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ABSTRACT

The powder aerosol deposition (PAD or aerosol deposition method [ADM]) and tape casting were used to manufacture
Na;V,(P0O,)s:/C (NVP/C) electrodes from the same synthesized powder batch. We demonstrate that Na-based, binder-free
and solvent-free thick PAD electrodes can be directly deposited onto aluminum current collectors. Tape-cast electrodes were
fabricated on aluminum foil to serve as a reference for electrochemical benchmarking. Galvanostatic cycling was performed
at a C-rate of C/10 between 1.5-4.5 and 2-4 V versus Na*/Na using a liquid electrolyte in coin cells. PAD electrodes with varying
cathode active material (CAM) loadings were produced to evaluate the effect of loading and posttreatment on the electrochemical
performance. While tape-cast electrodes show consistent capacities (~90 mAh g~* at C/10), PAD electrodes delivered significantly
lower specific capacities depending on CAM loading and posttreatment. By correlating delivered charge with active mass and
thickness, we show that the charge extracted from PAD-NVP/C cathode exhibit a plateau at ~0.15-0.18 mAh, independent of
CAM loading. This indicates that only a thin fraction of surface region participates in de/-intercalation. These findings reveal the
utilization limits in thick PAD cathodes and provide insight toward enabling their future industrialization.

1 | Introduction and cathode side instead of copper. Being more affordable and

lighter, aluminum as CC results in weight and cost savings.

The 3D framework of Na;V,(PO,); (NVP) was first investigated
in 2002 by Uebou et al. [3]. Its rhombohedral NaSICON struc-

Intensive research into sodium (Na)-based batteries suggests that
these devices are strong candidates for energy storage solutions

not only for stationary applications but also for mid-range elec-
tromobility [1].

The driving force behind Na-ion battery research is the wide-
spread availability of sodium resources and the analogous chem-
istry of Na-ion batteries to their lithium (Li) counterparts.
According to the Al-Na phase diagram [2], sodium does not alloy
with aluminum. Therefore, Na-ion battery design allows the
replacement of Al as the current collector (CC) on the anode

ture enables to insert and extract sodium ions, and it is consid-
ered to be one of the most promising cathode candidates for Na-
ion batteries due to its high theoretical capacity (117 mAh g™%).
Since then, considerable effort has been devoted to enhancing
the cycling stability of this material and to exploiting its maxi-
mum capacity. Recent studies have shown that advanced par-
ticle engineering, nanoscale carbon coatings, and interface
design can significantly enhance the performance of NVP/C
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electrodes under practical liquid-electrolyte conditions [4-6].
One strategy to achieve this is to synthesize NVP/C composite
cathode powders with conductive carbon coating [7-10]. Other
strategies manipulate the microstructure of the NVP/C powder
by altering the synthesis parameters [11], or use doping ele-
ments to replace the vanadium with the elements such as
Fe?* [12], Mn** [13], Ti** [14] and K* [15], or fluorinate the
compound, resulting however in a different crystal structure
(Na3V,(PO,4),F5, NVPF) [16]. The NVP has two active redox
couples; V*/V3* at 3.4 V and V**/V** at 1.6V vs Na*/Na.
Therefore, it can be used for both the positive and negative
electrodes, including to build symmetric cells with both liquid
and solid electrolytes (SEs) [17, 18].

The PAD method is a room-temperature dry powder spray tech-
nique for fabricating fully dense nanocrystalline functional
ceramic films of varying thickness on various substrate materials,
such as metals, glasses, and polymers. It is also known as ADM
[19]. The method was initially developed by Akedo et al. [20].
Akedo’s group revealed the fundamental principles including
the deposition mechanisms.

The PAD process has been investigated to manufacture key com-
ponents for lithium batteries and solid-state battery (SSB) archi-
tectures, including SEs, such as LLZO [21, 22], LATP [23] and
LAGP [24, 25], and cathode active materials (CAMSs), such as
LFP [26], LTO [27], LCO [28] and NMC [29-32]. For Na-based
components, so far there have been fewer reports. Some of the
few examples include the application as SE, e.g., NZSP [33],
NZTO [34], and as CAM, NVP [35, 36].

The PAD process is particularly interesting for electrode manu-
facturing, as it does not require any type of binder or solvent
constituent to ensure the integrity of the electrode. This means
that no inactive components are included in the electrode
composition. In addition, process steps, such as solvent evapo-
ration are eliminated, resulting in a simplified electrode
manufacturing process. Moreover, the process is conducted at
room temperature to produce functional ceramic layers in a rel-
atively short time.

NVP powder was firstly powder aerosol deposited on stainless
steel by Sam Oh et al. [35]. It was reported that electrodes with
active mass loading of 0.26-0.39 mg cm™? deliver a reversible
areal capacity of 32.2pAh cm™ at a current density of
96.4 pAcm ™ against sodium metal. Wang et al. [36] reported the
aerosol deposition of NVP powders on 1 mm thick Na;Zr,Si,PO;,
(NZSP) solid electrolyte pellets. The Na-based quasi SSB (with
liquid electrolyte addition) with a CAM loading of 0.2mg
cm™? yielded 94mAh g~' discharge capacity against Na*/Na.
In both cases, the electrode loading as well as the applied cur-
rents were very low.

In this work, we aim to elucidate the cycling performance of
powder aerosol deposited sodium-based NVP/C composite
electrodes on aluminum substrates with a high CAM loading,
close to the typical values used in tape-cast electrodes for Na-
ion cells. We then compare the performance of these electrodes
with those fabricated by tape casting, which is the most com-
mon industrial electrode fabrication method. We evaluate the
influence of CAM loading in dense PAD NVP/C cathode layers
on the cycling performance, and we identify the microstruc-
tural limitations that restrict active material utilization in
PAD electrodes.

2 | Experimental Section
2.1 | Synthesis of NVP/C Composite Cathodes

The synthesis of Na;V,(PO,4);/C composites was carried out by a
solid-state route with an intermediate calcination step. The raw
materials of Na,CO; (>99.9%, Sigma Aldrich), NH,H,PO,
(>99.5%, Sigma Aldrich), V,05 (>99.6%, Sigma Aldrich), and cit-
ric acid (>99.5%, Sigma Aldrich) were weighed and mixed in a
planetary ball mill using yttria-stabilized ZrO, milling media.
Citric acid was chosen as the carbon source and reducing agent.
It was included in the mixture with 30 wt.% (with respect to the
expected weight of the final product). The starting materials were
homogenized in cyclohexane medium for 15 min at 400 rpm. The
homogenized mixture was transferred to a crystallization dish
and left to evaporate the cyclohexane under a fume hood. For
the dried mixture, the first calcination step was carried out at
300°C in a mulffle type furnace (Nabertherm LT 08/16) under
ambient atmosphere. The intermediate product was crushed
in a mortar and pressed into pellets (@20 mm, 5 g each). The pel-
lets were placed in cylindrical alumina crucible and calcined in a
tube furnace (Carbolite Gero, STF 15/450, Neuhausen, Germany)
in an Ar/H, (95/5%) atmosphere at 750°C for 20 h. The calcined
pellets were crushed in a mortar and then ball-milled with the
parameters given in the next section to obtain a suitable particle
size distribution (PSD) for the PAD process.

2.2 | NVP/C Cathode Layers via PAD

Carbon-coated sodium vanadium phosphate (NVP/C) compos-
ite films were fabricated using a custom-built PAD device. The
setup in our laboratory and its fundamentals have been reported
for instance in [37]. The powders were ground in a planetary
ball mill (Pulverisette 5, Fritsch GmbH, Germany) using zirco-
nia grinding media at a speed of 300 rpm for 2 h in cyclohexane.
The milling medium was then evaporated using a rotary evap-
orator (Heidolph Hei-VAP Advantage, Germany). The powder
was sieved through 90 pm mesh sieve and stored in a drying
oven at 200°C overnight. The powders were then sprayed onto
aluminum substrates (@10 mm, ~300 pm thickness). The sub-
strates were manually polished on one side using FEPA P
#500, #800, #1200, #2000, and #4000 abrasive papers for
2 min in each step (see Figure S1). The other side of the sub-
strates was grinded only with #800 grit paper for 2 min to
remove the oxide layer.

The deposition parameters that were varied to obtain different
CAM loadings on the Al substrates are listed in Table 1. Two
different sets of deposition processes were performed. The fol-
lowing parameters were kept constant; oxygen gas was sup-
plied to the aerosol flask, the distance between the nozzle
(10mm by 0.5mm, slit orifice) and the substrates were

TABLE 1 | Deposition parameters to obtain different CAM mass on
the Al substrates.

Spraying parameters - PAD -1  PAD - 2™
Samples set set
Scans 25 12
Gas flow 8 1 min™" 51 min™"
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adjusted to 3mm, and the sample holder stage was moved
horizontally at a speed of 1 mm s~ to deposit NVP/C films.
CAM loading on the powder aerosol deposited substrates
was determined by weighing the substrates before and after
deposition.

2.3 | NVP/C Cathode Layers via Tape Casting

NVP/C tape-cast films were prepared using polyvinylidene
fluoride (PVdF) as a binder (Solef5130 7.5wt.%), 1-Methyl-2-
pyrrolidone as a solvent (NMP, 99.5%, Sigma Aldrich), carbon
black (99+ %, ThermoFisher Scientific), and CAM (NVP/C,
sieved through 56 pm mesh). The above-mentioned milling
parameters apply to the powder used for tape casting. The weight
ratio of CAM:carbon:binder was 80:10:10. The preparation of the
slurry was as follows; (i) NMP solution containing 7.5wt.% of
PVDF binder was weighed in a plastic container, (ii) carbon black
was added, (iii) additional solvent was included utilizing a
syringe, and (iv) the constituents were mixed with a planetary
centrifugal mixer (Thinky ARE-250, Japan) at 2000 rpm for
2 min, followed by 400 rpm for 2 min for degassing. The rest of
the solvent was added stepwise, followed by mixing at each step
until a consistent slurry without agglomerates was obtained. The
slurry was transferred to the doctor blade (120 pm opening) and
cast onto aluminum foil (15 pm thick) at a speed of 1 mm s™*. The
castings were then placed in a drying oven and kept overnight at
100°C under vacuum (20 mbar). Electrodes with a diameter of
13 mm were punched out and stored in the glovebox after being
kept in the antechamber at 100°C for 8 h.

2.4 | Electrochemical Measurements

The performance of powder aerosol deposited and of tape-cast cath-
odes was evaluated in CR2032 coin cells (Hohsen Corp., Japan),
which were assembled in an argon-filled glovebox. An exploded
view of a coin cell is shown in Figure 1. The coin cells were assem-
bled using 1 M NaPFg EC:EMC 30:70 wt.% (Elyte GmbH) and Na
metal (Sigma Aldrich, 99.9%) were utilized as the electrolyte and
anode, respectively. A separator (@17 mm, Whatman GF/A) was
used in between the electrodes. The sodium metal was rolled to
a thickness of 0.6 mm. Round shaped anodes of 14mm and
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-
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12 mm were punched for the tape-cast and powder aerosol depos-
ited electrodes, respectively. The coin cells were crimped using a
pressure-controlled cell crimper at 0.8 tons (MTI Corp., USA) along
with the disk spacers (1 mm thick, @15.4 mm) and wave washers
(1.4 mm height, @15 mm) inside. The open circuit voltage of the
assembled cells was ~2.8 V (vs. Na*/Na).

In the standard cycling procedure, the cells were cycled at a C-
rate of 0.1C (calculated according to the theoretical capacity of
Na;V,(PO,4);-117mAh g™') for 20 cycles in the range of 1.5-
4.5V or 2-4V. The rate capacity performances were determined
in the same potential range at C-rates of 0.1C, 0.2C, 0.5C, 1C, 2C,
5C and 10C for 5cycles in each step. The carbon content of the
CAM was excluded for the calculation of CAM loading to deter-
mine specific charge/discharge capacities of the cathodes.

2.5 | Materials Characterization

Prior to the deposition process, the particle size of the powders
was measured by laser scattering (Mastersizer 2000, Malvern
Instruments Ltd, Malvern, UK). Powders were mixed with a dis-
penser, and the mixtures were placed in an ultrasonic bath for
30 s to achieve homogeneous distribution prior to measurement.

Phase compositions of powders and films were determined by X-ray
diffraction analysis (XRD, D8 Advance, Bruker, diffractometer with
Ge-K,; monochromator -1.5406 A and energy-dispersive 1-D
LYNXEYE detector). The powders were exposed to X-rays between
10° and 80° (26) in 0.02 steps for 0.2 s hold time and the XRD param-
eters on the films were determined as 10°-80° in steps of 0.01° for
0.5 s exposure time. Rietveld analyses were carried out using Profex
(5.5.2) software [38]. Details regarding to Rietveld analysis carried
out for this study can be found in the Supporting Information.

The carbon content of the powder was determined by thermog-
ravimetric analysis combined with mass spectrometry (TG-MS)
using a Netzsch STA 449F5 instrument (Selb, Germany) with
Pt-Rh20% crucibles. The analysis was carried out in synthetic
air at a heating rate of 10K min™" to 700°C.

The microstructure of sprayed films was examined by scanning
electron microscopy (SEM, FEI Quanta FEG 250, ThermoFisher
Scientific, USA) from cross-sections. To prepare samples for
SEM, they were first embedded in resin and then cut in half.
The surfaces were then grinded and polished.

Tape-Cast
NVP/C composite cathode

—_—

Powder Aerosol Deposited

i NVP/C composite cathode

FIGURE1 | Exploded-view of CR2032 coin cell. Two different positive electrode configurations were used; tape-cast NVP/C on Al foil (15 pm) and

powder aerosol deposited NVP/C on Al substrates (~300 pm).
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3 | Results and Discussion
3.1 | Characterization of NVP/C Powder

An X-ray diffraction pattern of a synthesized NVP/C powder is
shown in Figure 2a. It shows that the positions and the relative
intensities of the reflections agree with the simulated pattern of
Na;V,(PO,); from the PDF-4+ database (04-016-8358). The syn-
thesized NVP/C powder exhibits a rhombohedral crystal struc-
ture belonging to the R3c space group. The sharp reflections
with strong intensity indicate a highly crystalline powder. The
unmarked reflections belong to a superstructure phase that can
be attributed to monoclinic distortions at room temperature [18].

The carbon content of the NVP/C composite powder was deter-
mined by TG-MS analysis. In Figure 2b, the difference in weight
loss between 300°C and 450°C was considered as the carbon con-
tent; therefore, CO, detection by mass spectroscopy below 450°C
was attributed to carbon species. It was determined to be ~2.2 wt.%,
since carbon burns in synthetic air in this temperature range.
The increase in NVP mass above 450°C is due to the oxidation
of V¥ to V>* [39].

Some properties of the starting powders, such as the PSD, have an
enormous influence on the deposition behavior in the PAD process
[40]. NVP/C powders were ball milled in cyclohexane to obtain
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FIGURE 2 | (a)X-ray diffraction patterns, and (b) thermogravimetric
analysis coupled with mass spectrometry of as produced NVP/C compos-
ite powders, (c) PSD of milled composite powders for PAD.

suitable PSD. Figure 2c shows the unimodal PSD of NVP/C powder
after the milling process at 300 rpm for 2 h, with a ds, value of 2 pm.

3.2 | Tape-Cast and Powder Aerosol Deposited
NVP/C Electrodes

The dimensions of the aluminum CCs and the CAM loading on
these CCs are shown in Table 2. The CAM loading of the PAD
electrodes was determined by weighing the polished aluminum
substrates before and after the deposition process using a balance
(Sartorius La 110 S Master Pro). Additionally, to assess the CAM
loading of tape-cast electrodes, three pieces (@13 mm) were pun-
ched from the uncoated part of the aluminum foil and weighed.
The mean empty weight of the aluminum foil was subtracted from
the weight of coated foils. As shown in Table 2, the CAM loading of
tape-cast, 1* and 2" et of PAD electrodes were 2.9 + 0.2 mg cm™2,

4.7+0.7mg cm 2 and 9.2+ 1 mg cm™>, respectively.

The difference in CAM loading between the 1% and 2™ set of pow-
der aerosol deposited electrodes can be explained by the particle-
substrate interactions with respect to the velocity of the supplied
gas [37]. The kinetic energy of particles directed toward the sub-
strate is directly related to gas flow toward the aerosol chamber.
Higher gas velocities can lead to agglomeration of the particles
in the aerosol chamber, and when these agglomerates hit the sub-
strate, a portion of the kinetic energy to break up the agglomerates
is lost. In this case, the build-up of the anchor layer and subsequent
layers at each pass may be hindered, resulting in a decreasing depo-
sition rate. Therefore, the parameters, such as particle size and gas
velocity must be carefully adjusted for successful deposition. The
reduced gas flow for the 2" set of powder aerosol deposited electro-
des production might have led to a more stable aerosol. As a result
of that, electrodes with higher CAM loadings were obtained, even
with a fewer number of scans in the PAD process (Table 1).

Cross-section SEM images of the NVP/C electrodes are shown in
Figure 3. The tape-cast NVP/C layer on 15 pm thick Al foil is also
about 15 pm (Figure 3a). The tape-cast layer appears grainy
and porous. The integrity of the layer is good with favorable
contact to the Al foil. The powder aerosol deposited layer in the
as-deposited state shows loose contact on 300 pm thick Al sub-
strate, which we attribute to the grinding process for SEM prepa-
ration (Figure 3b). It is assumed that the microstrain in the as-
deposited nano-structured layers causes cracks and contact loss
during the preparation process. The annealed 1% set of PAD-
NVP/C layer, on the contrary, shows excellent contact with the
Al substrate without any cracks, and it appears to be a dense cath-
ode layer (Figure 3c). The thickness of the 1% set of PAD-NVP/C
cathode layers is about 20 pm. It can be seen from Figure 3d.e that
the 2" set of PAD-NVP/C electrodes are thicker compared to the
1% set, which are about 40 pm. Figure 3 supports the CAM loading
results. Vertical and horizontal cracks are present, and we believe
they are due to the preparation process.

The X-ray diffraction patterns of the powder aerosol deposited
films on Al substrates are shown in Figure 4. The reflections with
dashed lines and Miller indices belong to the Al substrate. The
rest of the reflections agree with the reference pattern shown in
the figure with the PDF number 04-016-8358. It can be concluded
that the NVP structure was preserved in the deposition process.
The main phase was also maintained after the posttreatment
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TABLE 2 | Physical properties of tape-cast and powder aerosol deposited round shaped electrodes.

Aluminum Substrate

CAM

Type Thickness (um) Diameter (mm) Area (cm?) CAM weight (mg) CAM loading (cm™2)
Tape-cast 15 13 1.33 4.5+0.3 34+0.2

PAD - 1% set 300 10 0.79 3.9+0.6 4.7 +£0.7

PAD - 2" set 300 10 0.79 7.2+0.8 92+1

Aluminum

50 yum

0 Alumir{!.lm
. xS Wios
50 um 4 5 50 pm

Aluminum

D ——

Aluminum -

T

FIGURE 3 | Cross-sectional SEM images of NVP/C electrodes; (a) Tape-cast NVP/C on aluminum foil, 1% set of PAD-NVP/C cathodes in
(b) as-deposited and (c) annealed (250°C) state, 2" set of PAD-NVP/C cathodes in (d) as-deposited, and (e) annealed (250°C) state.

hn.}lﬂg Ig 450 °C |& él
= P ‘
S| iwoe| ]
2
2 | 2800
KD P
= i ‘as-deposited|
C 4l i 04-016-8358 |
10 20 30 40 50 60 70 8
20/°

FIGURE4 | X-ray diffraction diagram of NVP/C electrodes deposited
on Al substrates without posttreatment (as-deposited) and after annealing
(T, = 250°C, 350°C, and 450°C). The pattern at the bottom belongs to
reference simulated pattern from the PDF No. 04-016—8358.

between 250°C and 450°C of the powder aerosol deposited layers
on the Al substrate.

Rietveld refinement plots of the synthesized powder and the as-
deposited PAD-NVP/C cathode layer are displayed in Figure 5 as
examples. Refinement plots of the other annealed PAD-NVP/C
cathodes and structural information derived from the refinement
can be found in the Supporting Information (Figure S2) and
(Tables S1-S5), respectively. The sharp reflections in Figure 5b
belong to the aluminum substrate. The reflections from substrate
material were excluded in the refinement. As a consequence,
sharp peaks appear in the blue difference line in Figure 5b.

The substrate material reflections do not overlap with the main
reflections of the CAM. Therefore, only the NVP reflections are
targeted in order to maintain a stable refinement. The reflections
of NVP in powder form appear as sharp peaks which indicates
high crystallinity. In contrast, the powder aerosol deposited cath-
ode material exhibits broadened reflections, indicating smaller
crystallite size in the deposited cathode layer.

Crystallite size and microstrain of the annealed PAD cathode
layers, as well as the powder, are summarized in Table 3. It is con-
firmed by Rietveld refinement that the large crystallites in powders
are drastically decreased when they are powder aerosol deposited.
This is an expected result due to the “Room Temperature Impact
Consolidation” (RTIC) mechanism explained by Akedo et al. [20]
during the PAD. An increasing crystallite size with increasing
annealing temperature was not observed. This is mainly because
even 450°C is insufficient to promote a crystallite growth. The max-
imum annealing temperature was opted as 450°C to prevent the
aluminum substrate material, which has a melting temperature
of 660°C, from melting or becoming excessively soft. Microstrain
in the PAD-NVP films also remains more or less unchanged with
the increasing annealing temperature.

3.3 | Electrochemical Properties of NVP/C
Electrodes

The discharge capacities of the tape-cast and the 1% set of PAD-
NVP/C electrodes in half cells versus Na metal are shown in

Batteries & Supercaps, 2026
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FIGURE 5 | Rietveld refinement of (a) as synthesized NVP/C powder and (b) powder aerosol deposited NVP/C cathode film on Al substrate (Bragg

positions of aluminum were added beneath the blue difference line).

TABLE3 | Rietveld analysis results of powder aerosol deposited NVP/C
composite cathode materials on Al substrates.

Crystallite = Microstrain

Type Sample size (nm) (%)
Powder NVP/C 413 £31 0.13
PAD as deposited 49 £12 0.33
film

PAD annealed 56 +13 0.25
film @250°C

PAD annealed 45+8 0.30
film @350°C

PAD annealed 65 +£13 0.37
film @450°C

Figure 6. Cycling was performed between 1.5-4.5V for 20 cycles
at a C-rate of C/10. The tape-cast electrodes exhibit a discharge
capacity of 90 mAh g™, with the shaded area indicating the stan-
dard deviation for each cycle in Figure 6a.

The as-deposited PAD-NVP/C electrode (filled triangle symbol)
shows an initial discharge capacity of 40mAh g~', which
decreases to 24 mAh g~ by the fifth cycle, after which the capac-
ity remains stable. This reduced performance can be attributed to
the nanocrystalline structure and high internal microstrain intro-
duced during the PAD process [39]. The high-velocity particle
impacts inherent to room-temperature impact consolidation
cause plastic deformation of fractured particles and create resid-
ual stress within the deposited film [20]. These microstructural
aspects impedes ion mobility due to increased grain boundary
densities within the deposited cathode layer.

Thermal posttreatment is known to relieve microstrain and pro-
mote crystallite growth in PAD films [22], leading to improved
ion transport. The annealed PAD-NVP/C electrode (unfilled trian-
gle symbol) clearly reflects this effect and delivers a significantly
higher initial specific discharge capacity of 76 mAh g'. The
CAM loadings of the 1% set of as-deposited and annealed PAD elec-
trodes are 5 and 4.7 mg cm™>, respectively. Their corresponding dis-
charge curves are shown in Figure 6b,c.

The coulombic efficiencies (CE) of the tape-cast and 1% set PAD-
NVP/C electrodes in as-deposited and annealed states are shown

in Figure 6a and are approximately 98%, 95% and 98%, respec-
tively. The relatively low CE during the initial cycles are attrib-
uted to the solid electrolyte interphase (SEI) formation [41].

The cycling behavior of the PAD-NVP/C layers at increased cur-
rent loads is shown in Figure 7. The C-rate was gradually
increased from C/10 to 10C in steps of five cycles and then
reduced back to C/10 for the final five cycles to evaluate capacity
retention. As the C-rate increases, a capacity drop is observed,
which can be attributed to increasing ohmic losses [42]. This
effect becomes particularly pronounced at high current densities,
where the delivered capacity approaches zero at 5C and 10C due
to the high resistance and ionic transport limitations in the dense
PAD cathode layers. The annealed PAD-NVP/C electrode shows
slightly higher specific discharge capacities compared to the as-
deposited electrode at low C-rates, consistent with reduced
microstrain and improved transport after posttreatment. For
both electrodes, the discharge capacity recovers when the C-rate
is returned to C/10 during the final cycling sequence.

The second set of PAD-NVP/C electrodes was fabricated with a
CAM loading of ~10 mg cm™>, resulting in substantially thicker
layers compared to the first set (~4.7 mg cm™2). These electrodes
were posttreated between 250°C to 450°C in 100°C increments
for 20 min dwell time. Electrochemical testing was performed
between 2-4V at a C-rate of C/10 for 20 cycles.

Figure 8a shows that the thicker PAD electrodes deliver signifi-
cantly lower specific discharge capacities than the thinner ones
shown in Figure 6. In the as-deposited state, only ~1-1.5mAh g~
of specific discharge capacity can be delivered. Posttreatment leads
to a slight improvement in specific discharge capacity as the
annealing temperature increases from 250°C to 450°C, but the
overall values remain low. Figure 8b highlights the effect of
CAM loading in the as-deposited state: while a PAD electrode with
5mg cm™ delivers 27 mAh g™, the electrode with 11 mg cm™>
delivers almost no capacity. Even after annealing (Figure 8c),
thicker PAD layers deliver less charge than thinner ones.

Although fabricating PAD electrodes with higher CAM loadings
is possible, their transport properties deteriorate due to micro-
structural constraints. Because PAD produces dense films [37],
increasing the layer thickness increases the diffusion path length
and further restricts electrolyte access to the active material. As a
result, cathode utilization decreases significantly as PAD layer
thickness increases. The corresponding discharge curves of the

6 of 13

Batteries & Supercaps, 2026

85UB017 SUOWILLIOD BAIES1D d|qeatdde ay) Aq pausonob afe sao1Le YO ‘sn JO sa|ni 10y Arig1T 8UlUO A8|IM UO (SUORIPUD-PUE-SWIBH 00" A 1M ARe1q 1 U1 UO//SAIY) SUOIPUOD PU SWLB | U3 89S *[9202/20/82] Uo Ariqi auljuo AB|IM ‘yineieg BeyseAIUN AQ 206005202 1ed/Z00T 0T/I0p/wod A8 | im Afeiqjpul|uo adoins-Ansiweuo//sdny wo.y papeojumod ‘Z ‘9202 ‘€2299952



(a) ALQ,.:zggnnnin...gg*-AOO
aal 180
~
' 160 W
100 F 40
fe)) m E N E EEEEEENENNNSESNEREE®R
= 80F . Tape casted
EGO- N NN N NN NN
- 1%t set PAD - annealed
é A A A A A AAAAAAAAALAALD
= 201 1%t set PAD - as deposited
0 L 1 L
5 10 15 20
cycle index
(b) 1t set of PAD-NVP/C electrode
4 as-deposited
> rd
~ 3
0} e
33
©
a 0.1C
of \ R
0 20 40 60 80

capacity / mAh g™

(© 1%t set of PAD-NVP/C electrode

4 annealed @250 °C

>

KT 3m

o )

o3}

8 3

©

>
2

0 20 40 60 80
capacity / mAh g

FIGURE 6 | (a)Specific discharge capacities of NVP/C electrodes at
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annealed (T, = 250°C) 1°' set of PAD-NVP/C electrodes. The corre-
sponding coulombic efficiencies (CE) of the respective electrodes
are overlaid on the specific discharge capacity plot using the same
symbols.
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shown for comparison. CAM loading of the respective electrodes is
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second set of PAD electrodes are provided in the Supporting
Information (Figure S4).

A discrepancy in specific discharge capacities of the 1% set of
PAD-NVP/C annealed cathodes is noticeable in Figures 6a
and 7. Under standard cycling conditions (constant C-rate of
C/10, Figure 6a), the specific discharge capacity initially reached
76 mAh g~' and decreasing to 67 mAh g™! by the fifth cycle. In
contrast, the identical cathode type subjected to the rate capacity
protocol (Figure 7) showed only 51 mAh g™ at C/10, dropping
rapidly to 33 mAh g™ after five cycles. To elucidate this discrep-
ancy, the charge extracted from PAD-NVP/C composite cathodes
was evaluated as a function of the active material loading
(Figure 9), rather than as a specific discharge capacity as shown
in Figures 6a and 7.

Figure 9a shows the mean delivered charge during the first five
discharge steps and their standard deviation as error bars. The
delivered charge remains nearly constant (~0.15-0.18 mAh) across
the range of investigated CAM loadings with no clear proportional
increase with increasing mass or thickness (upper x-axis). Figure 9b
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FIGURE 10 | Schematic depiction of cross-section of tape-cast and powder aerosol deposited electrodes with high and low CAM loading.

visualizes the same dataset plotted against the active material mass.
A linear trend line (dashed red) was fitted to the charge extracted
from all PAD composite cathodes. The continuous straight line rep-
resents the expected ideal trend for a porous tape-cast cathode,
where the delivered charge is proportional to active material mass,
assuming a practical NVP/C capacity of 90mAh g™ (based on
tape-cast data in Figure 6a). In principle, the delivered charge
should be proportional to the active mass in a fully accessible
porous electrode. However, PAD cathodes exhibit much weaker
dependence on active mass loading.

We emphasize that this apparent limitation of extractable
charge is an electrochemical observation and does not directly
correspond to a depth-resolved utilization profile. While the
dense, pore-free microstructure of PAD films likely restricts
electrolyte penetration, confirmation of the extent to which
the active material participates at different depths would
require compositional or chemically sensitive depth-profiling
techniques such as glow discharge optical emission spectros-
copy [43] or time-of-flight secondary ion mass spectrometry
[44, 45]. Therefore, the hypothesis that only the near-surface
region participates in de-/intercalation should be regarded as
supported by the observed electrochemical trend, but not as
a proven mechanistic conclusion.

4 | Discussion

In Figure 10, cross-sectionals of tape-cast and powder aerosol-
deposited electrodes are schematically depicted. Conventional
tape-cast electrodes exhibit a porous microstructure, where
particle-particle contact is relatively poor and conductive addi-
tives are homogeneously dispersed throughout the layer. In con-
trast, PAD electrodes form dense pore-free layers composed of
densely connected nanograins and grain boundaries after room
temperature impact consolidation [46, 47]. This process fractures
and refines the incoming particles, reducing grain size signifi-
cantly. Although PAD films provide improved contact with
the Al CC, their cathode utilization remains limited. The dashed
regions in Figure 10 indicate the portion of the PAD cathode that
is electrochemically accessible. For low CAM loading, this active
region is closer to the CC, reducing electron transport distances.
However, for high CAM loading, both electrons and ions must
traverse significantly longer paths in a dense nanostructured
environment, leading to reduced utilization.

Unlike tape-cast electrodes, which typically contain ~10 wt.%
conductive additive, the PAD-NVP/C electrodes in this study
were intentionally deposited without any additional carbon addi-
tives. This deliberate choice reflects an advantage of the PAD
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method, namely, the ability to fabricate functional cathode layers
without binder or conductive additives. The NVP/C powder used
in this study contains ~2.2 wt.% carbon. This is much lower than
typical tape-cast cathodes where additional carbon is physically
added. The final carbon distribution after PAD is not precisely
known. Linz et al. [48] investigated the deposition behavior of
core-shell ceramic particles (Al,Os-core, SiO,-shell, and NMC-
core, LiNbO;3-shell) to reveal the underlying PAD-mechanism.
As a result of the analyses, energy-dispersive X-ray spectroscopy,
and scanning transmission electron microscopy, it was observed
that shell materials significantly get enriched in the resulting
layers. This implies that particles undergo fragmentation upon
impact and predominantly shell-derived fragments contributing
to film formation. Therefore, adapting this finding to deposition
of the core-shell carbon coated NVP powders, it can be assumed
that resulting carbon content in PAD-NVP films might be slightly
higher than actual carbon content of NVP/C powders.

Soundaraj et al. [49] reported the effect of carbon content on the
transport properties of NVP/C composites and showed the
importance of carbon, which determines whether the limiting
factor is the ionic or electronic conductivity. They found that
NVP/C with <0.1 wt.% carbon exhibits predominantly ionic con-
ductivity (~2x107® S cm™), on the contrary, carbon content
>1 wt.% produce a percolated amorphous carbon network that
increases electronic conductivity up to 0.2mS cm™ without
affecting ionic conductivity.

In the light of the above facts, our results suggest that the PAD
films contain a sufficiently interconnected carbon network to
support electronic conduction when we consider the carbon con-
tent exceeds 2 wt.% in our PAD-NVP/C layers. Nevertheless, the
present study does not provide direct electronic conductivity
measurements to separate ionic and electronic contributions.
Therefore, also based on the microstructural features observed
by SEM and on the electrochemical results, we believe ionic
transport limitations are the dominant factor in limiting the
capacity utilization of PAD-NVP/C electrodes. Further electro-
chemical impedance analyses are required to definitively confirm
this hypothesis. Rietveld refinement results also confirm that
crystallite size was reduced in PAD cathodes, which leads to
an increased number of grain boundaries in the PAD-NVP cath-
ode layers. Consequently, the increased number of grain bound-
aries may hinder ion transportation in the PAD cathodes.

Recent studies showed that the origin of grain boundary ionic
resistance in oxide SEs is strongly material dependent [50-54].
For NaSICON systems where the ionic conduction occurs in
an open 3D framework, Liu et al. [55] showed that the grain
boundaries are highly resistive due to thermal expansion anisot-
ropy between the a- and c- axes which causes microcracks and
insufficient grain-grain contact at the grain boundaries during
cooling. Therefore, the grain boundaries become rate-limiting
conduction factor. In contrast, Kawahara et al. [56] reported that
in the double perovskite (La, Li)NbOs;, the grain boundary ionic
conductivity is three times higher than the bulk, and this unusual
behavior originates from the absence of La enrichment at the
boundary which is typically observed in LLTO; thereby produc-
ing boundaries that act as fast conduction pathways rather than
blocking regions.

Wu and Guo [57] explained the grain-boundary blocking effect
mechanism in the perovskite superionic conductor where ionic

conduction is mostly 2D by vacancy hopping through bottle-
necks. They attribute the effect primarily to a space-charge/
depletion layer mechanism at the grain boundaries, which leads
to dramatically reduced ion concentration and mobility in the
boundary region compared to the bulk. These depleted regions
act as high resistance barriers to ion transport, and resulting
in grain boundary conductivities several orders of magnitude
lower than the bulk.

Although there is ongoing debate regarding the contribution of
grain boundaries versus pathways in the bulk to fast ion transport
in bulk ceramic ion conductors, when it comes to the functional
properties of PAD ceramic films, Exner et al. [58] showed that the
functional properties of PAD ceramic films such as ionic/elec-
tronic conductivity, permittivity, polarization, and magnetization
are substantially reduced in the as-deposited state. The room-
temperature impact consolidation inherent to PAD produces a
highly nanocrystalline microstructure characterized by severe lat-
tice distortion, high internal strain, and partially amorphous or
damaged regions, which collectively suppress intrinsic bulk func-
tional behavior. Thermal posttreatment is therefore required to
relax strain, heal damaged domains, restore crystallinity, and pro-
mote grain growth, thereby mitigating grain boundary blocking
and enabling PAD layers to recover toward bulk-like performance.

In the present PAD-deposited NVP/C films, the nanocrystalline
microstructure and reduced crystallite size revealed by Rietveld
refinement suggest a high density of grain boundaries. While
such features may plausibly contribute to the increased internal
resistance, our study does not provide direct electrochemical sep-
aration of bulk and grain-boundary contributions. Therefore, we
present the influence of grain-boundaries as a hypothesis consis-
tent with the observed microstructure and crystallite size and
microstrain calculated from Rietveld analyses.

Recent work on NVP-based polyanionic cathodes has shown that
Na™ transport and multielectron redox behavior are governed not
only by macroscopic factors such as cathode thickness and poros-
ity but also by local structural and chemical complexity. High-
entropy substituted NVP phases, for example, exhibit enhanced
kinetics and stabilized V>*/V>* multielectron reaction by tuning
the local coordination environment and defect landscape, as
revealed by in situ XRD and (XANES)_X-ray absorption near
edge structure studies [4]. Likewise, a recent review on high-
voltage V**/V°" redox in NVP-based cathodes emphasizes that
Na* migration pathways, redox activity, and structural stability
are strongly coupled within the NaSICON framework [6]. Yilin
et al. [59, 60] demonstrated that in polyanion-type electrode
structures, the migration of Na* ions occurs via multistep hop-
ping processes involving transient coordination changes and
local lattice rearrangements, rather than simple bulk diffusion
along rigid pathways. The incorporation of conductive MXene
nanosheets introduces adaptive interfaces, both structurally and
electronically, that regulate Na™ transport by providing low-
energy adsorption sites that facilitate rapid Na* exchange.
These insights suggest that, in dense PAD-processed NVP/C
cathodes, the nanocrystalline, strained microstructure and
PAD-induced local disorder may further hinder the Na* migra-
tion beyond the simple concept of transport occurring either in
the bulk or at the grain boundaries. While our current study does
not directly investigate such local coordination changes, the sig-
nificant dependence of thickness and the apparent limit of
extracted charge are consistent with a hypothesis in which
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macroscopic factors (such as electrolyte access and diffusion
length) and microscopic factors (such as local structure and
defect configuration) collectively restrict Na* transport in thick
PAD films.

In contrast, the dense microstructure of PAD cathodes prevents the
liquid electrolyte from penetrating deeply into the layer, which fur-
ther increases cell resistance and deteriorates ion transport. This
has a detrimental effect on the transport properties. As a result,
only the upper surface region of the PAD layer is in effective con-
tact with the electrolyte. The absence of open porosity hinders the
wetting of the powder aerosol deposited electrode, which severely
limits the electrochemically active area. Figure 9supports the
hypothesis that only a limited fraction of the PAD cathode layer
near the surface is electrochemically accessible. Beyond a certain
thickness, the utilization of PAD cathodes becomes constrained
due to ion-transport and diffusion limitations in the dense, low-
porosity layer, which restricts liquid electrolyte penetration. To esti-
mate this limiting thickness, we intersect the fitted linear line
(dashed red, Figure 9b) of the charge extracted from PAD cathodes
with the idealized linear trend (continuous black, Figure 9b)
expected from a porous tape-cast cathode. The intersection point
(~2 mg, ~0.18 mAh) provides an estimate of the maximum active
material mass that can be effectively utilized within the PAD layer.
This implies that below ~2 mg of active material mass (which cor-
responds to a CAM loading of 2.5 mg cm™ on Al substrates with
©10 mm), the calculated specific discharge capacities represent reli-
able utilization. In contrast, above this threshold, the term “specific
discharge capacity” becomes misleading, as a significant fraction of
the active mass cannot participate in de/-intercalation. In other
words, we hypothesize that only a thin PAD deposited layer from
top contributes to the reversible capacity of the PAD-NVP compos-
ite cathodes that are investigated here.

Among other uncontrolled factors, mechanical contact issues
and wetting heterogeneity may influence the accessible electro-
chemical area, particularly if microcracks form within the dense
PAD cathode layers during the cell assembly or de-/intercalation
reactions. Thus, the forementioned discrepancy reflects the com-
bined effect of the intrinsic charge utilization limit of PAD films
and possible assembly-related factors.

5 | Conclusions

High active material loading powder aerosol deposited NVP/C
cathodes were successfully fabricated directly on Al substrates
without the use of binder or solvent, and their electrochemical
behavior was benchmarked against tape-cast electrodes.
Posttreatment significantly improves their performance: initial
specific discharge capacity increases from ~40 mAh g™* in the
as-deposited state to ~76 mAh g™! after annealing, approaching
the ~90 mAh g™' obtained from tape-cast cathodes.

The results indicate that the dense, nanostructured PAD micro-
structure restricts liquid electrolyte penetration and ionic trans-
port, leading to incomplete utilization of the active material,
particularly at higher cathode loadings. The extractable charge
from the PAD electrodes remains nearly independent of CAM
mass, demonstrating that only a limited fraction participates
in reversible de/-intercalation, which we suggest may be the
near-surface region in direct contact with the electrolyte. As a

result, specific capacity fails to reflect the true utilization once
the CAM loading exceeds ~2 mg in PAD electrodes.

These observations point to transport-related constraints as the
dominating limitations in thick PAD cathode layers. Future
improvements to PAD-based cathodes will require strategies that
more directly address the transport limitations identified in this
work. Potential approaches include increasing the carbon content
of the starting powder to strengthen the electronic percolation
network, as well as introducing controlled porosity (e.g., polymer
sacrificial templating) to promote electrolyte infiltration, or incor-
porating solid electrolyte phases by PAD co-deposition to support
ion transport within the dense layer. Resolving ionic and elec-
tronic contributions separately and understanding diffusion-based
properties is also essential for future work to enable effective uti-
lization of active material in thick PAD films.

Nanometer-thick PAD cathodes reported to date remain far from
the actual industry applications. However, we demonstrated that
powder aerosol deposited cathode layers with high CAM loading
may bridge the gap toward practical applications. The ensuing
challenges with this approach are identified. The major obstacles
to the industrial implementation of PAD cathodes are revealed.
This study identifies the key challenges for PAD of electrode
materials to become a viable future route.
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coated by the PAD process. Supporting Fig. S2: Rietveld refinement of
powder aerosol deposited NVP/C powders on Al substrate. Supporting
Fig. S3: Discharge capacities (marked with triangle symbols) and cou-
lombic efficiencies (marked with circle symbols) of 1st set of PAD electro-
des in as-deposited (filled symbols) and annealed (unfilled symbols) state.
Supporting Fig. S4: Discharge curves (cycling at a C-rate of C/10 for
20 cycles between 2 and 4V at room temperature) of 2nd set of PAD
NVP/C electrodes (CAM loading, 9.2+1 mg cm™2); (a) as-deposited,
and (b-d) annealed at 250°C, 350°C, 450°C, respectively. Supporting
Table S1: Refinement structure information of NVP/C CAM.
Supporting Table S2: Refinement structure information of PAD-NVP
cathode film in as deposited state. Supporting Table S3: Refinement
structure information of PAD-NVP cathode film annealed at 250°C.
Supporting Table S4: Refinement structure information of PAD-NVP
cathode film annealed at 350°C. Supporting Table S5: Refinement struc-
ture information of PAD-NVP cathode film annealed at 450°C.
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