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T
he utilization of lithium ion batteries
(LIBs) in electric vehicles and a variety
of other applications requires marked

improvements in charge�discharge (C�D)
rates along with energy and power density,
safety, and cycle life.1 It is also important to
understand the fundamental limits of bat-
tery material performance and the factors
controlling them. The C�D rates of LIBs are
limited by, among other factors, the rates of
ion diffusion through and ion intercalation
inside the electrode material.2�4 They will
therefore benefit from shortened diffusion
pathways of lithium (and other) ions. Im-
provement of C�D rates also requires re-
duction of the tunneling barriers in the
conduction pathways for electrons.5 Porous
materials combining both micro- and nano-
scale porosity provide the opportunity to
engineer both of these pathways.6,7

Porous anodes and cathodes with a vari-
ety of 3D architectures have been investi-
gated in the past.8�22 A lot of them ex-
ploited the ability of graphene oxide (GO)

and graphene (G) to produce voluminous
foams with micro-, meso-, and nanoscale
pores.13�18 Other approaches took advan-
tage of pillars from nanoparticles (NPs) or
polymers.19�22 Overall, foamlike compos-
ites from G and GO demonstrate improved
ion and electron transport. However, two
challenges remain. First, 3D composites
must have local mechanical properties that
allow the pores to withstand continuous
expansion�contraction cycles associated
with C�D processes. Typically G, GO, and
other carbon-based foams have fairly weak
interactions between components and dis-
play low extensibility,14�21 which is detri-
mental to their physical integrity under such
conditions. Second, the majority of studies
in this area have been focused on anodes,
whichmay not be an ideal approach.11�13,22

Considering many accounts, the cathodes
represent the weakest link for making dur-
able high C�D rate batteries.23�26 In this
respect, the utilization of thin, mesoscale
3D conductive networks, templated by Ni
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ABSTRACT Deficiencies of cathode materials severely limit cycling performance and discharge

rates of Li batteries. The key problem is that cathode materials must combine multiple properties:

high lithium ion intercalation capacity, electrical/ionic conductivity, porosity, and mechanical

toughness. Some materials revealed promising characteristics in a subset of these properties, but

attaining the entire set of often contrarian characteristics requires new methods of materials

engineering. In this paper, we report high surface area 3D composite from reduced graphene oxide

loaded with LiFePO4 (LFP) nanoparticles made by layer-by-layer assembly (LBL). High electrical

conductivity of the LBL composite is combined with high ionic conductivity, toughness, and low

impedance. As a result of such materials properties, reversible lithium storage capacity and

Coulombic efficiency were as high as 148 mA h g�1 and 99%, respectively, after 100 cycles at 1 C. Moreover, these composites enabled unusually high

reversible charge�discharge rates up to 160 C with a storage capacity of 56 mA h g�1, exceeding those of known LFP-based cathodes, some of them by

several times while retaining high content of active cathode material. The study demonstrates that LBL-assembled composites enable resolution of difficult

materials engineering tasks.

KEYWORDS: layer-by-layer assembly . cathodes . cycling performance . graphene . 3D composites . conductive network .
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foam,17,18 appears to be a promising approach for
significant improvements in cathode performance be-
cause it may not only increase both the rates of ion
diffusion and intercalation but also must be accompa-
nied by the optimization of the mechanical, electrical,
and other properties of the materials forming the 3D
network.
In this work, we decided to address the cathode

problems by employing materials engineering of cath-
ode materials using 3D composites formed via layer-
by-layer (LBL or LbL) assembly. The high electrical
conductivity,31�33 toughness, strength, and extensi-
bility27�30 known for LBL composites can potentially
lead to cathodeswith considerably improvedC�D rates
and cyclability. This technique can be used make con-
formal coatings on substrateswith complex geometries,
which opens the possibility of producing multilayer
films with highly controlled topology.34,35 Here we
demonstrate that Ni-foam-templated LBL composites
can serve as cathode materials that can withstand C�D
rates as high as 160C,which is one of the highest known
values (Table 1).46 Moreover, these composites display
excellent cycling performance associated with im-
provedmechanical properties of cathodematerial.36�46

In addition to their relevance to the field of energy
storage, these findings indicate that LBL composites
provide a pathway for the engineering and production
of materials with function-oriented combinations of
properties exceeding the range of traditional materials.

RESULTS AND DISCUSSION

Among many different materials that can serve
as active ion-intercalating materials, lithium ferrous
phosphate (LFP) was chosen here for cathodes

because of its high theoretical specific capacity of
170mAh g�1, low toxicity, and low cost.47�49 Standard
LFP cathodes suffer from short cycle lives because of
brittleness of the material and loss of physical integrity
upon repeated expansion�contraction cycles that oc-
cur during the C�D of LIBs.50�52 We hypothesized that
engineering a composite material comprised of re-
duced graphene oxide (rGO) and LFP using LBL can
address this problem and also lead to improved C�D
rates. We believe that this process will provide a
materials engineering protocol that will allow for the
construction of materials that approach the limits
of materials performance as it did in several other
cases.53�55 Scheme 1 illustrates the fabrication of the
3D, free-standing LBL composite used in our experi-
ments. We started with GO suspensions, prepared by a
standard method.56,57 The carboxylic groups of
GO, GO�COO�, rendered the prepared sheets nega-
tively charged over a wide range of pH. Following
GO exfoliation, we derivatized the sheets with
N-ethyl-N0-(3-(dimethylamino)propyl)carbodiimide (EDC)-
mediated coupling with ethylenediamine to obtain
positively charged sheets, GO�NH3

þ. Dispersions of
GO�NH3

þ and GO�COO� in water at pH 6 displayed
zeta potentials of ζ = 37 ( 13.6 and �41 ( 10.4 mV,
respectively.
The multilayer LBL films were produced by sequen-

tial adsorption of GO�COO� and GO�NH3
þ onto a

macroscopic piece of Ni foam serving as a porous
template following the traditional LBL assembly se-
quence and is similar to the methods of 3D LBL
composites that we used in the past with making
replicas of colloidal crystals.58,59 To prepare the free-
standing 3D LBL composite, a thin layer of poly(methyl

TABLE 1. Comparison of the Rate Performance of LFP-Based Composites Prepared by Various Methods

materials method of preparation active material (%) carbon content (%) binder/carbon black (%/%) rate (C) capacity (mAh g�1) reference

C-LFP carbon from glucose 77.5 2.5 10/10 1 139 36
C-LFP nanocasting 76.8 3.2 10/10 10 112 37
C-LFP carbon from PEG 72.8 2.2 5/20 20 96 38

30 75
C-LFP carbon from D-gluconic acid 66.2 3.8 15/15 20 68 39

30 46
CNT-LFP solid state reaction 66 4 15/15 10 82 40

50 65
CNT-LFP hydrothermal process 77.5 2.5 10/10 10 104 41
CNT-LFP chemical vapor deposition 77 13 10/0 10 101 42
GNs-LFP mechanical mixing 75 5 5/15 30 94 43

60 68
GNs-LFP solvothermal route 67 13 8/12 20 69 44

40 42
GNs-LFP sol�gel route 73.5 1.5 10/15 10 75 45

15 60
LFP solid-state reaction 30 0 5/65 197 125 46

397 62
3D LBL rGO composite þ route 90 10 0/0 40 101 this work

80 81
160 56
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methacrylate) (PMMA, a transparent thermoplastic)
was deposited on the surface of the LBL films as a
sacrificial support layer to prevent the (GO�NH3

þ/
GO�COO�)n LBL composite from collapsing during
removal of the template. Ni foam was etched away in
a 3 M HCl solution at 80 �C (Methods), and the PMMA
layer was then removed using an acetone bath (Figure
S2). The process resulted in stable 3D LBL composite
monoliths (Figure S1c,d). To incorporate LFP into the
(GO�NH3

þ/GO�COO�)n matrix, we used a solvother-
mal method of NP synthesis (Methods) that enabled us
to make sufficiently small LFP NPs with direct electrical
contact between the NPs and the underlying multi-
layer matrix essential for fast electron transport. After
that, the obtained carbon-based LBL composite with
LFP was annealed at 600 �C for 3 h in an Ar/H2 atmo-
sphere in order to completely reduce GO to rGO and
improve the crystallinity of the LFP NPs.
After the removal of the Ni template and the PMMA

layer, the multilayer composite replicated the porous

structure of Ni foam (Figure S1c,d,g) as seen in other
examples of 3D LBL films.60�62 The resulting free-
standing 3D LBL composite can be described as net-
work of approximately 60 μm wide struts with pore
sizes of 200�400 μm (Figure 1a,b and Figure S1e,f). A
strong X-ray diffraction (XRD) peak observed at 10�
(pattern I) for (GO�NH3

þ/GO�COO�)n is characteristic
of GO.63 This peak disappears after the solvothermal
treatment, and a new peak at ∼26� (pattern II) asso-
ciated with (002) diffraction of rGO emerged,64,65

indicating the reduction of GO (Figure 1d). It was
topologically similar to the 3D graphene network
obtained by a ga-phase reaction using methane as a
source of carbon17,18 but without the need for high-
vacuum conditions and free from solution-processable
GO dispersions. Solution-based LBL processing also
enabled engineering of its electrical, and most impor-
tantly, mechanical properties. The electrical conductiv-
ity of the 3D LBL composite was ∼16 S/cm, which is
considerably higher than that of previously reported
examples of G/rGO composites,15,17,66,67 including
those grown by CVD.17 These results are attributed to
better sheet-to-sheet connectivity characteristic of LBL
(Figure S3) and related reduction of the tunneling
barrier for electron transport.68 A slight decrease of the
conductivity for greater n is attributed to the packing
imperfections associated with increased layering on
highly curved substrates and the relatively large size of
rGO sheets (Figure S4). For subsequent studies of the
cathode performance of these composites, we used
materials with n = 3 that display the maximum con-
ductivity andhigh surface area of 480m2g�1 (Figure S5).
The interconnected network of the 3D LBL compo-

site provides great potential for the use of this material
in LIBs. As an example, we fabricated 3D LBL compo-
sites carrying LFP NPs via an in situ solvothermal
synthesis (Figure 2a). No significant deformation of
the struts was observed when the composite was
loaded with LFP NPs (Figure 2a,b). The diameter of
LFP NPs was <100 nm (Figure 2c), which is conducive
for fast ion intercalation. The high-resolution TEM

Figure 1. (a) Photograph and (b) SEM imageof free-standing
3D LBL composite matrix after removal of Ni foam. (c) TEM
imageof rGOnanosheets in the composite. (d) XRDpatterns
of 3D LBL composite (I) before and (II) after the solvothermal
treatment.

Scheme 1. Preparation of layer-by-layer-assembled 3D rGO-LFP composite.
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image of an individual LFP NP displays a crystal lattice
with a spacing of 0.348 nm corresponding to the (111)
plane (Figure 2d). XRD patterns of LFP prepared by the
solvothermal route with and without the multilayer
support show well-resolved diffraction peaks indexed
to olivine LiFePO4 (PDF 81-1173, International Centre
for Diffraction Data, Figure S6). The diffraction peak
corresponding to (002) spacing of graphene is eclipsed
by the LiFePO4 (111) peak.
In the Raman scattering spectrum, the D peak

usually corresponds with the k-point phonons of A1g

symmetry, whereas the G peak is related to the E2g
phonons of Csp2 atoms.70 Their relative intensity gives a
clue to the ordered and/or disordered crystal struc-
tures of graphene.69 The Raman scattering spectra of
the obtained 3D LBL composites showed a broad D
band at 1330 cm�1 and a broad G band at 1590 cm�1

(Figure S7). It is well-known that the ratio of D band
intensity to G band intensity (ID/IG) reflects the degree
of graphitization for carbonaceous materials and the
defect density.71 The value of ID/IG for GOwas higher in
the 3D LBL composite, indicating a reduction in the
average size of the sp2 domains after GO reduction. In
addition, Figure S8 shows the C 1s X-ray photoelectron
spectroscopy (XPS) spectra recorded before and
after the deposition of LFP NPs. After deconvolution,
the C 1s XPS spectrum of the 3D GO LBL composite
(Figure S8a) displays the lower binding energy features
at 284.5 eV corresponding to C�C carbon and the
higher binding energy feature at 288.8 eV, followed by
a shoulder at 288.4 eV that is typically assigned to
C�OH and CdO from epoxide, hydroxyl, and carboxyl
groups. GO was reduced during the synthesis of 3D
rGO and 3D rGO-LFP LBL composites; thus, the inten-
sity of XPS peaks from C�OH, CdO, and C�OOH

groups decreased greatly compared to those of the
3D GO LBL composite (Figure S8b,c). One can also note
that the ratio of the area under peaks corresponding to
C�OH, CdO, and C�OOH groups to the area under
peaks corresponding to nonoxygenated C of 3D rGO
(0.14) is lower than that of 3D rGO-LFP LBL composite
(0.16). Moreover, one can identify the appearance of an
additional peak at 288.6 eV compared to the version of
this composite without LFP NPs. Considering that (1)
the peaks for all oxidation states of carbon moved to
lower values of binding energies and (2) CdO groups
are completely reduced in an earlier step of the process
(Figure S8b) this new band cannot be attributed to
carboxyl groups. Instead, this 288.6 eV peak should
arise from the electronic states of carbon atoms inter-
actingwith phosphate groups of the LFP surface. These
XPS data indicate that there is an atomic level con-
nectivity between the structural (composite) and ac-
tive (LFP) components of the cathode material.
All LBL composites were very flexible and bent

without breaking (Figure 3a). They also displayed ex-
tensibility with and without LFP NPs exceeding 90%.
This is at least one order ofmagnitude greater than that
of the typical LFP-based or other layered composites
without the 3D architecture and essential for electrode
materials that have to undergo high strains during the
lithiation�delithiation process.72 The maximal stress
that they can sustain reached a plateau of 1.45 MPa
for n = 3 and increased slightly after the deposition of
LFP NPs (Figure 3c,d). In addition, the toughness of the
3D LBL composites is 69.9 MJ/m3, calculated by using
the integral under the strain�stress curve.
This set of electrical and mechanical properties

makes the composites promising candidates for appli-
cations in LIBs. We investigated electrochemical prop-
erties of 3D LBL composite composites with n = 3 as a
cathode material for LIBs. For comparative purposes,
we alsoprovidedata for cathodesmadebydrop-casting

Figure 2. (a) Photograph and (b) SEM image of a free-
standing 3D LBL composite loaded with LFP. (c) SEM image
of the layer of LFP NPs on the multilayers. The inset in c is a
TEM image of LFP NPs on the 3D rGO matrix. (d) HRTEM
images of LFP NPs on the 3D rGO matrix.

Figure 3. (a) Photograph of 3D LBL composites showing its
flexibility. (b) Maximal stress of 3D LBL composite as a
function of the number of LBL deposition cycles, n. (c)
Typical stress�strain curves of free-standing 3D LBL com-
posite with and without LFP NPs. (d) Tensile strength and
modulus of 3D LBL composite with and without LFP NPs.
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LFP slurry onto an aluminum foil that is commonly
used in lithium ion batteries.73 The total loading of LFP
for the 3D LBL composite and Al foil was ∼5.4 mg.
Because of its relatively high electrical conductivity
of∼16 S/cm, our composite also served as the current
collector, which is important for reducing the weight
of the battery. The initial specific discharge capacity
observed for the 3D LBL composite electrode at 1 C
rate (170 mA g�1) was 149 mA h g�1. This is consi-
derably higher than that of an Al-LFP electrode,
121mAh g�1.We attribute this increase to the efficient
charge transport to and from all LFP NPs from the
composite matrix and significant reduction of contact
resistance enabled by the atomic-level connectivity
between the rGO sheets and LFP NPs. This conclusion
can be confirmed by comparing cyclic voltametry (CV)
patterns of the 3D LBL composite electrode and the
Al-LFP electrode. Both electrodes displayed a redox
wave at 3.58/3.28 V (scan rate = 0.1 mV s�1), typical for
Fe2þ /Fe3þ at and consistent with a two-phase redox
reaction of LiFePO4 f FePO4 þ Liþ þ e� (Figure S9).
Besides greater current density, the peak separation
observed for the 3D composite electrode is about
40 mV smaller than that exhibited by the Al-LFP
electrode. This result is indicative of the faster kinetics
of electron transfer for the 3D LBL composite electrode
than for traditional Al-LFP electrodes.

A stable capacity was reached after a few C�D cycles
(Figure 4b). Importantly, no detectable decline in
capacity was observed after 100 cycles. At that point,
the 3D LBL composite electrode displayed a capacity of
148 mAh g�1 at the same 1 C discharge rate, corre-
sponding to a Coulombic efficiency of 99% (Figure S10).
This result is indicative of the excellent cyclability of the
prepared cathodes as well as electrochemical stability
and reversibility of the 3D LBL composite electrode
(Figure S11).
C�D experiments demonstrated that the 3D LBL

composite electrode can sustain unusually high C�D
rates (Figure 4). The voltage profiles of the 3D LBL com-
posite electrode for charging to 4.5 V and discharging
to 2 V at increasing rates ranging from 0.1 to 160 C
are shown in Figure S12a. As expected, the charge
capacity and the discharge capacity exhibit a tendency
to decrease with increasing current density. For exam-
ple, the characteristic discharge plateau around 3.42 V
at 0.1 C drops to about 3.06 V at 160 C. The presence of
the plateau region at 3.42�3.06 V indicates that the
intercalation of Liþ ion does indeed take place.
Figure 4c compares the C�D rate performance of

the 3D LBL composite electrode with an Al-LFP elec-
trode. The reversible capacity of the 3D LBL composite
electrode was initially stabilized at 155 mA h g�1 after
10 cycles at a rate of 0.1 C. We then gradually increased

Figure 4. (a) First-cycle discharge curves of the free-standing 3D LBL composite and Al-LFP electrodes. (b) Cycling
performance of the electrodes: free-standing 3D LBL composite and Al-LFP. The electrodes were charged�discharged
between 2.0 and 4.5 V (vs Li/Liþ) at a rate of 170mAg�1 (1 C). (c) Rate-performance of the free-standing 3D LBL composite and
Al-LFP electrodes. (d) Nyquist plots of the free-standing 3D LBL composite and Al-LFP electrodes.
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C�D rates to 1, 4, 10, 40, 80, and 160 C; the correspond-
ing reversible capacities were 146, 135, 121, 103, 81,
and 56 mA h g�1. This electrode performance can be
compared to the reversible capacity of Al-LFP electro-
des that was found to be 144, 121, 97, 82, 51, 21, and
2mA h g�1 for the C�D rates of 0.1, 1, 4, 10, 40, 80, and
160 C, respectively (Figure 4). Importantly, the original
capacity at 0.1 C is reversible after cycling at high rates,
including 160 C. The capacity decreases to less than 2%
of the initial value after 100 cycles, indicating that 3D
LBL composite retains its physical integrity even under
such extreme electrochemical conditions (Figure S12b).
Importantly, high C�D rate capacity is also accompa-
nied by high cyclability and an overall increase in
capacity compared to those of LFP-based electrodes
made by other techniques including those made from
other carbon-based foams (Table 1). In this respect, it is
meaningful to compare the performance of LBL-made
cathodes with those reported by Kang and Ceder.46

The extremely high rates of charge and discharge of
197 and 397 C were successfully obtained by these
researchers for electrodes that contained 30 wt %
active material, 65 wt % carbon, and 5 wt % binder.
The highest rates (397 C) could only be observed for a
cathode composition with a large amount of carbon,
which reduces the volumetric andmass energy density
of the electrode. In our case, 160 C C�D rates were
obtained for our electrodes with 90 wt % active
material and 10 wt % carbon.
Capacity per unit mass of the electrodes based on

LBL composite was better than that for the Al-LFP
electrode, owing to the lightweight mass of the rGO-
based composite (∼0.6 mg). The abilities of LBL-made
materials to (1) provide high conductivity and (2)
minimize the need for conductive additives and bind-
ing agents are significant in this perspective. If we
include the mass of the entire electrode comprised of
electrochemically active material, additives, and con-
ductive substrate, then the maximum specific capacity
of the 3D LBL composite is 135mAh g�1, which is 245%
higher than that of the Al-electrode (Figure S13).
Comparative evaluation of electrochemical imped-

ance spectroscopy (EIS) data with respect to the “flat”

LFP-based electrodes can help to better understand
the origin of the unusually high rate performance of
the prepared cathode materials. We obtained EIS
curves after the 10th cycle at a C�D rate of 0.1 C
(Figure 4d). The semicircle in the Nyquist plot is
characteristic of the sum of contact, i.e., the solid�
electrolyte interphase, and charge-transfer resis-
tance, whereas the subsequent line inclined at an
approximately 45� angle to the real axis charac-
terizes the lithium-diffusion process within the elec-
trodes. The equivalent circuit fitting of EIS spectra
using Rs (solution resistance), Rf (contact resistance),
and Rct (charge-transfer resistance, Figure S14 and
Table S1) indicate that Rf and Rct values of the 3D LBL
composite electrode are smaller than those of stan-
dard LFP electrodes. Reduction of surface resistance
and Rct for 3D LBL is attributed to optimized con-
nectivity of rGO nanosheets in the LBL-assembled
composite while enabling fast ion transport for
lithium ions because of the microscale porosity.
Close contact of LFP NPs with the rGO sheets also
accelerates electron transport through the cathode
material.

CONCLUSIONS

The high cycling performance of the LBL composites
is attributed to their improved mechanical integrity,
extensibility, and toughness, which help the material
withstand the large mechanical deformations asso-
ciated with expansion and contraction of electrode
material. Although the C�D rates achieved in this work
are unlikely to be feasible for use in actual batteries
in the near future because of safety concerns and
the necessity of optimizing all other battery compo-
nents, this study shows that such rapid C�D rates for
electrodes with a high amount of active material
are fundamentally possible. Materials engineering
of the ion-conducting membranes using novel nano-
scale components that can reduce dendrite growth74

and low impedance anodes with surface area current
collectors75 may lead to the feasible ultrahigh C�D
rate batteries that can reach their full capacity within
minutes.

METHODS

Synthesis of Graphene Oxide. GO was prepared from graphite
flakes by a modified version of Hummers method.52,56 Briefly,
1.0 g of graphite flakes, 1.0 g of NaNO3, and 46 mL of con-
centrated H2SO4 were mixed together in an ice bath for
4 h. A 6.0 g portion of KMnO4 was then added slowly into the
solution. Afterward, the ice bath was removed, and the sus-
pension was stirred for another 4 days at room temperature.
The suspension was then treated with 200 mL of warm water
(∼60 �C) and 10mL of H2O2 (30%). The mixture was centrifuged
at 4000 rpm andwashed with dilute HCl andwater until neutral,
providing a homogeneous GO aqueous dispersion (1 mgmL�1)
suitable for further use.

LBL Assembly. The concentration of GO solutions used in all
of the deposition experiments was fixed at 0.10 wt %. The
(GO�NH3

þ/GO�COO�)n multilayer-coated Ni templates were
prepared using a previously described procedure.30 In brief,
100 μL of a concentrated dispersion (6.4 wt %) of negatively
charged Ni template was diluted to 1mLwith deionized water.
Subsequently, 1 mL of GO�NH3

þwas added. After deposition
for 15 min with a gentle vortex, the excess GO�NH3

þ was
removed by three centrifugation (9000 rpm for 8 min) wash
cycles. A suspension of GO�COO� was then allowed to
deposit onto the GO�NH3

þ-coated Ni foam under the same
conditions. The above process was repeated until three layers
of (GO�NH3

þ/GO�COO�)3 had been deposited onto the
Ni foam.
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To prevent structural failure of the LBL-made composite
trusses under capillary tension when the nickel was etched
away, a thin PMMA layer was used as a support to reinforce the
GO structure. The Ni foam covered with GO was drop-coated
with a PMMA solution and then baked at 160 �C for 40 min. This
process solidified the PMMA to form a thin film on the GO
surface (Ni-GO-PMMA). Then, the samples were put into an HCl
(3 M) solution at 80 �C for 5 h to dissolve the nickel. Finally, a
free-standing composite replica of the foam was obtained by
dissolving the PMMA with hot acetone at 60 �C.

Solvothermal Synthesis of LPF NPs on 3D LBL Composite. A
FeCl2 3 4H2O/LiH2PO4 mixture with a molar ratio of 1:1.1 was
dissolved in 70 mLof ethylene glycol, and 35 μL of hydrazine
was added after ultrasonic dispersion while stirring constantly
for 1 h under nitrogen atmosphere. Subsequently, a piece of 3D
composite foam was soaked in this solution before being
transferred to a 100 mL Teflon-lined autoclave. The autoclave
was sealed, kept at 200 �C for 12 h, and then cooled to room
temperature. The 3D composite was washed with deionized
water and dried in an oven at 80 �C. Finally, the as-prepared
sample was heated at 600 �C for 3 h under a hydrogen/argon
(5:95 v/v) atmosphere. LFP NPs can also prepared by a similar
procedure without a substrate.

Material Characterization. XRDwas carried out withmonochro-
mated Cu KR radiation at a scanning rate of 2� min�1 in the
range of 5�80� on a RigakuD/max-γB apparatus. Zeta-potential
measurements were obtained by using an electrophoretic light
scattering and dynamic light scattering spectrophotometer
(DelsaNano C). The morphology of the products was character-
ized by SEM (using a Hitachi S4800 apparatus) and high-
resolution TEM (HRTEM, using a JEM-2100 apparatus) with an
accelerating voltage of 200 kV. The strength of the composite
was measured with a high-precision mechanical testing system
(Instron 5500R materials tester). The surface area was measured
by the Brunauer�Emmett�Teller method using ASAP2020.
Additionally, Raman spectra were recorded at room tempera-
ture by employing an InVia Raman spectrometer using a 633 nm
red laser with 10% intensity to determine the extent of graphitic
disorder. XPS experiments were performed on a ULVAC PHI
Quantera microprobe.

Carbon content was determined using Vario EL cube
(Elementar, Germany). The rGO content in the 3D LBL composite
was estimated to be ∼10 wt %.

Electrochemical Measurements. For half-cell tests of free-standing
3D LBL composites, coin cells were fabricated. In both cases, a
lithiummetal foil was used as the counter electrode, 1 M LiPF6 in
ethylene carbonate and dimethyl carbonate (1:1, v/v) as electro-
lyte, and porous polypropylene film as separator. The C�D cycles
were performed at different rates at room temperature. The
discharge�charge tests were conducted at various rates within a
voltage window from 2.0 to 4.5 V (vs Liþ/Li) on the BTS battery
testing system (Neware, Shenzhen, China).

The loading of LFP on both the 3D LBL composite and Al foil
was 5.4 mg. The Al-LFP electrode was prepared by mixing the
neat LFP powder, carbon black (Super-P), and polyvinyldifluo-
ride (PVDF, Kynar HSV 900) at a weight ratio of 75:15:10 in
N-methylpyrrolidone (NMP) to make a slurry. The mixture was
pasted onto aluminum foil and then pressed and dried under
vacuum at 120 �C for 12 h. Battery cells were assembled in
an argon-filled glovebox with oxygen and water content below
1 and 0.1 ppm, respectively.

The electrical conductivity of composite was measured by a
standard four-point probe configuration using an electrically
conducting silver epoxy (EPO-TEK H20E, Epoxy Technology,
Inc.).

CV was performed on an electrochemical workstation (CHI,
660 d) between 2.6 and 4.5 V at a scan rate of 0.1 mV s�1. EIS
experiments were carried out on a Parstat 2273 Advanced
Electrochemical Systems apparatus primarily in the frequency
range from 100 kHz to 10 mHz with the ac signal amplitude
of 5 mV.
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