway, it can be consistently observed that
the impedance of the half cells is higher than that of full cells,
while the pouch cell exhibits significantly lower impedance
than the coin cells. As a result, the cell types have a significant
impact on the rate performance.

With the implementation of high mass-loading electrodes,
the capacity of the half cell drops sharply at high rates, with the
capacity at 4 C amounting to only 16% of that at 0.1 C (Figure
S17a), indicating that the large impedance of the cell poses
limitations on its rate capability and further revealing the
voltage deviation and interfacial instability of the Na metal
electrode at high current densities. In the full cell, the rate
performance is improved significantly, and the impact on cell
capacity arising from rate is further reduced in the pouch full
cell (80% capacity maintained at 4 C, Figure S17b),
demonstrating that the pouch cell configuration can maximize
the release of capacity and enhance the fast charging ability.
Except for the cell configuration and internal component
resistance, variations in measured resistance fundamentally
originate from electrolyte depletion and parasitic side
reactions, whose severity differs across cell configurations.
While cathode properties are inherently configuration-
independent, different assembly methods and improper
measurement may introduce experimental artifacts that
obscure accurate cathode evaluation.

Figure 4. Impact of the cell assembly configuration on cell impedance. DCIR of (a) coin half cell, (b) coin full cell, and (c) pouch cell. (d)
Formula for the influence of resistance on the overpotential (U), energy (Q), and power (P) characteristics of the cell.22,23,26 Schematic
diagram of (e) output voltage deviating from the theoretical equilibrium potential and (f) potential drop between charge and discharge.
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The reliable pouch cell is advantageous for obtaining
accurate electrochemical performance data and possesses a
distinct edge in mechanism analysis compared with the coin
cell. As presented in Figure 5a, the NFM||HC pouch cell
delivers a capacity of 13 Ah with a high capacity retention of
exceeding 85% for 250 cycles, surpassing most of the reported
sodium ion batteries (Table S5).36−41 Taking in situ X-ray
diffraction (XRD) as an instance, the primary impact of cell
configuration on in situ XRD analysis stems from current-
induced polarization effects, which distort the actual potential
of the working electrode, thereby complicating the precise
correlation between structural evolution and electrode
potential. Although the crystal structure evolution of the
cathode material directly reflects the extent of sodium
deintercalation, it is not absolutely synchronized with the
measured cell voltage. In most academic research on SIBs and
LIBs, a special cell employing beryllium (Be) metal as the
optical window is employed to enhance X-ray transmission for
in situ XRD test of active materials (Figure 5b). However, the
high polarization of the coin analogue cell (the middle voltage
is up to 3.39 V during charge) (Figure 5c) as well as the severe
side reactions between Be and electrolyte result in a large
deviation between the test system and the actual working
conditions. In the in situ XRD tests with low-mass-loading (∼
5 mg cm−2) of NFM cathode using the coin-type electro-

chemical cell (simulating precise potential monitoring),
different charging cutoff potentials will lead to different
degrees of crystal evolution (Figure S18, compared with the
NFM||Na cell charged to 4.0 V in our prior study42),
highlighting the sensitivity of structural response to electro-
chemical conditions. In contrast, the pouch cell configuration
in the in situ XRD test (Figure 5d) is close to operando
characterization, which can trace the changes of active
materials in the real state (Figure 5f). The in situ XRD results
of the NFM||HC pouch cell show that the (003) peak shifts to
a lower angle during charging, indicating the O3 phase of NFM
transforms into the P3 phase with expansion of the structure c-
axis. Benefiting from the measurement method, the powerful
data about structure evolution of electrode can be further
analyzed for a wide temperature range, high current, and so on.
The measurement method can be utilized to observe the
structural modifications of electrode materials in diverse
environments, analyze the mutual interference between the
positive and negative electrodes on the observation of the
structural changes of electrode material, and obtain XRD
signals of both positive and negative electrodes,43 which
promotes the development of electrochemical mechanisms. In
addition, pouch cells can be utilized for battery safety analysis
(Figures 5e, S19). Interestingly, the results of the accelerating
rate calorimeter (ARC) exhibit a favorable safety of sodium ion

Figure 5. Advantages of pouch cells. (a) Cycling performance of the pouch cell. (b) Schematic diagram of the cell used for in situ XRD test.
(c) First charging−discharging curves of cells used for in situ XRD. (d) Schematic diagram of pouch cell used for in situ XRD test. (e) Safety
analysis of pouch cell at full charged state. (f) In-situ XRD result of pouch cell (“*” represents the peak of Al).
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battery with layered NaTMO2 as cathode, and the phenom-
enon of fire combustion is not observed after the nail
penetration test, which is helpful to further evaluate the overall
performance of sodium-ion batteries.

To conclude, HC-based pouch cells provide a reliable
platform for accurately evaluating the electrochemical perform-
ance of cathodes, effectively overcoming the limitations of
unstable sodium metal anodes (e.g., potential fluctuations,
electrolyte decomposition, and electrode passivation). System-
atic comparisons of electrochemical performance confirm that
HC-based pouch cells exhibit better electrochemical perform-
ance than Na-based half cells, including lower Na+ ion
migration and charge-transfer resistance, superior cycling
stability (95% cycling retention in 100 cycles vs ∼ 70% of
NFM||Na half cells), and enhanced rate performance (80%
capacity retention at 4 C vs only ∼20% of NFM||Na half cells),
highlighting the interfacial and structural stability of HC
anodes. Additionally, we outline critical parameters, including
slurry preparation protocols, N/P ratio optimization, and cell
assembly procedures, thus ensuring the reproducible fabrica-
tion of high-mass-loading HC-based full cells. Furthermore, the
lower current-induced polarization stemming from the lower
ohmic resistance of the pouch cell configuration enables
precise mechanism analysis under real operating conditions,
offering a robust methodology to evaluate lab-developed
cathode materials and bridging the gap between academic
research and industrial applications.
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