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Abstract: When producing stable electrodes, polymeric binders are highly functional materials
that are effective in dispersing lithium-based oxides such as Li4Ti5O12 (LTO) and carbon-based
materials and establishing the conductivity of the multiphase composites. Nowadays, binders such
as polyvinylidene fluoride (PVDF) are used, requiring dedicated recycling strategies due to their
low biodegradability and use of toxic solvents to dissolve it. Better structuring of the carbon layers
and a low amount of binder could reduce the number of inactive materials in the electrode. In this
study, we use computational and experimental methods to explore the use of the poly amino acid
poly-L-lysine (PLL) as a novel biodegradable binder that is placed directly between nanostructured
LTO and reduced graphene oxide. Density functional theory (DFT) calculations allowed us to
determine that the (111) surface is the most stable LTO surface exposed to lysine. We performed
Kubo–Greenwood electrical conductivity (KGEC) calculations to determine the electrical conductivity
values for the hybrid LTO–lysine–rGO system. We found that the presence of the lysine-based
binder at the interface increased the conductivity of the interface by four-fold relative to LTO–rGO
in a lysine monolayer configuration, while two-stack lysine molecules resulted in 0.3-fold (in the
plane orientation) and 0.26-fold (out of plane orientation) increases. These outcomes suggest that
monolayers of lysine would specifically favor the conductivity. Experimentally, the assembly of
graphene oxide on poly-L-lysine-TiO2 with sputter-deposited titania as a smooth and hydrophilic
model substrate was investigated using a layer-by-layer (LBL) approach to realize the required
composite morphology. Characterization techniques such as X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM), Kelvin probe force microscopy (KPFM), scanning electron
microscopy (SEM) were used to characterize the formed layers. Our experimental results show that
thin layers of rGO were assembled on the TiO2 using PLL. Furthermore, the PLL adsorbates decrease
the work function difference between the rGO- and the non-rGO-coated surface and increased the
specific discharge capacity of the LTO–rGO composite material. Further experimental studies are
necessary to determine the influence of the PLL for aspects such as the solid electrolyte interface,
dendrite formation, and crack formation.

Keywords: density functional theory; molecular interface design; electrode; anode; polypeptide
interfactant
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1. Introduction

To achieve the goals of international environmental agreements, it is necessary to real-
ize lower environmental footprints by designing more sustainable processes and materials
for new technologies. Nowadays, technological advances of global interest are necessary to
boost the use of new biodegradable, lighter, non-toxic, and recyclable materials that are
also efficient and can meet market demands. Tailoring composite materials to achieve an
outstanding performance throughout their usage and maintenance from the beginning of
their life until a sustainable end-of-life scenario is a challenge that requires interdisciplinary
mastery of multiple pieces of information and material interfaces.

Our economy has an increasing demand for rechargeable energy storage devices that
facilitate fast charging rates, smaller dimensions, lighter materials, and lower leakage
rates [1]. New 2D materials such as graphene, MXenes, hematenes, and transition-metal
dichalcogenides are good candidates for producing more efficient solar cells, batteries, and
flexible electronics [2]. In combination with polymers and further customizable particulate
fillers, these 2D materials facilitate the three-dimensional tailoring of versatile composites
that owe their functionality to precisely shaping the respective high specific interface areas.
The advances in nanotechnology and improvements in the production of nanostructured
metal oxide materials open promising directions for finding new approaches to control the
carbon coating formation in the nanoscale range towards the tailoring of percolation paths.
Uniform and thin carbon surface coatings on state-of-the-art oxide nano and micro particles
and nano-porous structures such as aerogels are highly promising for ensuring effective
electronic transport as well as maximizing the efficiency of ion insertion and extraction
without limiting ion surface and bulk diffusivity [3–5].

Flake-shaped graphene is the most promising carbon source due to its superior elec-
tronic conductivity and excellent thermal and mechanical properties. However, graphene
attaches weakly to metal oxide surfaces’ LTO and shows a tendency to form agglomerates
arising from Van der Waals interactions between neighboring flakes [6]. LTO-attached
binder polymers must be able to provide a stable composite material that exhibits sufficient
electric transport [7]. The LTO can be used as a cathode and anode material [8], but in this
research will be tested as an anode material. Binders are used to form a conductive bridge
based on either physical or chemical interactions with the filler particles. The commonly
used binders, such as PVDF, are electronically insulating and hamper controlling both
the graphene distribution and stacking or layer thickness [9]. In general, the electrode is
prepared mixing the LTO particles, the binder, and the carbon black to form a slurry that
will be used for coating the current collect, and then a process such as calendaring will
be applied [10].

Strategies for forming LTO–graphene composites mixtures such as in situ supramolec-
ular self-assembly have been reported [3]. However, the processes underlying such self-
assembly cannot yet provide good control of the layer thickness and morphology of the
rGO layers. Layer-by-layer (LbL) assembly is used for the formation of sandwich-like films
on flat substrates and offers a highly versatile method for the fabrication of controlled
layered structures of different component materials (e.g., polymers, colloids, biomolecules,
cells) using simple and inexpensive procedures. It is based on the sequential build-up
of thin films with nanometer-level control over film thickness, which also allows pre-
cise control over the physicochemical properties of the nanostructured materials [11]. In
this study, we propose to use the LbL approach, adsorbing layers of oppositely charged
materials sequentially to achieve control over the layer film thickness and morphology.
Non-covalent functionalization is generally preferred since it allows the introduction of
new chemical groups without compromising the structural properties of graphene-type
flakes, and at the same time avoids the use of aggressive chemicals and high temperatures
in manufacturing [12].
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Biomolecules such as proteins and DNA have evolved over billions of years into
molecules capable of precise interactions and reactions, including highly specific substrate
recognition, analyte binding, and directional electron tunneling [13,14]. They are promising
molecular junctions for applications such as energy storage devices because they can attach
to abiotic surfaces, such as metal and oxide graphene materials, enable solid-state electron
transport depending on their assembly [15], and also endow the interfaces with other
properties such as force response and self-healing [16,17]. They can adsorb irreversibly
on surfaces, assemble in monolayers or multilayers, and form smart materials with dif-
ferent functions and properties [18,19]. Therefore, biomolecules can either form doping,
passivation surface layers or act as a precursor due to their metal chelation properties
before thermal treatment and eliminate defects at the interface to modulate the electrical
and optoelectronic characteristics. Furthermore, they can adsorb ions [20], contribute to
the promotion of the dissociation of lithium salts, help to wet the surface with the elec-
trolyte, but also expose surface functionalized groups that may or may not cause Faradaic
reactions [21]. The conductivity of the protein layer is related to its assembly.

Proteins such as sericin and soy proteins have been reported as water-soluble binders
and have attracted attention owing to their nontoxicity, low cost, and environmental
friendliness [22].

Ryou et al. demonstrated that cross-linked alginate and catechol used as binders
exhibited improved cycling performances compared to Si-PVDF [23]. Ramkumar et al.
tested chitosan-glutaraldehyde crosslinked ultrathin cobalt molybdate nanosheets mixed
with carbon as a cathode material for the hybrid capacitor in an aqueous environment
and their results indicated an excellent cycling stability. They suggested that the ion
adsorption and excellent adhesion to CoMoO4 enhanced the capacitive behavior [24].
Barguesi et al. showed that chitosan can be used to produce electrodes for Na ion cells
without organic solvents, opening up possibilities for decreasing the production costs for
building the cells [25]. The use of biopolymers as interfacial binders has been studied, but
the opportunities to control graphene and other 2D materials have not yet been exploited.
Stamboroski and co-workers have recently suggested the term polymeric interfactant
layer for polymeric monolayers formed by amphiphilic polymers such as polypeptides or
proteins [26] on various solid substrates and facilitating the attachment of further layers,
for example, graphene oxide (GO) [27]. Potentially, the waterborne biomolecules used to
bind these sandwich-like layer stacks can be subsequently dried and calcinated, providing
a functional and sustainable carbonaceous source for tightly connecting LTO with GO
that is reduced to reduced graphene oxide (rGO) with a significantly increased electronic
conductivity during the same process.

Recently, we investigated a versatile and substrate-independent approach for fabricat-
ing graphene multi-layers comprising a finite vertical sequence of laterally overlapping
flakes on oxide surfaces. The process allowed for manufacturing homogeneous, thin, and
partially reduced rGO films (≈5 nm) in pre-determined surface topographies and thick-
nesses, forming a multilayer sandwich-like composite with electrically conductive hybrid
graphene/protein layers on silica or semiconducting material surfaces [28]. In the present
study, we describe the use of PLL for the LbL assembly of GO deposition on titanium
oxide-based surfaces from a computational and experimental perspective.

Simulations based on density functional theory (DFT) provide an outstanding tool to
understand and explore the role of interfaces in lithium-ion (Li-ion) battery applications
and their impact on transport properties. For example, Pignanelli et al. studied Li-ion
dissociation and transport in poly (acrylonitrile) host material promoted by the addition
of hydrogen titanate nanotube fillers for solid polymer electrolytes by ab-initio molecular
dynamics (AIMD) [29]. Additionally, the interfaces of graphene-based anodes were ex-
plored by first-principles calculations to study the effects of defects in graphene used for
Li-ion batteries, and the findings revealed that where these defects combined with doped
graphene may reduce the diffusion barrier [30]. Sun et al. studied the transfer mechanism
of lithium ions on the surface of MnO2 nanosheets by performing DFT calculations to
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analyze the interactions between polyethylene oxide (PEO) and MnO2 and the relevant
lithium transport that gives rise to the easy desorption of Li from PEO and migration
on the MnO2 nanosheet. It was also observed that MnO2 can act as a binder to combine
the PEO chains, which confirms the assumption that the Li conductivity and mechanical
performance are improved by the addition of MnO2 nanosheets [31]. These studies indicate
that DFT can be fruitfully applied to the study of heterostructures for Li-ion battery appli-
cations. Additionally, the electronic transport properties, namely, electrical conductivity,
(EC) can also be explored when different materials are interfaced, forming hybrid cathodes
or anodes, to elucidate the effect of short-chain organic binders such as lysine introduced at
the interface.

In this study, we started from flat TiO2 as a model substrate for titanate surfaces and fol-
low our previously developed protocol where we formed uniform and thickness-controlled
graphene coatings on TiO2 using PLL as an interfactant [32]. On that experimental basis and
inspired by promising insights gained from first-principles calculations, we demonstrate
the coating of mesoporous lithium titanium oxide microparticles [33] and reveal the perfor-
mance of rGO/PLL/LTO and rGO/LTO with respect to their anode material rate capacity.

2. Experimental Section

Below, we describe in more detail the applied simulation and characterization ap-
proaches as well as the materials synthesis.

2.1. Computational Details

Using Hubbard-corrected density functional theory (GGA+U) as implemented in
the Quantum ESPRESSO package [34] in the first stage, the structures of bulk Li4Ti5O12
(LTO), different LTO surfaces (bare and functionalized), and LTO/rGO heterostructures
(LTO/rGO and LTO/Lysine/rGO) were relaxed. The exchange-correlation energy was
represented by the Perdew–Burke–Ernzerhof functional (PBE) within the generalized
gradient approximation (GGA) [35]. The valence and core electron interactions were
described by pseudo-potentials from the PSlibrary database [36]. The Kohn–Sham orbitals
were expanded using a plane-wave basis with a 40 Ry energy cutoff. The Fermi–Dirac
smearing method was employed with the smearing parameter of 0.01 Ry [37]. Geometry
optimizations were carried out with the convergence thresholds of 10−3 and 10−5 Ry for
the total energy and the force on each atom, respectively, and the Li4Ti5O12 crystal structure
was taken from databases of the Materials Project [38].

The direct-current conductivity tensor (DCCT) was calculated for the different sur-
faces (bare, functionalized, and heterostructures) using the Kubo–Greenwood Electrical
Conductivity (KGEC) code [39]. The electrical conductivity (σ) appears in the differential

form of Ohm’s law as
→
J = σ

→
E . In general, it is an anisotropic quantity, namely it may vary

in different directions inside the material so that it physically is represented as a frequency-
dependent complex tensor [39,40]. The direct current electric transport properties of an
anisotropically structured material can be described by the Kubo–Greenwood relation as a
multidimensional summation:

σdc = − 2e2}3

m2
e Ω ∑

k
wk

[
2
δ ∑

n

∂ f (εnk)
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]
where Ω is the unit cell volume, Wk is the k-point integration weights and f (εnk) denotes
the Fermi–Dirac distribution function.
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2.2. Materials

Titania was sputter-deposited on silicon oxide substrates using a low-pressure plasma-
enhanced chemical vapor deposition (PECVD) process. The home built low-pressure
plasma chamber was equipped with a TRUMPF Hüttinger Quinto system for radio fre-
quency generation (13.56 MHz). More detailed information about the coating process
is specified elsewhere [41]. A commercial GO dispersion (4 mg/mL Graphenea) was
purified before use as follows: 1 mL of the commercial GO solution was added to an Eppen-
dorf pipette tip and centrifuged for 3 min (min). The supernatant was discharged, and the
sedimented pellet was dispersed in 1 mL of ultrapure water using vortex agitation and ultra-
sound. The procedure was repeated five times, and the finally obtained pellet was dispersed
in ultrapure water. The suspension was used to prepare formulations containing 25 µg/mL
or 100 µg/mL GO in the MES based on 2-(N-morpholino)ethanesulfonic acid) buffer. MES
buffer was prepared with ultrapure water and Sigma-Aldrich reagents. The used PLL in
this work was poly-L-lysine hydrochloride with a molecular weight between 15 and 30 kDa
(Sigma-Aldrich, Darmstadt, Germany). Anhydrous THF (containing 250 ppm butylated
hydroxytoluene (BHT) as an inhibitor, 99.9% purity), titanium (IV) isopropoxide (97%),
lithium ethoxide solution 1.0 M in THF, and oxalic acid (99.0% purity) were purchased from
Sigma-Aldrich (Darmstadt, Germany). Polyvinylidene fluoride (Kynar R HSV 900 PVDF,)
was supplied to us by ARKEMA Innovative Chemistry (Nanterra, France). Anhydrous
99.5% N-methyl-2-pyrrolidone (NMP) was purchased from Sigma-Aldrich. 1M lithium hex-
afluorophosphate in ethylene carbonate: dimethyl carbonate 1:1 (v/v) (1 M LiPF6 EC:DMC)
as an electrolyte was bought from Solvionic (Toulusse, France).

2.2.1. Synthesis of Li4Ti5O12 (LTO) Nanostructured Material

LTO nanostructured material was synthesized via a sol-gel reaction, the details of
which can be found in a previous study [33]. Briefly, the glassware was initially placed in
a vacuum oven over night at 100 ◦C to remove humidity. The reaction starting from the
educts was carried out under a nitrogen (N2) atmosphere. An aliquot of 62 mL of tetrahy-
drofuran (THF) was injected into a round flask under stirring, then the educt of 1.81 mL
lithium ethoxide was added before slowly adding 0.65 mL titanium (IV) isopropoxide.
The solution was stirred for two hours. Prior to the synthesis, a 5.6 wt% stock solution of
oxalic acid, the polystyrene-b-poly (ethylene oxide) (PS-b-PEO) block copolymer (BCP),
and PS homopolymer (HP) in anhydrous THF were prepared. Then, 3.956 mL oxalic
acid was added, and following that, 2.019 mL of a PS-b-PEO BCP (average molecular
weight Mw: PS (60,000 g/mol)—PEO (14,500 g/mol), Polymer Source Inc, Dorval, Quebec,
Canada) and 10.1 mL of PS HP (average molecular weight of Mw (35,000 g/mol)) in THF
were added. Then, the reaction temperature was ramped from 40 ◦C to 120 ◦C over the
course of two days. Finally, the reaction mixture was placed in a furnace under an argon
atmosphere with a flow of 4 L/min, and the temperature was increased to 800 ◦C for 4 h.

2.2.2. TiO2 and LTO Functionalization

TiO2 substrates with an area around 1 cm2 were submerged in the PLL solution for
1 h and then rinsed with MES buffer and Milli-Q water three times. 100 µL of 0.25 µg/mL
(sample A) suspension was pipetted on the LTO/PLL surface for 10 min or 100 µg/mL GO
for 30 min (sample B), and then the substrate was gently rinsed with Milli-Q water. For
LTO particles, 2 mg of LTO were dispersed in 2 mL of 0.1 mg/mL of PLL in 30 mM MES at
pH = 6.1 and were left to react for one hour. The particles were precipitated at 5000 rpm
using a microcentrifuge. Then, they were rinsed in Milli-Q water and redispersed. 2 mg of
the dried LTO/PLL powder was redispersed in 2 mL of the 0.25 µg/mL GO dispersion for
10 min and then precipitated and rinsed three times with Milli-Q water.

2.2.3. X-ray Diffraction Technique

A Rigaku Ultima IV (Applied Rigaku Technologies, Inc., Austin, TX, USA) with a
copper target (K alfa) was used to carry out X-rays diffraction experiments.
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2.2.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy of the flat TiO2 functionalized samples was carried out
on a FEI Helios 600 Dual-Beam machine (Austin, TX, USA) with a resolution of about 1 nm.
We chose an accelerating voltage of 1kV and low currents to be as surface sensitive and pro-
tective of the samples as possible. We also did not apply a conductive layer onto the sample,
because on one hand, the flakes should be conductive, and on the other hand, a good
contrast difference between the sample surface and the flakes was obtained. Secondary-
electron images were recorded either with an Everhardt–Thornley or through-lense detector,
while backscattered images were recorded with a dedicated circular backscatter detector.

SEM images of the LTO microparticles were acquired on a Tescan Mira 3 LMH scanning
electron microscope (Thermo Fisher Scientific, Waltham, MA, USA) at accelerating voltages
of 18 kV.

2.2.5. Thermogravimetric Analysis (TGA)

TGA was performed on a TGA/DSC 1 instrument (Mettler Toledo Greifensee, Switzer-
land) in a temperature range of 25 to 600 ◦C with a heating rate of 10 ◦C min−1 under an
N2 flow of 30 mL min−1.

2.2.6. Attenuated Total Reflectance (ATR-FTIR)

FTIR spectra were recorded on a ALPHA II series spectrometer (Bruker, Ettlingen,
Germany) equipped with an ALPHA’s Platinum ATR single reflection diamond ATR
module. Spectra were averaged over 32 scans using a resolution of 2 cm−1 over the IR
range of 4000–400 cm−1. The data were analyzed using Bruker OPUS software (version 8.1).

2.2.7. X-ray Photoelectron Spectroscopy (XPS)

XPS spectra for compositional surface analysis were taken using a Kratos Axis Ultra
system (Kratos Analytical Ltd., Manchester, UK) with a monochromatic Al Kα source
operated at a base pressure of 4 × 10−8 Pa, low-energy electrons (<5 eV) for sample
neutralization, and a 0◦ electron take-off angle with respect to the surface normal. For
high-resolution spectra, 10 eV and 20 eV analyzer pass energies were used, whereas for
survey spectra, a 160 eV analyzer pass energy was employed. The probe area was elliptical
in shape, having major and minor axes of 700 µm and 300 µm, respectively. At these
conditions, XPS probes the sample at approximately 10 nm of depth from the incident
surface. The binding energy values were referenced by positioning the C1s signals for
the pre-dominating hydrocarbonaceous species at 285 eV [28,41]. Surface concentration
values were calculated based on the simplifying geometric model assumption that the
sample surface is homogeneously composed. Thus, such concentration values contribute
to facilitating a quantitative comparison between distinct surface states.

2.2.8. Atomic Force Microscopy (AFM)

For structural surface characterization, AFM images of the TiO2 substrates were ob-
tained using a scanning probe microscope (Asylum research, Santa Barbara, CA, USA)
operated in tapping mode. Si-tipped cantilevers (tip radius ≈ 5 nm) having ≈ 250 kHz
resonance frequencies (force constant k ≈ 0.7 N m−1) were used. The software Asylum
User version 16.31.232 was applied to analyze the data. For the KPFM cantilevers with
tips coated with a double layer of chromium and platinum iridium (Nanosensors, Neucha-
tel, Switzerland), a 75 kHz resonance frequency and a force constant around 2.8 N/m
were used.

2.2.9. Electrochemical Properties of Mesoporous LTO Microspheres

To characterize the electrochemical performance of the synthesized mesoporous LTO
microparticles, composite electrodes were prepared with LTO/PLL/rGO microparticles or
LTO/PLL/rGO with poly (vinylidene fluoride) (PVDF) at a ratio of 8:0.2 using aluminum
foil as the current collector. The slurry was cast onto aluminum foil and subsequently doctor
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bladed into a 100-µm thick electrode film, and then dried under a fume hood for two days.
The dried electrode film was cut into 7/16-inch diameter discs, vacuum dried overnight
at 100 ◦C, and then transferred into an argon-filled glovebox for assembly into Swagelok
cells. A 1/2-inch diameter lithium metal chip was used as the counter electrode and a
grade-GF/B glass microfiber filter was used as separator. Galvanostatic charge–discharge
tests were conducted using an Arbin BT 2043 multiple channel cell test system in a voltage
range of 1.0 to 2.5 V (vs. Li+/Li).

3. Results

Our preliminary studies had suggested that thin and stable GO layers could be formed
on TiO2 substrates applying PLL as an interfactant, preferentially at the pH values of
the aqueous formulations close to the isoelectric point of PLL [32,42]. This study aims
to evaluate the use of PLL as an environmentally friendly interface binder with control
of the layer thickness between graphene-oxide- and titanium-oxide-based materials for
energy applications.

To determine the effect of PLL on the electrical conductivity at the interface, a compu-
tational study was performed using Li4Ti5O12 since it is the most studied titanium-oxide-
based material for battery fabrication. Li4Ti5O12 consists of a monoclinic (2/m) oxide ion
lattice with lithium and titanium ions occupying either the tetrahedral or octahedral sites,
showing a spinel structure, as seen in Figure 1a:

Figure 1. (a) Unit cell of Li4Ti5O12. Titanium atom cores occupy octahedral sites (grey), lithium
atom cores occupy tetrahedral and octahedral sites (green), and oxygen atoms cores are shown in
red. (b) A 2 × 1 × 1 supercell of Li4Ti5O12 surface/Lysine/rGO (cell boundaries are not shown
for clarity).

When designing composite electrodes, contact resistances are governed by the an-
choring of molecules and electrical transport processes occurring at the interface between
particulate condensed phases and their environment. With crystals being terminated by
faceted surfaces, first-principles modelling of different surface orientations provides an
insight into the likely stable surfaces of the crystal based on the calculated energies. First-
principles modelling can also reveal which surfaces are more conductive, in order to find
a good candidate to be used for modelling the whole LTO surface/lysine/rGO hybrid
anode system, as seen in Figure 1b. Therefore, we carried out first-principles calculations to
answer two main questions: What is the most likely surface of LTO, and how is the electrical
conductivity of the LTO surface affected by the anchoring of lysine molecules? To address
these questions, first, a set of six surfaces of Li4Ti5O12 were created, and their electrical con-
ductivity and energy-per-atom values were calculated for bare and lysine-functionalized
terminations, with the results presented in Tables 1 and 2, respectively.
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Table 1. Electrical conductivity and energy per atom for six bare surfaces of Li4Ti5O12.

Li4Ti5O12 Surface Electrical Conductivity (S/m) Energy per Atom (kcal/atom)

(000) 32.984 7376.343
(100) 49.591 838.227
(010) 78.365 844.188
(001) 639.987 0.062
(101) 47.258 658.885
(111) 656.584 0.0000

Energy per atom given relative to the lowest-energy surface.

Table 2. Electrical conductivity and energy per atom for six functionalized surfaces of Li4Ti5O12.

Li4Ti5O12 Surface Electrical Conductivity (S/m) Energy per Atom (kcal/atom)

(000) 30.045 7485.435
(100) 139.888 1826.711
(010) 1002.756 1830.539
(001) 510.639 128.796
(101) 66.756 7003.100

(111)α 282.465 126.129
(111)β 1794.006 0.0000

The energy values per atom were normalized with respect to the (111)β surface.

Since the (111) surface showed the lowest energy, two orientations of the lysine
molecule over the surface were explored, namely: (111)α and (111)β. It is important to
mention that different orientations for the anchoring of lysine on the (111) surface (alpha
and beta) were explored in order to find the most stable (lowest energy) lysine configuration.
Since the (111)β surface was found to be significantly lower in energy and higher in EC
than the other candidate surfaces, no further molecular orientations were explored on the
other surfaces.

According to our DFT calculation results shown in Table 2, the (111)β surface presents
the highest EC value and the lowest energy value per atom. Therefore, in the absence of
kinetic energy barriers for its formation, the (111)β surface is the most likely functionalized
Li4Ti5O12 crystal surface to exist. Due to these two features (highest electrical conductivity
and lowest energy per atom), the (111) surface (with both of its configurations) was chosen
as the surface to model the LTO (111)/Lysine/rGO hybrid anode material.

Conductivity Modelling: LTO/Lysine/rGO

To model and study the EC values for the anode configuration, two approaches were
used: first, modelling it as a slab (periodic along the xy direction in Figure 2), where two
ways of orienting lysine over the (111) surface were explored, those being alpha (Figure 2a)
and beta (Figure 2b). Our results suggest that the lysine molecule is bonded to the LTO
surface by a covalent bond formed by one oxygen atom (belonging to the carboxyl group)
and one Ti atom from the LTO, and the other interaction present that keeps lysine bound to
the rGO is the hydrogen bonding, formed by the H-atoms (from nitrogen) and the O-atoms
of the rGO.

Second, the same previous approach was used, but the cell was modelled as a super-
lattice (periodic along the xyz direction in Figure 3), that is, with no vacuum along the
z-axis.
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Figure 2. Slab representation for anchoring the lysine molecules on the (111) Li4Ti5O12, shown at the
bottom, while at the top, a partially epoxidized rGO surface is depicted. (a) Lysine molecule attached
on α position. (b) Lysine molecule attached on β position.

Figure 3. Anchoring of the lysine molecules on the (111) Li4Ti5O12 surface as bulk. (a) Lysine
molecule attached on α position. (b) Lysine molecule attached on β position.

Since the EC is an anisotropic quantity, it varies in different directions inside the
material, so that is generally represented as a tensor:

σ =

 σxx σxy σxz
σyx σxy σxz
σzx σxy σxz


Therefore, Table 3 shows the effect of lysine on the electrical conductivity when it is

used as a binder between LTO and rGO. The obtained EC values are also summarized
graphically in Figure 4. First, for the open system (slab), the introduction of lysine between
rGO and LTO increases the electrical conductivity from 193.7 S/m for the LTO/rGO
system up to 987.3 S/m for the β-LTO/lys/rGO. The EC values for β-LTO/lys/rGO
are also higher than those of the bare (111) LTO surface. The change in the EC from
LTO/rGO to β-LTO/lys/rGO is quite large, corresponding to an increment by a factor of
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approximately five. A slightly smaller increase is obtained in case of the α-configuration in
α-LTO/lys/rGO. Similarly, for the superlattice configuration, the introduction of lysine in
the α position leads to an EC increment of 155%, while the introduction of lysine in the β

position leads to an EC increment of 230% relative to the EC of the superlattice configuration
with no lysine between rGO and LTO. As expected, the electrical conductivity presents a
higher value in the superlattice systems, since there are more atoms per unit volume, that
is, there are more atoms inside the unit cell that contribute to the electronic transport.

Table 3. Electrical conductivity values (S/m) for the whole anode material, using the two adsorbate
configurations (α and β), in-plane and out-of-plane (along the σzz direction).

Interphase Slab
(In-Plane)

Bulk
(In-Plane)

Slab
(Out-of Plane)

Bulk
(Out-of-Plane)

Li4Ti5O12/rGO
(no lysine in between) 193.7 636.0 52.6 215.4

α-Li4Ti5O12/Lys/rGO 798.3 985.8 153.8 253.1
β-Li4Ti5O12/Lys/rGO 987.3 1464.9 134.6 380.3

β-Li4Ti5O12/Lys/Lys-rGO 251.9 66.8

Figure 4. Comparison of EC values exploring two approaches (bulk and slab) along two orientations:
(a) in-plane, and (b) out-of-plane.

The obtained results for the slab and bulk systems, with similar trends for both the
in-plane and out-of-plane configurations, indicate two conclusions: The presence of lysine
as a binder clearly increases the electrical conductivity, favoring the electrical transport
between rGO and Li4Ti5O12, and the most likely Li4Ti5O12/lys surface to exist is the (111)β

surface. In addition, these results pave the way for a more detailed computational analysis,
showing which surface to explore and where to anchor the binder molecule [43].

The target was to find the potential effects of introducing an allegedly rather poorly
electronically conductive lysine layer between neighboring LTO and rGO surfaces. We
found indications for an enhancement of the conductivity relative to LTO and rGO and for
a quantitatively considerable impact. Based on these findings, we expect that by increasing
the coverage (in-plane) of lysine molecules that are present between the Li4Ti5O12 surface
and the rGO surface, the electrical conductivity might be further increased. Thus, our
results suggest that lysine provides enhanced conduction pathways between rGO and
LTO, which substantiates its suggested use as an interfacial binder. In these molecular
contacts, the Fermi level of the metal usually lies between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) electronic states of the
molecule. A small applied voltage results in electron transport through the molecule via
nonresonant tunneling or, for higher voltages, via resonant tunneling through a molecular
energy level [44,45]. The charge transport (Tmol) through the molecule is quantified by a “β”
parameter (controlled by the molecular orbital energies and wave-functions) [46], where
the tunneling probability is proportional to e−βL, and L is the length of the molecule [46],
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and therefore the current is found to decrease exponentially with the increasing molecule
chain length [46–50].

Tmol = e−β·L (1)

As a further step, we also explored the effect of a second lysine molecule along the
vertical direction (out-of-plane), and as we stacked a second lysine molecule within the
system, we observed a decrease in EC values, since the L parameter in Equation 1 became
larger. This reveals that by increasing the number of lysine vertically (out-of-plane), this
causes a detriment in the ease of electrical conduction, showing that for good performance,
no more than one molecule is required (along the out-of-plane direction).

By comparing the EC values of LTO/lys/rGO in Table 3 (in which there is only one
lysine molecule) for the slab against the configuration shown in Figure 5 (with two lysine
molecules), the EC value for in-plane decreased from 987.3 S/m to 251.9 S/m, and for
out-of-plane decreased from 134.6 S/m to 66.8 S/m. These results indicate concordance
between Equation (1) and the data obtained by DFT. In this case, the presence of a second
lysine molecule changes how the first lysine interacts with the LTO surface, giving rise
to an interaction of nitrogen with the surface of the LTO, and the second lysine is held
together just by hydrogen-bond-type interactions.

Figure 5. Stacking of two lysine molecules along the out-of-plane direction for the slab approach (cell
boundaries are not shown for clarity).

Encouraged by the positive previous results obtained from the DFT simulations that
showed an increment in the EC value and chemical stability by using one lysine molecule
as a binder between the rGO and the LTO, we examined experimentally the performance
of adsorbed PLL thin layers and the use of the polymer as a binder experimentally.

Before applying the previously developed methodology for batch processes with LTO
particles, we investigated by XPS the formation of rGO in adsorbate systems formed from
PLL/GO layers on a flat and smooth TiO2 model substrate (root mean square roughness
1.2 ± 0.3 nm) by applying an appropriate thermal treatment. While GO contains phe-
nolic hydroxyl and carboxyl groups on its surface and basal-plane hydroxyl and epoxy
groups [51], the partially reduced rGO shows a significantly higher electrical conductivity
that can be obtained by applying temperatures higher than 200 ◦C [52]. We followed the
layer-by-layer assembly protocol developed by Pinheiro et al. to form first a thin PLL layer
at pH 6.1 and then a thin GO layer at pH = 6 [32]. Table 4 shows the atomic surface concen-
tration of the respective samples before and after annealing at 227 ◦C in air. Two distinct
TiO2/PLL/GO sample specimens are reported, with specimen B having been obtained
from a dispersion with a higher GO concentration as compared to specimen A. The GO
coverage was found to be three times higher for specimen B, and from a GO layer thickness
of 3 nm, we infer that more than a GO multilayer had become deposited. This indicates that
for preparing well-defined GO adsorbates on TiO2/PLL, the deposition process parameters
need to be tailored thoroughly.
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Table 4. Atomic surface concentrations (in atomic %, at%) as obtained by XPS for flat TiO2 coated with
PLL and GO in a layer-by-layer approach. Values are reported for as-deposited (labelled “as-dep.”)
or annealed (labelled “annl.”) adsorbates and were obtained as average values from three regions
each of different samples.

Samples

[O] [Ti] [N] [C] Layer Thickness

(at%) (at%) (at%) (at%) (nm)

as-dep. annl. as-dep. annl. as-dep. annl. as-dep. annl. as-dep. annl.

A

Pristine TiO2 47.8 53.1 21.2 23.0 0.4 0.5 28.6 21.1

TiO2/PLL 49.0 52.4 21.6 22.2 2.6 2.1 24.9 21.2 0.3 0.2

TiO2/PLL/GO,
sample A 37.6 31.4 12.8 9.1 1.6 1.4 44.7 56.7 1.3 1.4

TiO2/PLL/GO,
sample B 29.9 25.8 4.1 6.1 1.1 1.2 64 65.7 3.5 3.1

The elements detected in higher concentrations composing the sample surfaces were
related to titanium, oxygen, carbon, and nitrogen species. The layer thickness was calcu-
lated according to the protocol described by Corrales et al. [42], based on the attenuation
of the Ti2p substrate signal intensity. PLL adsorption on the surface is expected to in-
crease the concentration of hydrocarbonaceous and nitrogen-containing species, and the
surface concentration [N] acts as a specific marker for the coverage with the polyamino
acid. When comparing TiO2/PLL/GO (sample A) and TiO2/PLL/GO (sample B) in both
states, “as-deposited” and “annealed”, the respectively obtained adsorbate layer thickness
indicates a GO coverage around one monolayer for sample A and between two and three
monolayers for sample B. The chemical moieties characteristically contributing to the C1s
signals of PLL and GO, respectively, are hydrocarbonaceous species C*–C and C*–H (C1s
binding energy B.E. around 285.0 eV), C*–N and C*–OH (effectively making for a signal
at B.E. 286.4 eV [27]), epoxy-type C*–O–C (B.E. 287.1 eV [28]), amide/peptide C*O–N and
carbonylic C*=O (B.E. around 288.2 eV), and carboxylic C*O–O (B.E. 289 eV [28]). The
difference of the C1s signal’s shape of the TiO2/PLL/GO (sample B) in the as-deposited
and annealed states, respectively, shows the partial reduction of GO that is adsorbed on
the PLL-modified titania substrate, as seen in Figure 6a–d. The decrease in the oxygen
surface concentration [O] while signals related to the titania substrate increase suggests
a partial reduction in the oxygen-containing species due to the formation of rGO upon
annealing. As with the [Ti], the [N] also increased, and evidence for a decomposition of
the polylysine was not found. The annealing at 227 ◦C clearly results in a reduction in the
epoxy-related peak and an intensity increase for C*–OH, which is attributed to the epoxy
ring opening. The reduction in GO thus results in the formation of (partially) reduced
GO and is concomitant with a minor restructuring of the respective layer since the layer
thickness of the annealed specimen was found to be decreased by 10%.
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Figure 6. High resolution C1s XPS spectra of (a) TiO2, (b) TiO2/PLL, (c) TiO2/PLL/GO (sample B),
and (d) TiO2/PLL/rGO (samples B). Scanning Electron Microscopy (SEM) images recorded using
detection of (e) secondary electrons (SE-SEM) and (f) backscattered electrons (BSE-SEM) for a region
of TiO2/rGO/PLL. AFM topography images for (h) TiO2/rGO and (k) TiO2/PLL/rGO. Images
(i) and (l) show KPFM surface potential images for the regions shown in (h) and (k), respectively.
Images (j) and (m) show the cross-section profiles along the lines depicted in (i) and (l), respectively.

SEM images of the TiO2 surface after the adsorption and thermal treatment of PLL-
rGO adsorbates show a high-density coverage of laterally overlapping flakes. While the
SE-SEM image in Figure 6e reveals a few aggregates as dark features, the BSE-SEM image in
Figure 4f shows a different contrast between the aggregated flakes and flake regions in the
second or first rGO layers, indicated by a more-or-less decreased brightness as compared to
TiO2 substrate regions that are not covered by flakes. In Figure 6e,f we could observe only
in the flat surfaces functionalized with the rGO, PLL/rGO/TiO2 samples, with isolated
islands that appear dark and percolating network flakes that appear bright, especially
when connected to the electrically grounded region of the sample that is displayed in the
bottom part of the image [53]. The regions with a darker contrast are related to regions in
contact with the grounded and the comparatively weakly conductive TiO2 substrate. As
shown in Supplementary Figure S1A, an introduced scratch highlights the contrast change
produced between the flakes interconnected in the percolating network and the material
that is laterally disconnected from the interrupted network. We attribute the observed
differences to two effects: on the one hand, the material contrast between titanium-rich
and carbon-rich regions, and on the other hand, regionally differential surface charging
due to distinctly conductive percolation paths through laterally overlapping flakes that are
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vertically separated by polymer molecules. The only minor charging of the flakes behind
the scratch (displayed at the top of the image in Supplementary Figure S1B) suggests
that the flakes there still have a sufficient interaction with the surface in a way that the
electrons can move through the vertically layered network in an out-of-plane direction.
The rGO–rGO unions appear to produce charging in the network.

Extrapolating from the electron conduction paths in the laterally extended and grounded
flat-layered TiO2/PLL/rGO system, we may expect similar percolation paths to be effec-
tive in 3D bulk geometries of composites with laterally bordered particulate fillers. In
this case, the percolation properties can additionally be affected when the filler forms
aggregated structures that are then interconnected by individual filler particles. Often,
such agglomeration can promote percolation. In a similar manner, the fillers can form a
phase-separated, co-continuous morphology consisting of graphene-rich and poor phases
within the volume of the composite. This is known as selective localization [53], and often
leads to a conductive composite at lower loadings.

Surface potential mappings were acquired to determine the PLL adsorption follow-
ing the changes in the work function of single flat rGO flakes on the TiO2 or on the
TiO2/PLL [54,55]. Voltage signal changes from—to + from TiO2/rGO to TiO2/PLL/rGO
were reproducibly observed for flake-covered substrate regions and thus are attributed to
changes in the surface dipole direction. Other studies also indicated that the functional-
ization of PLL layers on gold or stainless surfaces led to a shift from negative to positive
surface potentials [56]. Figure 6k shows the topography of single rGO flakes on the surfaces
under study, and it is observed that flakes in rGO single layers on PLL have an average
height of (1.3 ± 0.2) nm above the underlying PLL-coated substrate.

The surface potential differences (SPD) were calculated based on the KPFM findings
obtained from 17 line scans for 5 different flakes as compared to the underlying and
circumjacent substrate, as seen in Figure 6h–m. The average calculated differences are
(15 ± 3) and (11.0 ± 2.3) mV, respectively. The results suggest that the adsorbate modified
the TiO2 surface and/or the rGO. Amines are reported to decrease the work function
of graphene, having an n-type doping effect on graphene [57]. Changes in the 10-mV
range have been reported for biomolecules adsorbed on different surfaces and forming thin
layers [58]. The carrier conduction process depends on the work function differences of LTO
and graphene and LUMO and HOMO of the PLL thin film [59], suggesting a conductivity
change in the system.

Finally, we present the characterization outcomes achieved after preparing LTO parti-
cles encased by rGO.

Figure 7a shows the LTO microparticles control, which are approximately (5.0 ± 1.3) µm
in length. Figure 7b shows the LTO coated with the rGO without the PLL or other binders
after GO reduction. The rGO tended to roll up and did not attach to the LTO. On the
other hand, the particles coated with PLL/rGO tend to form particle aggregates, forming
a percolation cluster. Thin layers with few amounts of micrometric wrinkles of rGO are
formed on top of the particles and contribute to the particle–particle clustering. The
microscopic findings indicate that a layer-wise assembly was implemented and that similar
findings for their topography and thickness are expected for the layers formed on LTO as
for the layers formed on TiO2 when using the PLL approach described in previous sections.
Thin-layer and well-dispersed rGO is desirable to decrease the amount of carbon that
does not contribute to the contact area with the LTO surface, because it is the constituent
that helps to enhance the electrical conductivity but decreases ionic conductivity and also
increases the volume and weight of the electrode [60]. However, obtaining a completely
wrapped particle without proving ion conduction paths might not allow for sufficient
ion transport and therefore would be unfavorable [61]. The rGO was observed to present
few wrinkles. Amad et al. showed that the electrical conductivity of exfoliated graphene
presented conductivity differences on step edges and wrinkles in comparison to flat regions.
They suggested that the pattern of the atoms on the wrinkles lowers the local conductance
due to modification of the band structure [62].
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Figure 7. Scanning Electron Microscopy (SEM) secondary electrons (SE-SEM) of (a) LTO powder,
(b) LTO/rGO, (c) and (d) LTO/PLL/rGO.

Following thermogravimetry, the content of PLL adsorbed on LTO was (1.4 ± 0.9) wt%,
and the rGO content was approximately (4.3 ± 0.2) wt% (calculated based on the GO and
PLL reagents thermograms), as seen in Figure 8a. In contrast, the rGO deposited on LTO
without the PLL at the interface amounted to only 1.21 wt%. These findings indicate a very
significant improvement in GO adsorption due to the PLL modification of the LTO particles.
For the sample control by electrical characterization, in view of the different rGO weight
proportions adhered to the LTO, the rGO mass was adjusted to the same amount of carbon
for LTO/PLL/rGO and LTO/rGO due to the changes in the conductivity depending on
the rGO concentration. The samples underwent a thermal treatment to reduce the GO at
227 ◦C before testing their capacity as an anode material. In Figure 8b the FTIR spectra of
the LTO/PLL/GO and LTO/PLL/rGO are displayed. Comparing them indicates that the
amine peak at 3390 cm−1 decreased considerably and the peak at 1621 cm−1, corresponding
to carboxylic groups and or amide groups, may be overlapped with the peak at 1572 cm−1

of C=C aromatic groups [63]. These results suggest that the PLL remained partially at the
interface after the rGO reduction, as the PLL degradation temperature range is between
200 ◦C and 550 ◦C [63].
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Figure 8. (a) Thermogram of LTO/GO and LTO/PLL/GO powders. (b) ATR-FTIR spectra of the
LTO/PLL/GO before and after reduction at 227◦. (c) XRD spectra of GO, LTO/PLL/rGO, and LTO.
The green line shows the fitted Rietveld refinements data of the LTO. The black vertical bars indicate
the peak positions for spinel LTO. The peaks for a spinel structure (space group: Fd-3m) are indexed
with the (hkl) values. (d) Discharge rate capacity tests of LTO/rGO and LTO/PLL/rGO of composite
electrodes. Cycle testing at a C-rate of 10.

The XRD pattern of LTO in Figure 8c shows that the peaks are well indexed to those
of a spinel Li4Ti5O12 structure (Fd-3m, COD card No. 96-100-1099), and no detectable
impurity phases such as rutile or anatase are observed. The average crystallite sizes of
LTO are 23.5 nm, as calculated using the XRD pattern and the Scherrer equation (K = 0.9)
by averaging the values obtained from the (111), (131), (040), (151), and (404) planes. The
peak corresponding to the GO presented at 10–13◦ is not observed in the TiO2/PLL/rGO,
confirming the reduction of the rGO [64].

Finally, Figure 8d shows the rate capacity of charge and discharge (in order of the
following C-rates: 0.1, 0.2, 0.5, 1, 2, 5, 10, 20; 5 cycles at each C-rate and back to 0.1C;
5 cycles, and 1C; 15 cycles) of the LTO anode material. The delivered discharge capacities
of LTO anode half cells are clearly visible and show a higher capacity than the theoretical
capacity of 175 mAh g−1 for one cycle [65], as expected due to the addition of the rGO. The
LTO/PLL/rGO presented a much higher capacity than the LTO/rGO at all rates except
at a C-rate of 20. These results suggest that the conductivity is enhanced due to the better
adhesion of the rGO on the LTO surface. More importantly, the sample capacities mostly
recovered to the initial values of about 182 and 119 mAh g−1 upon returning to the C-rate
of 0.1 for LTO/PLL/rGO and LTO/rGO, respectively, and to about 170 and 97 mAh g−1

when returning to the C-rate of 1 for LTO/PLL/rGO and LTO/rGO, respectively. We
observed that the PLL enhanced the particle aggregation to form a more compact structure
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for well-dispersed rGO, but this powder turned out not to be stable on the aluminum
surface when it was casted. Therefore, 0.2 wt% with respect to the LTO mass of PVDF in
NMP was added on top of the particulate film formed on the current collector to stabilize
the powder. Figure 8d shows the improved rate capacity due to the enhanced contact with
the aluminum foil. Further studies are necessary to determine other biodegradable binders
and mixtures that could be used with the main purpose of stabilizing the powder in the
aluminum current collector and to elucidate how these layers affect the solid electrolyte
interface, the cracks, and dendritic formation.

4. Conclusions

DFT calculations suggested that the (111) surface is the most likely stable surface at
the rGO–LTO interface. Furthermore, it shows a higher electrical conductivity compared to
the other surfaces studied (000, 100, 010, 001 and 101). The comparison of the LTO/rGO
and LTO/Lys/rGO systems used a hybrid anode as its model, which showed that the
introduction of lysine at the interface leads to a significant increase in electrical conductivity
(409%) of the rGO–lysine–LTO system relative to the rGO–LTO system, and of just 30%
when two lysine molecules were stacked out of plane.

Experimentally, it was found that the capacity of the LTO/rGO electrode was im-
proved by using thin layers of PLL as the binder. The interfactant layer improved the
electron mobility and allowed for control of the layer thickness and assembly of the rGO
layers. Understanding the electronic conduction at interfaces between biomolecules, 2D
materials, and inorganic surfaces is the foundation for the development of next-generation
biotechnology. Biomolecules are promising molecular junctions for tuning interface prop-
erties and forming innovative materials. In the future, this understanding can be used
as a platform for applications such as batteries, but also for electrically conductive and
mechanoresponsive sensors for interfaces in coatings or adhesive joints. Furthermore, it
is of great interest to a wide range of fields and various applications ranging from bio-
sensing, bio-catalysis, and biomedical research to nanoscale electronics, envisioning future
bio-circuits and implantable electronics.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym14112150/s1, Figure S1: Scanning Electron Mi-
croscopy (SEM) images recorded using detection of secondary electrons (SE-SEM) for TiO2/PLL/rGO
A) and B) with and without introduced scratches, respectively.
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