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together by polymeric binders which is 
then coated on metallic current collector 
sheets to form planar electrodes. This elec-
trode processing and fabrication pose two 
major limitations:

1)	 It limits the form factors of batteries. 
With the planar structure, the battery 
has to be either rectangular in shape 
with the anode, separator and cath-
ode sandwiched, or to be cylindrical in 
shape, with the sandwich being rolled 
up. These 2D form factors rule out 
the potential of battery designs for ap-
plications where flexible, stretchable, 
compressible, and arbitrary shaped 
batteries are needed.[2] In addition, the 
sandwiched 2D batteries must strike 
a balance between energy density and 
power density because of the limitation 
in their 2D footprint area.[3] This issue 
could be solved by moving to full 3D 
battery structures.[4]

2)	 It does not allow an optimal arrange-
ment of the ion intercalating phase and 
electron conducting phase in a prede-
termined structure at the necessary  

Gaining control over the nanoscale assembly of different electrode com-
ponents in energy storage systems can open the door for design and 
fabrication of new electrode and device architectures that are not currently 
feasible. This work presents aqueous layer-by-layer (LbL) self-assembly as 
a route towards design and fabrication of advanced lithium-ion batteries 
(LIBs) with unprecedented control over the structure of the electrode at 
the nanoscale, and with possibilities for various new designs of batteries 
beyond the conventional planar systems. LbL self-assembly is a greener 
fabrication route utilizing aqueous dispersions that allow various Li+ 
intercalating materials assembled in complex 3D porous substrates. The 
spatial precision of positioning of the electrode components, including ion 
intercalating phase and electron-conducting phase, is down to nanometer 
resolution. This capable approach makes a lithium titanate anode deliv-
ering a specific capacity of 167 mAh g−1 at 0.1C and having comparable 
performances to conventional slurry-cast electrodes at current densities 
up to 100C. It also enables high flexibility in the design and fabrication of 
the electrodes where various advanced multilayered nanostructures can be 
tailored for optimal electrode performance by choosing cationic polyelectro-
lytes with different molecular sizes. A full-cell LIB with excellent mechanical 
resilience is built on porous insulating foams.

nano-dimensions.[5] Instead, these phases are randomly 
mixed as micron-sized particles.

Molecular self-assembly[6–8] is one, if not the only, route for 
achieving a scalable fabrication strategy[9] that overcomes these 
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Lithium-ion batteries (LIBs) power an increasingly diverse 
range of applications,[1] and are currently fabricated by mixing 
micron-sized particles of lithium-ion intercalators (e.g., lithium 
cobalt oxide, lithium iron phosphate (LFP), and graphite) and 
electron conductors (e.g., carbon black) in a random slurry held 
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two limitations. A promising and versatile technique for self-
assembly is the layer-by-layer (LbL) process which is generally 
based on the electrostatic or H-bonding interactions between 
the different compounds.[9–11] The electrostatic interactions 
rely mainly on ionically charged and well-dispersed colloids or 
polyelectrolytes in water. The adsorption in each layer leads to 
a charge reversal, which allows for the consecutive adsorption 
of oppositely charged species on top of each other. The driving 
force behind the adsorption is of entropic origin due to the 
release of counter ions to the charged species and the alternating 
adsorption of cationic and anionic components leads to the con-
tinuous growth of multilayers. The assembly can be carried out 
using a wide range of the techniques with capability to deposit 
each layer within seconds at the meters scale.[9] One hallmark 
of LbL assembly is its independence on substrate geometry,[12] 
which enables fabrication of electrodes with nanometer preci-
sion on complex 3D substrates beyond just planar substrates. 
A 3D porous structure is especially preferable for electrode sub-
strates of batteries and supercapacitors as their low density does 
not add much weight to the electrode while their high specific 
surface area extends the contact area between the active mate-
rials and the electrolyte. Currently, LIBs built in the form of 
porous substrates rely on conductive aerogels.[13–16] One of the 
most prevailing methods is in situ fabrication of graphene oxide 
aerogels that are embedded with electrode materials, such as 
Fe3O4 nanoparticles,[13] or Fe2O3 nanoparticles.[17] This in situ 
fabrication of randomly mixed LIB materials into the electrode 
precludes precise self-assembly as well as the wide range of non-
conductive foams and aerogels which are normally ultralow-
cost, readily accessible, and mechanically robust.[18–20] In addi-
tion, LbL self-assembly can allow spontaneous positioning of 
the phases in battery electrodes with nanometer precision due 
to the interaction among different phases. The process can be 
performed in water rather than toxic solvents, providing greener 
and safer electrode processing routes. Therefore, multi-scale 
assembly can enable fabrication of the entire battery onto a wide 
range of materials surface,[18,21] towards true 3D LIBs.

Very little attention, however, has been devoted to the fabrica-
tion of full-cell LIBs using molecular self-assembly. Hammond 
et  al. have LbL assembled polyaniline nanofiber/carbon nano-
tube (CNT) films as electrodes for LIB applications.[22] They 
also showed a free-standing LbL assembled polyethylene oxide/
polyacrylic acid multilayer film for LIB separators with Li+ con-
ductivity up to 2.3 × 10−5 S cm−1 at 52% relative humidity.[23–24]  
Mo et  al. reported a sandwich nanoarchitecture that was LbL self-
assembled with LiV3O8 nanoparticles and graphene nanosheets  
on Ni foam for LIB cathode with a high reversible specific capacity 
(235 mAh g−1 at 0.3 A g−1).[25] Liu et  al. showed that stretch-
able Si-based anodes of LIBs could be formed by an LbL self-
assembly of Si nanoparticles, Cu nanowires, and polyurethane 
into free-standing films.[26] Using LbL self-assembly, they were 
able to avoid particle agglomeration and obtained a high specific 
capacity of 574 mAh g−1 after 300 cycles at 1C from the anode. To 
further optimize electrode performances of LbL self-assembled 
LIBs, Cho group purposed the use of small molecules rather 
than the conventional high-molecular-weight polyelectrolytes to 
facilitate electron transport by minimizing the spacing between 
the electron conducting phase and the Li+ intercalating phase.[27] 
However, the small molecule has been only demonstrated to 

assemble particles smaller than 10 nm[27–28] which is significantly 
smaller than the particle size of traditional battery materials 
(ranging from hundreds of nanometers to micrometers). Such 
small particle size is known to result in charge storage in a pseu-
docapacitive manner rather than the intercalative manner for 
traditional battery materials.[29–30] No study has so far, presented 
a set of materials which are scalable and applicable to both LIB 
anode and cathode with typical Li+ intercalative characteristics, 
and which allow controlled positioning of the different phases, 
as well as allowing arbitrary substrates.

Here we study the fundamentals of the water-based LbL 
assembled electrodes on a planar substrate. The ability to self-
assemble Li+ intercalating nanoparticles allows for a control 
over the composition of the electrodes at the nanoscale which 
results in a comparable electrode performance to the conven-
tional slurry-cast electrode. We further show that the process of 
aqueous self-assembly can be used to fabricate the anode and 
cathode for a full-cell LIB inside 3D porous insulating substrates 
including foams and aerogels, which is not possible with slurry-
casting. Finally, by systematically changing the distance between 
the conducting and intercalating phase using cations of different 
sizes, this work also demonstrates the potential for programmed 
self-assembly of nanoarchitectures for energy storage.

To build LIBs using LbL assembly, we need a complete set 
of active nanomaterials that can be dispersed and optimized in 
their colloidal properties for LbL self-assembly. In this study, we 
chose three Li+ intercalating materials: nanoparticles of lithium 
titanate (LTO, Li4O12Ti5), lithium manganese oxide (LMO, 
LiMn2O4), and LFP (LiFePO4), which are among the most pop-
ular Li+ intercalating materials for LIBs. We dispersed these 
nanoparticles in carboxymethyl cellulose (CMC) solutions. 
CMC acts mainly as a dispersing agent in the dispersions since 
its carboxymethyl (OCH2COO−) group forms complexes with 
the nanoparticles and adds negative charges to improve their 
dispersive stability.[31] Besides its role as a dispersing agent, 
CMC also acts as a binder. As shown in Figure S1 and Table S1, 
Supporting Information, comparing with water-dispersed par-
ticles, CMC decreased the zeta-potential of the colloids to as 
low as −50  mV with enhanced colloidal stability, increased 
the weight concentrations of solids for a more efficient LbL 
assembly, and reduced the polydispersity indices (Table S1, 
Supporting Information) of the particles for an enhanced con-
trol over the nanostructure of the composite electrode. We 
note that even LFP, which is naturally less hydrophilic,[32] can 
be dispersed and therefore the stability of the dispersion was 
enhanced by complexing LFP with CMC. CNTs were chosen 
as the electron conducting material, and were dispersed using 
CMC which is an excellent dispersing agent also for CNTs. The 
improved dispersive properties show that CMC is an excellent 
candidate for the dual purpose of acting as a binder as well as a 
dispersing agent for numerous nanoparticles in batteries.

We first prepared an LTO anode on a planar Ni foil by 
dip-coating (Figure  1a,b) which is assigned as (PEI1000k/
LTO:CNT:CMC)160 corresponding to 160 bilayers of two phases 
where the anionic phase was a mixed dispersion of LTO nan-
oparticles, CNTs, and CMC, and the cationic polyelectrolyte 
phase was branched-polyethyleneimine (PEI) of 600–1000 kDa, 
assigned as PEI1000k. This nanocomposite electrode had a 
thickness of 578 ± 58 nm (Figure 1c and Figure S3a, Supporting 
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Information) and a mass loading of 0.17 ± 0.02 mg cm−2. The 
embedded LTO nanoparticles corresponded to 90 wt%, as deter-
mined by thermal gravity analysis (TGA, Figure S2, Supporting 
Information). Scanning electron microscopy (SEM) images 
(Figure S3b,c, Supporting Information) and transmission elec-
tron microscopy (TEM) images (Figure S3d, Supporting Infor-
mation) of the electrodes showed a close contact between the 

evenly distributed fine LTO nanoparticles and the CNTs. High-
resolution (HR-) TEM images revealed a lattice fringe spacing 
of 0.50 nm which corresponds to the (111) plane of spinel LTO 
(Figure  1d). The selected-area electron diffraction (SAED) pat-
tern (Figure S3e, Supporting Information) and X-ray diffraction 
(XRD) pattern (Figure S4, Supporting Information) shows typ-
ical crystalline peaks from LTO.

Figure 1.  The LbL self-assembled LTO anode (PEI1000k/LTO:CNT:CMC)160 on Ni foil: a) schematic illustration of LbL assembly process, b) photo, 
c) cross-sectional SEM image, d) HRTEM image, e) CV at various scan rates, f) peak current i as the function of the scan rate v from CV, g) peak current 
i as the function of the square root of scan rate v1/2 from CV with the slopes shown in the chart, h) rate performance, i) 500 cycles of charge/discharge 
at 2C, and j) Nyquist plots before and after the 500 cycles of charge/discharge at 2C.
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We packaged the electrode into a half-cell to characterize 
its electrochemical properties. Figure  1e shows the cyclic 
voltammetry (CV) of the (PEI1000k/LTO:CNT:CMC)160 anode 
on Ni foil. The voltage window was between 1 and 2.2 V versus  
Li/Li+. In this window, only the conversion between Li4Ti5O12 
and Li7Ti5O12 occurs and the contribution from the CNTs can be 
ignored (Figure S5, Supporting Information). The separation of 
peak potentials between Li+ insertion and Li+ extraction became 
wider when the scan rate increased from 0.1 to 5  mV s−1. The 
peak current of Li+ extraction is higher than that of Li+ inser-
tion, indicating slightly different kinetics between the lithia-
tion and delithiation process. We analyzed the kinetics of the 
charge storage by considering a power-law relationship between 
the peak current and the scan rate (i = avb),[30] and obtained a 
“b-value” of 0.58 (i ≈ v0.58) for the Li+ insertion process (cathodic 
process, corresponding to discharge) and 0.67 (i ≈ v0.67) for the Li+ 
extraction process (anodic process, corresponding to charge) as 
shown in Figure 1f. The values correspond to a typical response 
for battery materials with diffusion-controlled kinetics (intercala-
tion or solid-state diffusion followed by phase transition where 
the migration of Li+ inside the crystal lattices is the rate-deter-
mining step[33]). Further, we correlated the peak currents (i) with 
the square root of scanning rate (v1/2) and obtained a linear rela-
tion as shown in Figure 1g. The chemical diffusivity of Li+ for the 
insertion and extraction process was calculated to be 6.3 × 10−12 
and 2.3 × 10−11 cm2 s−1, respectively, according to the Randles–
Sevcik equation (see details in the Experimental Section).[33] The 
diffusivity difference showed the Li+ extraction is faster than the 
insertion process, consistent with previous studies.[34–35] During 
the Li+ insertion step, the phase-boundary moved from the 
Li7Ti5O12 rock-salt shell towards the Li4Ti5O12 spinel core and was 
controlled by the Li7Ti5O12 phase which had a slower diffusivity. 
While in the Li+ extraction step, the boundary movement was 
controlled by the Li4Ti5O12 spinel shell which delivered a faster 
diffusivity. In general, both the Li+ diffusivity values are compa-
rable with and amongst the highest values for LTO anode.[34,36–37] 
We attribute these high values to the readily available Li+ hosted 
by the amine groups of PEI1000k which are incorporated around 
the nanoparticles,[38] as a consequence of the LbL self-assembly 
process using PEI1000k as the cationic compound.

This thin film anode showed a comparable performance to 
that from the conventionally slurry-casted LTO anode with the 
same LTO mass loading (see Experimental Section for details), 
delivering even slightly higher specific capacity during the 
charge/discharge cycles at all current densities ranging from 
C/10 to 100C (Figure 1h). The specific charging capacity at C/10 
was 167 mAh g−1 which is very close to the theoretical specific 
capacity of LTO (175 mAh g−1), suggesting a nearly full interca-
lation of Li+ in the LTO nanoparticles. The LbL assembled LTO 
anode exhibit stable and controllable charge/discharge behavior 
even at 100C with a specific capacity of 11 mAh g−1. At such a 
high rate, the characteristic potential plateau (Figure S6a, Sup-
porting Information) was maintained during the delithiation 
process, indicating the charge storage induced a typical phase 
change of battery systems.[39] At the same current density of 
100C, the slurry-cast LTO anode (≈0.16 mg cm−2 of LTO) could 
not maintain a stable potential, in the set range of 1–2.2 V in 
the charge/discharge profiles (Figure S6b, Supporting Infor-
mation). The profiles showed typical capacitive behavior with a 

low specific capacity of 0.5 mAh g−1 and with no characteristic 
plateaus from battery electrodes. The current density of 100C 
was obviously too high for the slurry-cast electrode to interca-
late Li+ into the LTO nanoparticles to maintain its battery-like 
charge/discharge manner. Instead, at such a high current den-
sity, the majority of the Li+ in the electrolyte shuttled between 
the Ni current collector and the counter electrode of Li foil, 
short-circuiting the layer of the electrode materials. Therefore, 
little charge could be stored in the capacitor formed by the two 
metal foils, making the charge/discharge time periods too short 
for the instrument to switch charge/discharge in time. In con-
trast, our LbL assembled anode could maintain the battery-like 
charge/discharge behavior due to the spontaneous arrangement 
of the ion intercalating phase and electron conducting phase by 
the self-assembly. We attribute the high performance of the LBL 
assembled anode to a combined result of: 1) having a thin elec-
trode film where the ultrafine LTO nanoparticles and the elec-
tron conductor are all positioned with a nanometer precision; 
2) having a PEI phase assembled in proximity to LTO nanopar-
ticles, in which the lone pair of electrons in the N atoms could 
host Li+ as shown in Figure S7, Supporting Information, pro-
viding readily accessible Li+ for intercalation.[38] The LbL assem-
bled LTO anode retained 83.5% of the capacity of the 2nd cycle 
after 500 cycles at a charging/discharging rate of 2C (Figure 1i), 
prior to which the electrode was activated by 5 cycles of charge/
discharge at C/10. The moderate capacity retention has been 
commonly observed in nanometer-sized and uncoated LTO 
batteries.[40–43] The coulombic efficiency (CE) of the anode was 
higher than 99.6% from the 2nd to the 500th cycle, indicating 
highly reversible battery reactions. The Nyquist plot (Figure 1j) 
shows very low intrinsic resistance at the high-frequency range 
of 3.7 Ω·cm2 which slightly increased to 4.2 Ω·cm2 after the 
500  cycles of charge/discharge, suggesting good conduc-
tivity and stability of the LbL assembled electrode. The charge 
transfer resistance on the other hand decreased drastically, 
which is the result of improved wetting of the electrolyte on the 
surface of the active material during the cycling.[44–45] We note 
that the structure of LbL self-assembled electrodes is stable, 
because: 1) the polymers and nanoparticles have a high surface 
to volume area, and 2) because LbL operates based on multiva-
lent electrostatic forces, so every layer including the first PEI 
layer, has a strong adhesion force to the next layer.

The study of planar LbL thin film electrodes with controlled 
architecture, and its comparison to the slurry-casted electrodes 
constitutes a rational route in the continued development and 
systematic study of self-assembly of nanocomposite battery 
electrodes. Compared to slurry casting, the LbL approach in 
this study has low efficiency for fabricating thicker electrodes. 
Our approach here is however limited by the output of the dip-
ping robots for laboratory use, but this limitation can be over-
come by employing spray coating or other industrial techniques 
in the future to achieve faster assembly of thicker electrodes.[9]

We have previously shown that LbL self-assembly can be 
used to deposit various polymer solutions and dispersions 
of electronic materials inside the open-cell wall of an aerogel 
substrate.[8] Comparing with the widely used in situ assemble 
nanostructures in metal foams,[46–48] LbL assembly in polymer 
aerogels showed its advantages in light weight and independ-
ency of substrates. Using this technique we could control the 
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growth of the electrodes and the separator on the interior sur-
face of an aerogel to form a full 3D supercapacitor.[18] In this 
work, we demonstrate the versatility of LbL assembly to fab-
ricate uniform LIB electrodes into non-conductive 3D porous 
substrates (Figure  2a). The formation of uniform thin films 
with nanometer precision inside 3D architecture is simply not 
possible with slurry casting. We chose melamine resin foam 
(MRF), with an average pore size of 230 ± 86 µm and a porosity 
of 99.4%, as a model substrate because it is mechanically resil-
ient and has a large pore size which enables easy and fast 
flow through its open pores and is thus suitable for the rapid 

vacuum filtration-assisted LbL assembly method[8] that we used 
to fabricate the electrodes inside the foam.

In this LbL process, we used cationic counterparts to reverse the 
charge between each layer containing the active particles. The cati-
onic compounds were crucial, as their molecular sizes determined 
the resolution of the tailored nanostructure of the electrode.

We, therefore, investigated the properties of LTO anodes 
LbL assembled with three cations of different molecular mass: 
i) tris(3-aminopropyl)amine (TAPA), 188  g mol−1, ii) PEI60k, 
and iii) PEI1000k. The assembled anodes are assigned (TAPA/
LTO:CMC/TAPA/CNT)12, (PEI60k/LTO:CMC/PEI60k/CNT)12, 

Figure 2.  a) Schematics showing the LbL assembly on 3D porous substrates where NPs represents nanoparticles of LTO or LFP; SEM images (left 
column) and EDX element mapping of Ti (right column) showing the structure of the b) (TAPA/LTO:CMC/TAPA/CNT)12 anode, c) (PEI60k/LTO:CMC/
PEI60k/CNT)12 anode, and d) (PEI1000k/LTO:CMC/PEI1000k/CNT)12 anode; e) CV, f) charge/discharge profiles at 1C, g) charge/discharge profiles at 20C, 
h) rate performances, and i) Nyquist plots of the LTO anodes assembled with different cationic compounds (inset: the equivalent circuit for the fitting).
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and (PEI1000k/LTO:CMC/PEI1000k/CNT)12, respectively. The 
hydrodynamic diameters of the amines, determined by the 
dynamic light scattering technique, were 0.7 ± 0.1, 11.5 ± 3.6,[49] 
and 15.2 ± 4.5 nm (Figure S8, Supporting Information) respec-
tively. In the dry state, our previous study showed that TAPA 
increased the average interlayer spacing of the LbL self-assem-
bled MXene thin films by around 1 Å while PEI60k increased 
the spacing by 8.71 Å,[21] which made it possible to control the 
spacing between consecutive layers in the nanometer precision, 
as schematically illustrated in Figure S9, Supporting Informa-
tion. The SEM images and the corresponding elemental map-
ping of Ti in Figure  2b–d show a higher-molecular-weight 
amine could assemble a larger number LTO on the surface of 
MRF. TAPA resulted in the most sparsely assembled LTO par-
ticles, compared to the PEI counterparts. Determined by TGA 
(Figure S10, Supporting Information), LTO nanoparticles had a 
fraction of 12.8 wt% (0.43 mg cm−2) of the (PEI1000k/LTO:CMC/
PEI1000k/CNT)12 anode, whereas 9.7  wt% (0.27  mg cm−2) of 
the (PEI60k/LTO:CMC/PEI60k/CNT)12 anode and 4.1 wt% 
(0.20  mg cm−2) of the (TAPA/LTO:CMC/TAPA/CNT)12 anode. 
Though TAPA had higher charge density of 21 meq g−1 than 
18 meq g−1 of PEI60k,[49] apparently polyelectrolytes with higher 
molecular weights have more charges per molecule which 
promise more stable assembly.

We tested the electrochemical properties of the anodes in 
the half-cell configuration. As shown in Figure  2e, (PEI60k/
LTO:CMC/PEI60k/CNT)12 displayed a typical oxidation (Li+ 
extraction) peak centered at 1.68  V versus Li/Li+ which corre-
sponded to the conversion from Li7Ti5O12 to Li4Ti5O12 with a 
peak current of 0.52 A g−1. The reduction peak (Li+ insertion, 
converting Li4Ti5O12 to Li7Ti5O12) centered at 1.48  V with a 
current of 0.33 A g−1. (PEI1000k/LTO:CMC/PEI1000k/CNT)12 
showed a typical extraction peak at 1.72  V with a peak cur-
rent of 0.51 A g−1 and an insertion peak at 1.43  V with a cur-
rent of 0.48 A g−1. PEI60k delivered a preferred narrower peak 
separation but also an undesired smaller peak area, compared 
to PEI1000k. Both the anodes assembled with PEI60k and 
PEI1000k showed more significant redox peaks than those 
detected from the (TAPA/LTO:CMC/TAPA/CNT)12, which 
indicated that Li+ insertion/extraction dominated the electro-
chemical reactions of the half-cell due to the sufficient mass 
loading of the relatively larger LTO nanoparticles. The (TAPA/
LTO:CMC/TAPA/CNT)12 anode exhibited pseudocapacitive 
characteristics in CV with less distinctive redox peaks because 
of the relatively smaller particle size of LTO.[29–30]

As shown in Figure 2f–h, when charging (Li+ extraction) at 
1C, the (PEI1000k/LTO:CMC/PEI1000k/CNT)12 anode and the 
(PEI60k/LTO:CMC/PEI60k/CNT)12 anode delivered a specific 
capacity of 155 and 93 mAh g−1, respectively, while at 20C, the 
anodes delivered 14 and 38 mAh g−1, respectively. PEI1000k 
endowed the anode with a high specific capacity at a low rate 
where its large contact resistance did not lead to large capacity 
loss. At 20C, the large size of the insulating polymer, PEI1000k, 
hindered the efficient electron transport, leading to significant 
capacity loss. PEI60k, benefitting from the smaller molecular 
size, showed a better rate performance. In contrast, the (TAPA/
LTO:CMC/TAPA/CNT)12 anode with the minimum contact 
spacing showed poor capacity of 18 mAh g−1 at 1C and 0.2 
mAh g−1 at 20C, which is a strong indicator of the importance  

of sufficient active materials mass loading. The higher-molec-
ular-weight polyelectrolytes also showed better cyclic stability. 
During the last 100 cycles of charge/discharge at 1C, (PEI1000k/
LTO:CMC/PEI1000k/CNT)12 retained 96% of its capacity, 
while (PEI60k/LTO:CMC/PEI60k/CNT)12 98% and (TAPA/
LTO:CMC/TAPA/CNT)12 86%. As shown in Figure S13, Sup-
porting Information, excluding the first cycle of each C-rate, 
the (TAPA/LTO:CMC/TAPA/CNT)12 anode delivered the lowest 
columbic efficiency, indicating the battery performances were 
significantly affected by the parasitic reactions, for example, 
the decomposition of the electrolyte. The latter can be natu-
rally caused by the mismatch of the Fermi level of Li and the 
lowest unoccupied molecular orbital of electrolytes.[16,50] The 
(PEI60k/LTO:CMC/PEI60k/CNT)12 anode had the highest CE 
(>99.3%) at all the current densities, suggesting a highly revers-
ible charge/discharge behavior at different rates. The (PEI60k/
LTO:CMC/PEI60k/CNT)12 anode showed high CE at low cur-
rent densities but became less reversible at high current densi-
ties as the resistive losses became more prominent.

Our previous studies showed that TAPA minimized the 
spacing between different layers of the LbL assembled CNT[49] 
and MXene[21] electrodes for supercapacitors. Compared to 
PEI60k, TAPA delivered a four-fold higher conductivity for the 
CNT thin film with one-third of the CNT content. The mod-
eling revealed two orders of magnitude lower contact resist-
ance among the assembled CNT bundles.[49] Nevertheless, the 
improved electronic conductivity by TAPA did not necessarily 
correlate to enhanced battery performances as discussed above. 
With electrochemical impedance spectroscopy (EIS), we inves-
tigated the kinetics of the half-cells by comparing the charge 
transfer resistance—the parameter indicating the difficulty 
for electrons/Li+ to migrate between the LTO nanoparticles 
and the current collector/electrolyte. We fit the Nyquist plots 
of the LbL assembled anodes using a simplified Randles cell 
model as shown in Figure  2i. While the molecular weight of 
the amine decreased from PEI1000k to PEI60k to TAPA, the 
charge transfer resistance (Rct) increased from 232 to 739 to 
815 ohm cm2, as listed in Table  1, suggesting decreasing Li+ 
intercalation due to the lack of accessible LTO for intercalation. 
The fitting clearly indicated the fundamental importance of suf-
ficient active materials loading to battery performances.

For the cathode counterparts, we designed and assembled 
(TAPA/LFP:CMC/TAPA/CNT)20, (PEI60k/LFP:CMC/PEI60k/
CNT)12, and (PEI1000k/LFP:CMC/PEI1000k/CNT)8 on MRF with 
LFP mass loading of 1.6, 12.7, and 7.2 wt%, respectively. Though 
we assembled the highest 20 tetra-layers for the (TAPA/LFP:CMC/
TAPA/CNT)20 cathode, TAPA could only assemble the smallest 
amount of LFP nanoparticles. From the CV curves scanned at 
0.2  mV s−1 shown in Figure S14, Supporting Information, we 

Table 1.  Fitting parameters of the components in the simplified Randles 
cell models.

Anode Rs [ohm cm2] Rct [ohm cm2] Cdl [µF]

(TAPA/LTO:CMC/TAPA/CNT)12 21.5 815 9.3

(PEI60k/LTO:CMC/PEI60k/CNT)12 19.6 739 20

(PEI1000k/LTO:CMC/PEI1000k/CNT)12 32.0 232 18

(PEI1000k/LTO:CMC/TAPA/CNT)12 4.3 204 29
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observed the largest area and the broadest redox peaks from the 
(PEI1000k/LFP:CMC/PEI1000k/CNT)8 cathode, corresponding to 
the transition of the Fe2+/Fe3+ couple during the Li+ insertion and 
extraction process. The (TAPA/LFP:CMC/TAPA/CNT)20 cathode 
showed the narrowest redox peaks with the smallest separation 
of 0.14 V and the largest proportion of the pseudocapacitive con-
tribution among the three cathodes. The redox responses from 
the LFP cathodes assembled with different amines were highly 
consistent with those from the LTO anodes. The peak separa-
tion of the redox couples for the Li+ insertion and extraction 
are associated with the interactions created by different counter 
ions, and the energy barrier for ion transport as well as electronic 
conductivity as we have discussed in this work. The (PEI1000k/
LFP:CMC/PEI1000k/CNT)8 cathode had the largest peak area 

which promises a high charge/discharge capacity at a low current 
density. On the other hand, its larger peak separation and the 
broader redox peaks also indicate a higher energy barrier for the 
Li+ to reach the intercalation/redox sites inside the active mate-
rials, which may limit the charge/discharge performance of the 
electrode at a high rate.

Based on the findings, we further optimized the self-
assembly design and fabricated (PEI1000k/LTO:CMC/TAPA/
CNT)12, schematically shown in Figure  3a. In this design, we 
hypothesized that PEI1000k would assemble larger LTO par-
ticles and increasing loading, while TAPA would provide a 
more intimate contact between the LTO particles and CNTs 
resulting in better electronic properties and faster kinetics. 
The SEM image, Figure  3b, showed that the pore structure 

Figure 3.  a) Schematic illustration of the structural differences between the LbL assembled anode (PEI1000k/LTO:CMC/PEI1000k/CNT)12 and 
(PEI1000k/LTO:CMC/TAPA/CNT)12; b, c) SEM images, d) Nyquist plot, e) the rate performance, and f) the charge/discharge profiles of the (PEI1000k/
LTO:CMC/TAPA/CNT)12 anode.
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of the MRF was maintained after the LbL assembly while 
Figure 3c showed that abundant LTO nanoparticles (11.1 wt%, 
0.37  mg LTO cm−2) were in close contact with CNTs and had 
good coverage on the skeleton of the MRF. The Nyquist plot 
(Figure  3d) showed much lower electrolyte resistance (Rs) of 
4.3 ohm  cm2 from the (PEI1000k/LTO:CMC/TAPA/CNT)12 
anode than the counterparts that were LbL assembled with one 
single amine (Table  1), indicating the programmed assembly 
decreased the comprehensive resistance of the half-cell sig-
nificantly. We also observed lower charge transfer resistance of 
204 ohm  cm2 due to the improved contact between the CNTs 
and the readily accessible LTO nanoparticles. Moreover, when 
charging/discharging (PEI1000k/LTO:CMC/TAPA/CNT)12 at 1C 
(Figure 3e,f), the over potential of the anode was as low as 0.07 V 
and the specific capacity was as high as 159 mAh g−1, which is 
90% of the theoretical specific capacity of LTO. The anode deliv-
ered a specific capacity of 37 mAh g−1 at a high current den-
sity of 20C which is significantly higher than 15 mAh g−1, the 
capacity of (PEI1000k/LTO:CMC/PEI1000k/CNT)12, indicating 
an improved rate performance by introducing the small mole-
cule TAPA to facilitate electron transport. At 10C, the insulating 
MRF-borne (PEI1000k/LTO:CMC/TAPA/CNT)12 had a specific 
capacity of 66 mAh g−1 which is much higher than ≈45 mAh g−1 
of the slurry-cast LTO anode on the Ni foil (Figure  1h), owing 
to the optimized electrode structure. It should be noted that 
there was some capacity loss during the first few cycles, which 
could be the consequence of the reaction between Li+ and the 
trace amount of H2O/OH species[51] formed when transferring 
the electrodes into the glovebox because the electrode was com-
posed of hygroscopic polymers and nanoparticles. Nevertheless, 
after the first few cycles, the anode exhibited good cyclic sta-
bility, retaining 97% of the capacity at 1C after 150 cycles in total 
of charge/discharge at various current densities (Figure 3e).

The two different electrodes (PEI1000k/LTO:CMC/TAPA/
CNT)12 and (PEI1000k/LTO:CMC/PEI100k/CNT)12 have iden-
tical active particles (LTO and CNT), and similar weight frac-
tion between these particles, but the performance of (PEI1000k/
LTO:CMC/TAPA/CNT)12 is better because TAPA enables higher 
packing between the conducting phase and the intercalating 
phase. We note that, however, the improvement could only be 
realized on the basis of the abundant Li+ intercalating nanopar-
ticles that could be effectively assembled by the high-molecular-
weight polyelectrolyte, PEI1000k. These results showed the 
advantage of LbL assembly over conventional approaches in pre-
cise assembling and positioning the different phases. This level 
of control is not possible with random mixing and slurry casting.

To demonstrate self-assembly as a technique towards full-
cell batteries with good mechanical resilience, we sandwiched 
an LbL assembled anode (PEI1000k/LTO:CMC/PEI1000k/
CNT)12 and cathode (PEI1000k/LFP:CMC/PEI1000k/CNT)12 in 
MRF with a commercial PE separator (Figure 4a). The apparent 
densities of the anode and cathode in MRF were 11.9 and 
9.1  mg cm−3, respectively. This LIB was compressible due to 
the 3D architecture and inherent properties of the porous sub-
strates. We could therefore evaluate the battery performances 
under compression up to a deformation of 90%, as shown in 
Figure 4b–f. The full-cell battery delivered a discharge capacity 
of 45 mAh g−1 based on the total mass of LTO and LFP at 1C 
when uncompressed (Figure  4g and Figure S15, Supporting 

Information). The discharge capacity decreased to 4 mAh g−1 
at a higher current density of 10C and recovered to 43 mAh g−1 
after applying 1C current density and retained 95.4% of the 
capacity after cycling at 1C for 50 cycles.

Under compression, the battery electrodes showed a robust 
structural stability (Figure  4g) and exhibited a considerable 
improvement in its rate performance, delivering a capacity 
of 36 mAh g−1 at 10C. At a low current density of 1C, we also 
observed an increase in the capacity to 56 mAh g−1, compared 
to 45 mAh g−1 for the uncompressed battery. It has been pro-
posed that compact electrodes are favored for improving bat-
tery performances because it facilitates the electron transport 
between the conductor and the active materials.[4]

In addition to compression, we tested the resilience of the 
pouch battery by hitting the electrode area with a free-falling 
metal ball weighing 628 g from a height of 50 cm. This impact 
delivered an energy of 3.1 J and applied an estimated average 
force of 603 N to the electrode. After the impact, the (PEI1000k/
LTO:CMC/TAPA/CNT)12 anode remained fully functioning and 
showed no capacity loss when it was charged/discharged at 1C, 
as shown in Figure 4i and Figure S16, Supporting Information. 
The battery also maintained its functionality which is indicated 
by the connected light-emitting diode (Figure 4j).

Here, we show that aqueous LbL self-assembly can be used to 
prepare both anodes and cathodes of LIBs. This LbL assembly 
method utilizes aqueous dispersions of anionic nanoparticles, 
LTO, LMO, and LFP as the Li+ intercalating phase, and anionic 
CNTs as the electron conducting phase. These dispersed parti-
cles were assembled using charged amines of different mole-
cular sizes as the cationic component in the nanostructured 
multilayers. This fabrication scheme has three advantages: 
1) It uses only water as solvent towards a greener fabrication 
route for LIBs. 2) It allows for optimal and precise positioning 
of the electrode components, including ion intercalating phase 
and electron conducting phase, therefore, offering superior 
control for the optimization of electrode performances to those 
obtained from conventionally slurry-cast electrodes. We could 
for example design an electrode with 12 consecutive quad-layers 
of (PEI1000k/LTO:CMC/TAPA/CNT)12 with the rationale that 
a small molecule TAPA was used to assemble the CNT layer 
to minimize the distance between electron conductors and 
the Li+ intercalating particles to sub-nanometer for a higher 
power density,[49] and a large polyelectrolyte PEI1000k was used 
to encapsulate the large LTO lithium intercalating phase for a 
higher energy density. 3) It allows the controlled formation of 
multilayers onto arbitrary surfaces: we showed that complex 3D 
porous substrates such as foams and aerogels could be used 
as substrates allowing 3D electrodes with promising features, 
such as compressibility and resilience to impact.

To summarize, this work shows that aqueous self-assembly 
is a viable route for the next generation of batteries where pro-
grammed positioning of the phases in the electrode on any 
surface becomes possible. Many other dispersed nanoparti-
cles beyond those used here can be explored such as 1D[52] to 
2D[53–54] materials. The approach of LbL self-assembly can also 
be extended to other battery systems, including sodium-ion 
batteries,[55] aluminum-ion batteries,[56] zinc-ion batteries.[57] 
Finally, aqueous self-assembly is a path towards realizing full 
3D nanostructured batteries.[4,18,39]
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Experimental Section
Materials: LTO (>99%), LFP (>97%), CMC (sodium salt, typical Mw 

90  000), and multi-wall CNTs with >8% carboxylic acid functionalized 
were purchased from Sigma-Aldrich. Tris(3-aminopropyl)amine (TAPA) 

was a product from ChemCruz. Branched polyethyleneimine (PEI) 
of 60  kDa and 600–1000 kDa were from Acros Organics and Alfa-
Aesar, respectively. Recticel AB, Sweden, generously provided the MRF 
(Basotect, BASF). CNF, in a gel state with 2 wt% of nanocellulose in 
water, was prepared by Innventia AB, Sweden using a high-pressure 

Figure 4.  a) Schematics showing the battery structure; b) photos of the uncompressed and compressed LbL assembled LTO anode and LFP cathode 
with a separator in between; SEM images of the uncompressed c) LTO anode and d) LFP cathode and the compressed e) LTO anode and f) LFP 
cathode; g) cyclic stability at different rates of the uncompressed and compressed full cell. Inserts show the impedance change before and after the 
cycling; h) 10 cycles of charge/discharge profiles of the LbL assembled LTO anode (PEI1000k/LTO:CMC/TAPA/CNT)12 after smashing the electrode 
area with the free-falling metal ball from 50 cm height; and i) photos showing a full cell remains lighting an LED after being hit by the free-falling ball.
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homogenization technique.[58] Charged carboxylic groups (600 μeq g−1) 
was introduced to the CNF by treating the sulfite-dissolving pulp of 
softwood with mono-chloroacetic acid. Ultrapure water was used in this 
work.

Characterizations: A Hitachi S-4800 field-emission scanning electron 
microscope (SEM) was used to study the micromorphology. The 
element analysis from the energy-dispersive X-ray spectroscopy was 
obtained using X-MaxN range of silicon drift detectors from Oxford 
instruments at an accelerating voltage of 15  kV. The TEM study of the 
composites of CNTs and Li4Ti5O12 was carried out using a 200 kV JEOL 
JEM-2100F microscope with an HR pole-piece (Cs = 0.5  mm) and a 
Schottky field-emission gun. Gatan Ultrascan 1000 CCD and Orius 
100D camera were used to take TEM images and SAEDs, respectively. 
The composites were scratched off using a diamond scriber and then 
deposited onto a TEM grid with holey carbon supporting films. Particle 
size distributions and Zeta-potential were determined with a Malvern 
Zetasizer Nano ZS. The XRD patterns were collected with a PANalytical 
X’Pert PRO powder diffractometer with a Cu-Kα source (wavelength 
1.54178 Å). It was determined that the mass of active materials loaded 
into the substrates with TGA run in air on a Mettler Toledo TGA/DSC 1 
at a ramping temperature of 10 °C min−1.

Preparation of the Solutions: Solutions of Amines: TAPA, PEI60k, and 
PEI1000k were dissolved into water with a concentration of 1 g L−1 and 
use hydrochloric acid (0.5 M HCl) to adjusted pH to 7.5.

Dispersion of CNTs: The carboxylic-functionalized CNTs were 
dispersed in water with an initial concentration of 2 g L−1. Ultra Turrax 
T25 (IKA) was used to stir the suspension at 25  000 rpm for 10  min, 
following with ultra-sonication (Sonics, model CV33) for 20  min at 
50% amplitude with an ice bath. The supernatant was collected after 
centrifuging the suspensions at 20  000 rpm for 1 h. Then supernatant 
was diluted to 0.2 g L−1 and used it as the dispersion of CNTs.

Mixture Dispersion of LTO, CNTs, and CMC: LTO and CNTs were 
dispersed in CMC solution with the initial solid content of 1 g L−1 of LTO, 
0.5 g L−1 of CNTs, and 0.2 g L−1 of CMC. The suspensions were stirred 
with Ultra Turrax T25 at 25  000 rpm for 10  min, following with ultra-
sonication (Sonics, model CV33) for 20 min at 50% amplitude in an ice 
bath. The supernatant was collected after centrifuging the suspension at 
1500 rpm for 15 min.

Dispersions of the Li+ Intercalating Nanoparticles: The 
electrochemically active nanoparticles were dispersed in CMC solution 
where CMC helps to improve the stability of the dispersions. Powder 
of LTO and LFP were added into CMC solutions (0.2 g L−1) with initial 
concentration of 1  g L−1, respectively. Then the suspensions were 
stirred with Ultra Turrax T25 at 25 000 rpm for 10 min, following ultra-
sonication (Sonics, model CV33) for 20  min at 50% amplitude in an 
ice bath. The particle size and zeta-potential were determined with a 
Malvern Zetasizer Nano ZS.

Fabrication of Planar Electrodes: LbL assembly was carried onto Ni 
foil with the assistance of a dipping robot, StratoSequence VI. Before 
the assembly, the Ni foil was cleaned by ultra-sonicating in acetone for 
10 min. The Ni foil was immersed into the solution PEI1000k of 1 g L−1 
for 3  min, followed by rinsing three times with pure water for 2  min 
each. Then the foil was immersed into the mixture dispersion of LTO, 
CNT, and CMC for 3 min, followed by the same rinsing procedure. The 
process was repeated to have 160 pairs of layers, namely 160 bilayers. To 
get uniform adsorption onto the surfaces, the Ni foils were spun while 
immersed.

LTO anode was slurry-cast on Ni foil as the control electrode of which 
the data was presented in Figure  1h. The slurry was an aqueous-based 
mixture of 80 wt% of LTO, 10 wt% of CNTs, and 10 wt% of CMC. The 
total mass loading was ≈0.2 mg cm−2.

Fabrication of CNF Aerogels: BTCA and SHP were mixed in the 
nanocellulose gel at a 1:1 mass ratio (BTCA) and 2:1 mass ratio (SHP), 
followed by 15 min of stirring using an Ultra Turrax T25 (IKA, Germany), 
at 10 000 rpm. The gel was subsequently frozen in aluminum forms 
using liquid nitrogen and then freeze-dried. Finally, the freeze-dried 
aerogel was heated to 170 °C for 5 min, to permanently cure the ester 
cross-links. All aerogels were thoroughly rinsed with Milli-Q water after 

the cross-linking, to ensure that the residuals from the cross-linking 
were washed out.

Fabrication of 3D Electrodes: LbL deposition was carried out in 
MRF and CNF aerogels using a previously described rapid filtration 
procedure[8] to build the electrodes for the half-cell batteries and for the 
full-cell batteries, as schematically illustrated in Figure 3a. Here (TAPA/
LTO:CMC/TAPA/CNT)12 was taken as an example to describe the detailed 
procedure. 1) The cationic solution of TAPA, 2) the anionic dispersion of 
LTO:CMC, 3) the cationic solution of TAPA, and 4) the anionic dispersion 
of CNT were poured in sequence with a rinsing step between each two 
steps to build a quad-layers. The sequence was repeated until 12 quad-
layers were gotten. The samples were flipped after every 2 quad-layers 
for a uniform deposition of the materials. The anodes were assigned 
as (TAPA/LTO:CMC/TAPA/CNT)12. Anodes assigned as (PEI60k/
LTO:CMC/PEI60k/CNT)12 and (PEI1000k/LTO:CMC/PEI1000k/CNT)12 
were assembled in the same procedure using PEI60k and PEI1000k, 
respectively.

For LFP cathodes, it was assembled in the same procedure but 
with different numbers of quad-layers. The samples were assigned as 
(TAPA/LFP:CMC/TAPA/CNT)20, (PEI60k/LFP:CMC/PEI60k/CNT)12, and 
(PEI1000k/LFP:CMC/PEI1000k/CNT)8.

Packaging of Batteries: All the batteries inside an argon-filled glovebox 
were packaged (MBraun Labstar) with both H2O and O2 levels lower 
than 1 ppm. The planar electrodes on Ni foil were assembled into coin 
cells (CR2032) while the 3D electrodes were assembled into pouch 
cells. All the electrode (anode or cathode) performances in the half-cell 
battery configuration were examined, which was constructed by the LbL 
assembled electrodes as the working electrodes and lithium foil (99.9%, 
Alfa-Aesar) as the counter electrode with a polyethylene separator 
between the electrodes. The full-cell battery was packed with the LbL 
assembled anode and cathode separated by a polyethylene separator. 
The batteries were soaked with 1 M LiPF6 solution in EC/DEC (1:1) 
(Sigma-Aldrich), and were ready for performance tests after the pouches 
were sealed and left resting for 12 h.

Battery Performance Tests: Most of the battery tests were carried out 
on a Biologic VSP multichannel potentiostat equipped with EIS except 
the charge/discharge cycling of the (PEI1000k/LTO:CMC/TAPA/CNT)12 
anode which the measurement was conducted on a Land CT2001A 
battery testing system. 1C charge/discharge rate was defined as 
148 mA g−1 for LMO, 175 mA g−1 for LTO, and 170 mA g−1 for LFP and 
calculated the specific capacity of the half-cells based on the mass of 
the active materials. For the full cells, 1C was defined as 175 mA g−1 and 
calculated the specific capacity based on the total mass of LTO and LFP. 
The capacity of the LFP cathode was excessive by 50% than the capacity 
of the LTO anode. The CE was determined by Cdelithiation/Clithiation*100%.

The EIS was carried out from 1 MHz to 10 mHz at the open-circuit 
voltages of the cells with an amplitude of 10 mV.

The Li+ diffusivity was calculated from the Randles–Sevcik equation:

i n F CSR D v= −0.4463 3/2 3/2 1/2
CV
1/2 1/2
 � (1)

where i is the peak current (A), n is the charge transfer number, 
3 in this case, F is the Faraday’s constant (96  486 C mol−1), C is the 
concentration (0.001  mol cm−3), S is the surface area of the electrode 
materials (2.835  cm2), R is the gas constant (8.314 J (mol·K)−1), T is 
the temperature (297 K), DCV

  is the chemical diffusion coefficient 
(cm2 s−1) measured by CV, and v is the scan rate (V s−1).

It was evaluated that the cyclic stability of the LTO anode assembled 
on Ni foil by 5 cycles of charge/discharge at C/10 to activate the half-cell, 
following with 500 cycles of charge/discharge at 2C. EIS was run before 
and after the 500 cycles of charge/discharge to give the Nyquist plots.
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