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ABSTRACT: Free-standing electrode (FSE) architectures hold the potential to
dramatically increase the gravimetric and volumetric energy density of lithium-ion
batteries (LIBs) by eliminating the parasitic dead weight and volume associated with
traditional metal foil current collectors. However, current FSE fabrication methods suffer
from insufficient mechanical stability, electrochemical performance, or industrial
adoptability. Here, we demonstrate a scalable camphene-assisted fabrication method
that allows simultaneous casting and templating of FSEs comprising common LIB
materials with a performance superior to their foil-cast counterparts. These porous,
lightweight, and robust electrodes simultaneously enable enhanced rate performance by
improving the mass and ion transport within the percolating conductive carbon pore network and eliminating current collectors for
efficient and stable Li+ storage (>1000 cycles in half-cells) at increased gravimetric and areal energy densities. Compared to
conventional foil-cast counterparts, the camphene-derived electrodes exhibit ∼1.5× enhanced gravimetric energy density, increased
rate capability, and improved capacity retention in coin-cell configurations. A full cell containing both a free-standing anode and
cathode was cycled for over 250 cycles with greater than 80% capacity retention at an areal capacity of 0.73 mA h/cm2. This active-
material-agnostic electrode fabrication method holds potential to tailor the morphology of flexible, current-collector-free electrodes,
thus enabling LIBs to be optimized for high power or high energy density Li+ storage. Furthermore, this platform provides an
electrode fabrication method that is applicable to other electrochemical technologies and advanced manufacturing methods.
KEYWORDS: lithium-ion, batteries, lithium iron phosphate, lithium nickel manganese cobalt oxide, lithium titanate electrodes, composites,
flexibility

1. INTRODUCTION
Since the early 1990s, lithium-ion batteries (LIBs) have been
utilized as a convenient, reliable, and economically feasible
source of portable energy storage.1,2 Rapid technological
advancements have enabled the near ubiquitous use of LIBs
in consumer products such as laptops and cell phones, and
further improvements hold potential to unlock the widespread
adoption of emerging applications (i.e., electric vehicles and
grid storage). With an ever-growing list of applications and the
societal push toward decarbonization, the LIB market is
projected to approach 3.0 TW h by 2030 (∼4× the 2020’s
energy demand).3 Despite the commercial success of LIBs,
further innovations at the material, cell, and system level are
needed to meet the stringent requirements for these emerging
applications (e.g., higher energy density, fast-charging ability,
levelized cost of energy storage) and satiate the growing
international energy demand.
The most extensive efforts to improve the performance of

LIBs have focused on the intrinsic chemistry, via the
electrolytes,4−10 binders,11−14 anodes,15−18 and cathode
materials.19−26 However, only incremental changes in the cell
chemistry (e.g., increasing Ni content in cathode; increased Si
loading in blended anodes with graphite) have found

commercial success over the past decade. The slow commercial
progress of new chemistries dictates the need for alternative
electrode and cell designs that can enhance battery perform-
ance. At the electrode level, current LIBs utilize copper and
aluminum current collectors (CCs) to mechanically support
the anode and cathode films and provide connection to
external circuitry. While these substrates are easily manufac-
tured and inexpensive, the metal foils take up a considerable
weight (approximately 10 and 6 wt % for the copper and
aluminum, respectively, comprising 16% of the total cell
weight) and volume fraction (approximately 9 and 6% of the
cathode and anode, respectively) of the battery and reduce the
achievable cell-level gravimetric energy density.27−29 Further-
more, the limited flexibility of the CC often restricts the design
space of applications requiring lithium-ion storage devices and
has confined the possibilities of new innovations in sectors
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such as flexible-hybrid electronics. These limitations have
inspired efforts to replace metal foil CCs with conductive,
conformable, and lightweight alternatives such as carbon
nanotubes,30−35 nanowires,36−38 reduced graphene
oxide,39−41 textile-based supports,42,43 metal foam CCs,44−46

and cross-linked carbon-based scaffolds.47,48 These alternatives
have demonstrated competitive electrochemical performance
but do not yet provide a practical route toward commercializa-
tion due to complex and expensive processing requirements.
Other studies have shown the possibility to completely

eliminate CCs by fabricating free-standing electrodes
(FSEs).31,44,49−55 Many metal-foil-free CCs have previously
been produced using a variety of active materials and
manufacturing methods, including slurry-casting on glass,56

high-pressure/high-temperature filtration,49,57 and 3D print-
ing.54,58 Unfortunately, most of these FSEs suffer from low
specific capacities due to poor accessibility of active materials
or insufficient electronic conductivities through the scaffolding
matrix. Cathode active materials are currently the most
expensive components of LIB electrodes and therefore must
be fully utilized to obtain commercial viability. While
preliminary work with FSEs shows great promise, further
progress is required to generate mechanically robust FSE
architectures that simultaneously avoid detrimental Ohmic and
concentration overpotentials related to electronic/ionic
conductivity and transport.
Alongside challenges related to material performance,

another major bottleneck to the implementation of new
battery technologies industrially is the upheaval of previous
infrastructure and methodology. Large-scale changes to
equipment, manufacturing lines, and training personnel are
undesirable and costly. Herein, we introduce a camphene-
based system for fabricating slurry cast FSEs using techniques
analogous to the present roll-to-roll LIB electrode fabrication
process (Figure 1) where electrodes are cast onto a substrate,
dried, and then directly used in LIB cells. Camphene, which
has a modest melting point (52 °C), high vapor pressure (3.4
mmHg @ 25 °C), and dendritic crystallization morphology,59
has been shown to solubilize/disperse various polymers and
particles60−64 and most recently poly(styrene-block-ethylene/
butylene-block-styrene) block copolymers.65 Due to these
unique physical properties, when camphene is employed as
an alternative solvent for slurry casting battery materials, the
subsequent solidification of camphene crystallites doubles as a
template to induce a percolating conductive network of battery
electrode components. Direct removal of the camphene by

sublimation via room temperature vacuum drying and
subsequent delamination from the casting substrate results in
the production of a porous, free-standing, and flexible
composite electrode.
In the remainder of this paper, we demonstrate the ability of

this synthetic platform to generate mechanically robust and
flexible electrodes for LIBs. Performance testing of these
composites illustrates their attractive properties and energy
storage capabilities; for example, lithium-iron phosphate-based
electrodes demonstrated stable electrochemical (de-)lithiation
for over 1000 cycles with only small capacity losses (16 mA h/
g or 13%). All of the camphene-assisted FSEs demonstrate
competitive to superior electrochemical capabilities when
compared to analogous films cast on metal foil CCs and
enable a ∼50% increase in gravimetric capacity while
maintaining superior rate capability in coin cell configurations.
The improved rate capabilities can be attributed to the
increased Li+ transport from the camphene templated
structure. The demonstrated improvements suggest similar
fabrication techniques can be utilized to improve the
achievable energy density of LIBs. Additionally, the FSE
electrode architecture provides improvements to other electro-
chemical applications such as other metal ion batteries,
capacitors, fuel cells, electrolyzers, and capacitive desalination
cells.

2. EXPERIMENTAL SECTION
2.1. Materials. All chemicals were used without further

purification or treatment, unless stated otherwise. Lithium hexa-
fluorophosphate (LiPF6, 99.99%), diethyl carbonate (DEC, 99%),
camphene (95%, MQ 100), toluene (>99.8%), and polystyrene-block-
poly(ethylene-ran-butylene)-block-polystyrene (SEBS, average Mw
∼118,000, MQ 100, [S/EB, 29:71 mol/mol]) binder were obtained
from Sigma-Aldrich. The Super P conductive additive, polyvinylidene
fluoride binder (PVDF, >99.5%), lithium titanate (LTO, Li4Ti5O12,
>98%, Drange 0.2−10 μm, D50 0.9−1.8 μm), lithium cobalt oxide
(LCO, LiCoO2, >98%, Drange 0.3−30 μm, D50 10−14 μm), lithium
iron phosphate (LFP, carbon-coated LiFePO4, Drange 1−15 μm, D50
2.5−4.5 μm), and lithium nickel manganese cobalt oxide (NMC811,
LiNi1.44 0.8Co0.1Mn0.1O2, 99%, Drange 5−45 μm, D50 9−15 μm) were
acquired from MTI Corporation. N-Methyl-2-pyrrolidone (NMP,
>99%) was obtained from Tokyo Chemical Industry Co., Ltd. (TCI).
100 μm thick Li foil (99.9%) was purchased from Alfa Aesar.
Fluoroethylene carbonate (FEC, +99%) was obtained from Solvay.
Celgard 2400 microporous monolayer membranes (polypropylene, 25
μm) were generously provided by Celgard.
2.2. FSE Fabrication. FSE films were manufactured through an

altered slurry casting protocol, where camphene (M.P. = 51.5 °C) was

Figure 1. Schematic of the synthetic process of camphene-assisted fabrication of FSEs.
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employed as the liquid solvent system by maintaining temperatures of
approximately 65 °C throughout processing, except when the
electrode is finally solidified by cooling at room temperature. Slurry
solutions employed a 3:1 weight ratio of camphene/slurry solids
(active material, binder, and conductive additive). The solid
composition of the slurries consisted of an 85:10:5 weight ratios of
active material/Super P/SEBS binder for all electrode composites
with the exception of the LTO electrodes, which employed an
80:10:10 formulation. Upon the introduction of solids into the liquid
camphene, the solutions mixed for 1 h in a 65 °C water bath.
Slurry solutions were cast utilizing a TMAX JK-TMJ-200 heated

film coater with a doctor blade set to a film height of approximately
150 μm. Films were hot-cast onto a polytetrafluoroethylene (Teflon,
0.001″ thick) substrate and then immediately quenched by moving
the sheet onto a chilled stainless-steel plate. Once the camphene
solidified, films were dried under vacuum for 10 min. The resulting
films were manually delaminated from the PTFE substrates, resulting
in FSE films, and then dried under vacuum overnight to assure the
removal of residual camphene. Electrode films were typically cast to
an 18 in. × 3 in. area.
In order to balance the capacities of the negative and positive

electrodes used in the FSE LTO//LFP full cell, LTO electrodes used
in this experiment were cast at a higher height using a bar set to 200
μm. This resulted in films with higher mass loadings that could be
used to balance the negative to positive capacity (N/P) ratio of the
full cell. The capacities of the electrodes were determined using the
active loading and the nominal capacity as detailed in Table S1. Full
physical properties of the electrodes used in the full cell configuration
are listed in Table S4.
2.3. Control Electrode Fabrication. Foil-cast control electrode

films employed an analogous method to the composite electrodes
above. Foil-cast control electrodes were fabricated using toluene or
NMP as casting solvents when using SEBS and PVDF binders,
respectively. The solid composition of the slurries consisted of an
85:10:5 weight ratio of active material/Super P/polymer binder for all
electrodes with the exception of the LTO electrodes, which employed
an 80:10:10 formulation. Slurry solutions were then cast using a
doctor blade set to a height of 200 or 125 μm to fabricate the thick
and thin control electrodes, respectively. Slurries were cast onto 12
μm thick aluminum foil at room temperature for all active materials.
Electrode films were dried for 2 h at 120 °C and ambient pressure to
evaporate the majority of the solvent and then under vacuum to drive
off remaining solvent overnight. Traditionally, LTO can be cast on
either a copper or aluminum CC. All LTO control electrodes used in
this study employed an aluminum foil CC to lower the impact of
inactive weight on the control cells and provide a more representative
comparison.
2.4. Material Characterization. X-ray diffraction (XRD)

patterns were acquired through a Rigaku Miniflex 600 diffractometer
utilizing Cu Kα radiation (λ = 1.5418 Å) from 5 to 80° in a
continuous scan mode (1° min−1) with a step width of 2θ = 0.02°.
Scanning electron micrographs (SEMs) were taken using a Thermo
Fisher Quanta 650 environmental scanning electron microscope with
an applied accelerating voltage of 30 kV. X-ray photoelectron
spectroscopy (XPS) spectra were recorded using a monochromated
120 W Al Kα1 X-ray source (hν = 1486.5 eV). Four-point probe
measurements were conducted with a manual four-point resistivity
probe (Lucas S302; Lucas Laboratories). Full instrumental specifica-
tions and experimental parameters can be found in the Supporting
Information.
2.5. Electrode Preparation. Circular free-standing and foil-cast

control electrodes were punched directly from the electrode films with
a TMAX die electrode punch to a diameter of 13 and 15 mm for
anodes and cathodes, respectively. Thicknesses of the resulting
electrodes were measured using an IP65 Digimatic micrometer.
2.6. Electrochemical Analysis. Electrochemical properties of the

FSE composites were analyzed in half-cell configurations using 2032
coin-type cells versus lithium foil (Alfa Aesar). Full cell batteries
utilizing a LFP cathode and a LTO anode (N/P ratio = 1.26:1) were
also tested to elucidate the practicality of the composite system. All

cells were assembled using a Celgard 2400 polymer membrane and an
electrolyte composed of 1 M lithium hexafluorophosphate (LiPF6) in
FEC/DEC (1:1 by volume) solution. Excess electrolyte was used (>5
drops) to flood the cell and provide sufficient wetting. Cycling
performance and cyclic voltammetry (CV) tests were conducted using
a multichannel battery test system (BT 2043, Arbin). Electrochemical
potential windows were adjusted to the optimal range of each
electrode material employed. The electrochemical window for each
configuration demonstrated in this paper is as follows: (1) LFP versus
Li/Li+, 2.5−4.0 V; (2) LCO versus Li/Li+, 3.0−4.2 V; (3) NCM811
versus Li/Li+, 2.7−4.3 V; (4) LTO versus Li/Li+, 1.0−2.5 V; and (5)
LFP versus LTO, 0.9−2.6 V. Full details about the electrochemical
cycling conditions can be found in the Supporting Information (Table
S1). The electrochemical data presented is an average of three
identical cells to assure reproducibility in the results.

3. RESULTS AND DISCUSSION
3.1. Chemical Stability Testing. To probe the compat-

ibility of camphene with the electroactive materials, XRD and
XPS were used to analyze the chemical status of the active
materials before and after camphene exposure. Results from
XRD (shown in Figure S1) suggest that even excessive soaking
of the various active materials in hot liquid camphene for 6 h
did not affect the bulk chemical composition of these active
materials.
Furthermore, XPS was employed to determine the chemical

impact of camphene exposure on the electroactive material
surfaces. Survey scans of the electrode materials and their
respective composites (Figures S2 and S3) depicted the
expected elemental compositions for each active material
composition without noticeable contamination. High-resolu-
tion region scans (Figures S4−S7) of the pristine active
materials and the as-formed FSE composites indicated no
significant chemical change in the active materials. It should be
noted that pristine nickel cobalt manganese oxide (NCM) and
LTO materials contained a significant titanium oxide and
cobalt oxide contamination, respectively, on their surface.
These impurities were likely present due to the incomplete
reaction of the precursor materials during synthesis. Region
scans of the FSE composites denote a removal of these
contaminants, suggesting that the electrode fabrication process
simulated an additional washing step and removed some of the
surface level precursor contamination during the composite
formation of NCM and LTO. Overall, these results
demonstrate that camphene did not detrimentally react with
or alter the chemical composition of the active materials in the
final composite, confirming the chemically agnostic nature of
the fabrication technique. Full details on the chemical stability
testing and resulting analysis can be found in the Supporting
Information of this document.
3.2. FSE Films. To demonstrate the versatility of the

camphene solvent system, we fabricated FSEs using multiple
electroactive materials, including LFP, LTO, LCO, and
NCM811, thereby testing the utility of the FSE platform
under a diverse set of operating conditions. LFP cathodes are
known for their extensive cycle-life (>80% capacity retention
@ 1000 s of cycles at high rate and depth-of-discharge) and
therefore served as a prime candidate to test long-term
stability. Due to the large lithiation potentials of NCM811 and
the reactive Ni and Mn constituents, the high voltage stability
was probed to elucidate chemical compatibility of camphene
with oxidizing materials. LTO tests both the compatibility of
the camphene-assisted fabrication route with nanoparticulate
materials and the anodic capability of the resulting composites.
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Additionally, due to the well-studied and stable nature of these
materials, analysis of the effects of the FSE architecture could
be decoupled from active material degradation during battery
cycling.
Electrodes employing these electroactive materials were

produced using typical slurry casting method conducted at
elevated temperatures using a camphene: solids ratio of 3:1.
Full experimental procedures for the fabrication of these FSE
films can be found in Experimental Section 2.2 and the
Supporting Information. A representative FSE film formed
from the camphene casting process is pictured in Figure 2a.

The mechanical stability of the FSE films is important for their
implementation in roll-to roll processing, as the films will need
to be able to withstand processing into a stacked or wound cell
configuration.66 Figure 2b,c depicts the exceptional ability of
the FSE films to be bent and punched into electrodes without
notable mechanical degradation (i.e., no cracks or creases). To
demonstrate the FSE compatibility with practical length scale
configurations (i.e., cylindrical, prismatic), Figure 2e,f demon-
strates the film rolled numerous times around a 4 mm cylinder.
These results exhibit the ability of the FSE films to overcome
the physical limitations of traditional foil-cast electrode films
that would typically crease or crack upon folding or bending.
Typical PVDF binder containing electrodes that have limited
flexibility and tend to crack and delaminate from the CC,
resulting in disconnection of the electroactive layer and loss of
usable energy/power67 Compatibility with standard processing
methods makes this synthesis platform attractive from a
manufacturing perspective, as no major changes to the current
industrial infrastructure are required for implementation.
After fabricating FSEs comprising NCM, LFP, LCO, and

LTO, scanning electron microscopy was employed for closer
inspection of film homogeneity, material distribution, and
camphene-induced pore morphology (Figure 3). Cross-
sections of these electrodes (Figure 3a,e,i,m) exhibited a
relatively flat and uniform structure. As visible in Figure
3d,h,l,p, the active materials are anchored in the conductive
composite electrode architecture by SEBS polymer coated with
Super P. The casting process results in two different electrode
faces, one which was in contact with the Teflon substrate
during casting (denoted as the “substrate side”, Figure 3b,f,j,n)
and one which maintained exposure to vacuum (denoted as
“vacuum side”, Figure 3c,g,k,m). With the exception of
nanoparticulate LTO, where settling effects likely resulted in
a denser vacuum side (Figure 3o) and more porous substrate
side (Figure 3n), little difference in morphology between the
two electrode faces was observed. Relative to traditional NMP
foil-cast electrode films (Figure S17), the FSE films

Figure 2. Photographs of FSE films. (a) Whole FSE film after
delamination from Teflon substrate. Flexibility and mechanical
integrity of FSE demonstrated in (b,c). Electrodes punched directly
from the FSE film to 13 mm diameter disks shown in (d). Practicality
for length scale configurations was tested by wrapping the FSEs
around a 4 mm rod. Photos depict the electrodes in a jellyroll
orientation from the side (e) and areal (f) perspective, respectively.

Figure 3. Scanning electron microscopy images of FSE films consisting of NCM811 (a−d), LFP (e−h), LCO (i−l), and LTO (m−p). The film
cross section (a,e,i,m), substrate-exposed face (b,f,j,n), vacuum-exposed face (c,g,k,o), and imbedded active material particles (d,h,l,p) are shown
for each active material composition with scale bars of 200, 100, 100, and 10 μm, respectively.
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Table 1. Physical Properties of the FSE Electrodes Analyzed for C-2 Cycling in This Study

electrode total mass (mg) active mass (mg) thickness (μm) porosity (%) electrode area (cm2) areal loading (mg/cm2)

NCM811-1 10.48 8.91 115 65 1.33 6.70
NCM811-2 9.46 8.04 118 69 1.33 6.05
LFP-1 10.10 8.58 107 62 1.33 6.45
LFP-2 10.60 9.01 105 59 1.33 6.77
LCO-1 9.82 8.35 110 69 1.33 6.28
LCO-2 8.90 7.57 100 69 1.33 5.69
LTO-1 10.55 8.44 112 75 1.33 6.35
LTO-2 12.49 9.99 166 80 1.33 7.51

Table 2. Physical Properties of the Foil-Cast Control Electrodes Analyzed for C-2 Cycling in This Study alongside the Physical
Properties of the Aluminum Current Collector of the Controls

electrode total mass (mg) active mass (mg) thickness (μm) porosity (%) electrode area (cm2) areal loading (mg/cm2)

NCM811-thin-1 6.78 5.75 45 42 1.33 4.32
NCM811-thin-2 6.75 5.73 47 44 1.33 4.31
NCM811-thick-1 11.43 9.71 70 37 1.33 7.30
NCM811-thick-2 11.01 9.35 68 37 1.33 7.03
LFP-thin-1 6.02 5.10 42 42 1.33 3.83
LFP-thin-2 6.03 5.11 40 43 1.33 3.84
LFP-thick-1 10.78 9.15 71 38 1.33 6.88
LFP-thick-2 10.55 8.96 68 37 1.33 6.74
LCO-thin-1 7.21 6.13 49 50 1.33 4.61
LCO-thin-2 7.11 6.04 50 51 1.33 4.54
LCO-thick-1 13.96 11.86 85 44 1.33 8.92
LCO-thick-2 14.13 12.00 84 42 1.33 9.02
LTO-thin-1 6.93 5.49 41 55 1.33 4.13
LTO-thin-2 6.92 5.50 41 55 1.33 4.13
LTO-thick-1 11.82 9.45 118 73 1.33 7.11
LTO-thick-2 11.78 9.40 89 65 1.33 7.07
aluminum CC 5.54 N/a 12 N/a 1.33 N/a

Figure 4. Cyclic voltammograms of NCM811 (a), LFP (b), LCO (c), and LTO (d) and FSE composites vs lithium foil.
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demonstrate a more clearly defined pore structure and overall
higher porosity. This is supported by density-based calcu-
lations (Tables 1 and 2) revealing a ∼20% increase in porosity
of FSEs compared to foil-cast electrodes, which can decrease
mass transport limitations via enhanced electrolyte penetration.
3.3. Electrochemical Activity. Electrochemical activity

and performance metrics of the FSE composites were
evaluated versus two controls: (1) foil-cast electrodes with
lower active mass loading [thin controls] and (2) foil-cast
electrodes with comparable active mass loading [thick
controls]. The morphology and structure of foil-cast electrodes
are dependent on the settling nature of particles after casting
and due to the intrinsic nature of this morphology, and the
thickness of LIB electrodes is limited to approximately 100−
150 μm to ensure sufficient lithium storage kinetics and
mechanical stability. Therefore, thinly cast electrodes with
lower active mass loadings were fabricated to establish a
baseline for ideal electrochemical kinetics and performance.

On the other hand, for electrode-level analyses, the electro-
active layer thickness is crucial in drawing fair comparisons;
control electrodes with lower electroactive mass loading will
inherently demonstrate a larger fraction of inactive electrode
mass from the metallic CC, and electrodes with similar
volumetric active material loading (mg/cm3) that have
different thicknesses will display different areal capacities. As
such, controls were also fabricated with comparable electro-
active mass loadings on foil to enable valid quantification of the
benefits of the FSE system to enhance the electrode-level
performance of LIBs. Full information about the FSEs and
control electrodes’ physical properties are listed in Tables 1
and 2, respectively.
As previously mentioned, battery performance without an

external CC is contingent upon electrochemical stability,
conductivity, and active material accessibility. Before inves-
tigating the propensity for Li+ storage in these FSE composites,
four-point probe analysis was conducted to quantify the bulk

Figure 5. Rate capability performance testing of the camphene-assisted FSEs and foil-cast controls. Variable rate cycling and resulting charge−
discharge curves, respectively, of the NCM811 (a−c), LFP (d−f), LCO (g−i), and LTO (j−l) half-cells.
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Figure 6. Comparative long-term performance testing of the NCM811 (a−c), LFP (d−f), LCO (g−i), and LTO (j−l) FSE electrodes with their
foil-cast counterparts at a C/2 rate for 200 cycles. A comparative analysis was conducted for the cells’ specific capacity (a,d,g,j), electrode
gravimetric capacity (b,e,h,k), and areal capacity (c,f,i,l). Extensive lifetime cycling was conducted on the LFP-based composite (m) to demonstrate
the stability of the camphene-assisted FSE system.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c08143
ACS Appl. Mater. Interfaces 2022, 14, 45240−45253

45246

https://pubs.acs.org/doi/10.1021/acsami.2c08143?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08143?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08143?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08143?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c08143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


conductivity of each respective FSE. The sheet conductivities
of all the FSEs were approximately 0.1 S/cm irrespective of
active material (Table S2), which is above the threshold
required for high-rate, low overpotential electrochemical
cycling.68 This similarity in conductivity suggests the electrical
conductivity is primarily attributed to the homogeneous
dispersion of the conductive Super P additive throughout the
FSEs. The slight variation in conductivity between FSEs
comprised different active materials points toward the
versatility of this camphene-assisted FSE fabrication process
for use with diverse materials.
The electrochemical activity of the FSE composites was

investigated via CV in half-cells with a scan rate of 0.1 mV/s in
1 M LiPF6 FEC/DEC electrolyte solution (Figure 4). Upon
cycling, the NCM811 FSE displayed peaks between 3.6 and 4.0
V in Figure 4a, indicative of the expected Ni4+/Ni3+ and Ni3+/
Ni2+ redox reactions. The LFP-, LCO-, and LTO-based
composites (Figure 4b,c,d) show reversible (de)lithiation
peaks centered at 3.4, 3.9, and 1.5 V, respectively. The slight
activation process observed for these materials, where initial
cycles required a slightly increased overpotential for Li+
removal/insertion, was likely related to the stabilization of
interfaces and/or structural reorganization within these early
cycles. Overall, these CV experiments revealed that the FSE
composites displayed very comparable electrochemical behav-
ior to their foil-cast counterparts (Figure S8), demonstrating
electrochemical accessibility for Li+ storage of the active
materials within these composite matrices.
After investigating the potential-dependence of the Li+

insertion processes for the various active material composites,
variable (dis)charging current densities were applied in half-
cells to quantify the rate performance of the FSE electrodes
(Figure 5) in comparison to their thin foil-cast counterparts
(Figures S12 and S13). Low-rate (C/20) electrochemical
cycling revealed near identical specific capacities between the
composite and control electrodes on an active material basis.
With the exception of LFP, the FSEs exhibited a slight increase
in specific capacity for all of the electrode materials at slow rate
(de)lithiation, confirming that the camphene-assisted FSE
configuration provides full accessibility of active materials
throughout the composite in the absence of ionic transport
limitations. In contrast, intentionally introducing transport-
induced limitations to the cells via higher-rate cycling (1 C)
demonstrated the benefits of the conductive and porous FSE
architecture, as an improvement in specific capacity (4 mA h/g
for NCM, 3 mA h/g for LFP, 25 mA h/g for LCO, and 58 mA
h/g for LTO) was observed for all electrode materials
compared to conventional foil-cast counterparts with thinner
electroactive thicknesses. As a result, the FSEs demonstrated
overall larger rate retention (i.e., percent capacity achieved at 1
C compared to the nominal C/20 capacity) of 70.8 versus
70.3% for NCM, 79.8 versus 65.3% for LCO, 74.8 versus
68.4% for LFP, and 62.3 versus 26.6% for LTO for FSEs versus
foil-cast counterparts, respectively.
While the composite architecture clearly does not fully

eliminate transport limitations, these CC-free FSEs exhibited a
significant improvement in rate capability as compared to
conventional foil-cast cells. Further results of this variable rate
testing emphasized the robust nature of the FSEs, which
showed exceptional capacity recovery at C/5 for all materials
(≥99.0% compared to ≤99.0% for foil-cast controls) after
high-rate (de)lithiation. Comparisons between the FSEs and
the thin foil-cast electrodes were used to emphasize how the

camphene-generated pore structure assists with mass transport
limitations even in contrast to electrochemically ideal or thin
film electrodes. Full comparison of variable rate cycling
between all electrodes can be found in Table S5.
Battery electrode performance can be limited by factors

irrespective of the intrinsic properties of individual active
materials, which create parasitic overpotentials related to
insufficient electronic conductivity and/or mass transport
limitations. Accordingly, charge−discharge curves helped to
draw further insights into the enhancement of rate perform-
ance of the FSEs (Figure 5) compared to foil-cast electrodes
(Figure S10). In half-cells of these active materials that have
well-defined, energetically similar lithiation sites, Ohmic
overpotentials from ionic or electronic resistivity manifest as
the difference in plateau voltage on the charge and discharge
branches of the cycle. On the other hand, concentration
overpotentials result in the sloping region at larger states of
(dis)charge as the Li+ concentration profile becomes the rate-
limiting factor for the (de)lithiation process. In a set voltage
window, variation in either of these factors will affect the
practically achievable Li+-storage capacity.
Comparing the voltage gaps between the charge and

discharge profiles from cycling at rates of C/10 to 1 C
demonstrated that the FSEs exhibited lower Ohmic over-
potentials than their foil-cast counterparts (change in plateau
voltage of 30 vs 60 mV, 80 vs 170 mV, 100 vs 150 mV, and 220
vs 230 mV for FSEs vs foil-cast controls comprising LFP, LTO,
LCO, and NCM, respectively). As the FSE and the foil-cast
cells were fabricated with identical electrolyte formulations
(i.e., with identical ionic conductivity), the smaller Ohmic
overpotentials observed for the FSEs was likely instead related
to an enhanced electronic conductivity in the FSEs, despite
their larger porosity, compared to their foil-cast counterparts
(Tables 1 and 2). Coupled with the fact that each set of
electrodes comprised similar electroactive thicknesses and
identical ratios of solid components, the lower observed
Ohmic overpotentials in the FSEs suggested that the unique
camphene-templating process led to the formation of a better-
connected conductive, percolating framework of Super P in
contrast to the conventional foil-cast technique, where the
resulting morphology relied instead on random particle mixing
and settling. Additionally, compared to the discharge curves of
foil-cast controls (Figure S10), discharge curves of the FSEs
demonstrated larger slopes near full depth of discharge. These
increased slopes were indicative of smaller concentration
overpotentials and suggest a reduction of mass transport
limitations throughout the porous FSE structure compared to
the foil-cast control. Overall, these variable rate-cycling results
suggested that the FSEs exhibited improved (de)lithiation
kinetics due to more efficient transport of both electrons and
ions in these porous 3D architectures compared to conven-
tional electrodes, even in the absence of an external CC and
when utilizing thicker electrodes containing higher active mass
loadings.
3.4. Long-Term Cycling of FSE Composites. Constant

current C/2 performance testing was employed to investigate
the long-term stability of the FSEs in lithium-ion half-cells and
compare their electrochemical properties to conventional foil-
cast systems. Figure 6 shows the values calculated for the
specific capacity relating to the total amount of active material
in the FSE (Figure 6a,d,g,j), the gravimetric capacity
concerning the entire electrode mass including binder,
conductive additive, and CCs (Figure 6b,e,h,k), and the areal
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capacity (capacity provided per unit area cm−2) (Figure
6c,f,i,l).
As the rate-capability of FSEs showed promising results

compared to controls, long-term C/2 cycling further
demonstrated the potential for the camphene-template system
to be used to fabricate stable, large energy density FSEs with
comparable or superior Li+ storage ability compared to metal-
foil counterparts. All FSEs successfully demonstrated stable
galvanostatic lithiation/delithiation for 200 cycles with capacity

retention greater than 80%, verifying that the metal foil CC
was not necessary to maintain long-term mechanical stability.
The FSE materials demonstrated long-term capacity retentions
that were greater than or equal to the control samples.
Specifically, the NCM, LFP, LCO, and LTO FSEs delivered
initial specific capacities of 150, 124, 133, and 121 mA h/g,
with capacity retentions of 87.1, 93.1, 86.5, and 99.9% capacity
retention at 200 cycles, respectively. On the other hand, the
NCM, LFP, LCO and LTO thin foil-cast controls provided

Figure 7. Summary for the electrochemical properties of the camphene-assisted FSE composites. (a) Variable C-rate and (b) capacity comparison
3D plot contrasting electrochemical metrics of the FSEs with the thin foil-cast electrodes. (c) CV of LTO/LFP full cell. (d) C/2 performance
testing of LTO/LFP cell.
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initial specific capacities of 148, 128, 129, and 92 mA h/g, with
capacity retentions of 86.9, 87.6, 81.3, and 81.1%, respectively.
The NCM, LFP, LCO, and LTO thick foil-cast controls
provided initial specific capacities of 153, 106, 127, and 108
mA h/g, with capacity retentions of 70.3, 90.9, 64.2, and
65.9%, respectively. Comparing the cells on a per active
material basis highlights the potential of the camphene-
templated architecture to provide comparable specific capacity
and capacity retention to the electrochemically ideal thin
controls, while hosting ∼1.5× the amount of active material.
Furthermore, comparing the FSEs to the thick controls
elucidates their mechanically robust nature as noted by their
significantly increased capacity retentions.
In commercial LIBs, the copper foil and aluminum foil CCs

make up approximately 35 and 15% of the electrode mass of
the anode and cathode, respectively.27 Improvement in the
achievable specific capacity on an active material basis
alongside enhanced long-term stability shows promise for the
FSEs to bring about considerable improvements to LIBs on the
electrode level due to the concurrent elimination of the dead
weight and volume of the metallic CC. When comparing with
metal foil control films of similar areal loading of active
material, the overall electrode gravimetric capacity was
significantly improved for all active materials investigated
here. The NCM, LFP, LCO, and LTO FSEs demonstrated 44,
76, 46, and 65% increases in effective capacity, respectively,
even compared to their thick foil-cast counterparts due in large
part to the elimination of the dense metal foil CCs enabled by
the camphene-assisted fabrication procedure. Similar improve-
ments were denoted in the areal capacities of the FSE
composites. The NCM, LFP, LCO, and LTO FSEs provided
areal capacities of 1.07, 0.80, 0.83, and 0.84 mA h/cm2,
providing improvements of 73, 67, 38, and 121%, respectively,
compared to the thin-cast control. Even comparing the FSEs to
the thick-cast controls (higher areal loadings), the LFP and
LTO composites provided a greater areal capacity (0.80 vs
0.74 mA h/cm2 and 0.84 vs 0.70 mA h/cm2, respectively) due
to their superior rate capabilities. While having lower initial
areal capacities, the NCM and LCO FSEs depicted higher end
of life areal capacities (0.93 vs 0.80 mA h/cm2 and 0.72 vs 0.71
mA h/cm2, respectively) due to their enhanced capacity
retention. A full summary of the results obtained from the C/2
long-term cycling can be found in Table S6.
By performing these experiments against two sets of control

electrodes, one with lower active mass loading and one with
comparable loading, we can draw valid comparisons to
electrochemical performance and capacity metrics of the
FSEs. Electrochemical assessment of the FSE composites in a
coin cell configuration confirmed that superior electrochemical
kinetics and long-term stability can be achieved from films
without metal foil support and higher areal mass loadings using
this camphene-assisted fabrication process.
Additionally, as LFP is known for its outstanding stability

and cycle life, extreme long-term cycling (1000 cycles) was
performed for this FSE (Figure 6m) to further elucidate any
effects the FSE system may have on electrode stability. The
LFP FSEs maintain average Coulombic efficiencies of 99.99%
over the 1000 cycles with a final capacity retention of 86.8%.
These systems have excellent long-term stability and dramatic
increases in the overall gravimetric electrode capacity, proving
that the camphene-assisted FSE design could be a viable
pathway toward scalable fabrication of larger energy density
batteries.

Overall, the half-cell electrochemical performance of the
composites demonstrated the material-agnostic capability of
the camphene-assisted route to create high energy density
FSEs. Variable rate cycling and extensive long-term perform-
ance testing of these electrodes suggested that the three-
dimensional, porous structure of the electrodes permitted
better rate capability for lithiation and a stable host for long-
term cycling. Additional testing of foil-cast controls using a
traditional NMP solvent and PVDF binder was conducted to
mimic commercial electrodes. Cycling data for these electrodes
can be found in (Figures S12 and S13). For further details on
control electrode fabrication and composition, please refer to
the Experimental Section.
3.5. Full Cell Compatibility Testing. While half-cell

performance testing displays exceptional electrochemical
activity, lithium-half cells provide the composites with a
near-infinite source of lithium during cycling. In contrast, for a
real world LIB, depletion of lithium inventory in the cell is one
of the most common causes of battery failure and performance
degradation over time. Therefore, full-cell configurations were
fabricated to elucidate performance metrics of FSEs in a
practical LIB.
Due to their long-term stability and single feature voltage

profiles, LTO and LFP were chosen as a respective cathode
and anode pair. Mimicking the protocol of previous literature
and experimentation, full cells utilized a N/P ratio of 1.26:1
and underwent constant current−constant voltage formation
cycles at C/20 before long-term testing was conducted.69,70

Cyclic voltammograms of the LTO/LFP cell (Figure 7c)
suggested that a 0.9−2.6 V voltage window was sufficient to
achieve 100% depth of (dis)charge upon cycling. Subsequent
voltammograms depicted similar performance to the half-cell
configurations, where after an initial activation during the 1st
cycle, reversible lithiation processes occurred.
Overall, the full cell configuration of these FSEs provided an

electrochemical performance that mirrored the individual half-
cell counterparts, as shown in Figure 7d. Even without
traditional metal foil CCs, these systems achieved an initial
charge capacity of 120 mA h/g on a cathode material basis,
with a capacity retention of 80.9% and an average Coulombic
efficiency of 99.95% after 250 cycles at an areal loading of 0.73
mA h/cm2. These results suggest that the camphene-assisted
FSEs act as stable hosts for lithium-storage materials even after
extensive lithiation/delithiation.
The capacity retention of the FSE full cells suggested that

the electrodes maintained their mechanical integrity even after
extensive cycling. For confirmation, cells were disassembled
and electrodes were retrieved for post-mortem analysis. These
electrodes displayed very little mechanical adherence to the
polymer separator, and after simple electrode recovery with
forceps, macroscopic visual inspection denoted little to no
physical change after cycling. The flexibility of the electrodes,
tested after a simple ethanol wash and drying, was nearly
identical to pre-cycled FSEs (Figure S14). One of the major
bottlenecks to the effective recycling of battery separators is
that electrode materials are commonly physically embedded
into the separator after extensive cycling.27 Therefore, these
FSEs may provide a route toward more easily recycled
materials in LIB systems. Post-mortem microscopic inspection
of the FSE electrodes (Figure S15) depicted that, while typical
foil-cast electrodes (Figure S16) demonstrated a major
reduction in distinguishable features due to particle pulveriza-
tion and the formation of interface layers, the FSEs retained a
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majority of their discernible features. This is likely due to the
porous nature of the composites, providing void volume to
compensate any volumetric changes induced from lithiation/
delithiation. The integrity of physical properties and structural
composition elucidates how the full cell composed of a pair of
FSEs is able to undergo stable (de)lithiation for more than 250
cycles.

4. CONCLUSIONS
In this study, we demonstrated a new pathway for fabricating
free-standing LIB electrodes using readily available, cheap, and
non-toxic camphene as a dual-purpose solvent that crystalizes
to provide a pore template. We demonstrated the ability of the
camphene-template to develop porous, conductive architec-
tures that improve the high-rate (de)lithiation performance
over more than 200 cycles with multiple electroactive
materials. Comparative electrochemical analysis of various
types of foil-cast controls suggest that this hierarchical
structure provided both higher electrode energy density and
improved rate capability due to the simultaneous elimination
of heavy metal-foil CCs and the camphene-templated pore
structure, which provided better electrochemical accessibility
to the active materials. Compared to traditional electrode
fabrication which relies on solution-based settling of active
materials, the solid-state templating nature of the crystallizing
camphene casting solution promotes the growth of a porous,
structurally defined composite electrode. While the composite
structure demonstrates superior rate capabilities, the additional
porosity resulted in lower volumetric capacity. Future studies
will seek to quantify the effects of different material
compositions, variable slurry cast heights, and mechanical
tuning of porosity through calendaring to better understand
how camphene-templated electrode characteristics affect
electrochemical performance. With this knowledge, optimized
electrode designs can be formed.
We think that the fundamental understanding of these

unique electrode architectures could provide valuable
information for how electrode engineering can alleviate the
constraints of current generation lithium-ion battery technol-
ogy such as energy density, rate capability, and accessible
recycling. In addition to better rate capabilities and gravimetric
energy densities, the FSE composites maintained mechanical
integrity throughout cycling and were able to be reclaimed
intact post-mortem. Simple mechanical delamination of the
FSEs from the separator after cycling could promote
straightforward recycling efforts for these electrodes in the
future. While these attributes make FSEs an enticing electrode
design for future LIB configurations, future work will evaluate
if the thermally and electronically conducting support can be
successfully implemented into large scale cell designs such as
multi-layer pouch, cylindrical, and prismatic cells.
Overall, this synthetic platform provides significant

electrode-level improvements to conventional systems while
employing a fabrication technique that is compatible with
continuous roll-to-roll processing, as well as other advanced
manufacturing methods such as mold-casting, thermoforming,
and 3D printing. If coupled with advancements in active
material and electrolyte chemistries, this scalable and adjust-
able electrode fabrication process can assist in reaching the
energy density targets required for next generation LIB energy
storage devices.
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