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Introduction

Rechargeable Li-ion batteries (LIBs) represent an energy-stor-

age technology that has undergone tremendous development

in recent decades with significant progress in terms of energy
and power densities. This has enabled these batteries to con-

quer the portable-electronics market and expand into those of
power tools and electric vehicles. Nevertheless, an increasing

concern is connected to a parallel and necessary development
of more sustainable LIBs, as their components and manufactur-

ing are expensive, account for obnoxious gas emissions and

rely on toxic and hazardous materials, which ultimately repre-
sent a threat to the environment.

Fluorine-rich compounds, such as polyvinylidene fluoride

(PVdF) binders and LiPF6 electrolyte salt, are classical examples

of toxic and hazardous components that are found ubiquitous-
ly in LIBs and also require a high energy expense for their syn-

thesis and processing in battery manufacture.[1] Attempts to
substitute PVdF with cheaper renewable water-soluble binders

such as carboxymethyl cellulose (CMC)[2] or alginic acid[3] have
been successful and have improved not only the sustainability
of such electrode preparations (see Table 1) but also their over-

all electrochemical performances. This is the case for most
active materials for negative electrodes[4–8] and also for a few
positive ones[9–11] that are not extremely sensitive to moisture
(e.g. , LiFePO4).[12]

Conversely, the replacement of LiPF6 with a fluorine-free salt
has not experienced the same degree of success, as LiPF6 still

provides the most desirable combination of properties for ap-
plications in LIBs (see Table 2), for example, high ionic conduc-
tivity, electrochemical stability over a broad voltage window,

stable solid–electrolyte interface (SEI) formation, Al passivation
and a wide range of operation temperatures.[13, 14] Nonetheless,

lithium bis(oxalato)borate (LiBOB) has been investigated in sev-
eral studies[15] and is a viable candidate for the replacement of

LiPF6 in high-temperature applications (e.g. , 60 8C) despite its

moderate solubility and ionic conductivity, thicker SEI and nar-
rower voltage-window stability, as it has enhanced thermal sta-

bility[16–18] and can passivate Al.[19] This should avoid the pres-
ence of highly corrosive substances generated from LiPF6 de-

composition (i.e. , HF and POF3), which is typically exacerbated
at temperatures above 40 8C,[16, 20] and, thus, improve cell safety

Environmentally friendly and cost-effective Li-ion cells are fabri-

cated with abundant, non-toxic LiFePO4 cathodes and iron

oxide anodes. A water-soluble alginate binder is used to coat
both electrodes to reduce the environmental footprint. The

critical reactivity of LiPF6-based electrolytes toward possible
traces of H2O in water-processed electrodes is overcome by
using a lithium bis(oxalato)borate (LiBOB) salt. The absence of
fluorine in the electrolyte and binder is a cornerstone for im-
proved cell chemistry and results in stable battery operation. A

dedicated approach to exploit conversion-type anodes more
effectively is also disclosed. The issue of large voltage hystere-
sis upon conversion/de-conversion is circumvented by operat-
ing iron oxide in a deeply lithiated Fe/Li2O form. Li-ion cells

with energy efficiencies of up to 92 % are demonstrated if
LiFePO4 is cycled versus such anodes prepared through a pre-

lithiation procedure. These cells show an average energy effi-
ciency of approximately 90.66 % and a mean Coulombic effi-

ciency of approximately 99.65 % over 320 cycles at current
densities of 0.1, 0.2 and 0.3 mA cm@2. They retain nearly 100 %
of their initial discharge capacity and provide an unmatched
operation potential of approximately 2.85 V for this combina-
tion of active materials. No occurrence of Li plating was detect-

ed in three-electrode cells at charging rates of approximately
5C. Excellent rate capabilities of up to approximately 30C are

achieved thanks to the exploitation of size effects from the
small Fe nanoparticles and their reactive boundaries.
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during operation.[21] LiBOB is also superior to LiPF6 in terms of

cycling stability in full cells containing LiFePO4 and graphite.[22]

Other crucial steps are still necessary to advance the overall

sustainability of the next generation of LIBs, especially in terms

of material choice and associated chemistry. According to
recent directives of the European Union on the development

of energy technologies for a transition to a low-carbon econo-

my,[23, 24] cobalt and graphite are much more critical than lithi-
um from an economic perspective (see Table 3).

Cobalt ores are not abundant, and Co is a toxic and expen-

sive material, the role of which is nowadays considered strate-
gic for a series of applications. Clearly, the early quest for Co-

Table 1. Comparative table of the main features of some polymer binders used in LIBs.

Polymer binder Cost
[$ kg@1][a]

125 8C

[g cm@3]
Source type Solvent type Substrate adhesion Tm

[8C]
Swelling in electrolyte

PVdF 8–10 1.76 synthetic NMP[b] moderate 170 large
CMC 3–5 1.55 natural water very good 270 minor
alginate 3–8 1.59 natural water excellent >300 negligible
polyacrylic acid (PAA) 2–3 1.41 synthetic water, EtOH excellent 106 negligible
styrene–butadiene rubber (SBR) 2–3 0.94 synthetic water good 120[c] moderate

[a] Typical range of prices for medium/large quantities on Alibaba.com. [b] NMP = N-methylpyrrolidone. Copolymers are soluble also in acetone and water.
[c] Maximum service temperature; @63 8C,Tg,@58 8C.

Table 2. Comparative table of some properties of the most relevant electrolyte salts in LIBs.

Electrolyte salt Molar mass
[g mol@1]

125 8C

[g cm@3]
Cost
[$ kg@1][a]

Tm

[8C]
Tdec

[8C]
sion

[mS cm@1][b]

Al passivation Hazards and toxicity[c]

LiPF6 151.9 2.83 500 200 176 >10 excellent

LiBOB 193.8 0.8–1.2 650 302 275 &8–9 good

LiTFSI[d] 287.1 1.33 650 234 360 &9 insufficient

[a] Average prices taken from Ref. [14] . [b] Ionic conductivity at 25 8C in relevant non-aqueous solvents. [c] Pictograms and labelling according to regulation
(EC) No. 1272/2008. [d] Lithium bis(trifluoromethanesulfonyl)imide.

Table 3. Synoptic table of the most common elements found in Li-ion battery manufacture. The costs refer mainly to their ores.

Element Earth abundance by
weight [ppm][a]

Cost
[k$ ton@1]

125 8C

[g cm@3]
Criticality
(EU rating)[b]

Recycling
(US trend)

Al 83 000 1.65[c] 2.699 none high
Cu 68 4.70[c] 8.960 low medium-high
Ni 99 8.90[c] 8.908 low high
Li 18 6.40[d] 0.534 medium–low low[e]

Na 22 700 0.14[d] 0.971 none insignificant
Fe 62 000 0.084[d] 7.874 none high
Co 29 23.75[c] 8.900 medium medium–high
Mn 1060 3.8[d] 7.430 none negligible
Ti 6320 0.75[d] 4.540 none none
V 136 1.99[d] 6.110 medium medium
C 180 1.24[d,f] 2.266[f] high–medium[f] medium–low[f]

Sn 2 17.20[c] 7.256 medium medium–high
Zn 76 1.85[c] 7.133 none high
P 1120 0.08[d] 1.820 low none
Si 272 000 0.06[d] 2.336 low insignificant
O 455 000 – gas none none
F 544 0.33[d] gas medium–low low
S 340 0.1[d] 2.070 none medium
N 19 0.47[d,g] gas none none
B 9 0.4[d] 2.350 medium–low insignificant

[a] Chemistry of the Elements by Greenwood & Earnshaw, Second Edition, Butterworth-Heinemann (1997). [b] https://setis.ec.europa.eu/publications/setis-
magazine/materials-energy/critical-materials-energy-technologies COM(2014) 297 final. [c] http://www.lme.com/en-gb/metals/. [d] http://minerals.usgs.gov/
minerals/pubs/commodity/. [e] Currently increasing. [f] Graphite. [g] Nitrogen fixed in NH3.
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free cathodes containing safer and more abundant elements
was one of the main driving forces that led to the successful

development of lithium iron phosphate (LFP),[25–27] lithium
manganese spinel (LMS)[28, 29] and, more recently, Ni-rich layered

materials with low Co contents.[30, 31] The unexpected criticality
of graphite is attributed mainly to its uneven distribution, the

ever-increasing demand for its natural form for industrial appli-
cations (e.g. , steelmaking and lubricants) and the possible real-
ization of cheaper LIB anodes.[32] These circumstances have led

the experts to flag this material in Europe, despite its key role
in LIBs. Owing to the exceptional properties of graphite, the
search for a suitable and cost-effective substitute for anodes is
perhaps one of the toughest challenges in this field, especially
if abundant and non-toxic materials should be employed. Cur-
rently, the most viable candidates are Si[33–36] or perhaps Al,[37]

which both form Li alloys, and conversion compounds based

on Fe[38–40] and Mn[41] have also been proposed.[42, 43] However,
the cycling-induced structural changes of these materials still

represent a weak point that often causes an early deterioration
of their electrochemical performance.[42, 44] This becomes partic-

ularly severe if huge volume variations occur and cause exten-
sive damage to the interface and electrical wiring of the active

materials, although the presence of inactive semiconductor or

metallic phases in Li-alloy-type compounds often alleviates this
issue (e.g. , FeSi2/Si@C[45] and TiSnSb[46]).

Another crucial point is the simultaneous provision of high
power levels without the need for elaborate material engineer-

ing. LiFePO4/Li4Ti5O12 full cells[47] represent an outstanding ex-
ample of high-power and long-lasting batteries but suffer from

unavoidable drawbacks of substantially lower energy density

and higher synthesis costs compared with those of graphite-
based LIBs. Nonetheless, Li4Ti5O12 eliminates fully the main

problem of graphite anodes, that is, the risk of failure through
a lithium-plating mechanism during high-power charging or

upon charge under a low-temperature operation regime.
Some initial progress towards a graphite substitute was ach-

ieved along the possible route of conversion-type materials.

Recently, high-power LIBs based on carbon-coated
ZnFe2O4

[48, 49] and CNT–LiFePO4 (CNT = carbon nanotube) active

materials assembled with sodium carboxymethyl cellulose (Na-
CMC) and a 1 m LiPF6 electrolyte showed exceptional electro-
chemical performances[50] and, in principle, met most of the re-
quirements for a potentially sustainable alternative to conven-

tional graphite-based cells. This interesting type of battery
system has motivated us to go a step further, namely, to ex-
plore the direct utilization of Zn-free nanostructured iron oxide
from straightforward syntheses at low temperatures and to
fully exploit for the first time the pseudo-capacitive behav-

iour[51] of its reacted form (i.e. , Fe/Li2O) in completely fluorine-
free Li-ion cells containing an additive-free 0.8 m LiBOB electro-

lyte, sodium alginate binder and commercial LiFePO4 powder

as a cathode.
This study clearly shows that, even without any particular

engineering of the iron oxide anode (e.g. , C-coating,[52, 53]

hollow nanoparticles,[54] micro-boxes,[55] or yolk–shell struc-

tures),[56, 57] it is possible to cycle the corresponding full cells
with LFP at room temperature at high rates with good per-

formances and stability for more than 1000 cycles with good
Coulombic efficiencies and a remarkable improvement of
round-trip efficiencies. The energy efficiencies for the corre-
sponding full cells are not limited by the large voltage hystere-
sis caused by the typical conversion/de-conversion of iron
oxide, as its pseudo-capacitance at low voltages versus Li++/Li
(i.e. , in its deep-lithiated Fe/Li2O nanocomposite form) is uti-
lized here. This approach, in which the negative electrode is
pre-loaded with Li before its assembly with the other cell com-

ponents, leads to an increase of the output voltage in the cor-
responding batteries. The crucial step of iron oxide pre-lithia-
tion is discussed, and direct reactive contact with Li metal ena-
bles a wide range of operation voltages for the associated cells
with LFP and represents a possible (e.g. , quicker) alternative to
electrochemical pre-cycling of the same material. This route

grants access to average cell operation voltages in the range
2.6–3.1 V with excellent stability for the electrochemical reac-
tions even in presence of a cycling window as large as 3 V. To

the best of our knowledge, this cell potential is the highest ob-
tained to date with this particular combination of active mate-

rials. An enhanced electrochemical activity owing to the forma-
tion of small Fe nanoparticles and the associated wide distribu-

tion of potentials[58] for extensive charge storage at the phase

boundaries with Li2O[59] result in voltages very close to that of
the Li++/Li couple. No sign of degradation, such as lithium plat-

ing on graphite, has been observed here even during fast
charge and discharge. A sloping plateau, beneficial to many

applications, was obtained in the voltage profiles of these
cells, and the features of LIBs and those of supercapacitors are

bridged in this way.

Through the present approach, a series of crucial aspects are
addressed in these cells : 1) effective Li storage at the phase

boundaries[60, 61] and double-layer charging are enhanced,
2) the range of operation potentials can be tuned to limit

volume variations and structural rearrangements in the reacted
iron oxide or to access a “built-in Li reservoir”, 3) the energy ef-
ficiencies are improved dramatically compared with those of Li

half-cells based on iron oxide, 4) no HF can be formed and re-
leased in the electrochemical processes; therefore, the safety
of the cells and their stability over long-term cycling are im-
proved, 5) high charge/discharge rates are accessible without

the risk of dendrite formation (e.g. , as in graphite anodes)
thanks to the wider electroactive potential window provided

by Fe/Li2O upon reaction at low voltages versus Li++/Li and its
tendency towards surface passivation,[62] 6) the hazards during
the entire electrode fabrication, cell assembly and operation as

well as the possible recycling of the various components after
battery disposal are reduced. A preliminary investigation of the

effects brought about by direct pre-lithiation and electrochem-
ical pre-cycling of the anodes in these LiBOB-based cells has

also been performed.
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Results and Discussion

Morphological, structural, and compositional analyses of the
iron oxide electrodes

The characteristic morphologies of the iron oxide materials are

shown in the SEM images in Figure 1 together with that of the
LFP electrode, which is considered for comparison here.

The composite negative and positive electrodes (Figure 1 c

and d) both display agglomerates of active nanoparticles sur-
rounded by carbon black. The LFP particles in Figure 1 d have

shapes similar to platelets or elongated disks with typical di-
mensions spanning from 50 nm to approximately 0.5 mm. Con-

versely, the iron oxide powders in Figure 1 a and c a consist of
small nanoparticles (i.e. , <50 nm), which form fluffy agglomer-
ates with typical sizes below 1 mm, as well as larger and more

compact aggregates with micron-sized dimensions. The mor-
phology of the iron oxide nanowires/leaves (Figure 1 b) is also
distinctive, and they have lengths of approximately 1–2 mm
and reduced thicknesses of a few nm.

The formation of the nanostructured iron oxide powder and
the nanowires/leaves was studied by XRD. The diffraction pat-

terns before and after the pyrolysis of iron acetate as well as

those for iron oxidation are presented in Figure 2.
The diffraction pattern of the pristine iron acetate powder

suggests a rather limited crystallinity of this precursor salt,
which also possesses a complex crystal structure.[63] The pat-

tern obtained after the pyrolysis process displays broad peaks
and bands that correspond to the formation of small nanopar-

ticles of Fe3O4, g-Fe2O3 or both, as indicated by the Miller in-
dexes associated with these spinel structures. At this stage, it

is very difficult—if not impossible—to distinguish between
these two oxide phases, because they share the same crystal

structure and the diffraction peaks in Figure 2 are very broad
and do not enable the extraction of more detailed information.

In any case, the magnetic nature of the pyrolyzed powder is

evident if it is subjected to the field of a small permanent
magnet (see Figure S1 in the Supporting Information). It

should be noted that the existence of Fe3O4 is related to that
of g-Fe2O3 in many cases (i.e. , Fe3-dO4 with ordered vacancies)

and that these oxides can also undergo further transformations
into a-Fe2O3 (e.g. , “martitization”),[64, 65] especially if small crys-

tals are exposed to air. The diffractograms of the iron substrate

before and after oxidation exhibit sharp peaks owing to the
presence of highly crystalline phases. After oxidation, three

main crystalline components are detected clearly, namely, Fe,
Fe3O4 and a-Fe2O3. The latter possesses a pronounced crystal

orientation along (110), as can be seen from the associated dif-
fraction signal, which almost overlaps the most intense (311)

diffraction peak of the main magnetite phase.

Raman micro-spectroscopy was performed to investigate
the structure and composition of the formed oxide phases in

more depth and to probe separately the LFP surface (see Fig-
ure S2). The spectra of the iron oxide materials formed through

Figure 1. SEM images of the iron-based compounds employed as electrode materials. (a) Pristine powder of nanostructured iron oxide obtained by pyrolysis
of iron acetate. (b) Iron oxide nanowires/leaves grown on Fe foil after oxidation. (c) Composite electrode containing nanostructured iron oxide, carbon black,
carbon nanofibers and sodium alginate. (d) Composite electrode containing commercial LFP, carbon black and sodium alginate.
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pyrolytic and oxidative processes are presented in Figure 3.

Resonant Raman scattering (RRS) at l= 532 nm was employed
to enable the possible detection of even small traces of a-

Fe2O3 in the pyrolyzed powders whereas an off-resonance
measurement at l= 785 nm was performed for the nanowires/

leaves to show the impact of the resonance conditions for a-
Fe2O3 and to confirm that Fe3O4 is the major oxide phase
formed in the oxidized iron substrates.

The Raman spectrum of the pristine iron acetate powder ex-
hibits a large number of peaks, which are in excellent agree-

ment with those reported previously.[66] The most intense peak
at high wavenumbers is highly distinctive and also gives useful

hints on the surface composition of the pyrolyzed powders.

The latter show spectral features that are totally different from
those of the acetate precursor. Only a limited number of broad

peaks and bands are seen in this case. The Raman spectrum of
the powder after pyrolysis demonstrates the coexistence of

Fe3O4 and g-Fe2O3. The pronounced peak at ñ&667 cm@1 is
only characteristic of Fe3O4 whereas the main overlapping

peaks at ñ&1390 and 1580 cm@1 have been report-
ed as distinctive signatures of g-Fe2O3.[65] The weak

and broad bands below ñ= 600 cm@1 can be attrib-
uted to both Fe3O4 and g-Fe2O3.[65, 67] A faint feature

in the same spectrum at ñ&2932 cm@1 corresponds
to the sharpest peak observed for the acetate pre-

cursor.[66] The presence of species very similar to iron
acetate on the surface of the pyrolyzed powder was
confirmed by FTIR spectroscopy of the respective

samples before and after pyrolysis (see Figure S3 in
the Supporting Information). The eventual formation

of traces of a-Fe2O3 in the pyrolyzed powder, owing
to exposure to air and the possible additional oxida-

tion of Fe3O4/g-Fe2O3, can be excluded here, as no
resonance peak is detected at ñ&1320 cm@1. The

latter represents a very sharp feature that is ob-

served for a-Fe2O3 owing to a resonant two-magnon
scattering,[65, 68, 69] though the same peak has also

been associated with phonon scattering.[70] This res-
onance peak is very pronounced in Figure 3 for the

nanowires/leaves upon excitation at l= 532 nm. Al-
though this mechanism is ideal for the detection of

a-Fe2O3 even in tiny amounts here, it also hinders

the simultaneous detection of Fe3O4, which does not
undergo resonance. This minor issue can be solved

by using a different excitation wavelength and, thus,
moving to “off-resonance” conditions, which clearly

suppress the feature at ñ= 1320 cm@1 and highlight
better the characteristic peak of Fe3O4 at ñ

&667 cm@1.

TEM, high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) and se-

lected-area electron diffraction (SAED) were also
conducted to gain further insights into the local

structures and textures of these iron oxide nano-
structures. The results of these analyses are present-

ed in Figure 4.

The nanostructured powders show a characteristic
structure composed of agglomerated nanoparticles. The typical

size of the primary particles is approximately 10–15 nm, and
the latter seem to have a rather homogeneous size distribution
in the related micrographs of Figure 4. A cross-section TEM
image of the iron oxide nanowires/leaves is shown in Fig-

ure 4 f. The general morphology of the nanowires/leaves exhib-
its sharp tips and edges with some degree of bending. The
maximum width of the base of the “leaves” is almost 0.5 mm
whereas their lengths cover different extents from approxi-
mately 0.5 mm up to a couple of microns for the longest ones

(see inset in Figure 4 f). The presence of extended defects in
these elongated structures is also visible in Figure 4 f. A high

crystallinity was clearly shown for the nanowires/leaves by the
previous XRD and Raman analyses whereas the crystalline
properties of the nanoparticles constituting the pyrolyzed

powders are confirmed here by the SAED pattern (see inset of
Figure 4 a). A series of spotty rings corresponding to the major

diffractions associated with the lattice structure of Fe3O4 and g-
Fe2O3 can be observed. Moreover, various lattice fringes are

Figure 2. XRD patterns of the different iron oxide nanostructures produced by pyrolysis
of anhydrous iron acetate and by oxidation of pure iron foil. Note that the nanowires/
leaves grown on the oxidized iron foil have a mixed composition of highly crystalline
Fe3O4 (JCPDF no. 89-0691) and a-Fe2O3 (JCPDF no. 01-1053) whereas the powders ob-
tained by pyrolysis are nanocrystalline with broad peaks that can be assigned equally to
Fe3O4 and g-Fe2O3 (JCPDF no. 39-1346) phases.
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visible in the images shown in Figure 4 c and e, which confirm
the polycrystalline nature of these powders. The HAADF-STEM
images presented in Figure 4 b and d provide additional infor-

mation regarding two other important features of these pow-
ders, namely, the existence of a continuous “surface layer”
(most likely composed of remnant species with features similar
to those of the acetate precursor) of approximately 10–20 nm

around the particle agglomerates (see arrows in Figure 4 d)
and the ubiquitous presence of a prominent micro-porosity

throughout the pyrolyzed material. These particular character-

istics are not surprising and are perfectly in line with the previ-
ous FTIR and Raman spectroscopy results (see Figures S3 and

3) for the surface composition of the powders as well as with
the particular pyrolytic process through which the material

was formed. The presence of a large surface area caused by
the presence of micropores is also suggested by the findings

of the gas adsorption–desorption measurements (see Figure S4

and Table S1). Although the specific surface area of the Fe3O4/
g-Fe2O3 powders determined by BET analysis is very close to

50 m2 g@1, both the results shown in Figure S4 b and the value
of the t-plot external surface area (&54 m2 g@1) in Table S1 indi-

cate that the contribution of the micropores (i.e. , <2 nm) in
this material is not negligible. The impact of the micropores on

the overall surface area could be larger than that estimated by
these measurements, as their accessibility might have been
limited by the surrounding layer observed in Figure 4 d. In any
case, from the HAADF-STEM and N2 adsorption–desorption re-

sults, it can be concluded that the (micro)porous nature of the
pyrolyzed powders could play an important role in the result-

ing properties and associated electrochemical behaviour, as it
could ease the transport of the charge carriers (Li++, e@) through

such an extended interface.

Electrochemical performances of full cells

The electrochemical behaviour of the full cells based on
coated electrodes containing commercial LFP powders and

deeply lithiated nanostructured iron oxide is the main focus of
the discussion here, and the individual properties of the posi-
tive and negative electrodes, studied in Li half-cells, are pre-
sented separately in the Supporting Information. Only some re-
sults of such electrochemical analyses will be recalled in the
following, as the main goal of this investigation was to assess

the feasibility of Li-ion cells relying entirely on iron-based cath-
odes and anodes in combination with 100 %-fluorine-free com-

ponents.

Cyclic voltammetry of full cells

A series of 50 cyclic voltammograms is presented in Figure 5

for a full cell cycled at scan rate of 1.0 mV s@1 in a large voltage

window between 1.2 and 4.2 V. The cell contains 0.8 m LiBOB
electrolyte, an LFP cathode and a pre-lithiated nanostructured

iron oxide anode obtained through direct-contact activation.
The utilization of a wide voltage range here was intended to

probe most of the electrochemical reactions that can occur
with this combination of materials and to establish whether

such processes are favourable or detrimental for the ultimate
cell performance, especially when these batteries are operated

under unconventional conditions.

In Figure 5 a, it can be seen that the initial cycle shows
a broad and highly asymmetric anodic peak, and the maximum

oxidative current is observed at approximately 3.65 V. This re-
action corresponds to the change in oxidation state from FeII

to FeIII in LFP and the concomitant extraction of a Li++ ion from
its olivine structure according to Equation (1):

Lix FePO4 Ð x Liþþx e@þFePO4 with 0 < x , 1 ð1Þ

At the same time, the pre-lithiated anode can undergo addi-
tional Li++ uptake by enhanced interfacial storage at the Fe/Li2O

phase boundaries[71] through a pseudo-capacitive mecha-
nism,[72] which has also been ascribed to the reversible forma-

tion and dissolution of veil-like organic surface layers.[73, 74] The

broad shape and significant asymmetry of the first anodic peak
can be understood on the basis that 1) the pre-lithiated iron

oxide powders create a distribution of potentials owing to the
different sizes of the reacted particles,[58] 2) the SEI layer gener-

ated on the iron oxide electrode in the pre-lithiation process
could be not entirely stabilized or fully formed in the inner-

Figure 3. Raman spectrum of the nanostructured iron oxide powder ob-
tained by pyrolysis of iron acetate and comparative spectra obtained at dif-
ferent excitation wavelengths of the iron oxide nanowires/leaves grown on
an oxidized iron foil. Note that all of the materials were analysed at
l= 532 nm, which causes resonant Raman scattering in a-Fe2O3, as demon-
strated by the prominent peak seen at ñ = 1320 cm@1 for the nanowires. The
presence of magnetite in the nanowires is revealed through excitation with
a l= 785 nm laser source, which yields an almost complete suppression of
the resonance peak at ñ = 1320 cm@1.
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most part of the porous Fe3O4/g-Fe2O3 particles (see Figure 4 d),

3) the initial surface interaction of the composite Na-alginate/
LFP electrode with the LiBOB electrolyte could also contribute

to further broadening and asymmetry of this peak (see, for ex-
ample, Figure S5) and 4) the carbonaceous additives in the

negative electrode could also participate in partial Li++ ion
uptake in this range of potentials.[75, 76] The subsequent peak in

the first cathodic scan displays a sharper profile with its maxi-

mum reductive current centred at approximately 3.30 V. This
feature is due to the reduction of FeIII to FeII [Eq. (1)] and the

reinsertion of Li++ ions into the olivine structure and crucially
suggests that the pre-lithiated iron oxide operates simultane-

ously in a range of potentials close to that of the Li++/Li couple.
The possibility of Li plating on the Fe/Li2O anode through

Figure 4. TEM images of the iron oxide nanostructures utilized as negative electrodes. (a) Low-magnification image of nanostructured iron oxide powder ob-
tained by pyrolysis of iron acetate and related SAED pattern (inset). (b) HAADF-STEM image of the nanostructured iron oxide powder. (c) Magnified detail of
the nanostructured iron oxide powder. (d) HAADF-STEM image at higher magnification showing the presence of a surface layer around the agglomerated
nanoparticles (see arrows) and a prominent micro-porosity. (e) HR-TEM image displaying the crystalline features of the nanoparticles and their lattice fringes.
(f) Cross-section micrograph of the iron oxide nanowires/leaves grown on an oxidized Fe foil. The inset in (f) is a low-magnification image of these elongated
structures and their full lengths.
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under-potential deposition[77] (UPD) in the first cathodic half-
cycles cannot be excluded here. A tail extending to approxi-

mately 1.75 V is also observed together with a slight bump at
approximately 2.3 V. A distinctive peak is noticed in the same
cathodic scan at approximately 1.5 V (marked with “§” in Fig-
ure 5 a) and this can be attributed to two overlapping process-
es, namely, 1) a partial reverse reaction of Fe/Li2O according to

the general conversion/de-conversion mechanism for iron
oxides [Eq. (2)] ;[78]

Fey Oxþ2x Liþþ2x e@ Ð y Feþx Li2O with 0 < x , 4, 1 , y , 3

ð2Þ

and 2) a simultaneous irreversible reduction of the LiBOB elec-
trolyte (see also Figures S6a and S11 a in the Supporting Infor-

mation) on the composite LFP electrode with the formation of
a surface passivating layer, which typically occurs at approxi-

mately 1.7–1.8 V versus Li++/Li for this electrolytic salt,[79, 80] al-
though lower voltages of approximately 0.5 V versus Li++/Li

have also been found for graphite cycled in various LiBOB-
based electrolytes.[81] The relatively broad shape of the peak at
approximately 1.5 V is likely caused by the superposition of

these two electrochemical processes as well as the size distri-
bution of the reacting particles on both electrodes. The de-

conversion feature can play an important role depending on
the voltage window under which this type of cell is operated.

Indeed, by utilizing voltages below 1.75 V, it is possible to
access a “built-in Li reservoir” in the pre-lithiated anode and to
compensate for Coulombic losses during the first half-cycle

(i.e. , the first charge).
The anodic peak in the second cycle (Figure 5 a) broadens

by approximately 0.2 V towards lower voltages and retains an
asymmetric shape. This behaviour can be justified by the
above considerations and the additional contribution of some
extra Li++ ions involved in the processes occurring in the first

cathodic half-cycle. The reduction peak in the subsequent
cathodic scan does not shift, and its current at 3.3 V is slightly

higher than that observed in the first cycle; this result demon-

strates a full functionality for LFP, as it is the only compound
that can incorporate Li++ ions at this potential. The feature at-

tributed to the partial de-conversion of deeply lithiated iron
oxide (i.e. , marked with “*” in Figure 5 a) is shifted clearly to

a lower potential (&1.33 V), and its maximum intensity is re-
duced compared with that for the first cycle but is almost con-

stant in the following ones.

From the third cycle on, a continuous shift towards lower
potentials is observed in Figure 5 a for both the cathodic and

the anodic peaks, together with a more symmetric profile for
the anodic reaction compared with those for the first two

cycles. The widths of the main cathodic and anodic peaks in-
crease with cycling, whereas their maximum currents decrease

slightly. The cathodic feature due to the partial de-conversion

at low voltage disappears after 15 cycles and shifts progres-
sively towards lower potentials. The evolution of the subse-

quent redox peaks is presented in Figure 5 b, in which the
cyclic voltammograms for the remaining 35 cycles are depict-
ed. A gradual shift towards lower potentials for the redox
peaks can be seen clearly, together with a simultaneous en-
largement of their bases and a concomitant fading of their

maximum cathodic and anodic currents (see also the multime-
dia materials in the Supporting Information). From this prelimi-

nary qualitative analysis, it can be inferred that the electro-
chemical behaviour of these full cells is dynamic (see Fig-
ure S7 a and b in the Supporting Information) and that the
system does not respond in exactly the same way in each
cycle, although a progressive stabilization of its charge reten-

tion is also observed after the first cycles (Figure S7c). Never-
theless, this dynamic aspect is not surprising here, as conver-
sion compounds such as iron oxide are known to undergo pro-
gressive “electrochemical milling”[74, 82] during repeated conver-

sion and de-conversion, which typically occurs over a broad
range of potentials (e.g. , 0.05–2.80 V vs. Li++/Li). This process, in

Figure 5. Cyclic voltammograms for a full cell with commercial LFP as the
cathode, pre-lithiated nanostructured iron oxide powder as the anode and
0.8 m LiBOB as the electrolyte. (a) Initial 15 cycles of the cell tested in a wide
voltage window between 1.2 and 4.2 V with a sweep rate of 1.0 mV s@1.
(b) Subsequent 35 cycles. Note that the cell shows only one redox feature
after the first 15 cycles, and that a continuous shift and broadening of the
respective anodic and cathodic peaks is observed upon progressive cycling.
The arrows in the plots indicate the extraction/insertion of Li++ ions in the
LFP structure whereas specular processes occur at the other electrode.
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which the particle morphologies and their interfaces are
changed dramatically, influences the corresponding voltage

profiles and the reactivity of the resulting metal nanoparti-
cles,[83] although a real de-conversion for Fe/Li2O clearly does

not occur in this case. The changes caused by the partial rear-
rangement of these reactive interfaces upon cyclic voltamme-

try (CV) cycling are most likely responsible for the progressive
shift of the redox potentials. Negative shifts of the electro-

chemical potential for the reaction of small clusters of metal

atoms[84] have been observed for many metallic nanoparticle
systems.[85, 86] However, such a phenomenon and the presence
of extensive phase boundaries at the Fe nanoparticle interfaces
are not necessarily detrimental, as it will be shown later that

they contribute to fast charging and discharging of the same
cell subjected to a series of currents spanning over two orders

of magnitude.

Galvanostatic tests of full cells

After this preliminary CV analysis, more detailed measurements

were performed with three-electrode cells under galvanostatic

conditions to monitor the potentials of both the cathode and
the anode simultaneously and reference the latter to the Li++/Li

couple. The results of these tests are presented in Figure 6.
The cell voltage (Ewe@Ece), the potential of the LFP working

electrode (Ewe vs. Li++/Li) and that of the pre-lithiated iron oxide
counter electrode (Ece vs. Li++/Li) are shown in Figure 6 a, and

the plots are stacked to allow their simultaneous evolution to

be followed easily. The system was operated with three differ-
ent lower-voltage cutoffs of 1.8, 1.5 and 1.2 V for increasing

current densities of 0.1, 0.2 and 0.3 mA cm@2, respectively. The
potentials of both LFP and pre-lithiated iron oxide shifted con-

tinuously; thus, the results confirm the previous voltammetric
measurements. This shift is more pronounced in the initial

cycles (see also magnified portions of the graph in Figure S8),

which proceeded at an approximate rate of 1.5C (i.e. , &40 min
for a full charge or discharge) upon the application of

0.1 mA cm@2. As is demonstrated clearly in Figures 6 a and S8,
no lithium plating occurs with progressive cycling, as the Ece

potential of the pre-lithiated iron oxide is sensibly above 0 V
versus Li++/Li after the first couple of cycles and the whole cell
approaches the upper cutoff voltage of 4.2 V during charge.
The minimum and maximum values of Ece shifted, especially

the upper extreme during the initial cycles. The corresponding
voltage profiles for the LFP electrode are influenced in a specu-
lar manner by this phenomenon, as Ewe varies more significant-

ly in the proximity of its lower extreme during cell discharge
whereas the maximum values of Ewe during charge remain

almost unchanged and very close to the upper cutoff of the
whole cell. After approximately 150 h of cycling (see Fig-

ure S8 a), the highest value for Ewe is approximately 4.3 V

versus Li++/Li, and a clear stabilization of both its upper and
lower extremes can be noticed.

A comparison of the voltage profiles of Ewe and Ece reveals
characteristic charge/discharge plateaus at approximately

3.45 V versus Li++/Li for LFP whereas a slope-like feature is ob-
served for the pre-lithiated iron oxide, which then reacts in its

nanocomposite Fe/Li2O form without showing evident signs of
de-conversion. It is important to realize that the potential shift

is generated by the deeply lithiated iron oxide: for constant
upper (4.2 V) and lower (1.8 V) cutoff voltages for the whole

cell, the features of the voltage profiles of Ece have a clear influ-
ence on those observed for the LFP counterpart (i.e. , compare

the variations of Ewe in proximity to its lower cutoff with those
of Ece near its upper limit). The range of potentials spanned by
Ece is not only a shifted but also widens (e.g. , compare the Ece

profiles after 10 and 100 h in Figure S8), confirming again the
results of the CV analysis. This remarkable potential shift for
Fe/Li2O and the simultaneous increase of its electroactive volt-
age range upon cell discharge (e.g. , the removal of Li++ ions

from the Fe/Li2O interface and reinsertion into the LFP struc-
ture) are in line with earlier results on the electrochemical

properties of small metal nanoparticles,[58, 87] especially consid-

ering that the metallic particles formed in conversion reactions
are very small with typical sizes of 1–5 nm.[78, 88] Additional gal-

vanostatic tests of full cells containing pre-lithiated iron oxide
nanowires/leaves with the same LiBOB electrolyte and LFP

cathode (see Figure S9 in the Supporting Information) con-
firmed that the Fe nanoparticles in the resulting Fe/Li2O nano-

composite play a major role in the sloping voltage profiles and

their shifts and generate a large electroactive window that ex-
tends over 3 V. This test rules out any possible influence of the

carbonaceous additives and alginate binder on the observed
shapes and shifts of the charge/discharge curves. The range of

potentials spanned by the full cell also appears to be broader
in Figure S9, likely because of the large size distribution of the

as-grown iron oxide nanowires/leaves (see Figures 1 b and 4 f)

before their contact pre-lithiation. This aspect was verified by
complementary CV analyses of the pristine iron oxide nano-

wires/leaves in Li half-cells (see Figure S10 in the Supporting
Information), which showed a wide distribution of potentials.

Hence, this phenomenon can also be expected in the respec-
tive full cells.

It can also be seen in Figure 6 a that the minimal Ece values

are still well above that of lithium metal even at higher cur-
rents (e.g. , &0.1 V vs. Li++/Li at 0.3 mA cm@2 after 260 h) and,

thus, inherently safe from the dangerous formation of lithium
dendrites. The simultaneous evolution of the average voltage

per cycle for (Ewe@Ece), Ewe and Ece is presented in Figure 6 b
and shows that a mean operative voltage, approximately in

the range of 3.0–2.6 V, can be obtained from this type of cell
under different cycling conditions. The evolution of the
charge/discharge capacities (Figure 6 c) demonstrates not only
a stable behaviour for this cell but also a compensating effect
of the lower cutoff values (i.e. , 1.8!1.5!1.2 V) on the overall

capacity retention upon the application of higher current den-
sities. The cell capacity (relative to the active mass of the LFP

cathode) remains stable at approximately 120 mAh g@1 after

more than 300 cycles in correspondence to a practical C rate
approaching 5C at 0.3 mA cm@2 in the last 100 cycles. Impor-

tantly, an average Coulombic efficiency of (99.7:1.2) % was
obtained over 320 cycles together with an average energy effi-

ciency of (90.7:1.9) %. The latter represents a step improve-
ment for a conversion compound utilized in an unoptimized
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full cell (i.e. , with no specific additives, electrode engineering,
etc.). Nonetheless, high-precision coulometry[89] would be

better suited to follow more accurately the evolution of the re-
actions upon progressive charge/discharge and the eventual

stabilization of their capacities.

The electrochemical behaviour of these cells with contact-
pre-lithiated iron oxide and LiBOB was also compared with

1) an analogous system containing a standard LiPF6 electrolyte
and 2) LiBOB-based cells with electrochemically lithiated (i.e. ,

“pre-cycled”) iron oxide anodes (see Figure S11 in the Support-
ing Information). The results for these comparative experi-

ments are presented in Figures 7 and 8, for which the full cells
were cycled at 0.1 mA cm@2 between 1.8 and 4.2 V for 100

cycles.
A progressive decrease of the cell voltage is noticed in all of

the batteries during the initial cycles, as shown in Figure 7.

A shift in the incremental capacity is observed together with
a charge/discharge end-point slippage mostly for the pre-lithi-

ated anode in the LiPF6 cell whereas, to a minimal extent, for
the pre-cycled anode in the LiBOB battery (Figure 7 a, c and e).

The separation in voltage (i.e. , “polarization”) between the
charge and discharge curves (e.g. , taken at their half-capacity

Figure 6. (a) Stacked voltage profiles, (b) average Ewe, Ece and (Ewe@Ece) voltages per cycle, (c) cycle performances, and (d) Coulombic/energy efficiencies for
a three-electrode cell with LFP and pre-lithiated nanostructured iron oxide powder as the working and counter electrode, respectively. Note that the whole
cell was cycled with a 0.8 m LiBOB electrolyte at increasing current densities of 0.1, 0.2 and 0.3 mA cm@2 with progressively larger voltage windows (4.2–1.8,
4.2–1.5 and 4.2–1.2 V, respectively) and that the reference electrode consisted of a metallic lithium tab. The variation of the applied voltage range in (a) is visi-
ble as a step-like feature in the voltage profiles at approximately 160 h upon the application of 0.2 mA cm@2 and then at approximately 230 h upon the appli-
cation of 0.3 mA cm@2. The respective changes are highlighted in (b) and (c) by the tip of the horizontal dashed arrows and the vertical dotted lines that cor-
respond to the small steps in each set of data points.
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point in Figure 7 a, c and e) after 50 cycles seems rather similar
for all of the cells (&0.17–0.21 V). To address this point system-

atically, the mean charge/discharge voltages in each half cycle
were also calculated. These data, together with the average

values and the differences taken between the mean potentials
obtained for each charge/discharge half-cycle (i.e. , “gap”), are

shown in Figure 7 b, d and f. A comparison of the data points

in Figure 7 b, d and f suggests a similar electrochemical behav-
iour for all cells with a clear stabilization of their average oper-

ation potentials at approximately 2.95 V after 100 cycles and
comparable values for their respective “voltage gaps”. The

latter remains below approximately 0.3 V for all of them after
100 cycles; therefore, the combination of LiBOB and pre-lithiat-

ed iron oxide performs as reliably as that of LiBOB and electro-
chemically pre-cycled iron oxide. It only takes more time or

cycles for the voltage profile to stabilize. The differences in the
voltage profiles shown in Figure 7 can be understood on the

basis that the pre-cycled anode had undergone a preliminary
series of full charges/discharges in a Li half-cell (Figure S11 in

the Supporting Information) and had been exposed in this

way to different electrochemical and mechanical conditions
compared to those for the direct-contact activation.

The capacity retention and efficiencies of these batteries are
depicted in Figure 8.

The capacities of the cells are stable at approximately
130 mAh g@1, irrespectively of the differences in their electro-

Figure 7. Voltage profiles (left) and respective evolutions of the average values of the charge/discharge potentials per cycle (right) obtained between 1.8 and
4.2 V at 0.1 mA cm@2 for different full cells containing composite electrodes based on LFP and deeply lithiated nanostructured iron oxide. The specifications of
each cell, its particular type of electrolyte and the initial activation of the iron oxide electrode are reported in each graph. Note that only the first fifty cycles
are shown in the graphs of the cell voltage versus capacity to display better the evolution of the charge/discharge profiles. All of the points labelled with
“charge” (solid circles) and discharge“ (open circles) in (b), (d) and (f) represent mean values extracted from each respective voltage curve.
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lyte and anode activation. The slightly undulating features in
the various graphs are due to temperature fluctuations (e.g. ,

day/night) throughout the cycling, as the cells were tested
under ambient conditions without any thermostatting. Some

differences in their performances can still be noted in Figure 8,
as the LiBOB/pre-cycled iron oxide battery was the most stable

in terms of capacity retention and energy efficiency after 100

cycles (i.e. , &91.2 %). The small differences noticed for the pre-
lithiated and pre-cycled iron oxide electrodes do not seem to

have an immediate effect on the overall behaviour of the re-
spective cells, though this could manifest after a prolonged

cycling period. Conversely, it can be noticed in Figure 8 that
the cell with LiPF6 did not perform as well as the other ones

with LiBOB, as its energy efficiency exhibited a more pro-
nounced tendency towards fading with a value of approxi-

mately 89.2 % after 100 cycles. A comparative overview of the
average features of these cells during cycling can be found in

Table 4.
The long-term cycling (i.e. , 1200 cumulative cycles over 1–

2.2 months) of the cells was performed at various current den-

sities and cutoff voltages to probe their overall responses and
to highlight possible weak points, which are often not appar-

ent in brief tests involving only a few hundred cycles. The re-
sults of these galvanostatic tests are presented in Figure 9 for

the cells with pre-lithiated iron oxide coupled to LiBOB and
LiPF6 whereas those obtained for the other battery with LiBOB

Figure 8. Cycle performances (left) and characteristic efficiencies (right) for various full cells with composite electrodes based on LFP and deeply lithiated
nanostructured iron oxide upon cycling at 0.1 mA cm@2 between 1.8 and 4.2 V. The type of electrolyte and the initial activation of the iron oxide electrodes
are reported in each graph.
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and pre-cycled iron oxide are shown in Figure S12 in the Sup-

porting Information.
The superior performances of the cells with LiBOB compared

with that of the battery containing LiPF6 is the most evident
feature here, and, although the early mechanism of failure of

the latter (after roughly 300 cycles) asks for a separate in-
depth study, some important aspects can nevertheless be

highlighted. Indeed, a whole water-based electrode processing

may inherently lead to higher residual water content in the
cells. This could promote the hydrolytic degradation of LiPF6

and the production of HF in amounts that could trigger a loop
of side-reactions, which would eventually lead to a progressive

deterioration of the cell.[90, 91] Considering the high surface area
of the Fe/Li2O nanocomposite, such an outcome would not be

Figure 9. Cycle performances, average voltages and characteristic efficiencies for various full cells with composite electrodes based on LFP and deeply lithiat-
ed nanostructured iron oxide upon long-term cycling, which was mostly performed at 0.1 mA cm@2 between 1.5 and 4.2 V in the last 1000 cycles. The type of
electrolyte and the initial activation of the iron oxide electrodes are reported in each graph.

Table 4. Overview of the average values over 100 charge/discharge cycles for the full cells containing different electrolytes with pre-lithiated or pre-cycled
iron oxide.

Battery characteristics Cell voltage
[V]

Coulombic efficiency
[%]

Energy efficiency
[%]

Voltage gap
[V]

LiBOB pre-lithiated 2.993 99.59 91.24 0.221
LiPF6 pre-lithiated 2.978 99.37 90.74 0.281
LiBOB pre-cycled 2.966 99.85 91.89 0.257
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surprising. Furthermore, the direct contact of the highly reac-
tive Fe/Li2O nanocomposite with the fluorinated electrolyte

can only exacerbate the detrimental action of possible HF
traces. Accordingly, the combination of water-based electrode

coatings with high-surface-area materials requires extra pre-
cautions with the use of electrolytes relying on LiPF6. On the

other hand, both LiBOB-based cells displayed a moderate
fading of their performances through this long-term cycling
test and still retained approximately 80 % of their initial dis-

charge capacities, and a slightly better stabilization of the
value was observed for the battery with the pre-lithiated

anode (compare Figures 9 a and S12 a). This clearly demon-
strates that a well calibrated combination of Fe/Li2O nanocom-

posite anodes with “medium-voltage” cathodes (i.e. <3.6 V vs.
Li++/Li) enables a convenient use of LiPF6-free electrolytes for

full-cell safety[92] and cost advantages.

A rate capability test performed with a fixed voltage range
between 1.2 and 4.2 V is finally presented in Figure 10 for

a LiBOB cell with a pre-lithiated iron oxide anode after its stabi-
lization over fifty preliminary CV cycles (see Figure 5) and for

an analogous galvanostatically cycled LiBOB battery containing
a pre-cycled iron oxide anode.

The responses of both cells upon the application of increas-

ing current densities spanning two orders of magnitude

appear to be satisfactory as they can withstand cycling rates as
high as 30C with almost complete recovery of the capacity at

subsequent low-C-rate cycles. The performances of the galva-
nostatically cycled full cell containing pre-cycled iron oxide ap-

peared to be slightly better than those offered by the CV-
cycled one with a pre-lithiated iron oxide anode. In particular,

both cells delivered half (&88 mAh g@1) or slightly more than
half (&95 mAh g@1) of their initial capacities upon fast dis-
charge/charge at a rate of 6C (Figure 10 a and c). It is worth

mentioning that charging at rates beyond approximately 3C
over a 50 % state-of-charge window remains a crucial chal-
lenge for graphite anodes, especially for their use in electric
vehicles. Nevertheless, these excellent rate performances and
cyclabilities have been achieved here for a low active mass
loading and without electrode calendering. Commercial LIBs

rely on much more heavily loaded and calendered electrodes
than those presented in this study to achieve suitable energy
densities for the various applications they are made for. Adapt-

ing the manufacture of Fe/Li2O nanocomposites to that of
commercial graphite electrodes clearly poses further challeng-

es. In this respect, it is also most likely that this Fe/Li2O nano-
composite falls short in terms of volumetric capacity compared

with that of lithiated graphite, though the conversion mecha-

nism per se yields rather closely spaced Fe/Li2O boundaries in

Figure 10. Rate-capability tests performed on (a, b) a CV-cycled full cell containing a pre-lithiated iron oxide anode in combination with LiBOB and (c, d) an
analogous galvanostatically cycled full cell with a pre-cycled iron oxide anode. (a, c) Series of cycles obtained by applying increasing current densities leading
to progressively higher C rates. (b, d) Evolutions of the typical charge/discharge capacities obtained in each cycling step of the tests as a function of the corre-
sponding applied current density. Note that the cell voltage window was fixed between 1.2 and 4.2 V throughout the tests of both batteries.
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reacted micron-sized iron oxide particles. These extensive reac-
tive interfaces ultimately account for the enhanced pseudo-ca-

pacitive charge storage utilized here.
In any case, the above results represent a significant im-

provement of the overall performances initially reported for
“lithium–iron” cells[93] with pre-lithiated a-Fe2O3, LiFePO4, PVdF
and 1 m LiPF6. Such a system was limited by a 50 % loss of its
capacity in 190 cycles at rates of less than 1C, unspecified
round-trip inefficiencies and an average output voltage of only

approximately 2.2 V. Nonetheless, previous systematic studies
of the chemical and electrochemical lithiation of iron oxide[94]

have also contributed to the development of Fe3O4/Li-
[Ni0.59Co0.16Mn0.25]O2 batteries with a higher operation voltage

and a longer cycle life.
Overall, our Li-rich electrodes based on Fe nanoparticles em-

bedded in Li2O demonstrate an alternative concept to over-

come effectively the main drawbacks of iron oxide utilization
in LIBs. Most likely, this could also be applied to similar conver-

sion-type anode materials through the general approach de-
vised here. High charge-rates, low polarization and stable cy-

cling over a long time or for many cycles should now also be
viable for these systems.

Conclusions

Safer and more environmentally friendly batteries, which could

represent an alternative to conventional LiFePO4–graphite

cells, have been demonstrated here. This electrochemical
system relies on a new approach with nanostructured iron

oxide in a deeply lithiated Fe/Li2O state as an anode in combi-
nation with an entirely fluorine-free binder (sodium alginate)

and electrolyte salt [lithium bis(oxalato)borate (LiBOB)] coupled
to a LiFePO4 cathode.

The results of this study clearly suggest that: First and fore-

most, an average output voltage as high as approximately 3 V
can be obtained, and the hysteresis losses arising from the

conventional use of conversion materials can be overcome.
Very good electrochemical performances have been dis-

played at various C rates in combination with long-term cy-
cling (1–2.2 months) for 1200 cycles with overall capacity re-
tentions of approximately 80 % of the initial discharge values,
despite the complete lack of any carbon coating on the iron

oxide and dedicated electrode structure engineering.
The above points have led to a remarkable improvement in

energy efficiency. Energy efficiencies as high as approximately
92 % were attained at practical C rates of approximately 1.5C
in combination with average Coulombic efficiencies of approxi-

mately 99.6 %, despite the non-optimized nature of the materi-
als and the total absence of any electrolyte additive.

An enhanced pseudo-capacitive behaviour of the nanocom-
posite anode can be utilized to enable relatively high rates
(&1–5C) with no apparent capacity losses and, most impor-

tantly, with no Li plating, which is often a critical issue for
graphite electrodes operated under similar conditions. This is

especially evident if this electrochemical system is operated
over larger voltage windows.

This approach also shows the influence of the size effects
generated by the Fe nanoparticles embedded in Li2O and har-

nesses their related potential shifts to promote the safer opera-
tion of these cells at high current densities. This phenomenon

represents an interesting bridge between battery and superca-
pacitor properties without requiring major trade-offs in terms

of performance, independently of the way in which this type
of system is operated.

Finally, such a moderate output voltage for these cells pro-

vides an excellent opportunity for the complete replacement
of fluorine with less harmful species in both the electrolyte

and the polymer binder. In turn, this improves the overall cell
safety by eliminating any risk for accidental HF formation and

simultaneously reduces those hazards associated with the pro-
duction of the raw materials, the electrode fabrication, subse-
quent cell assembly and operation as well as the ultimate recy-

cling of the components after disposal.

Experimental Section

Materials synthesis and electrode preparation

Nanostructured iron oxide powders were synthesized by the pyrol-
ysis of anhydrous iron acetate (Aldrich) under vacuum by a proce-
dure similar to that reported previously.[95] Here, the pyrolysis tem-
perature was increased slightly to 270 8C to form and stabilize
nanostructured Fe3O4/g-Fe2O3 as an anodic material. Commercial
lithium iron phosphate (LFP-P2, SedChemie) powder was utilized
directly as the active cathode material without any further process-
ing. The electrode coatings for the cathodic and anodic materials
were alginic acid sodium salt from brown algae (Na-Alg, Aldrich,
Mw&80 000–100 000) as a renewable water-soluble polymer binder.
The negative electrode coatings consisted of a mixture of nano-
structured Fe3O4/g-Fe2O3, Na-alginate, carbon black (CB-C-65, C-
Energy) and carbon nanofibers (CNF, Aldrich, 100 nm V 20–200 mm)
with a Fe3O4/Na-Alg/CB/CNF weight ratio of 75:12.5:10:2.5. The
positive electrode coatings included a blend of LFP, Na-alginate
and CB in a weight ratio of 75:10:15. The slurries were cast by
means of a coating apparatus (KR-K Control Coater) on a one-sided
roughened copper sheet (Swedecal) for the negative electrodes
and on carbon-coated aluminium foil (Leclanch8, EB012 + Al
20 mm) for their positive counterparts. All of the coatings were
dried overnight in a convection oven at 80 8C. Coated disks with
a radius of 10 mm for the anode and cathode materials were cut
by a precision perforator (Hohsen). Extra disks of coated cathodes
with 5 mm radius were also punched for additional tests. The posi-
tive and negative electrode coatings were subsequently dried for
12 h at 120 8C in a vacuum oven (Bechi) located in an Ar-filled
glove box (O2<1 ppm, H2O<1 ppm) before further manipulation
or cell preparation.

A second type of iron oxide anode (i.e. , nanowires/leaves) was pre-
pared through a direct-growth method by the oxidation in air of
perforated 0.025 mm thick iron foil (Alfa Aesar, 99.5 metals basis)
disks heated at 350 8C for 24 h.[96] The Fe disks had a radius of
5 mm (i.e. , 10 mm holes in the punched foil) and, after oxidation,
were subjected to vacuum drying, analogously to the coated elec-
trodes. This approach provided an electrode preparation free from
wet processing as well as from binders and carbon additives and,
thus, combined metallurgy directly with electrochemistry.[97] This
type of electrode was sandwiched between two LFP-coated elec-
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trodes with one separator on each side and the electrolyte solution
soaking both of them.

Structural and compositional characterization

The surface morphologies of the various electrodes were probed
by SEM with a Zeiss Gemini 1550 microscope equipped with
a field-emission gun (FEG). A dedicated in-lens detector was uti-
lized to collect the secondary electrons emitted from the surfaces
of the specimens. The XRD was conducted in a Bragg–Brentano
configuration with a Siemens D-5000 diffractometer with a CuKa ra-
diation source. A rotation speed of 15 rpm was applied during the
analyses of the samples. Raman spectroscopy was also performed
to investigate the compositions of the active materials used in the
various electrodes. All of the spectra were obtained with a Renish-
aw inVia Raman microscope at two excitation wavelengths (i.e. ,
532, 785 nm) provided by two separate laser diodes (Renishaw)
with a maximum output power of 500 mW. The laser beam was fo-
cused on the sample surface through a 50 V magnification objec-
tive, and a constant laser power, fixed to 0.1 % of its maximum
nominal value, was applied during the analyses. A preliminary cali-
bration of the spectrometer was performed with a Si wafer to
obtain a characteristic reference peak located at ñ= 520.6 cm@1.
Twenty cumulative acquisitions were run for each spectrum with
a measuring time of 20 s. A minimization of the beam exposure
between subsequent scans was also applied to avoid possible deg-
radation of the sample surface. The FTIR spectroscopy was per-
formed in the wavenumber range between 600 and 4000 cm@1

using a PerkinElmer (Spectrum One) spectrometer in an attenuated
total reflectance (ATR) mode. The IR spectra were recorded for 20
cumulative acquisitions to improve the signal-to-noise ratios of the
spectral features. The HR-TEM and SAED were performed with
a JEOL JEM-2100F microscope operated at 200 kV and equipped
with a Gatan Ultrascan 1000 CCD camera and a dedicated energy
filter (GIF Tridiem). HAADF-STEM was also performed on the pow-
dered sample to obtain additional information about its outermost
surface and to obtain deeper insights into its local microstructure
and porosity. The powder was ground in a mortar and subsequent-
ly loaded onto a TEM copper grid with a holey carbon film. The
samples containing iron oxide nanowire/leaves were protected by
epoxy for their preparation for cross-section analysis. The cross-sec-
tion TEM specimens were polished mechanically to a thickness of
approximately 20 mm before ion milling at 4 kV using a dedicated
Ar-sputtering equipment (Fischione Model 1050).

The gas adsorption measurements were performed through nitro-
gen physisorption at 77 K with a Micromeritics (ASAP 2020) instru-
ment with the ASAP 2020 V3.04 E software. The powders were
heated overnight at 120 8C to remove possible traces of moisture
before the analyses. The BET methodology was applied to evaluate
the specific surface area of the powder, and DFT calculations were
performed to estimate the pore size distribution.

Battery assembly and electrochemical characterization

LiBOB (Chemetall) was dried at 120 8C for 12 h in a vacuum oven
placed in an Ar-filled glovebox (M-Braun) and subsequently dis-
solved in a mixture of ethylene carbonate (EC) and diethyl carbon-
ate (DEC) in an EC/DEC ratio of 1:1 to prepare a 0.8 m electrolyte
for the assembly of both Li half-cells and full Li-ion batteries. An
analogous 0.8 m LiPF6 electrolyte with EC/DEC 1:1 v/v was also pre-
pared at the same time and utilized as a standard reference in
a parallel test for the comparison of the performances of the full

cells. All of the electrodes were vacuum-sealed in polymer-laminat-
ed aluminium pouch (i.e. , “coffee-bag”) cells in an Ar-filled glove-
box (M-Braun) with oxygen and moisture levels below 1 ppm. The
electrode coatings contained a typical active mass loading of ap-
proximately 1 mg cm@2 of Fe3O4/g-Fe2O3 and approximately
0.8 mg cm@2 of LFP, though some deviations could be expected
owing to the slight unevenness of their respective metal current
collectors, possible local coating inhomogeneity or both. This ratio
of the active masses was suitable for the sustained operation of
the anode within a deeply lithiated regime. The LFP-based catho-
des had a typical thickness of approximately 8–10 mm, and analo-
gous values were also found for the Fe3O4/g-Fe2O3 anode coating,
both measured with a digital calliper (Mitutoyo). The use of thin
electrode coatings ensures that the focus is on the effective per-
formance of the active materials rather than on possible kinetics
effects caused by the electrode thickness.

Different types of cells were prepared with these composite elec-
trode coatings and with the iron oxide nanowires/leaves, namely,
1) Li half-cells with lithium foil as a combined reference and coun-
ter electrode, 2) full Li-ion cells (two-electrode cells) with deeply
lithiated iron oxide as the anode and LFP as the cathode and
3) full cells with an additional lithium reference electrode (three-
electrode cells) to monitor simultaneously the voltage evolution
on the cathode and anode sides with respect to the Li++/Li refer-
ence potential. A thin membrane (Solupor) wetted with the corre-
sponding electrolytes was used as the electrode separator in all
the cells.

Pre-lithiation, preliminary SEI formation and the initial conversion
of such iron oxide based anodes were performed for all of the
electrodes employed in full Li-ion cells. Such a procedure consisted
of soaking the electrodes with the LiBOB (or LiPF6) electrolyte and
subjecting them to a face-to-face contact with the surface of a met-
allic lithium strip. This reactive interface contact was maintained
for 2 h using an enveloping polymer-coated aluminium pouch
while applying a constant pressure through a couple of rigid sup-
ports and a pair of clamps. After this pre-lithiation step, the lithium
strip was carefully removed and the Li-loaded (i.e. , converted Li2O/
Fe) electrode was directly utilized for the assembly of a Li-ion bat-
tery by applying a separator, one drop of LiBOB (or LiPF6) electro-
lyte and a LFP cathode in sequence. The entire electrode stack was
transferred to a pouch cell having two metal tabs made of Cu and
Al for the respective anode and cathode contacts and finally
vacuum-sealed. For comparison, the electrodes based on nano-
structured Fe3O4/g-Fe2O3 were also loaded with Li through an elec-
trochemical lithiation procedure by pre-cycling in Li half-cells at
a low current density to obtain a corresponding deeply lithiated
Li2O/Fe state (i.e. , a cell stopped during discharge at 0.01 V vs. Li++/
Li) after a few galvanostatic cycles. Their subsequent assembly in
full cells was performed as described above.

Cyclic voltammetry (CV) analyses were performed at room temper-
ature using a VMP2 instrument (Bio-Logic) at increasing scan rates.
The sweep rates typically spanned from 0.1 to 1.6 mV s@1 in a volt-
age range between 0.01 and 3.00 V versus Li++/Li for Li half-cells
containing iron oxide based electrodes whereas higher rates of up
to 3.2 mV s@1 were applied to LFP electrodes tested in analogous
half-cells cycled between 2.2 and 4.2 V versus Li++/Li. The full cells
were also subjected to several CV scans at 1.0 mV s@1 in a wide
range of operation potentials between 1.2 and 4.2 V.

Galvanostatic tests were performed with VMP2 (Bio-Logic) and Di-
gatron BTS 600 cycling instruments at various current densities
and voltage ranges. The long-term stability tests of the full cells
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were conducted mainly at a current density of 0.1 mA cm@2 with
a couple of intermediate cycling steps at 0.2 and 0.3 mA cm@2 with
a larger range for their related cutoff voltages.
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