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Abstract: Self-assembled monolayers (SAMs) of redox-active molecules on mesoscopic substrates exhibit
two-dimensional conductivity if their surface coverage exceeds the percolation threshold. Here, we show
for the first time that such molecular charge transport layers can be employed to electrochemically address
insulating battery materials. The widely used olivine-structured LiFePO4 was derivatized with a monolayer
of 4-[bis(4-methoxyphenyl)amino]benzylphosphonic acid (BMABP) in this study. Fast cross-surface hole
percolation was coupled to interfacial charge injection, affording charging and discharging of the cathode
material. These findings offer the prospect to greatly reduce the amount of conductive carbon additives
necessary to electrochemically address present metal phosphate cathode materials, opening up the
possibility for a much improved energy storage density. When compared at equal loading, the rate capability
is also enhanced with respect to conventional carbon-based conductive additives.

Introduction

Lithium-ion batteries are the state-of-the-art power sources
for portable electronic devices. Lithium insertion materials are
preferred over Li-metal, at the expense of energy storage
capacity, for reasons of better cyclability and safety.1 A
notorious problem arises from the poor electronic conductivity
of the currently used lithium insertion materials. To exploit its
full capacity, large quantities of conductive additives, such as
carbon black or graphite, have to be used to improve the
electronic conductivity. Sometimes the conductive additives
occupy practically half of the volume of the active materials to
form a continuous conduction network, greatly decreasing the
energy density of the cell. This situation is even more severe
for the new generation cathodic materials, olivine-type LiMPO4

(M ) Fe, Co, Ni, Mn), because of their extremely low electronic
conductivity (σ, ∼10-9 S cm-1).2 For this reason, great
endeavors are being made to increase the conductivity of the
cathode materials, for example, carbon coating2b,3 and super-
valent cation doping.2c However, so far the success of these
strategies has been very limited, a large amount of carbon still
being needed to afford reasonable battery performance.

Molecular wiring of battery materials is based on our recent

discovery of cross-surface electron and hole transfer in self-
assembled molecular charge transport layers on mesoscopic
oxide films.4 Charge propagation within the surface-confined
monolayer proceeds by thermally activated electron hopping
between adjacent molecules. At the same time, counterions in
the electrolyte diffuse to compensate the charge of the oxidized
molecules. A macroscopic conduction pathway is formed once
the coverage of the oxide nanoparticles by the electro-active
species exceeds 50%.4-6 Here, we show for the first time that
such molecular charge transport layers can be employed to
electrochemically address insulating battery materials, the
material of choice being triphyllite, that is, lithium iron
phosphate (LiFePO4). Strikingly, our findings demonstrate that
a single molecular layer of a suitable redox-active molecule
alone can provide the desired electronic charge transport while
still permitting lithium ion exchange to occur rapidly across
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the solid/electrolyte interface. As compared to the total electrode
size, the space occupied by the molecular charge transport layer
is negligibly small, which greatly reduces the volume of
conductive additive, opening up the possibility to increase
substantially the energy storage density and rate capability at
equal amounts of loading of conductive additives.

Experimental Section

Synthesis.The synthesis and characterization of 4-[bis(4-methox-
yphenyl)amino]benzylphosphonic acid (BMABP) will be published
elsewhere.

Electrode Preparation and Characterization.LiFePO4 powder was
synthesized by a solid-state reaction and ball-milled to reduce the
particle size. The BET surface area of the powder is∼5 m2/g with an
average particle size of∼400 nm. The electrode was prepared by mixing
the LiFePO4 powder with 5 wt % PVDF and stirring withN-methyl-
2-pyrrolidone (NMP). The resulting homogeneous slurry was then
doctor-bladed onto F-doped conducting glass (FTO). After being dried
in an oven at 100°C overnight, the films were cut into smaller pieces
of 0.8 cm2. The typical thickness of the film was 5-7 µm. The
preparation of mesoscopic Al2O3 film has been described in ref 4a and
the BET area being 235 m2/g.

BMABP solution was prepared in a glovebox by dissolving the
compound in acetonitrile with a concentration of 1 mM. The LiFePO4

electrodes were then dipped into the above solution for 3 h. The
derivatized electrodes were rinsed in acetonitrile to remove any weakly
adsorbed molecules. Subsequently, the electrode sheets were treated

on a hot plate at around 100°C for 2 h. The whole process was carried
out in an argon-filled glovebox. The derivatization of Al2O3 films
followed a similar procedure.

The surface coverage of LiFePO4 by BMABP was determined by
UV/vis spectroscopy using a Cary 5 spectrophotometer. The uptake of
BMABP by LiFePO4 was derived from the change in the absorbance
of the solution. The area occupied by a BMABP molecule at full
monolayer coverage and the adsorption constant were determined by
fitting the data to a Langmuir isotherm.

ATR-FTIR analysis employed a FTS700 FTIR spectrometer (Digilab,
U.S.). Samples were measured under a mechanical force pressing the
surface against the diamond window. Spectra were derived from 64
scans at a resolution of 4 cm-1. Prior to measuring the spectra, the
derivatized films were rinsed in acetonitrile to wash out any weakly
adsorbed molecules and dried.

Voltammetric and impedance measurements employed a PC-
controlled AutoLab PSTA30 electrochemical workstation (Eco Chimie)
with counter and reference electrodes of lithium foil. The electrolyte
was an ethylene carbonate (EC)/diethylcarbonate (DEC) mixture (1:1
in volume) with 0.5 M, 1 M, and saturated LiPF6. The galvanic
measurements were performed with a PC-controlled VoltaLab PGZ301
(Radiometer Analytical SA).

Results and Discussion

Figure 1 outlines the principle of addressing electrochemically
the cathode material via cross-surface conduction through the
electro-active molecular layer. To achieve fast charge percola-

Figure 1. Band and density of states (DOS) diagrams showing the working principle of charging and discharging of an insulating battery material by a
surface-confined molecular charge transport layer. The shaded and unshaded Gaussian functions represent the occupied and unoccupied electronic states of
the redox relay, their intersection defining the Fermi level of the molecular hole transporter. (a) Structure of LiFePO4 and the triarylamine (BMABP)
substituted by a benzylic phosphonate anchoring group acting as molecular charge transport material. (b) Band diagram and density of electronic states
(DOS) curves of the integrated electrode system at equilibrium. (c) Charging the cathode by hole propagation through the molecular monolayer; hole injection
from BMABP+ into LiFePO4 and Li+ release from LiFePO4. (d) Discharging the electrode by reversing these three processes.
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tion, the electron exchange reaction between adjacent anchored
molecules should be characterized by strong electronic coupling
and a low reorganization energy.4c,7 Also, interfacial charge
transfer between the anchored molecule and the substrate
material should be fast and reversible. Finally, to be able to
withdraw electrons from the olivine during the charging step
and return them during the discharging step, its redox potential
should closely match the Fermi level of the battery material.
The latter is given by the Nernst equation:

which in view of the electrode reaction

reduces to:

Thus, the Nernst potential of olivine is fixed by the Li+ activity
in the electrolyte. For LiFePO4, it becomes equal to the standard
potential of∼3.45 V (vs Li+/Li) when aLi+ ) 1. Changing the
Li+ concentration enables a precise adjustment of the olivine
potential to equal that of the redox relay. For a saturated (>1.5
M) solution of LiPF6 in an EC+DEC (1:1) solvent mixture,
the Fermi level of LiFePO4 matches closely the redox potential
of the BMABP/BMABP+ couple. On the other hand, in 0.5 M
LiPF6 electrolyte, the LiFePO4 Fermi level is reduced by about
30 mV due to the lowering of the Li+ activity.

We have identified several molecular relays from the phe-
nothiazine and triarylamine families that satisfy the aforemen-
tioned requirements. The following study focuses on the
molecular hole conductor 4-[bis(4-methoxyphenyl)amino]-ben-
zylphosphonic acid (BMABP). The standard redox potential of
the BMABP/BMABP+ couple,E° ) 3.5 V (vs Li+/Li), closely
matches that of the triphyllite. Figure 1a shows the structure of
BMABP anchored to the surface of LiFePO4 via the phospho-
nate side group.8 UV/vis spectroscopy and Langmuir isotherm
(Figure S1) measurements indicate that the molecule readily
forms a monolayer on the surface of LiFePO4 after the film is
immersed in an acetonitrile solution of BMABP. At full
coverage, one BMABP molecule occupies an area of∼0.4 nm2

in agreement with expectations. Figure S2 compares the FTIR
spectra of BMABP adsorbed on LiFePO4 and mesoscopic Al2O3

films. Vibrations from CdC ring stretching at 1504 cm-1 and
C-N stretching at 1239 cm-1 are clearly seen in the spectra
for both samples. The signal from the BMABP-derivatized
LiFePO4 film is around 40 times weaker than that of the
mesoscopic Al2O3 film, consistent with the difference in their
BET surface areas.

At equilibrium, the electrochemical potential of the molecular
hole transporter is equal to that of LiFePO4, Figure 1b. The
latter being a p-type semiconductor of 3.7 eV band gap,9 the
Fermi level is drawn close to its valence band edge. During

charging of the battery, a positive polarization is applied to the
electrode, resulting in the oxidation of BMABP. This moves
its redox potential above the Fermi level of the solid, thereby
providing the driving force for hole injection from the BMABP+

into the valence band of LiFePO4. At the same time, Li+ is
ejected, Figure 1c. Conversely, during discharging the electron
transfer from the current collector into the molecular charge
transport film reduces its potential below the Fermi level of
LiFePO4. As a consequence, electrons are injected from an
occupied orbital of the molecule into the conduction band of
the n-type FePO4, and Li+ is inserted concomitantly, Figure 1d.

Electrochemical experiments illustrating the charging and
discharging of LiFePO4 by cross-surface hole transfer are shown
in Figure 2. The black line was obtained with the bare LiFePO4

electrode using LiPF6 (sat.)/EC+DEC (1:1) as electrolyte. The
absence of any current response during the CV measurement
confirms that LiFePO4 is electrochemically inactive due to its
insulating character. The current remains very low even after
mixing the triphyllite particles with 1% carbon to enhance their
conductivity. Strikingly, upon derivatization of the LiFePO4

electrode with the molecular hole transporter BMABP, high
oxidation and reduction currents are observed that can be
attributed to charging and discharging of LiFePO4 by cross-
surface charge percolation. The features of the cyclic voltam-
mogram are typical of catalytic waves, sustained oxidation and
reduction currents being observed in the two plateau regions.
The anodic current rises sharply upon polarizing the electrode
above 3.5 V due to the oxidation of BMABP to BMABP+. The
appearance of a current plateau shows that BMABP is regener-
ated by hole injection into the LiFePO4 and simultaneous release
of Li+ as shown in Figure 1c.

The fact that the anodic current is sustained on a steady level
confirms that the insulating LiFePO4 can be charged by this
interfacial hole injection following cross-surface charge transfer
within the BMABP molecular layer. The diffusion coefficient
for hole percolation was calculated to be ca. 10-8 cm2/s from
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Figure 2. Cyclic voltammograms (CV) of BMABP-derivatized LiFePO4

(red, blue) and mesoscopic Al2O3 (green) electrodes. The black line shows
the curve of a bare LiFePO4 electrode. The scan rate is 0.1 V/s. The current
of BMABP-derivatized mesoscopic Al2O3 has been normalized according
to its surface area. The electrolyte was a saturated solution of LiPF6 in a
1:1 (w/w) mixture of ethylene carbonate (EC) and diethylcarbonate (DEC)
except for the blue curve, where 0.5 M LiPF6 was used.
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the dependence of the forward current step on the scan rates
(see Figure S3).4c,10

The reverse of reaction 4, corresponding to the discharge of
the battery material, takes place when the electrode potential is
brought below 3.5 V. Electron injection into LiFePO4 associated
with lithium uptake manifests itself by a cathodic current rising
sharply with decreasing potential to again attain a plateau, whose
value is similar to that of the anodic current. The blue curve in
Figure 2 was obtained with a 0.5 M LiPF6/EC+DEC (1:1)
electrolyte. Here, the height of the anodic current plateau is
greatly enhanced at the expense of the cathodic current signal.
This behavior is expected because reducing the Li+ concentra-
tion lowers the Fermi level of the LiFePO4, increasing the
driving force for the oxidation of LiFePO4 by BMABP+, while
that of the reduction of FePO4 by BMABP is decreased. This
facilitates hole injection from BMABP+ while the reverse
process is impaired.

Importantly, when BMABP is anchored onto an electro-
chemically inert mesoscopic Al2O3 support, the CV (shown by
the green curve in Figure 2) exhibits current peaks typical for
a system where oxidation and reduction of the molecular relay
are only coupled to diffusion. There is no evidence for interfacial
charge exchange between the molecular charge-transfer layer
and the Al2O3 solid in agreement with expectations. The
normalized current density is more than 3 times lower than that
of the BMABP-derivatized LiFePO4, taking into account the
46 times greater BET surface of the mesoscopic Al2O3 electrode.
A similar experiment employed a film of LiMnPO4 particles,11

which had a surface area comparable to that of LiFePO4 but is
redox-inert in the investigated potential range. The results
corroborate our findings obtained with the Al2O3 support (see
Figure S3).

The kinetic processes of the molecularly wired electrode are
clearly depicted by electrochemical impedance spectroscopic
measurements. The equivalent circuit shown in the inset of
Figure 3 includes two transmission lines describing semi-infinite
length diffusion of charge carriers through the molecular
monolayer and diffusion of Li+ in the electrolyte.12 These are
connected through an RC element representing the charge-
transfer processes at the LiFePO4/BMABP/electrolyte interface.
The Nyquist plot exhibits a short straight line and a semicircle
in the intermediate frequency region, depicting the charge
transport through the molecular monolayer and charge transfer
at the LiFePO4/BMABP/electrolyte interface, respectively, and
a tail at low frequencies indicating the diffusion and storage of
Li+ in LiFePO4. The charge-transfer impedance (RCT) can be
estimated from the semicircle (R1C1). In accordance with the
CV shown above,RCT is much smaller at lower Li+ concentra-
tions in the electrolyte than at higher ones, indicating faster hole
injection from the BMABP+ into the LiFePO4 due to the
increased driving force for the process. In contrast, the spectrum
of the BMABP-derivatized mesoscopic Al2O3 electrode shows
only capacitive behavior at low frequencies and a Warburg
diffusion-like feature at intermediate frequencies, consistent with
the absence of Faradaic reactions at the Al2O3/BMABP/
electrolyte interface.4c,12

To prove our concept that a low conductivity lithium insertion
battery material can be charged and discharged using a molec-
ular relay as the sole conductive additive, a full cell consisting
of Li 4Ti5O12 and BMABP wired LiFePO4 as negative and
positive electrodes, respectively, was assembled and submitted
to galvanic cycling. Figure 4 shows voltage profiles obtained
in 0.5 M and saturated LiPF6 in EC+DEC (1:1). Voltage
plateaus were obtained over a significant charging and discharg-
ing range near the expected cell voltage of 1.9 V, indicating
that the electrochemical processes at the two electrodes proceed
close to the equilibrium potentials, the overvoltage being less
than 100 mV at the low current density employed.

These experiments confirm that, during charging, holes flow
along the surface by lateral percolation, allowing the particle
network to be electrochemically addressed even though LiFePO4

is electronically insulating. Charging is sustained until a
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Figure 3. Electrochemical impedance spectra of BMABP-derivatized
LiFePO4 (red, blue) and mesoscopic Al2O3 (green) electrodes. The insets
show the equivalent circuit and an expansion of the spectra in the high-
frequency region. The low-frequency tail is not shown in the equivalent
circuit. The spectra were obtained at 3.6 V (vs Li+/Li). The electrolyte was
LiPF6 (sat.)/EC+DEC (1:1) except for the blue curve, where 0.5 M LiPF6

was used.

Figure 4. Galvanostatic voltage profiles during the charging/discharging
of full cells employing BMABP-derivatized LiFePO4 as positive electrodes.
The negative electrodes were Li4Ti5O12. Red curve: the current density is
0.0063 mA/cm2 when LiPF6 (sat.)/EC+DEC (1:1) was used as the
electrolyte. Blue curve: the current density is 0.063 mA/cm2 when 0.5 M
LiPF6/EC+DEC (1:1) was used as the electrolyte.
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significant fraction of LiFePO4 has been converted to FePO4.
Conditions to obtain maximum conversion during charging and
discharging have yet to be optimized, the main shortcoming of
the LiFePO4 material employed here being the large particle
size (∼400 nm) and low specific surface area (∼5 m2/g). As
the lithium extraction from LiFePO4 proceeds, its diffusion time
to the surface of the large particles increases13,14 leading to a
local depletion of lithium, which augments the interfacial charge-
transfer resistance. To sustain the current, the overvoltage
demand increases, requiring conversion of most of the BMABP
to BMABP+. As a consequence, the conductivity of the
molecular surface layer is decreased, impairing the current flow.

This notion is confirmed by the data obtained with the
BMABP-derivatized electrode in a 0.5 M LiPF6/EC+DEC (1:
1) electrolyte, where the equilibrium potential for Li+ extraction
is reduced as discussed above, increasing the driving force for
hole injection from BMABP+ into LiFePO4. This doubles the
lithium extraction capacity as indicated by the blue curve in
Figure 4. Our initial experiments show that the reduction of
the charge-transfer impedance will be important in reaching high
power and energy storage capacities using molecular charge
transport layers. Decreasing the LiFePO4 particle size from the
current 400 nm to the 50-100 nm size range is expected to
offer significant benefits in this regards due to shorter lithium
insertion and extraction times as well as reduced surface and
interfacial charge-transfer impedance. Further studies are being

pursued in this direction, addressing also the question of stability
under long-term cycling.

It is worth noting that it is possible to meet even high
overvoltage demands during charging and discharging of battery
materials by using relay molecules having two reversible
couples, the potential of the first couple being slightly lower
and the second being slightly higher than the Fermi level of
LiFePO4. Thus, holes can be injected from the second and
extracted via the first redox process. An example of such a relay
molecule is presented in Figure S4.

Conclusions

The results we obtained here with LiFePO4 show that surface
bound molecular relays can be used for redox targeting of
electro-active materials that are electronic insulators. The
phenomena of delivering electronic charge through surface
bound molecular “relays” that we observed here for the first
time are striking, and their application is expected to extend
beyond the field of rechargeable batteries to a wide realm of
electronic and bio-electronic devices.
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