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ABSTRACT

Dry electrode manufacturing is emerging as a transformative strategy for sustainable lithium-ion battery production, yet achieving
ultrathick electrodes with homogeneous microstructures, efficient electron transport, and high electrochemical utilization
remains a fundamental challenge. Here, we report a solvent-free, layer-by-layer additive manufacturing strategy that enables
architecturally controlled ultrathick cathodes through molecular-level coupling between reduced graphene oxide (rGO) and
binder. During roll-to-roll hot pressing, molten binder infiltrates the rGO framework to form a continuous conductive binder
network, uniformly bridging NMC811 particles to enhance particle adhesion, suppress binder aggregation, and establish efficient
electronic percolation. This strategy enables precise control of electrode thickness (300-1000 um) and areal loading (20-100 mg
cm~2) while eliminating solvent-induced structural defects. The resulting multilayer cathodes, comprising up to five sequentially
deposited layers, deliver a specific capacity of 230 mAh g=! at 0.1 C and an areal capacity of ~10 mAh cm~2. The nearly linear
increase in areal capacity with layer number demonstrates homogeneous conductive networks and efficient electrochemical
utilization throughout the electrode thickness. Electrodes with ~50 mg cm~? loading retain 9 mAh cm~? after 50 cycles. This
work establishes a scalable platform for architecturally engineering ultrathick multilayer electrodes, overcoming heterogeneity of
conventional thick electrodes and advancing next-generation high-energy-density lithium-ion batteries.

1 | Introduction

Given the global trend toward mitigating climate change through
transportation electrification and wider energy transitions, there
is an amplified demand for lithium-ion batteries (LIBs). This

demand is expected to drive the LIB production chain to grow
over 30% annually, potentially leading to a market size approach-
ing 4.7 TWh [1]. In light of these developments and the ongoing
pursuit of enhanced energy densities and performance, most of
the research works have been focusing on the development of
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new electrode materials and electrolytes [2]. However, translating
the advantages of the new electrode materials to the actual cell
level is limited by the architectural constraints of the conven-
tional wet-processed electrodes. Traditional wet coating processes
employ N-Methyl-2-pyrrolidone (NMP) as a processing solvent
for cathodes, which poses high environmental risk and economic
challenges due to its toxic nature. The evaporation and drying
process accounts for up to 11.5% of the overall battery production
costs and 50% of the energy consumption of cell manufacturing,
and leads to significant CO, emissions per kWh of LIB production
[3-5]. Moreover, due to the drying sequence of NMP from the
electrode surface to the deeper layers during the slurry drying
process, it leads to difficulties in the simultaneous and uniform
drying of each depth of the electrode. This leads to different
degrees of sedimentation of the components of the electrode
material, with heavier components settling at the bottom and
lighter components such as carbon binder domains migrating to
the surface via the evaporation of the solvent [6]. This results
in uneven carbon binder distribution, which leads to delam-
ination of the electrode materials from the current collector.
In this context, dry electrode manufacturing offers a promising
solution for more sustainable and cost-effective production of
LIBs.

The solvent-free dry electrode manufacturing (DEM) process
involves dry mixing of electrode materials, conductive additives,
and binders, and applying them directly onto the current collec-
tor, thus eliminating the use of toxic NMP, which significantly
reduces the environmental risks and overall production cost for
cathode electrode manufacturing [7]. The commonly employed
DEM techniques include electrostatic powder spray coating [8],
hot pressing [9], vapor deposition [10], and roll-to-roll dry coating
[11]. For instance, the electrostatic powder spraying technique
was employed to produce dry LiCoO, (LCO) cathodes to uni-
formly distribute the cathode material onto the current collector,
followed by hot pressing. However, due to the limited range of
electrostatic attraction, fabricating thick and uniform electrodes
remained a challenge. The study highlights the key observation
that the PVDF binder promotes agglomeration and encapsulation
of carbon black during hot pressing, impeding effective adhesion
between active material particles [12]. Dry LiNi,sMn,;Co,;0,
(NMC 811) electrodes were fabricated via electrostatic spray tech-
nique, which showed stable electrochemical performance over
300 cycles, while the performance was comparable to the wet-
processed NMC 811 [13]. Similarly, binder-less free-standing dry
LiFePO, (LFP) electrodes were developed using holey graphene
as a conducting additive, where the rate performance was com-
parable to that of conventional LFP cathodes [14]. However, this
method necessitates the application of high pressures between
20 and 500 MPa, making it unsuitable for continuous roll-to-roll
industrial production. Along with the processing technique, the
conducting additive and the binder play an important role in real-
izing the full potential of dry processed electrode although their
fraction is very less in the battery electrodes [15-17]. Currently, the
DEM heavily depends on polytetrafluoroethylene (PTFE) binder
due to its ability to fibrillate under shear and high chemical
stability [18, 19]. However, PTFE production involves high CO,
emissions, and it possesses high global warming potential [20,
21]. Additionally, due to its non-sticky nature, it requires a primer
layer (CMC-SBR) via a wet process, and this conflicts with the
solvent-free manufacturing process [22]. Furthermore, because

PTFE is hydrophobic, electrolyte wettability is also an issue with
highly loaded thick electrodes, and it gets irreversibly reduced
below 1V vs. Li/Li* which eliminates its use for dry manufactur-
ing of negative electrodes [23-25]. When it comes to the roll-to-roll
manufacturing of multi-layered free-standing dry electrodes,
PTFE may not be an ideal choice due to its low mechanical
strength [26]. Thus, it is necessary to choose the right combina-
tion of binder and conductive additive to produce thick electrodes
with strong adhesion that preserves electrode integrity with high
electron and ion percolating networks. Beyond the selection
of suitable electrode constituents, the fabrication strategy is
equally important for achieving uniform and mechanically stable
ultrathick electrodes. In particular, directly processing a single
thick powder layer can lead to nonuniform powder distribution,
component segregation, and uneven heat and pressure transfer
during compaction. These challenges become more pronounced
as electrode thickness and areal loading increase. Therefore,
a manufacturing approach that combines appropriate material
interactions with improved control over powder deposition and
electrode architecture is required to realize high-loading dry
electrodes with interconnected electronic and ionic transport
pathways.

Herein, we have strategically chosen reduced Graphene Oxide
(rGO) as a conducting additive and PVDF as a binder to
dry-process NMC 811 based on a layer-by-layer additive manu-
facturing method. Due to its high surface area and multi-layered
structure combined with its high electrical conductivity, rGO is a
promising alternative to carbon black, resulting in 3D conductive
network in the dry-coated thick electrode. PVDF is chosen as a
binder due to its excellent electrochemical stability over a wide
operating voltage, compatibility with different electrolytes, and
common use in cathode manufacturing. During hot pressing,
rGO absorbs molten PVDF and establishes a strong adhesion
with the active material, thus simultaneously serving conductive
and adhesive roles, which are attributed to the high thermal
conductivity of rGO. Furthermore, PVDF forms a strong inter-
molecular hydrogen-bonded network with rGO and NMC 811,
ensuring high cohesive strength and resistance to cracking during
repetitive charge-discharge cycles. The thickness of the dry-
coated electrode could be controlled from 300 to 1000 um by
varying the loading from 20 to 100 mg/cm?. The electrodes
with multiple layers from 1 layer (1L) to 5 L with varying areal
loading were tested, and their electrochemical performance was
evaluated. The thickest cathode (5L) displayed an areal capacity
of 20 mAh/cm?. The investigation of the processing parameters
and electrode structure on the electrochemical performance and
stability of the fabricated high-loading thick cathodes demon-
strates the practical feasibility of our solvent-free powder-stack
layer-by-layer additive manufacturing approach by comparing
the performance of the resulting high-loading NMC811 cathodes
to those produced using conventional slurry-based methods. The
dry-processed thick NMCB8I11 delivered a high specific capacity
of 220 mA h/g at 0.1 C and retained 90% of its initial capacity
after 100 cycles. On the other hand, the wet-processed NMC811
delivered 150 mA h/g and showed 25% capacity fading after 100
cycles. Furthermore, electrodes with ~50 mg cm™2 retain an
areal capacity >9 mA h cm™2 after 50 cycles. Thus, layer-by-
layer deposition followed by hot compaction enables progressive
electrode consolidation, reducing powder spreading and com-
ponent segregation while improving heat and pressure transfer
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SCHEME 1 | Schematic representation of the fabrication process of multi-layered ultrathick cathodes through a solvent-free layer-by-layer additive
manufacturing method. The inserted SEM images show the microstructure of the N8PrGO before (a) and after hot pressing (b).

within each layer. This architecture also provides greater control
over additive distribution and the formation of the conductive-
binding network, which can benefit electrode integrity and elec-
trochemical performance. Accordingly, the proposed approach
is not merely an alternative dry-electrode fabrication method,
but a strategy for controlling pressure distribution, thermal
exposure, binder flow, and particle packing during high-loading
electrode manufacturing. The process also enables the fabrication
of NMC8I1 electrodes with reduced binder contents of 5 wt.%
and 2.5 wt.%, as well as LiFePO, (LFP) and LiNi, ;;Mn, 53C0, 130,
(NMC111) electrodes, all demonstrating stable electrochemical
performance.

2 | Results and Discussion

The schematic illustration of the developed universal solvent-free
additive manufacturing dry coating process for the fabrication
of ultrathick electrodes with controllable thickness is depicted
in Scheme 1. For the solvent-free electrode coating, the powder
mixing is very important prior to the coating process. The
NMC811 was thoroughly mixed with rGO (N8PrGO) using either
ball milling or a high-shear mixer together with the PVDF.
Taking advantage of the high surface area of rGO, the PVDF
nanoparticles were absorbed on the surface of rGO (insert image
in Scheme 1). For comparison, the NMC811 was also mixed with
other conducting additives, including carbon black (CB) (N8PCB)
and graphite nanoplatelet (GNP) (N8PGNP) in the presence of
PVDF. The mixer was sieved using a mesh onto the current
collector with uniform particle size at a constant flow rate to
ensure uniform distribution. Subsequently, the powder was hot-
pressed using heated rollers maintained at elevated temperatures

(from 110°C to 180°C), where PVDF melts and is absorbed by high
surface area rGO, forming the conductive binding network. As
demonstrated in the inserted SEM images (Scheme 1), the PVDF
particles disappeared after the hot-dry electrode processing. The
high surface energy of 2D graphene allows the energy-favorable
absorption of PVDF first (see the DFT calculation) and then
coating on the surface of the NMC 811 particles. Since the binder
and conductive additives interact at a molecular level, there
is no phase separation once they bind to the active material
particles. Taking the advantage of additive manufacturing for the
multilayer coating, after the single-layer cathode film is formed
by hot pressing, a second layer of the cathode film is created by
spreading the electrode material again on the first layer and hot
pressing to achieve a thicker cathode film.

This procedure is repeated to produce a cathode up to 5 layers.
During the hot-pressing process, the pressure is adjusted to
control the thickness and density of the pressed cathode film.
Note: Taking advantage of the rGO, the porosity of N8PrGO could
be easily controlled when compared to carbon black; under high
pressure, the carbon black sample has very low porosity, which
prevents the fast diffusion of the lithium ions. Opting for this
layer of additional cathode powder rather than stacking pre-
formed cathode material films on the cathode allows for the
minimization of apparent interlayer interfaces and enhances the
uniformity of the cathode. The NMC8I1 cathodes prepared with
CB and rGO are labelled as N8PCB and N8PrGO, respectively.

One of the advantages of employing the solvent-free addi-
tive manufacturing for cathode fabrication is eliminating the
sedimentation of the active material, carbon-binder domain
migration, and electrode cracking during the drying process.
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FIGURE 1 | (a)Image showing curling, cracking, and delamination phenomena during the drying process of 500 um-thick slurry-coated cathode;
(b) Cross-sectional SEM image of a slurry-coated N8PrGO cathode; (c) TGA profile for PVDF and the cathode powders mixed with CB, rGO, and GNP;
(d) DSC analysis of PVDF with CB, rGO, and GNP; PXRD patterns of (e) PrGOg powder mixture and (f) PCBy powder mixture before and after hot
pressing. (g) Photograph showing the dry-coated N8PrGO cathode; Cross-sectional SEM images of (h) slurry-processed and (i) dry-processed N§PrGO

electrodes.

From Figure 1a, it is evident that in the case of conventional
slurry-coated electrodes for the preparation of the thick electrode,
the NMP solvent does not evaporate uniformly from the surface
simultaneously but follows a drying sequence from the edges
to the center. This not only challenges the maintenance of
uniformity in the quantity and thickness of the electrode but also
leads to material curling and delamination due to internal stress
differences upon drying. In the direction perpendicular to the
electrode surface, a similar discrepancy exists during the drying
process from the electrode’s surface to its interior, resulting in the
stratification of different components within the cathode, which
is revealed by the SEM image shown in Figure 1b. Heavier NMC
particles settle at the bottom of the cathode, while conductive
carbon and PVDF move to the surface via the evaporation of the
high-viscosity NMP solvent, causing an uneven distribution of
active material and additives in the cathode, thus diminishing the
conductivity and adhesiveness of the cathode material.

One of the critical parameters in fabricating thick electrodes
by hot roll pressing is identifying the appropriate hot-
pressing temperature, which ensures the molecular-level
interaction/absorption of the PVDF binder onto the surface
of graphene. This will be the prerequisite that allows for
effective binding with the active material and the additives
while maintaining their chemical stability at high temperatures.

The Differential Scanning Calorimetry (DSC) thermogram
shown in Figure 1d indicates that when PVDF is mixed with
CB, GNP, and rGO, in a 1:1 mass ratio, the addition of these
conductive additives influences the onset of melting temperature
of PVDF. The melting onset of PVDF has slightly shifted to a
lower temperature in the case of rGO, followed by CB and GNP.
This is attributed to the high thermal conductivity and surface
energy of rGO, which improves the heat transfer and alters the
melting kinetics and crystallization behavior of PVDF [27]. It
is known that the addition of a small amount of rGO induces
a phase transformation of PVDF from a non-polar a-phase
to a polar B-phase resulting from strong interaction between
polar oxygen-containing moieties and defects on rGO and CF,
groups of PVDF. These interactions altered the overall melting
temperature of PVDF in the presence of rGO [27, 28].

On the other hand, the CB and GNP possess a weak Van
der Waals interaction with the PVDF, and hence they display
the least influence on the melting temperature and on the
crystallinity of PVDF [29, 30]. The TGA analysis in Figure 1c
confirms that all three components of the cathode maintain their
chemical stability before reaching 400°C. Taking into account
the heat transfer and dissipation processes during continuous
hot-rolling and to ensure sufficient melting of PVDF in the
inner layers of the thick cathode, a hot-pressing temperature of
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180°C is selected. Notably, the conductive additives CB, GNP,
and rGO have enhanced the thermal stability of PVDF and
its degradation temperature when compared to neat PVDF. To
further demonstrate the superior reinforcement between PVDF
and rGO during the hot-pressing process, a set of experiments was
conducted, unlike the traditional mixing/blending of binder and
conductive additive. Two samples were prepared by mixing PVDF
with rGO or CBin a 1:9 mass ratio (PrGO, and PCBy, respectively).
These sets of samples don’t contain NMC811, which excludes the
influence of NMC811 on the thermal melting adsorption of PVDF
onto the conductive additives. As shown in Figure le, the powder
X-ray diffraction (XRD) patterns of the uniformly mixed PrGO,
and PCB, show two intense diffraction peaks at 26 = 18.5° and
20.1° corresponding to the « and 8 phases of PVDF, respectively.
Upon hot pressing the two powder mixtures at 180°C, the relative
intensity of diffraction peaks of PVDF in PrGO, has significantly
decreased, while the relative intensity of the rGO characteristic
peak at 260 = 26° is enhanced. Furthermore, the peak at 26 =
20.1° has been slightly shifted to higher 26 indicating that rGO
induced phase transformation of PVDF to a more ordered -phase
with a complete disappearance of the a-phase of PVDF due to
the strong interaction of the rGO sheet with the dipoles of PVDF
[31]. This indicates that there exists a strong interaction between
rGO and molten PVDF, resulting in high-quality electrodes with
high conductivity. Contrastingly, the peak intensities of PVDF
in PCB, remained unaltered, which is attributed to its poor
interaction with PVDF, which in turn results in agglomerated
electrode films with poor adhesion strength and conductivity
(Figure 1f). Overall, replacing CB with rGO in the multilayer
dry electrode processing inhibits PVDF agglomeration during
the thermal melting recrystallization process, which is typically
induced by carbon materials [29]. The PVDF particles have better
wettability on the rGO surface due to the large surface energy and
strong interaction between rGO and PVDF. The secondary PVDF
particles that broke during the dry mixing process adhered to the
surface of the rGO, followed by the coating on the NMC particles,
which could enhance the structural strength of rGO and improve
its adhesion with the active material while melting, resulting
in a mechanically robust electrode structure. Figure 1g depicts
the cathode prepared by a solvent-free method in large size
(A4), maintaining strong adhesion via a strong interconnected
network of NMC811, PVDF, and rGO without cracking even when
bent. Characterization of the electrode cross-sections by SEM
(Figure 1h,i) also reveals that the developed multilayer coating
process ensures the fabrication of dry cathodes with high density
and uniform material component distribution in the electrode;
however, the wet-coated electrode shows the accumulation of the
carbon additive and binder on the top surface of the electrode.

2.1 | Enhanced Interaction and Structural
Reinforcement Between PVDF and rGO During the
Dry Electrode Hot-Pressing Process

To understand the interactions and structural reinforcement
between PVDF and rGO, the morphology of the mixed powder
and the cross-sections of the hot-pressed electrodes were analyzed
using SEM. The employment of an enhanced cross-rotary stirrer,
equipped with additional blades, for a comprehensive duration
of stirring directly on the raw material powder, facilitated thor-
ough mixing and uniform distribution of the active material,

binder, and conductive additive. Before hot pressing, PVDF was
uniformly attached to the surface of NMC811 and mainly the con-
ductive additive (Figure 2a) due to the strong surface energy of the
rGO. The electrodes comprising CB and GNP showed aggregated
films due to their low surface area and poor interactions with
PVDF, resulting in uneven distribution of the binder throughout
the electrode film (Figure 2b,c). This aggregation severely reduced
the effective utilization of the conducting additives due to their
extremely low contact area with the NMC 811 particles, which
critically weakened both the binding and the conductivity of
the cathode. Notably, the rGO-comprising electrode (Figure 2d)
shows no aggregation upon melt pressing of PVDF, which is
attributed to its high specific surface area, thermal conduc-
tivity, and 3D network formation through hydrogen bonding
interactions between the rGO and PVDF, resulting in a high-
quality electrode film. The self-organized rGO particles with
micropores and large surface area could encapsulate the NMC
particles within their 3D porous conductive network. During hot-
pressing, the molten PVDF gets adsorbed strongly onto the rGO,
thereby significantly enhancing the binding between rGO and the
active material. Furthermore, the solidified PVDF reinforced the
structural strength of the rGO. This is evident from the Raman
spectrum and mapping of the dry 1L-thick electrodes, where the
distribution of rGO was uniform throughout the electrode (Figure
S1).

The EDS mapping (Figure 2e) shows the even distribution
of all the components within the cathode architecture. The
distribution of carbon (C) corresponds to the spatial distribution
of rGO, revealing its excellent continuity within the cathode. The
distribution of PVDF, Ni, Mn, Co and O in the dry electrode is
evident from the EDS mapping. The rGO forms a continuous
conductive network, encapsulating the NMC particles, thus
providing enhanced electron transfer efficiency and utilization
of the active material. Moreover, the high surface area and
porous nature of the rGO could accommodate more electrolyte,
which reduces the diffusion path for the lithium ions in the
electrode, leading to fast charging-discharging characteristics
of such a thick electrode. However, due to the nanoparticle
feature of carbon black, the high density of the electrode after
hot pressing leads to low porosity, limiting the diffusion of
the lithium ions. The incorporation of rGO as the conductive
filler in the cathode allows for a larger contact area between
the active material and the binder by creating a percolation
path for electron and ion diffusion throughout the cathode,
resulting in improved adhesion and conductivity. The presence of
PVDF is observed throughout the cathode, where PVDF exhibits
a wider and more uniform distribution. Although the molten
PVDF with lower molecular weight spreads and covers most
of the NMC particles, only the PVDF in between the necking
region connecting two neighboring NMC particles can provide
effective binding. Thus, this approach has significantly enhanced
the utilization efficiency of both the conductive additive and
the binder. To further highlight the efficacy of our method in
understanding the microstructure of the dry electrodes, the 3D
X-ray laminographic scans of the 2L dry electrode were acquired.
The bright features correspond to the active material particles,
while the dark regions between the particles correspond to the
pores or low-density phases of rGO/PVDF rich region. The
reconstructed vertical laminography slices reveal a homogeneous
particulate microstructure throughout the electrode thickness,
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FIGURE 2 | SEM images of powder mixture of (a) N§PrGO,; (b) NS8PGNP, (c) NSPCB. (d) SEM image of N8PrGO after hot pressing; The EDS
mapping of N8PrGO showing (e) overlay of all the elements (C, F, Ni, Mn, Co and O). X-ray laminoscopic slices of N8PrGO dry electrodes with normal

(f,h) and maximum intensity projection (g,i).

where the NMC8I1 particles are uniformly distributed without
any cracks or interfacial voids. The continuous particle network
suggests that there is a good interconnection between the parti-
cles through the rGO/PVDF network. Also, a slight increase in
X-ray attenuation is visible near the current collector interface,
indicating a locally enhanced particle packing and densification
resulting from electrode compression (Figure 2f-i). Furthermore,
no distinct separation between the sequentially deposited dry
layers is observed, indicating effective interlayer consolidation
during electrode fabrication and demonstrating that our layer-
by-layer additive manufacturing process produces a structurally
integrated electrode with a homogeneous electrode/rGO/PVDF
network, which supports homogeneous pore distribution and
electrolyte infiltration, which in turn improves Li-ion diffusion
pathways.

To further demonstrate the effective interaction between PVDF
and the graphene, density functional theory (DFT) calcula-
tions were employed. The optimized geometries of interaction
between the graphene and the PVDF were analyzed at different
temperatures to correlate with the experimental observations.
For this, the optimized molecular structure of the -phase of
PVDF was selected, which shows the polar arrangement of
the chains, allowing for a strong interaction with the carbon
supports (Figure 3a). The optimized structure of a pristine sheet
of graphene (Figure S6a) possesses typical top (T), bridge (B),

and hollow (H) adsorption sites as the reference positions for
subsequent adsorption studies.

Figure 3b illustrates a favorable conformation of 3-PVDF on
the graphene surface, and the binding energy was calculated
to be —3.07 eV with an equilibrium separation of around 3.5A
indicating a thermodynamically stable adsorption controlled by
van der Waals and electrostatic interactions. Furthermore, PVDF
binding with extended graphene sheet 8 X 8 x 1 has also
been shown in Figure 3b. AIMD simulations were employed
to understand the interactions between PVDF and graphene at
25°C and 180°C. The snapshots shown in Figure 3c,d indicate
the thermal stability of an isolated PVDF molecule and PVDF
adsorbed on graphene. This magnitude of interfacial binding
is attributed to the strong physisorption of polymeric binders
to the graphene substrate, and this is similarly lower than
analogous DFT results of binder-graphene interactions in battery
materials and composite interfaces [32]. When multiple PVDF
molecules are subjected to interact with graphene (Figure 3e),
two isolated PVDF molecules interact at a noticeably much lower
binding energy of —0.33 eV than their actual interaction with
graphene, which is associated with the weak van der Waals-
intermolecular forces. Furthermore, the interaction of PVDF on
the graphene substrate was also analyzed at 180°C to match
the experimental conditions, where the optimized geometries
indicate a favorable binding interaction on the graphene sub-
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FIGURE 3 | (a) Optimized structure of PVDF; (b) PVDF interaction on graphene surface. AIMD snapshots at (c) 25°C and 180°C showing the
thermal stability of an isolated PVDF molecule and PVDF adsorbed on graphene; (e) AIMD snapshots of graphene with increased PVDF loading in
different orientations, illustrating stable interfacial coverage; and (f) polymer network formation at elevated temperature.

strate, resulting in the formation of a network of PVDF polymer
(Figure 3f).

2.2 | Achieving High-Loading Thick Cathodes
With Sustained High Capacity Through Dry Hot
Pressing

Taking advantage of the additive multilayer coating, the thickness
could be well controlled with each layer and also for the final
electrode after the layer-by-layer dry-coating process. This is not
possible with wet coating or direct spray coating (Figure 1a).
In addition, the morphology of the electrode could also be
controlled in such a multilayer coating process. We demonstrated
the preparation of cathodes with different thicknesses ranging
from 60 um (slurry-coated) to beyond 1000 um in solvent-free
layer-by-layer processed cathodes. In the case of a continuous
roll-to-roll hot pressing process, the thickness and loading in a
single-layer electrode could be well controlled. Upon addition
of more layers, the heat dessipation and melting of PVDF
within the electrode could be enhanced, leading to improved
adhesion between the NMC particles and the conductive additive.
The strategy of multiple layer-by-layer additive manufacturing
did not result in any interface between each layer coating,
even in the multilayered ultrathick electrodes and allows for
better control over electrode thickness and mass loading. It is
imperative to note from the cross-section SEM images of the
slurry-processed electrode (Figure 1b and 4a) that during solvent

removal, PVDF migrates to the surface, resulting in electrode
cracking and uneven particle distribution. On the other hand,
the dry-processed electrodes show a densely packed electrode
film with uniform distribution of NMC811, conducting additive,
and PVDF. The cross-section SEM images of the dry NMC811
cathodes with different layers and the corresponding thickness of
the electrodes are shown in Figure 4b—f. The electrode thickness
and the number of layers in the dry electrodes have a linear
relationship from 350 to 1150 um (Figure 4g).

The electrolyte wettability of multi-layered thick electrodes is
important for understanding the cathode electrolyte interphase
(CEI) formation, Li-ion tortuosity, and diffusion, which have
significant influence on the rate capability of the electrode.
The thick electrode prepared based on the conventional wet
coating using carbon black as a conductive additive possesses
poor electrolyte wettability and Li-ion diffusion. It is understood
that in layer-by-layer manufactured electrodes, the Li-ion dif-
fusion pathways are not always straight and will be influenced
by electrolyte flow across the layers, and it is influenced by
the nature of conducting additives and the thickness of the
electrodes. Thus, the electrolyte sorption analysis of the wet
and dry electrodes of NMC811 (1, 3, and 5L) was carried out
using optical and Tensiometer measurements. For this, 1 M LiPF,
electrolyte was dropped onto these electrodes, and the electrolyte
absorption speed was noted as a function of time. Compared to
wet electrodes, the dry electrodes displayed a faster electrolyte
absorption, which is evident from the absorption speed (slopes)
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FIGURE 4 | Cross-sectional SEM image of NMP based slurry-coated NMC811 cathode (a) and solvent-free fabricated NMC811 cathodes with (b) 1L,
(c) 2L, (d) 3L, (e) 4L and (f) 5L. The plot shows the variation of layer thickness of slurry and layered dry-coated cathodes (g); Electrolyte absorption of
wet coated electrode and dry coated 1L-5L-thick electrodes (h); contact angle variation as the droplet diffuses into the 5L-thick electrode over 300 ms (i).

(Figure 4h), in agreement with the high surface area of the rGO
(Figure S3a) and high porosity of the 5L electrode, which is nearly
52%. Figure S2a,b depict electrolyte absorption behavior of the
dry electrodes as a function of areal mass loading and conducting
additives respectively. The electrolyte uptake for 1L-5L electrodes
is depicted in Figure S2c.

This indicates that the dry electrodes have better electrolyte
uptake in a shorter time compared to the wet electrode. This
enhanced electrolyte absorption of dry N8PrGO electrodes is
attributed to the high specific surface area of rGO, which allows
for better electrolyte infiltration, which in turn improves the Li-
ion diffusion kinetics and the rate performance. Furthermore,
the thick electrode comprising rGO absorbed more electrolyte
when compared to those with GNP and PCB. The BET surface
measurements further support this fact, where the N8PrGO
electrode showed a specific surface area of 32.504 m?/g while the
N8PCB and N8PGNP had a specific surface area of 3.6 and 1.0
m?/g, respectively (Figure S6a). All three electrodes showed good
surface wettability; however, the thickest (5L) electrode showed
the lowest mean contact angle of 6.34° with the electrolyte
droplet, indicating strong surface wettability whereas the 3 and 1L

had a mean contact angles of 8.42° and 13.47° respectively. This
further demonstrates the efficient ion transport and improved
battery performance of 5L-thick electrodes compared to those of
3L and 1L electrodes. The contact angle variation of the electrolyte
droplet on the surface of the 5L-thick electrode over 300 ms is
shown in Figure 4i.

It has been reported that the dry-coated thick electrode pos-
sesses stability issues during long-term operation of the cells
[33, 34]. Taking advantage of the unique strategy of combin-
ing the binder with the graphene-based conductive additives
and fast electrolyte absorption, these dry-processed electrodes
were subjected to various electrochemical tests to realize the
efficacy of rGO over other conducting additives in multilayer dry-
coated electrodes. In addition, the electrochemical performance
of the dry cathodes was compared with that of wet-processed
cathodes.

Notably, dry cathodes comprising rGO demonstrate a higher
specific capacity and rate performance than those prepared by the
slurry method. The significant enhancement in the performance
of rGO-based dry cathodes is attributed to the formation of a
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strong 3D interconnected network with PVDF, allowing for better
electrolyte infiltration and improved electron and ion conducting
pathways and efficient utilization of active material. Figure 5a
represents the cycling performance of cathodes prepared by the
dry and slurry processes using rGO and CB as conducting fillers.
The dry N8PrGO (2L) exhibits excellent cycling performance
with 80% capacity retention over 200 cycles, outperforming
the slurry-based cathodes. On the other hand, dry cathodes
with CB experience a rapid decline in capacity after about
40 cycles due to electrode fragmentation and binder carbon
agglomeration, which results in poor electrolyte wettability and
hence displays poor cyclic stability. However, the slurry-processed
cathodes with CB displayed relatively better and comparable
performance to that of rGO-based wet electrodes (Figure 5a). The
electrochemical performance of the multilayer, dry-processed
NMCS811 electrodes incorporating the rGO-PVDF conductive
binder formulation compares favorably with that of other dry-
processed NMC-based cathodes reported in the literature (Table
S1). Please note that the dry electrodes processed with GNP
as a conducting additive showed agglomeration during the hot
pressing, which hindered the effective binding between PVDF
and NMC particles. Consequently, the films obtained from hot
pressing of PVDF and NMCB811 with GNP lack charge-discharge
capabilities.

The cyclic voltammograms for the wet and dry electrodes shown
in Figure S3a-c show typical reversible redox peaks correspond-
ing to Ni**/Ni*", Mn**/Mn**, and Co*"/Co**. It is evident from
the CV plots that the dry-processed 1 and 2L cathodes displayed
higher capacity and redox peak currents when compared to
those of slurry-processed electrodes. The dQ/dV plots of the
slurry and dry cathodes in Figure S4a,b indicate a stable elec-
trochemical process occurring during charge—discharge without
phase and structural changes. Even from this plot, it is evident

that electrochemical processes and kinetics are much better
for dry-processed electrodes when compared to those of wet
electrodes. Figure 5c represents the rate performance of slurry-
and dry-processed N8PrGO cathodes at different C-rates. The
dry-processed N8PrGO cathode achieves a specific discharge
capacity of 230 mAh/g at 0.1C and maintains over 190 mAh/g
at 1C, significantly outperforming the slurry-processed cathodes,
which displayed relatively lower specific capacities of 205 and
165 mA h/g at 0.1 and 1C, respectively. The larger specific surface
area and porous structure of rGO allow for better electrolyte
wettability and infiltration, resulting in faster Li-ion diffusion,
thereby maintaining higher efficiency even at higher charge-
discharge currents. The SEM images of N8PrGO cathodes before
(Figure S5b) and after (Figure S5¢) cycling show no significant
changes in morphology, indicating their excellent stability over
several charge-discharge cycles.

Considering the improved electrochemical performance of rGO-
based dry electrodes, in the next set of experiments we fabricated
LIBs with increased areal loading of active material from 20
to 90 mg/cm? to further demonstrate the efficacy of our layer-
by-layer additive manufacturing approach. The electrochemical
impedance spectroscopy (EIS) plots for 1- and 5L-thick electrodes
showed charge transfer resistance (R.) of 40 and 100 €, respec-
tively (Figure S7). Upon charge and discharge, the R, values
reduced significantly, indicating faster electrode kinetics and ion
diffusion at the CEI. The percentage decrease in R, for 5L-thick
electrodes is higher when compared to that of 1L cathodes, and
hence they exhibit better electrochemical performance. Figure 5b
presents the active material loading range of 1-5-layer dry-
processed N8PrGO cathodes and their areal discharge capacity in
the range of 5 (1L)-9 mAh/cm? (5L) with stability over 50 charge—
discharge cycles. At the 20th cycle, the areal discharge capacity
of the cathode material is directly proportional to its loading
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(Figure S8), indicating that with increasing layers, the electrode
thickness and loading increase while maintaining a specific
discharge capacity above 210 mAh/g. This demonstrates that
the layer-by-layer coating and multiple hot-pressing technique
proposed in this study effectively maintain the active material
utilization rate in high-loading thick electrodes. The high specific
surface area structure provided by rGO allows deep electrode
NMC particles to be fully utilized, and no layer interfaces
that could affect battery capacity are formed in the cathodes
obtained from multiple powder layering and hot pressing. The
dry multilayer hot-pressing technique proposed in this study can
be used to fabricate cathodes with loadings above 50 mg/cm?
with an areal discharge capacity exceeding 9 mA h/cm?. At
high electrode loadings, fabricating a uniform thick electrode
using a single powder-deposition step is challenging because of
powder spreading and limited control over the final electrode
dimensions and thickness. In addition, the electrodes with the
same mass loading (e.g., ca. 47 mg/cm?) but prepared using
different coating times (1-, 3-, and 5-times) also show different
electrochemical performance. As shown in Figure S9, the high
mass loading electrode coated with 1 layer exhibited lower
capacity and a pronounced capacity drop after approximately 41
cycles, indicating insufficient electrode adhesion and structural
stability. In contrast, the same high mass loading electrodes using
3 and 5L delivered comparable capacities, while the 5L electrode
exhibited improved cycling stability. These results demonstrate
that the layer-by-layer deposition and hot-compaction strategy
enhances electrode integrity and stability, facilitating effective
active-material utilization and reliable performance in high-
loading dry electrodes. Thus, this multilayer additive manufac-
turing approach is of high importance to develop high energy
density LIBs with high mass loading of active material and
has the potential to be extended to develop dry coating for
other electrode materials like LFP, LMFP, and other battery
chemistry and can be integrated with standard anode materials
and solid electrolytes [35, 36]. Previous studies have reported
that electrolyte availability and lithium-metal-anode stability can
influence the long-term cycling performance of ultrahigh-loading
electrodes [37-39].

To further demonstrate the versatility and potential industrial
relevance of the proposed manufacturing strategy, dry N8PrGO
electrodes with reduced rGO/PVDF contents of 5 wt.% and
2.5 wt.% were fabricated and evaluated electrochemically. Both
formulations exhibited comparable specific capacities and stable
cycling performance over 100 cycles (Figure S10), demonstrat-
ing that the multilayer dry-electrode process can accommodate
reduced inactive-material contents without compromising elec-
trochemical stability. Furthermore, the process was extended to
LFP and NMCI11 cathodes, whose cells exhibited high specific
capacities and stable cycling performance over 100 cycles (Figure
S11), highlighting the applicability of the proposed strategy to
different cathode chemistries.

2.3 | Li-Ion Diffusion Mechanism in Graphene
Layers

To analyze the Li-ion diffusion across multiple graphene layers,
minimum energy diffusion paths and activation energies were
considered through the Nudged Elastic Band (NEB) method

[40, 41]. The obtained energy profile is shown in Figure 5d.e,
whereas the structural evolution based on the Ab Initio Molecular
Dynamics (AIMD) simulations at 25°C and high temperature
(180°C) is depicted in Figure 3c,d. The activation barrier of Li-
ion migration on pure monolayer graphene is relatively high
(0.48 eV), which implies that Li is strongly localized at adsorption
sites on the surface of graphene (Figure S6b). This energy barrier
indicates the restriction of longer Li-ion diffusion paths since
the Li-ion interacts strongly with the 7 -electron cloud of the
graphene sheet. Upon introduction of the PVDF matrix, the Li-
ion diffusion profile has significantly changed. The NEB energy
profile of Li* on graphene and graphene (Figure 5d) with PVDF
(Figure 5e) shows that the migration barrier is considerably
lower (0.098 eV), which shows that the PVDF domains favor the
transportation of Li-ions across the surface of the graphene. This
enhancement originates from the polar g-phase PVDF chains,
where the aligned C-F dipoles weaken Li-graphene binding
and create a smoother electrostatic potential, thereby lowering
the diffusion barrier. AIMD simulations were also performed
at 180°C to mimic the experimental conditions. It is evident
from the optimized geometries at 180°C that there existed a
strong chemisorption between a polymeric network of PVDF and
graphene, which in turn promotes faster Li-ion diffusion. These
findings validate the high interfacial interaction and thermal
strength of the PVDF-graphene mixture.

The standard Arrhenius equation was used to estimate the Li-ion
diffusion coefficient in the dry coated thick electrode,

Dy (T) = Dy exp (—E, /kgT),

where E ,is the diffusion barrier obtained from the energy profile
and D, is the pre-exponential factor. Using D, = 1.56 X 1077 m?s™",
with the lowest barrier found between the PVDF and graphene
system, the Li-ion diffusion coefficient is estimated to be 3.5 x 10>
m?s™". On pure graphene, the diffusion coefficient is around 1.3 x
10 m?s™!. The six orders of magnitude higher Li-ion diffusion
is attributed to the strong PVDF-rGO binding, which promotes
faster Li-ion mobility across the graphene layers facilitated by the
amorphous PVDF domains. Further AIMD simulations at room
temperature (300 K) also validate the structural stability of the
PVDF and PVDF-graphene interface.

The interfaces of NMC811(104)/PVDF and
NMCS811(104)/rGO/PVDF were constructed to examine the
effect of rGO on the stability of the interface and Li-ion transport,
to mimic the realistic electrode environment (Figure S12).
Compared to NMC811/PVDF, the calculated binding energy of
NMC811/rGO/PVDF is —2.31 eV, which is significantly larger
for the latter. The calculated binding energy is stronger for
NMC811/rGO/PVDF than for NMC811/PVDF, and is found to be
—1.42 and —2.31 eV, respectively. Besides, the CI-NEB calculations
show that the migration barrier of Li-ion goes down from 0.64
(NMCS811/PVDF interface) to 0.38 eV (NMCS811/rGO/PVDF
interface). It is found that rGO can lower the electrode
interface energy loss by ~0.26 eV, which not only stabilizes
the heterogeneous electrode interface but also offers a more
favorable local energy landscape for Li-ion migration. The
results explain the improvements in charge/ion transport at the
interface due to the rGO/PVDF conductive-binder architecture
at the atomic level.
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3 | Conclusion

In this work, we report a solvent-free, roll-to-roll hot-pressing
route combined with layer-by-layer additive manufacturing dry
powder coating, which enabled the scalable fabrication of high
mass loading NMC 811 with controlled thickness (300-1100 um)
and areal loading (20-100 mg cm~2). The rGO-PVDF interac-
tion during hot pressing produces a continuous, mechanically
reinforced conductive binding network that strongly interacts
with NMC particles, suppressing binder aggregation and improv-
ing the interparticle adhesion and electronic pathways. These
multilayered electrodes delivered a high specific capacity of
~230 mAh g ! at 0.1C and areal capacities up to 9 mAh
cm~2 with active material loading exceeding 50 mg cm~2. The
synergistic interaction between PVDF and rGO was the key
to achieve both structural integrity and stable electrochem-
ical performance. These performance metrics demonstrate a
practical pathway to high-energy cathodes that are compatible
with continuous roll-to-roll industrial production while reducing
energy consumption and cost by avoiding the use of toxic
solvents like NMP. The process is chemistry-agnostic (validated
on NMC811 and extendable to NMC111 and LFP) and is well
suited for pairing with high-capacity anodes and for integra-
tion with solid-state electrolytes. As an extension, optimizing
rGO content and calendaring parameters for thicker stacks
and investigations on electrolyte infiltration and interphase
formation under high-rate, long-cycle conditions are of high
interest. Furthermore, validation of our dry electrode manu-
facturing approach for developing pouch-/cylindrical cell-level
prototypes on pilot roll-to-roll lines will be of great interest
for large-scale production of high energy density lithium-ion
batteries.
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