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A B S T R A C T   

Noticeable voltage shifts have been observed in the charge/discharge profiles of a three-electrode cell with a 
lithium metal reference electrode and having a deeply lithiated iron oxide (Fe/Li2O) negative electrode galva-
nostatically cycled in a limited potential range against a positive LiFePO4 counterpart. The origin of such shifts 
has been attributed to charge storage anomalies in the Fe/Li2O nanocomposite due to characteristic reduced Fe 
nanoparticle sizes. These shifts also affected the extreme points of the voltage profiles of the positive electrode, 
which was also independently monitored. A combined evaluation of voltage profile slippages with possible 
changes in internal resistance and/or Li+ inventory loss, including an aimed analysis of current interruptions at 
the end of each lithiation/de-lithiation half-cycle to monitor the internal resistance and diffusion resistance 
coefficient of the Fe/Li2O electrode, has enabled a clarification of its altered charge storage. An asymmetric 
behaviour of the Fe/Li2O electrode during Li+ uptake/release has been revealed, highlighting a progressive, 
diffusion-controlled-type voltage drift at low potentials vs. Li+/Li, and an unusual tendency to slight oxidation 
with capacitive variations during the reverse electrochemical processes at higher voltages, instead.   

1. Introduction 

Nanoparticles have gained attention in several technological fields 
and in electrochemistry as well, as they could lead to properties other-
wise not accessible via bulk materials. Electrochemical processes 
involving nanoparticulated materials often employed in Li-ion battery 
(LIB) research are no exception. Although many early studies [1–5] 
enabled uncovering nanomaterials potentialities in different types of LIB 
electrodes – with highlights of theoretical and applicative aspects [6,7] – 
a reliable detection of their direct influence on the electrochemistry of 
full Li-ion cells still remains rather elusive. Several observations and 
hypotheses were brought forward by earlier investigations focusing on 
different types of reactions (e.g. Li insertion, Li-alloying, conversion) 
[8–14]. This enabled revealing particular alterations to the active 
nanomaterials and associated reactions due to their reduced dimensions, 
e.g. particle size effects [15–17]. The latter can manifest as ‘true’ size 
effects (i.e. modifications of materials physicochemical characteristics 
and thermodynamic behaviour) beside ‘trivial’ ones (e.g. sheer variation 
of materials properties due to a different scale length) [18–21], which 

are both generated, for example, during conversion reactions of transi-
tion metal oxides [22] with Li+ ions. 

These negative electrode materials and conversion reactions are 
currently receiving a renewed attention in light of their anomalous 
charge storage properties [23,24]. The latter typically manifest as 
additional capacities beyond theoretical values and possible capacity 
increase during extensive cycling, which could serve as a potential 
means to design alternative approaches to enhance the electrochemical 
performances of corresponding Li-ion cells [23]. Although the origin of 
such anomalous electrochemical behaviours is still matter of debate, and 
different models were proposed to explain these extra storage capacities 
(≈150-200 mAhg− 1) [11,13,25–29] and progressive capacity rise 
[30–32] (termed also as ‘negative fading’ [23]), it is agreed that such 
charge contributions exhibit distinctive pseudo-capacitive features. A 
recent study employing in situ magnetometry also revealed the existence 
of strong surface capacitance on small (≤ 3 nm) metallic nanoparticles 
derived from the conversion reaction of transition metal oxides (TMOs), 
such as Fe3O4, and concomitant storage of spin-polarized electrons on 
the metal nanoparticle interface [33]. Hence, these small transition 
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metal (TM) nanoparticles, which do not undergo Li-alloying and are 
surrounded by a Li2O matrix, constitute an intriguing nanocomposite 
system apt to generate detectable variations in associated electro-
chemical properties (e.g. capacitance contributions, electrode redox 
potential shifts) arising from such limited dimensions. In fact, the elec-
tronic structure of metal nanoparticles can undergo a shift with respect 
to that of the bulk [34,35] for such small sizes and lead to a high density 
of states at the Fermi level due to highly localized d orbitals for tiny Fe 
nanoparticles in Li2O [33,36]. 

As the electrochemical properties of metallic species could vary even 
in presence of larger particle sizes [37], the presence of sufficiently small 
metal nanoparticles here could yield starker shifts and thus increasingly 
visible potential alterations that could be followed during cycling. Below 
a certain critical size, a metal nanoparticle exposes a significant fraction 
of its atoms due to an increased surface-to-volume ratio, causing an 
easier particle oxidation with its decreasing dimensions and an associ-
ated shift in the redox potential [38]. 

Voltage shifts investigation is nevertheless challenging, as electrodes 
are typically complex, containing nanoparticles with broad size distri-
butions and possible agglomeration. Surface coverage and mutual in-
teractions of reacting metal nanoparticles (e.g. overlap of their diffusion 
layers) are also determining factors for the way in which ion mass- 
transport can take place [7,19,37]. LIB electrodes usually contain 
ancillary components, e.g. electrically conductive additives and polymer 
binders, which makes this framework also more complicated in terms of 
Li+ migration at the interfaces [39]. Moreover, various approaches have 
been used to control the TMO particle size [40] and size distribution, 
nanoparticle agglomeration [41], or obtaining their direct electrical 
wiring through nanostructured 3D metal current collectors [42–44], as 
well as nanoparticle encapsulation in carbonaceous shells [45,46] or 
hollow carbon structures [47], among others. 

However, the majority of studies aiming at shedding light on voltage 
shifts due to small TM nanoparticles related to conversion reactions in 
LIBs has solely been performed in Li half-cells, so far. Only a limited 
number of investigations using three-electrode cells to monitor the 
behaviour of these conversion-type compounds [48–50] or other 
Li-alloying materials [51] coupled with a commercial cathode is actually 
found, in which the main aim was to clarify pitfalls in terms of irre-
versible capacities and/or capacity fade. Hence, using three-electrode 
cells to accurately track voltage shifts in such TM nanoparticle-based 
LIB electrodes is key here, as employing Li half-cells for such a pur-
pose unavoidably implies some crucial limitations. In fact, i. the elec-
trochemical changes are typically due to both nano-sized active particles 
and lithium, making it difficult to distinguish their individual contri-
butions, as metallic lithium undergoes plating/stripping reactions 
leading to inhomogeneous deposits, ii. metallic lithium is highly reactive 
toward the electrolyte, and iii. its surface reactivity varies dramatically 
during growth, dissolution and/or disconnection (with further passiv-
ation) of uneven deposits (e.g. dendrites, whiskers, filaments) [52,53], 
impacting the stability of its SEI layer [54–56] that is typically disrupted 
during cycling. 

Therefore, we report here on how a TMO in a deeply lithiated state 
provides an enhanced energy efficiency and reveals the mechanisms 
governing the charge storage in such a system with the help of a three- 
electrode setup to tackle the above limitations. We provide a detailed 
detection, via a multi-fold analysis, of the voltage shifts generated by 
metallic Fe nanoparticles enclosed in a pre-converted, deeply lithiated 
iron oxide (Fe/Li2O) negative electrode purposely cycled in a dedicated 
three-electrode cell with a LiFePO4 positive electrode [57]. The refer-
ence electrode in this cell is metallic lithium, yet no current flows 
through it, so that its electrochemical impact is completely negligible, 
while this provides a reliable reference point for simultaneously tracking 
the respective potentials of the active materials in the positive and 
negative electrodes, allowing the latter to be studied independently. 
Moreover, commercial LiFePO4 possesses an excellent cycling stability 
and operates through a robust insertion/de-insertion mechanism 

[58–60]. Employing LiFePO4 as positive electrode in these full cells is 
essential, as it is extremely stable in the range of potentials used here and 
its operation does not require high voltages, which could be otherwise 
detrimental for the Al current collector and the electrolyte. Besides, 
using a fluorine-free cell in terms of both electrolyte [61,62] and poly-
mer binder [63] aims here at further increasing the electrochemical 
stability of these full cells having a reactive Fe/Li2O nanocomposite as 
negative electrode. The latter is purposely cycled in a rather narrow 
range of potentials vs. Li+/Li to avoid possible cyclical 
de-conversion/re-conversion and thus retain the metal Fe nanoparticles, 
simultaneously minimizing voltage hysteresis and volume variations, 
while leveraging on their characteristic pseudocapacitance [57]. These 
Fe nanoparticles are demonstrated to cause remarkable shifts to the 
voltage profiles of the negative and positive electrodes upon galvano-
static cycling, displaying a clear tendency to progressive alterations of a 
slight, uncommon oxidation feature, with significant capacitive varia-
tions of the negative electrode that are linked to a possible related 
evolution of the Fe particle sizes with time. 

2. Experimental 

2.1. Active materials and electrode preparation 

Nanostructured iron oxide powders were prepared by pyrolysis in 
vacuum of anhydrous iron acetate (Sigma-Aldrich, 95%) through an 
earlier procedure [57] to form porous γ-Fe2O3/Fe3O4 which is used as 
negative electrode material after a preliminary step of extensive lith-
iation. Commercial C-coated LiFePO4 powders (LFP – P2, SüdChemie) 
were employed as positive electrode material. All electrode coatings 
relied on sodium alginate (Sigma-Aldrich, Mw ≈80000÷100000, Me-
dium viscosity, >99%) as functional water-soluble polymer binder. The 
coating for the negative electrode contained a mixture of γ-Fe2O3/-
Fe3O4, Na-alginate, carbon black (CB – C-65, C-Energy) and carbon 
nanofibers (CNFs – Aldrich, 100 nm × 20-200 μm) with a weight ratio of 
75:12.5:10:2.5, respectively. The positive electrode coating included 
LFP, Na-alginate and CB in a 75:10:15 weight ratio. Respective slurries 
were cast via a coating instrument (KR – K Control Coater) on a 
roughened side of a copper sheet (Swedecal) for the negative electrode 
and on a C-coated aluminium foil (Leclanché - EB012 + Al 20 μm) for the 
positive counterpart. These coatings were dried overnight at 80 ◦C in a 
convection oven. Coated discs with a diameter of 20 mm were cut by a 
precision perforator (Hohsen) for both positive and negative electrodes. 
The latter were further dried at 120 ◦C for 12 h in a vacuum oven (Büchi) 
located in an Ar-filled glove box prior to further manipulation and cell 
preparation. 

2.2. Three-electrode cell assembly and electrochemical testing 

The electrode coatings contained an active mass loading of ≈0.8 mg 
cm− 2 of LFP and ≈1 mg cm− 2 of γ-Fe2O3/Fe3O4, respectively. The mass 
ratio of these active materials enabled sustaining the electrochemical 
reactions of the cells under the desired regime of deep lithiation for the 
corresponding Fe/Li2O electrode, avoiding the onset of typical TM-to- 
TMO de-conversion reaction. The thickness of the positive and nega-
tive electrode coatings was measured via a digital calliper (Mitutoyo) 
and typical values of ≈8-10 μm were found for both. These thin coatings 
fostered the electrochemical reactions of their respective active mate-
rials, while preventing possible kinetics effects and limitations typically 
arising from a higher thickness of the electrode coating. 

A dry lithium bis(oxalato)borate salt (LiBOB – Chemetall, >99.9%) 
was dissolved in a mixture of ethylene carbonate (EC) and diethyl car-
bonate (DEC) in a ratio EC:DEC 1:1 v/v to obtain a 0.8 M electrolyte 
solution. Polymer-laminated aluminium pouches were prepared in an 
Ar-filled glove box (M-Braun) with O2 and H2O levels below 1 ppm. 
Three-electrode pouch cells containing LiFePO4 as positive electrode, 
deeply lithiated iron oxide (Fe/Li2O) as the negative electrode and a tiny 
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tab of metallic lithium as the reference electrode were assembled to 
probe the electrochemical reactions of this nanoparticulated system 
with the specific aim to simultaneously monitor the potentials of the 
electrode materials with respect to the Li+/Li reference. A thin mem-
brane (Solupor) soaked with the LiBOB electrolyte was employed as 
electrode separator. 

Deep lithiation of γ-Fe2O3/Fe3O4 yielding Fe/Li2O was performed 
through a preliminary procedure [57] consisting in wetting the coated 
γ-Fe2O3/Fe3O4 electrode with the electrolyte and by subsequently sub-
jecting the latter to a direct contact with the surface of a metallic lithium 
strip covering the entire area of the circular electrode. The purpose of 
this deep lithiation was multi-fold, as it allowed a direct creation of 
extensive Fe/Li2O phase boundaries to study the charge storage anom-
alies deriving from its operation in a pseudo-capacitive regime at low 
voltages vs. Li+/Li by intentionally avoiding its de-conversion upon 
cycling, thus reducing the voltage hysteresis and concomitantly rising 
the full cell potential. This reactive contact between the γ-Fe2O3/Fe3O4 
electrode and lithium was kept for 2 h using a polymer-coated 
aluminium pouch as envelope, while applying a constant pressure 
through a couple of rigid supports held together by a clip. After this 
pre-lithiation stage in the glove box, the lithium strip was carefully 
separated from the Li-loaded Fe/Li2O electrodes. The latter were utilized 
for the three-electrode cell assembly by subsequently adding a sepa-
rator, one droplet of the electrolyte, a lithium tab with its extremity very 
close to the electrode edge, a second electrolyte-soaked separator and a 
LiFePO4 cathode. The electrode stack was placed into a pouch with three 
electrical terminals: two Cu tabs for the contacts with the reference and 
the negative electrode, and one Al connection for the positive electrode. 
After careful positioning of the respective parts, the cells were 
vacuum-sealed. 

Galvanostatic tests of these cells were carried out via a VMP2 (Bio- 
Logic) instrument by applying a constant current density of 0.1 mA cm− 2 

between the positive and the negative electrode, while referring their 
respective potentials to the Li+/Li reference couple. The three-electrode 
cell was cycled between 1.8 and 4.2 V by fixing these voltage cut-off 
points for the (Epos - Eneg) values. At the same time, the individual pos-
itive electrode (Epos) and negative electrode (Eneg) potentials were 
monitored independently against the Li reference and left free to vary in 
larger voltage intervals, i.e. between 1.5 and 4.5 V vs. Li+/Li for Epos and 
between -0.2 and 2.0 V vs. Li+/Li for Eneg, respectively, to define cycling 
safety margins for the potentiostat. In correspondence of each end of 
charge (EOC) and end of discharge (EOD), the current was turned off to 
yield a short pause of 1 s, during which the respective EOC and EOD 
potentials quickly relaxed. This enabled the extraction of the internal 
resistance of the negative electrode (Rneg) and its diffusion resistance 
coefficient (kneg) at the end of each half-cycle of lithiation and de- 
lithiation, thanks to a characteristic porous nature of the active mate-
rial and associated electrode which could be conveniently accounted for 
via a previous mathematical model [64]. The values of Rneg and kneg were 
extracted in correspondence of each current interruption at the EOC and 
EOD points via an iterated fitting procedure described in earlier studies 
[65,66]. The average voltage values of operation for the various elec-
trodes were calculated by dividing the integral of their respective 
voltage profiles (i.e. energy) by their associated capacity. 

2.3. Structure, composition and morphology analyses of Fe oxide powders 

Scanning electron microscopy (SEM) was utilized to image the as 
synthesized Fe oxide nanostructured powders and to study their 
morphological features. SEM analyses were performed using a Carl Zeiss 
(Leo 1550) microscope equipped with a field-emission source for the 
electrons. SEM images were acquired via an In-Lens detector and an 
acceleration voltage of 10 kV. Transmission electron microscopy (TEM) 
measurements were carried out by means of a JEOL JEM-2100F mi-
croscope operated at 200 kV and equipped with a CCD camera (Gatan 
Ultrascan 1000) and an additional energy filter (GIF Tridiem). Sample 

preparation consisted in preliminary powder grinding in a mortar and 
subsequent transfer to a TEM copper grid with a holey carbon sup-
porting film. High-angle annular dark-field scanning transmission mi-
croscopy (HAADF-STEM) analysis was also conducted to gain insight 
into characteristic surface features, local microstructure and porosity of 
the powders, while selected-area electron diffraction (SAED) was 
employed to probe and reveal their nano-crystalline nature. The 
porosity of the powders was investigated by nitrogen adsorption- 
desorption measurements conducted via a Micromeritics ASAP 2020 
instrument and their specific surface area was determined via Brunauer- 
Emmet-Teller (BET) analysis. Raman spectroscopy was performed to 
confirm a mixed maghemite-magnetite composition of the powders. A 
Renishaw (inVia) Raman spectrometer with a built-in optical micro-
scope (Leica) was used to run the measurements through a 532 nm 
excitation wavelength emitted by a laser diode (Renishaw, max power 
500 mW). Instrument calibration was executed using a Si wafer spec-
imen to ensure that a characteristic Raman peak was detected around 
520 cm− 1 as reference. The Fe oxide powders were evenly spread on a 
glass slide and a 50× objective was used to focus the laser beam onto the 
sample surface during the analysis. A low laser power of 0.1% of its 
maximum nominal value was applied to rule out any possible detri-
mental change to the Fe oxide sample induced by excessive local heating 
(e.g. oxidation of Fe3O4 to α-Fe2O3) due to the focused laser beam. A 
measuring time of 20 s for each spectrum acquisition and a series of 20 
accumulations were employed to improve the signal-to-noise ratio of the 
final lineshape. An additional minimization of the exposure time of the 
powder specimen to the laser beam during subsequent acquisitions was 
also employed to prevent possible sample degradation, as above. 

3. Results and discussion 

3.1. Structural, textural and compositional aspects of nanostructured Fe 
oxide 

Fig. 1 presents an overview of the morphology, as well as structural, 
textural and compositional characteristics of the nanostructured Fe 
oxide powders in their pristine form. 

From the SEM image shown in Fig. 1a, it is observed that the powders 
are composed of nanoparticles with typical size well below 100 nm and 
forming agglomerates. Particles as small as ≈10-20 nm are clearly 
visible in the agglomerates. This is confirmed by the TEM and HAADF- 
STEM analyses (Fig. 1c, d) that further highlighted a nanostructured 
nature for the Fe oxide particles. The primary particles exhibited sizes 
approximately in the range of 5-20 nm. Their shape varied slightly, 
displaying both spherical-like and cubic-like features and an overall 
distinctive fluffy appearance in Fig. 1c, which is associated with 
microporosity (see also Fig. S1). This porosity aspect is clearly captured 
in the HAADF-STEM micrograph (Fig. 1c) that evidenced also the 
presence of a faint outermost layer due to the prior pyrolysis synthesis 
process [57], through which the material was formed. A specific surface 
area of ≈50 m2 g− 1 was found for the material by BET analysis of the N2 
adsorption measurements (Fig. S2) that indicated also an additional 
presence of micropores, in line with the TEM findings. The Fe oxide 
particles possessed a nano-crystalline structure, as evidenced by the 
lattice fringes shown in Fig. 1d. The diffraction rings in the SAED pattern 
(Fig. 1b) confirmed these nano-crystalline characteristics with random 
orientation. The incomplete rings with spotty features are due to a 
limited number of nanocrystals included in the SAED. The indexing of 
the SAED pattern is based on the inverse spinel structure of Fe3O4, yet it 
should be observed that this oxide phase is also typically co-existing 
with γ-Fe2O3 [67] which can be considered as a Fe(II)-deficient (i.e. 
fully oxidized) magnetite structure (i.e. Fe3-δO4 having ordered va-
cancies) [68]. 

Raman spectroscopy enabled a convenient distinction between these 
iron oxides (Fig. 1e), indicating the presence of a crystalline Fe3O4 phase 
(see characteristic peak at ≈665 cm− 1 related to A1g mode [69,70]) 
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Fig. 1. (a) SEM image of as synthesized nanopowders of maghemitic magnetite here utilized as negative electrode material after preliminary deep lithiation and 
conversion into Fe/Li2O. (b) SAED pattern recorded for the iron oxide nanopowders during TEM analysis displaying characteristic diffractions. (c) HAADF-STEM 
image of the iron oxide nanoparticles showing their typical morphology and texture due to porosity. (d) Bright field TEM image visualizing the structure and 
crystallinity of the iron oxide nanoparticles. Note the presence of various lattice fringes in (d) confirming the presence of small crystallites. (e) Raman spectrum of the 
as synthesized iron oxide nanopowders displaying a number of characteristic vibration modes of γ-Fe2O3 and Fe3O4, respectively. 

M. Valvo et al.                                                                                                                                                                                                                                  



Electrochimica Acta 440 (2023) 141747

5

together with γ-Fe2O3, whose spectral features are easily distinguished 
at higher wavenumbers in correspondence of the two bands around 
≈1390 cm− 1 and ≈1585 cm− 1 [69,70], respectively. Hence, the pristine 
Fe oxide nanoparticles are composed of maghemitic magnetite 
(γ-Fe2O3/Fe3O4) having typical sizes roughly spanning from a few 
nanometers up to a couple of tens of nanometers. These active 
γ-Fe2O3/Fe3O4 nanoparticles in turn underwent further sub-division 
during the preliminary step of deep lithiation which was applied to 
the corresponding coated electrodes to yield a highly lithiated Fe/Li2O 
nanocomposite with small metal Fe nanoparticles [22] as negative 
electrode for the electrochemical measurements. Fe/Li2O formation 
involves drastic structural changes and amorphization of the pristine 
material, as indicated by weak and diffuse diffraction rings typically 
found in SAED patterns of previous studies for corresponding Fe and 
Li2O end products growing at the expense of an intermediate 
rock-salt-like phase [71]. 

3.2. Galvanostatic cycling of deeply lithiated Fe oxide against LiFePO4 

Fig. 2 shows the results for the galvanostatic cycling of a three- 
electrode cell embedding Fe nanoparticles in a deeply lithiated Fe/ 
Li2O nanocomposite negative electrode and having LiFePO4 as positive 
counterpart. 

The resulting cell voltage (Epos - Eneg) spanned between the set cut-off 
points of 1.8 V and 4.2 V, whereas the individual potentials of Fe/Li2O 
(Eneg) and LiFePO4 (Epos) displayed varying ranges vs. Li+/Li, with pro-
nounced alterations occurring during the initial cycles (Fig. 2a). The 
voltage profiles of LiFePO4 showed typical plateaus for charge/ 
discharge around 3.45 V vs. Li+/Li, while the curves for Fe/Li2O did not 
exhibit any extensive plateau-like characteristics. Their voltage profiles 
resembled instead those of supercapacitors [72,73], with operation of 
Fe/Li2O in a voltage window roughly comprised between 0 and 1 V vs. 
Li+/Li (see magnified portion in Fig. 2b). A striking feature is noticed in 
Fig. 2a, namely a progressive increase over time of the superior values of 
Eneg, which in turn appeared to push the inferior voltage values of Epos 
toward higher potentials. Conversely, the upper values of Epos and the 
lower ones of Eneg displayed only moderate shifts, with Epos yielding 
≈4.25-4.30 V vs. Li+/Li. These findings are similar, to some extent, to 
previous results for the study of lithiation/de-lithiation of a Si anode in a 
full cell with a three-electrode set-up [51]. The lithiation of Si displayed 
a moderate rise (≈0.1 V vs. Li+/Li) of its lower voltage values with the 
cycle number from the beginning to the end of the galvanostatic test, 
which is in line with the present results (see lower panel in Fig. 2a). 
However, the trend for the upper voltage values during Si de-lithiation 
[51] appeared completely different upon progressive cycling, as the 
latter slightly decreased, whereas here the upper voltages upon Fe/Li2O 
de-lithiation increased sharply, especially in the initial 20 cycles, 
causing a concomitant rise for the lower voltage values of the LiFePO4 
electrode vs. Li+/Li. These aspects will be further analysed and discussed 
in more detail later. 

The evolution of the average voltage values per cycle for the cell 
potential, the negative electrode and its positive counterpart is pre-
sented in Fig. 2c. Both <Epos> and <Eneg> exhibited a tendency to rise 
with increasing cycle number with different growth fashions, although a 
progressive stabilization of their values was observed as well. The 
average cell voltage per cycle <Epos - Eneg> highlighted instead an initial 
drop during the first 20 cycles, followed by a gradual stabilization 
around 2.8-2.9 V in the following cycles. Fig. 2d shows the cycle per-
formance of the whole cell and the charge/discharge capacities referred 
to the active mass of the LiFePO4 cathode alone and to the total mass of 
LiFePO4 plus that of pristine γ-Fe2O3/Fe3O4 before conversion into Fe/ 
Li2O, respectively. From Fig. 2c it is noticed that, apart from the initial 
cycles, in which irreversible processes (e.g. SEI formation/growth) are 
clearly present, the capacity retention of the cell upon repeated cycling 
was rather good. Stable values of ≈120 mAhg− 1 (referred to the LiFePO4 
mass) were obtained at a practical C-rate of ≈1.5C (i.e. cell discharge in 

≈40 min). Both Coulombic and energy efficiencies (see Fig. 2e) indi-
cated that the full cell underwent rather reversible electrochemical 
processes, since average values of 99.3% (± 2.1%) and 91.5% (± 2.9%) 
were correspondingly observed over 100 cycles with median values of 
99.6% and 92.1%, respectively. Particularly significant is the round trip 
efficiency of the full cell, as conversion-type anodes are severely limited 
by pronounced voltage hysteresis in each charge/discharge cycle due to 
repeated de-conversion/conversion [74], which typically leads to poor 
energy efficiencies (e.g. <60%) in Li half-cells. The slight undulations of 
the data points in Fig. 2d and 2e are likely due to temperature fluctua-
tions during the cell cycling, namely during day and night hours. 
Overall, Fig. 2 indicates a rather decent electrochemical behaviour of 
the three-electrode cell and roughly constant time intervals for the 
average duration of each charge and discharge half-cycle, as indicated 
by their relatively stable capacity values, as well as those of the 
Coulombic and round-trip efficiencies, especially after the initial cycles. 
The electrochemical features related to these cycles suggest the exis-
tence of parasitic phenomena taking place in the cell, such as SEI con-
solidation/growth. This is expected, as the Fe nanoparticles formed in 
Fe/Li2O during preliminary deep lithiation are highly reactive and could 
decompose the electrolyte, creating for example a gel-like polymeric 
layer [25]. A progressive change in their sizes could also influence the 
electrode reactivity and thus the impact on the SEI for-
mation/consolidation, which is typically prominent in the first cycles, 
since their sizes are very limited. In order to show the influence of these 
parasitic processes and attempting discriminating the latter from the 
shifts of the voltage profiles due instead to possible effects arising from 
the small size of the Fe nanoparticles in Fe/Li2O, the galvanostatic 
cycling data was further analysed in terms of progressive slippage of the 
cumulative capacity (Q-Q0). Moreover, the voltage gap (ΔV) between 
lithiation and de-lithiation for the various curves in each cycle was 
extracted from the operation voltage values for each electrode. 

Fig. 3a presents the galvanostatic charge/discharge curves for the 
three-electrode cell in a complementary way to that of Fig. 2a, high-
lighting the voltage shifts for the positive and the negative electrode, as 
well as a progressive deviation of the cumulative capacity (Q-Q0) of the 
cell expressed in mAh. Fig. 3b shows that the evolution of the maximum 
and the minimum values of (Q-Q0) at EOC/EOD did not follow a linear 
trend with increasing cycle number. Instead, a linear relationship is 
noticed for the extremes of (Q-Q0) vs. the square root of the cycle 
number (Fig. 3c), as demonstrated by the Pearson’s coefficients 
(>0.998) for the respective fits performed on 96 cycles, where the initial 
ones were neglected, due to more considerable SEI formation. Fig. 3d 
presents the evolution of the slippage (i.e. mutual difference) between 
two adjacent values for both the extremes of (Q-Q0) with increasing 
cycle number, showing that their discrepancies at the end of each half- 
cycle were moderate in the first ≈5 cycles and subsequently decreased 
below ≈0.002 mAh. This agrees well with the trend observed in Fig. 2e 
for the Coulombic efficiency, confirming that irreversible processes 
clearly occurred during the initial cycles. It is worth noticing that 
although the slippage for (Q-Q0) may appear rather limited during most 
of the subsequent cycles (≈0.001 mAh), the data depicted in Fig. 3c, 
d supports the idea that the SEI keeps growing during prolonged cycling. 
In fact, the accumulated irreversible capacity deriving from the SEI 
growth and electrolyte consumption is known to follow a linear trend 
with the square root of time (t1/2) [75], as indicated here by the fits 
shown in Fig. 3c. Another aspect highlighted in Fig. 3e, is the variation 
of the voltage gap (ΔV) between the de-lithiation/lithiation curves for 
each electrode and ultimately for the full cell. The voltage gap in each 
cycle was estimated by subtracting the values obtained for the 
capacity-weighed operation voltages of de-lithiation and lithiation, 
respectively. The variation of the voltage gap values in Fig. 3e appeared 
noticeable for the positive electrode during the initial cycles with an 
evident drop, while only a slight decrease of ΔV was observed for the 
Fe/Li2O electrode. Regardless, the ΔV values for both electrodes stabi-
lized around ≈0.12 V after ≈20-30 cycles. This is intriguing, as LiFePO4 
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Fig. 2. (a) Time evolution of the voltage profiles of a three-electrode cell having LiFePO4 as positive electrode, deeply lithiated iron oxide (Fe/Li2O) as negative 
electrode and metallic lithium as separate reference upon galvanostatic cycling. (b) Magnified portion of the voltage profiles in the last few cycles. (c) Average 
operation voltages for Epos, Eneg, and (Epos - Eneg) per cycle. (d) Cycle performances and capacity retention for the same cell. (e) Coulombic and round-trip efficiencies 
with a magnified inset for those Coulombic efficiency values close to 100%. Note that the full cell voltage (Epos - Eneg) spanned between 1.8 and 4.2 V upon 
application of a constant current density of 0.1 mA cm− 2 and that the average duration of each cycle was approximately constant. 
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per se is not expected to undergo any major change for its voltage gap 
upon cycling and this phenomenon then would need to be linked and 
ascribed to the behaviour of its Fe/Li2O counterpart (see also estimation 
of ‘resistance voltage’ and ‘shift voltage’ [76] values in Fig. S3 and 
Section S.1.). More specifically, the Fe/Li2O electrode underwent mainly 
reversible pseudo-capacitive charge storage in this voltage range thanks 
also to an extended interface between its Fe nanoparticles and sur-
rounding Li2O matrix, which gave rise to characteristic extra capacity 
according to a space charge zone model [11,13,20,77]. The size of the Fe 
nanoparticles is relevant here, as sufficiently small particles could un-
dergo theoretically a premature oxidation due to a significant shift in the 
formal potential of oxidation in correspondence of very limited particle 
radii [37,38] that also account for a boosted capacitance. The capacitive 

nature of this extra storage capacity in converted TMOs was recently 
confirmed by in situ magnetic measurements [33] highlighting that 
small metallic Fe nanoparticles (1-3 nm) derived from Fe3O4 conversion 
can continue to participate in electrically-driven lithiation, despite being 
fully reduced, through a mechanism of surface capacitance involving 
spin-polarized electrons at the Fe/Li2O interface. Therefore, this surface 
capacitance can also play a role during the reverse step of Li+ and e−

removal, while a possible simultaneous existence of an altered formal 
potential of oxidation of the Fe nanoparticles (see following Section 3.3.) 
should not be neglected a priori due to their reduced size, which can 
concurrently enhance their surface reactivity toward the electrolyte. 
These phenomena may overlap to a certain extent, likely in Fe nano-
particles with diameters < 3 nm, where at least ≈30-60% of the metal 

Fig. 3. (a) Stacked galvanostatic voltage profiles for the three-electrode cell with LiFePO4 as positive electrode and deeply lithiated iron oxide as negative coun-
terpart highlighting both voltage shifts and progressive variations of the cumulative cell capacity (Q-Q0). (b) Respective variations of (Q-Q0) at the end of charge, Max 
(Q-Q0), and vice versa at the end of discharge, Min (Q-Q0), as a function of the cycle number. (c) Increase of the above capacities as a function of the square root of the 
cycle number showing a clear linear trend for both. (d) Calculated slippage for the above capacities in each cycle. (e) Capacity-weighed operation voltages upon 
lithiation (close symbols) and de-lithiation (open symbols) in each cycle for each electrode together with their voltage differences (ΔV) extracted from the galva-
nostatic curves shown in (a). Note that the colour code for the various voltages presented in (e) is the same as the one shown in (a) and that the smaller semi-closed 
symbols refer to the respective ΔV values reported on the right y-axis of the plot. 
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atoms lies near or on the nanoparticle surface [22], as shown later in 
Fig. 4a (see also Section S.2.). 

3.3. Analysis of the voltage shifts generated by metallic Fe nanoparticles 
in Fe/Li2O 

In this framework of physicochemical variations linked to the pres-
ence of small and reactive nanoparticulated materials, it is worth 
observing that metallic nanoparticles are subjected to a theoretical 
decrease in their formal potential for oxidation (Enp) upon shrinking of 
the radius, r, according to the so-called Plieth equation [38]: 

Enp(r) = E0
f −

2γVm

nFr
= E0

f −
2γMm

nρmFr
= E0

f −
a
r

(1)  

where E0
f ≡ Ebulk is the formal potential for oxidation of the bulk metal (r 

→ ∞), γ is the surface energy of the metal, Vm = (Mm/ρm) its molar 
volume, n the number of electrons exchanged in the electrochemical 

reaction and F the Faraday constant. Eq. (1) is a reasonable approxi-
mation for spherical metal particles constituted at least by 100 atoms (i. 
e. with a diameter of ≈14 Å) and assumes only the ideal case of isolated 
and non-interacting nanoparticles with a mean (e.g. ‘constant’) value of 
γ  [38]. Yet, as the particle size diminishes, their enhanced surface 
curvature causes an increase in the surface energy and this in turn 
generates a related decrease in the formal potential. Accordingly, the 
actual surface energy of metal nanoparticles in electrochemical re-
actions is matter of debate, as in some cases a wide range of values is 
reported for the same material (e.g. 0.97 ≤ γAg ≤ 7.2 J m− 2 for silver) 
[78,79]. As a particle becomes ultra-small, γ  cannot remain constant, 
becoming size-dependent and possibly affected by different crystal ori-
entations [80]. Therefore, spherical metal nanoparticles can experience 
a variation of their γ below a certain size, which would depend on the 
radius in the simplest case of particles with isotropic characteristics (i.e. 
γ = γ(r)). This makes it difficult to quantify accurately the influence of 
the surface energy on the thermodynamic properties of single metal 
nanoparticles upon reaction, although significant shifts of the oxidation 
potential due to Eq. (1) have clearly been reported for Au and Ag 
nanoparticles [81,82]. 

In our specific case of spherical-like Fe nanoparticles embedded in 
Li2O, the theoretical thermodynamic shifts for their oxidation potential 
based on the Plieth’s correction term, − a

r, in Eq. (1) are presented in 
Fig. 4b, while the surface energy and other physical parameters for iron 
utilized in the calculation are reported in Table 1. 

The graphs in Fig. 4 indicate that in principle only Fe nanoparticles 
with radii ≤ 1 nm sufficiently affect the fraction of surface atoms (see 
arrows in Fig. 4a) and, consequently, cause major shifts in the corre-
sponding oxidation potential (Fig. 4b). The theoretical shift in potential 
due to the correction term is quite pronounced (> |-0.3| V for n = 2) in 
correspondence of those crystalline Fe nanoparticles having a diameter 
≤ 1 nm, for which ≈90% or more of their atoms reside on the surface. 
Nevertheless, significant additional contributions to such theoretical 
voltage changes can further arise in practice from the amorphous nature 
of the nano-phases [87,88] in the Fe/Li2O electrode system. Hence, the 
influence of different phases and their dynamical evolution in size on the 
nanoscale during cycling can play a non-negligible role that is worth 
examining to elucidate these shifts. 

Fig. 5 presents a complementary analysis of the behaviour of the 
lithiation/de-lithiation profiles of the Fe/Li2O electrode with respect to 
the Li+/Li reference in an attempt to pinpoint the specific origin of the 
variations of the potentials and link the latter to possible Fe nanoparticle 
size changes. 

From Fig. 5a, it is evident that these voltage profiles underwent 
noticeable changes in terms of cumulative capacity slippage, expanding 
voltage window over cycling, straightening of the curves and remark-
able potential shifts, especially in correspondence of the end of each de- 
lithiation half-cycle at progressively higher potentials vs. Li+/Li. A 
number of simultaneous processes thus occurred for this Fe/Li2O elec-
trode displaying such effects, while SEI growth is only one of these 
noticeable factors [51] based on the above results. Nevertheless, other 

Fig. 4. (a) Percentage of surface atoms in a spherical-like, crystalline Fe 
nanoparticle as a function of its radius. The inset in (a) shows the bcc structure 
of α-Fe and the graph highlights an increasing fraction of surface atoms with 
shrinking of the particle size. Note that for radii ≤ 0.3 nm practically all the 
atoms in the Fe nanoparticle are surface atoms. The arrows point at radii of 0.5 
and 1.0 nm, respectively. (b) Theoretical voltage shifts for the formal potential 
of oxidation of a spherical Fe nanoparticle as a function of its radius according 
to the Plieth equation by assuming a constant surface energy γ for the calcu-
lation of its correction term -(aFe/r). Note that for r → ∞ the correction term 
vanishes and no shift occurs. The curves are obtained with n = 2 or 3 in cor-
respondence of Fe2+ or Fe3+, respectively. 

Table 1 
Overview of some physical properties of bulk iron, magnetite and maghemite.  

Material Mm [g 
mol-1] 

γ [J 
m− 2] 

ρ [g 
cm− 3] 

Vm [cm3 

mol− 1] 

¤ρel 

[Ω 
m] 

¤σel [S 
m− 1] 

Refs. 

α-Fe 55.845 2.12 7.874 7.09 9.71 
×

10− 8 

1.03 
× 107 

[83,84] 

Fe3O4 231.54 1.44 ≈5.20 ≈44.52 5.0 ×
10− 5 

2.0 
× 104 

[83–85] 

γ-Fe2O3 159.69 0.71 ≈4.90 ≈32.60 2.86 
× 106 

3.5 
×

10− 7 

[83,84, 
86]  

¤ values measured at 25◦C (298 K). 
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Fig. 5. (a) Galvanostatic voltage profiles of the Fe/Li2O negative electrode vs. Li+/Li reference highlighting the pause of 1 s for the current at the end of each 
lithiation/de-lithiation half-cycle causing a voltage relaxation (see arrows). (b) Extrapolated potentials, E(0), at t=0 (current interruption) at the end of each half- 
cycle via a linear regression of ΔE(t) vs. t1/2 during their respective relaxation periods (see Section S.3.). The errors are indicated by the cyan-coloured bars. Note in 
(b) a strikingly different behaviour of E(0) at the end of lithiation and de-lithiation, respectively. Calculated values of the internal resistance of the Fe/Li2O negative 
electrode at the end of each lithiation (c) and de-lithiation (d) half-cycles with associated error bars. Estimated values for the diffusion resistance coefficient at the 
end of each lithiation (e) and de-lithiation (f) half-cycle and related error bars. (g) Coulombic and round-trip efficiencies of the same electrode obtained from the 
galvanostatic curves shown in (a). Note that the round-trip efficiency progressively increased to ≈80% after approximately 40 cycles. 
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concurrent mechanisms must be considered as well, as relevant contri-
butions to these voltage shifts are in principle ascribable to a dynamic 
change of the Fe nanoparticle size and connected shifts in the electro-
chemical redox potentials, considering their small radii. This phenom-
enon is also intertwined with the dynamics of the interface area of the 
Fe/Li2O boundaries, which affects the formation of space charge regions 
involving extra Li storage via surface capacitance and its associated 
interfacial mechanism [11,33,89]. A possible further electrochemical 
milling [16,43,90] of nanostructured γ-Fe2O3/Fe3O4 – even after its 
deep lithiation to yield Fe/Li2O – could still fit with this picture of 
remarkable particle size changes, although such a mechanism should be 
confined to the initial cycles, given already the nano-sized and porous 
nature of the pristine Fe oxide in this thin electrode coating. Differently 
from electrochemical pre-lithiation, in which a TMO is subjected to 
preliminary lithiation/de-lithiation cycles yielding 
conversion/de-conversion in a wide range of potentials (e.g. 0 - 3 V vs. 
Li+/Li) with evolution of its reacting components and interphases, here 
the deep lithiation did not enable such progressive variations for the Fe 
nanoparticle sizes and their surrounding phases. Therefore, a careful 
examination was undertaken to determine in detail the factors that led 
to such prominent variations in the Fe/Li2O voltage profiles and the 
asymmetries observed upon Li+ uptake and release within this narrow 
voltage range vs. Li+/Li. 

Leveraging on the pause of the applied current (I = 0) for 1 s at the 
end of each lithiation/de-lithiation half-cycle (see arrows in Fig. 5a), 
before its direction was inverted in the subsequent half-cycle, it was 
possible to evaluate the internal resistance (Rneg) and the diffusion 
resistance coefficient (kneg) of the Fe/Li2O negative electrode under such 
conditions. These quantities were extracted via an iterated fitting pro-
cedure earlier reported [65,66]. The values of extrapolated potential, 
Eneg(0), in correspondence of the different times for which the current 
was interrupted (see Section S.3.) at the end of each 
lithiation/de-lithiation half-cycle are presented in Fig. 5b, while asso-
ciated internal resistances for the Fe/Li2O negative electrode are shown 
in Fig. 5c, d. The data points in Fig. 5b indicate evident differences for 
the trends of Eneg(0) at the end of the lithiation and de-lithiation stages. 
Eneg(0) values at the end of the de-lithiation half-cycles in Fig. 5b, un-
derwent a marked increase with the cycle number, especially during the 
first 20 cycles, while the growth of their lithiation counterparts was 
clearly more sluggish. Interestingly, the calculated Rneg at the end of 
each lithiation and de-lithiation did not exhibit substantial discrep-
ancies, displaying only slightly lower values for the de-lithiation. 
Average values of Rneg over 100 cycles at the end of the de-lithiation 
and lithiation processes were Rde ≈ (10.0 ± 1.0) Ω and Rli ≈ (11.7 ±
1.0) Ω, respectively. A slight difference between the internal resistance 
values in Fig. 5c, d is mainly noticed during the first ≈20-25 cycles, 
which could be due to SEI consolidation/growth during the lithiation 
half-cycles (see also Fig. S3). An indication about the role played by the 
diffusion resistance in these processes and the asymmetry of the 
behaviour displayed at the end of the lithiation and de-lithiation of the 
Fe/Li2O electrode during the first ≈25-30 cycles is provided by Fig. 5e, f. 
The differences of the kneg values in correspondence of the end of the 
de-lithiation and lithiation half-cycles are particularly evident in the 
initial cycling phases, although this is reflected only in part by the 
average values of kde ≈ (20.6 ± 2.2) Ω⋅s1/2 and kli ≈ (19.4 ± 1.7) Ω⋅s1/2 

over 100 cycles. The diffusion resistance coefficient can also be corre-
lated to the Warburg coefficient (σW – see Section S.3.), being the latter 
typically connected with the description of diffusion processes and 
delayed electrochemical double-layer capacitance in porous electrodes 
[64] in EIS measurements. Therefore, the surface capacitance and 
associated extra Li+ and e− storage at the Fe/Li2O boundaries also 
appeared to play a major role in electrically driven lithiation of this 
negative electrode at low potentials vs. Li+/Li, especially during the 
initial cycles. The distribution of the data points in Fig. 5c–f, and in 
Fig. S3d would suggest that two adjacent regimes possibly exist during 
cycling, with a distinctive influence on the electrochemical behaviour 

and spanned voltage window (see Fig. 5a). This aligns also with the 
individual round-trip efficiency values of the Fe/Li2O electrode, which 
were directly calculated from the voltage profiles of Fig. 5a, indicating 
that energy efficiencies as high as ≈80% could be obtained only after 
≈40 cycles (see Fig. 5g). An average round-trip efficiency of 77.5% (±
6.0%) was obtained over 100 cycles, while a marked increase for the 
latter was noticed during the first ≈20-30 cycles, roughly matching with 
the growth of the abovementioned Eneg(0) values. 

The different evolutions of Eneg(0) at the end of the lithiation and de- 
lithiation processes earlier depicted in Fig. 5b are highlighted more 
effectively by the linearized plots presented in Fig. 6, where the 
extrapolated potentials are reported as a function of the square root of 
the cycle number (a) and the natural logarithm of the latter (b), 
respectively. 

A linear-like trend is observed for both data sets, as seen from the 
Pearson’s coefficients for the fits of the respective Eneg(0) values, thus 
mirroring the results of the individual fitting functions of their original 
data points (see Fig. S4). The moderate rising of Eneg(0) at the end of 
each lithiation half-cycle with the square root of the cycle number (i.e. ∝ 
t1/2) in Fig. 6a aligns well with the earlier picture of diffusion-limited 
surface processes upon repeated cycling [75]. This can also be linked 
to possible accumulation of internal and surface Li2O [71] or other 
SEI-type compounds yielding Li+ trapping [91], as suggested by the 
above results of Fig. 3c. More surprising is instead the logarithmic-type 
dependence of Eneg(0) with the cycle number at the end of each 
de-lithiation half-cycle, whose rationalization requires more insightful 
arguments. The logarithmic-type trend in Fig. 6b can reasonably be 
linked to Fe nanoparticle size variations upon cycling and possible 
annexed shifts of their oxidation potentials, in light of their small radii, 
thus making the oxidation of some of them potentially feasible even in a 
voltage range where the latter is not expected. The asymmetric behav-
iour at the end of the lithiation/de-lithiation of Fe/Li2O could be 
pictured also in terms of active nano-phases available for reduction and 
oxidation. Considering that the Fe/Li2O negative electrode was already 
in a reduced state, other possible processes occurring during its lith-
iation at low potentials vs. Li+/Li could mainly arise from 
quasi-reversible surface reactivity [25,92,93] (e.g. electrolyte reduc-
tion) and/or spin-polarized surface capacitance of the Fe nanoparticles 
[33] with concomitant lithium interfacial storage [26,89,94,95]. Vice 
versa, these processes could not only be reverted during a subsequent 
de-lithiation, but also some Fe nanoparticles might undergo a mild 
oxidation even at rather low potentials vs. Li+/Li, at least theoretically 
for those having tiny sizes below ≈2 nm. Variations of the oxidation 
potential of metallic nanoparticles are indeed expected to follow theo-
retical logarithmic expressions with the particle radius according to a 
previous anodic voltammetry study of Ag nanoparticles [37]. The same 
investigation also pinpointed that a deviation from such a 
logarithm-type relationship between the anodic peak potential and the 
particle radius should be expected in presence of very small nano-
particles [37], for which the last term in Eq. (1) would need to be 
accounted for. 

Following a similar approach to Ref. [37] for the problem formula-
tion of galvanostatic cycling of these Fe nanoparticles, and by ideally 
assuming that: (i) the particles are spherical-like [96], (ii) they may be 
considered ‘diffusionally independent’ to a certain extent due to the Li2O 
matrix, and (iii) their number remains roughly constant over the cycling 
time, t, under steady-state conditions, a theoretical expression for the 
time dependence of their oxidation potential in an ideal reversible limit 
case has been obtained: 
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Fig. 6. Linearized plots of the E(0) values shown previously in Fig. 5b presenting their distinctive trends at the end of each lithiation (a) and de-lithiation (b) half- 
cycle, respectively. Note in (a) a clear linear trend of E(0) vs. the square root of the cycle number. The first three data points were not considered in the fit, since the 
Coulombic efficiency of these cycles was <99% (see Fig. 5g), mainly due irreversible consumption of the electrolyte. Note in (b) a linear-like trend of E(0) vs. the 
natural logarithm of the cycle number, instead. The details of the fit of the respective data points are reported in the inset. 
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where the last term arises from the Plieth’s correction in Eq. (1) with a =
(2γMm)/(ρmnF). In Eq. (2), R is the ideal gas constant, r0 represents the 
initial particle radius, i is the current through the nanoparticle, D the 
diffusion coefficient of Fen+ species, []

◦

the standard state concentration 
and the other symbols have previously been defined (see Section S.4. for 
the derivation of Eq. (2)). Another theoretical expression has analo-
gously been derived in Section S.4. for the time dependence of the 
charge transfer overpotential, ηCT = E∗ − E∘

f , in an ideal irreversible 
limit case: 
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A close inspection of the data points in Fig. 6b reveals that, although 
an overall linear trend with the logarithm of the cycle number (e.g. ∝ ln 
[t]p, p=const.) is clearly noticed, a mild discrepancy still exists for those 
Eneg(0) values related to the first ≈30 cycles. This discrepancy was 
further checked and confirmed by directly referring to the analysis of 
their corresponding elapsed times from the beginning of the cell cycling 
(see Fig. S5), thus corroborating the idea of two slightly different re-
gimes during the galvanostatic cycling of the Fe/Li2O electrode. The 
main alterations expected here are likely ascribed to a progressive 
change of the average nanoparticle size and annexed reactivity. This in 
turn may cause a shift in the average electrode potential vs. Li+/Li (see 
Section S.5. on the distribution of the electrochemical potentials linked 
to the particle radii). Based on the features noticed in Fig. 6b and Fig. S5, 
it is possible that in the initial cycles the average Fe nanoparticle size 
was small enough to influence the resulting electrode potential also via 
the term associated to the Plieth’s correction (i.e. deviating from the 
logarithm dependence). From the change of the slope for the fitting lines 
shown in Fig. S5c, d after the first ≈30 cycles and a progressively closer 
spacing of the subsequent Eneg(0) values, it could be inferred that the 
average particle size had increased slightly with time, likely due to Fe 
nanoparticle coalescence [97] which could then influence the surface 
coverage and their extent of surface agglomeration in the Fe/Li2O 
nanocomposite. This could have implications on the interface reactivity 
toward the electrolyte as well, considering that a noticeable presence of 
SEI-like products [98] is typically found on the surface of extensively 
cycled TMOs [99], being this particularly evident in TMO electrodes free 
from conductive additives and binders [43]. In fact, their lithiated state 
after several cycles exhibited in TEM images not only electrochemical 
milling of the original TMO, but also corresponding metallic nano-
particles that clearly merged showing prolate features and necking [43]. 
Hence, this phenomenon could account for a change in the interface area 
exposed by the Fe nanoparticles and further affect their 
pseudo-capacitive properties, as well as their electrochemical oxidation 
features. 

Fig. 7 presents a further close-up comparison of the lithiation and de- 
lithiation voltage profiles for a number of selected cycles of the Fe/Li2O 
electrode together with their associated differential capacity (dQ/dV) 
features. 

Fig. 7a displays a progressive rise in the slope of the lithiation and de- 

lithiation curves with the cycle number, where the main changes were 
noticed roughly up to the 30th cycle and were accompanied by a 
straightening of the voltage profiles, implying a distinctive capacitive- 
type charge storage. The latter resulted in a mildly extended length of 
the lithiation/de-lithiation curves contributing to an overall storage 
capacity of the Fe/Li2O electrode. A slight inflection/bump, consistently 
observed in the de-lithiation profiles, appeared progressively shifted to 
higher voltages vs. Li+/Li with increasing cycle number, thus hinting at a 
collateral electrochemical activity and possible premature oxidation of 
some very small Fe nanoparticles. Only modest shifts were detected 
instead in the specular part of the corresponding lithiation curves, for 
which the most noticeable characteristic appeared as a short voltage 
drop or plateau-like feature at their end in proximity of low voltages vs. 
Li+/Li. The latter could be linked to interfacial lithium storage via the 
abovementioned mechanisms, although under-potential deposition 
[100,101] of lithium in the composite electrode may not completely be 
ruled out, too. The differential capacity plot in Fig. 7b confirms the 
above voltage shifts indicating an asymmetry for the Li+ uptake/release 
with more prominent effects on the anodic (i.e. de-lithiation) half-cycles 

Fig. 7. (a) Comparison of a series of selected galvanostatic voltage profiles of 
deeply lithiated Fe/Li2O negative electrode vs. Li+/Li for different lithiation 
(solid) and de-lithiation (dashed) cycles. (b) Associated differential capacity 
plot for the voltage profiles shown in (a). Note in (a) the evident shifts for the 
voltage profiles and their inflection points especially close to the end of the de- 
lithiation process at progressively higher voltages, as well as a short depression 
of the potential at the end of the lithiation. These shifts cause a stark increase in 
the uppermost values of the potential for the de-lithiation curves from ≈0.45 V 
to ≈1.00 V during repeated cycling, whereas a less pronounced, parallel rise of 
the potentials for their lithiation counterparts. These trends are further high-
lighted in (b), where the oxidative processes (de-lithiation) appear more pro-
nounced than their reductive counterparts (lithiation) and a progressive shift 
toward higher voltage values in the oxidation and reduction potentials occurs 
with increasing cycle number. 
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in terms of both dQ/dV values and overall alterations. The shifts of the 
inflections and dips in the galvanostatic curves shown in Fig. 7a are also 
visualized in a complementary way in the plots of Fig. S6, where their 
respective capacitance values are presented together with their 
distinctive trends. Similar asymmetries between the lithiation and the 
de-lithiation processes are seen, matching with the previous picture of 
progressive interfacial reaction upon Li+ uptake and enhanced sensi-
tivity to slight oxidation of some very small Fe nanoparticles during 
subsequent Li+ release. A related analysis of the evolution of the elec-
trode voltage values in correspondence of the maxima of the 
lithiation/de-lithiation capacitances with the cycle number was per-
formed as well (see Figs. S7 and S8). Comparable asymmetric trends 
were observed upon lithiation and de-lithiation, although the potentials 
linked to the capacitive lithiation at low voltages vs. Li+/Li also 
exhibited a seemingly logarithm-type dependence after the first 10 cy-
cles, when both higher Coulombic efficiencies (>99.2%) and limited 
voltage slippages were accessible, thus indicating a collateral electro-
chemical activity, too. Such capacitive-type characteristics ultimately 
appeared to play a pivotal role during the cycling of this nanocomposite 
negative electrode, highlighting a number of concomitant effects due to 
the nano-sized nature of the phases involved in the electrochemical 
processes. 

This three-electrode cell approach, complemented by the above an-
alyses, enabled capturing at once these crucial aspects emphasizing: (i) a 
sensibly altered charge storage in Fe/Li2O, (ii) additional Li incorpora-
tion with development of interphase layers, and (iii) pronounced voltage 
shifts in correspondence of modified oxidation potentials due to the 
limited sizes of the Fe nanoparticles and associated surface capacitance 
effects. Hence, three-electrode cells and independent monitoring of each 
electrode properties in LIBs embedding conversion-type materials 
operated through unconventional charge storage mechanisms constitute 
necessary tools to probe in detail such anomalies in order to devise 
effective strategies exploiting their advantages and minimizing related 
shortcomings. 

4. Conclusions 

On the light of this multi-faceted examination via a three-electrode 
cell system, which allowed distinguishing the individual active mate-
rials contributions, separating the latter from undesirable reactivity of 
metallic lithium and its intrinsic surface instabilities, the following 
conclusions can be drawn:  

• The Fe/Li2O nanocomposite derived from pre-converted γ-Fe2O3/ 
Fe3O4 – and cycled here in a restricted voltage range (< 1.0 V vs. Li+/ 
Li) to avoid de-conversion – can provide quick charge/discharge via 
a characteristic capacitive-type behaviour with acceptable 
Coulombic and round-trip efficiencies, although parasitic processes 
were also clearly detected. Fe/Li2O enabled a higher voltage for the 
full cell and a limited voltage hysteresis, yet at the expense of the 
entire capacity of iron oxide. 

• Apart from a slightly more resistive behaviour in the first 20-30 cy-
cles, likely due to SEI-type consolidation, the Fe/Li2O electrode did 
not exhibit any marked increase in its internal resistance, thereby 
indicating that the voltage shifts in its lithiation/de-lithiation curves 
were most likely caused by dynamical variations of the Fe nano-
particle sizes, which in turn affected its potentials. An evident 
discrepancy of the diffusion resistance coefficient values was noticed 
for the same cycles, corroborating the idea that diffusive and electric 
double layer interactions play a relevant role, especially at the 
beginning of the cycling.  

• Distinctive asymmetries were observed in the lithiation/de-lithiation 
profiles of the Fe/Li2O electrode, suggesting a particular sensitivity 
to a mild oxidation of the tiniest nanoparticles. The latter is linked 
here to an enhanced collateral electrochemical activity and non- 
negligible shift of the formal potential for oxidation of the Fe 

nanoparticles according to so-called Plieth’s correction, at least for 
those with sufficiently small sizes (≤ 2 nm), with consequences also 
on their interfacial properties.  

• The time dependences of extrapolated Eneg(0) values at the end of 
each lithiation/de-lithiation half-cycles for Fe/Li2O were ascribed to 
different processes via data fitting, indicating a diffusion-controlled 
surface mechanism (i.e. ∝ √t), when approaching low potentials 
vs. Li+/Li, and an unusual slight oxidation activity through a 
logarithmic-type expression (i.e. ∝ ln[t]p) when moving toward 
higher potentials, instead.  

• The capacitive changes exhibited by Fe/Li2O lithiation/de-lithiation 
profiles, their differential capacities, and concomitant capacitance 
evolutions not only corroborate here the key role of this charge 
storage mechanism, but also hint at dynamical transformations of the 
Fe nanoparticles and surrounding phases over time, likely dictated 
by total surface area minimization, where nanoparticle coalescence 
represents a logical and effective way to this end. 

Finally, this study shows that a tailored three-electrode cell system 
can grant access to a series of fundamental observations and lay the 
foundations for an in-depth characterization of individual positive and 
negative electrode properties, allowing an independent study of both. 
Such a powerful tool can help significantly in shedding light on complex 
electrode reactions, easing their probing and comprehension, thus 
fostering new routes toward improved energy storage. 

CRediT authorship contribution statement 

Mario Valvo: Conceptualization, Investigation, Visualization, 
Methodology, Formal analysis, Validation, Writing – review & editing, 
Funding acquisition, Project administration. Yu-Chuan Chien: Valida-
tion, Methodology, Formal analysis, Writing – review & editing. Anti 
Liivat: Investigation, Validation, Formal analysis, Writing – review & 
editing. Cheuk-Wai Tai: Investigation, Visualization, Formal analysis, 
Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. The authors declare that there are no 
conflicts of interest. 

Data availability 

Data will be made available on request. 

Acknowledgements 

Henrik Eriksson, Alina Oltean and Fredrik Lindgren are acknowl-
edged for valuable technical assistance. M.V. gratefully acknowledges 
the ÅForsk Foundation (grant no. 21-174) for funding this project and, 
together with A.L., the financial support by the Swedish Electromobility 
Centre. Stand Up for Energy is also acknowledged. C.-W. T. acknowl-
edges the funding from the Swedish Strategic Research foundation 
(project no. ITM17-0301). The Knut and Alice Wallenberg Foundation is 
acknowledged for an equipment grant for the electron microscopy fa-
cilities at Stockholm University, Sweden. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.electacta.2022.141747. 

M. Valvo et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.electacta.2022.141747


Electrochimica Acta 440 (2023) 141747

14

References 

[1] A.S. Arico’, P. Bruce, B. Scrosati, J.M. Tarascon, W. Van Schalkwijk, 
Nanostructured materials for advanced energy conversion and storage devices, 
Nat. Mater. 4 (2005) 366–377. 

[2] P.G. Bruce, B. Scrosati, J.M. Tarascon, Nanomaterials for rechargeable lithium 
batteries, Angew. Chem. Int. Ed. Engl. 47 (2008) 2930–2946. 

[3] M. Armand, J.M. Tarascon, Building better batteries, Nature 451 (2008) 
652–657. 

[4] Y.G. Guo, J.S. Hu, L.J. Wan, Nanostructured materials for electrochemical energy 
conversion and storage devices, Adv. Mater. 20 (2008) 2878–2887. 

[5] M.G. Kim, J. Cho, Reversible and high-capacity nanostructured electrode 
materials for Li-ion batteries, Adv. Funct. Mater. 19 (2009) 1497–1514. 

[6] P. Balaya, Size effects and nanostructured materials for energy applications, 
Energy Environ. Sci. 1 (2008) 645–654. 

[7] J. Maier, Size effects on mass transport and storage in lithium batteries, J. Power 
Sources 174 (2007) 569–574. 

[8] D. Larcher, C. Masquelier, D. Bonnin, Y. Chabre, V. Masson, J.B. Leriche, J. 
M. Tarascon, Effect of Particle Size on Lithium Intercalation into α-Fe2O3, 
J. Electrochem. Soc. 150 (2003) A133–A139. 

[9] L.Y. Beaulieu, D. Larcher, R.A. Dunlap, J.R. Dahn, Reaction of Li with grain- 
boundary atoms in nanostructured compounds, J. Electrochem. Soc. 147 (2000) 
3206–3212. 

[10] M. Wagemaker, F.M. Mulder, Properties and promises of nanosized insertion 
materials for Li-ion batteries, Acc. Chem. Res. 46 (2013) 1206–1215. 

[11] J. Jamnik, J. Maier, Nanocrystallinity effects in lithium battery materials - 
Aspects of nano-ionics. Part IV, Phys. Chem. Chem. Phys. 5 (2003) 5215–5220. 

[12] P. Stein, Y. Zhao, B.X. Xu, Effects of surface tension and electrochemical reactions 
in Li-ion battery electrode nanoparticles, J. Power Sources 332 (2016) 154–169. 

[13] P. Balaya, H. Li, L. Kienle, J. Maier, Fully reversible homogeneous and 
heterogeneous Li storage in RuO2 with high capacity, Adv. Funct. Mater. 13 
(2003) 621–625. 

[14] M. Wagemaker, W.J. Borghols, F.M. Mulder, Large impact of particle size on 
insertion reactions. a case for anatase LixTiO2, J. Am. Chem. Soc. 129 (2007) 
4323–4327. 

[15] J. Jamnik, Impact of particle size on conductivity and storage capacity as derived 
from the core-space charge model, Solid State Ion. 177 (2006) 2543–2547. 

[16] S. Grugeon, S. Laruelle, R. Herrera-Urbina, L. Dupont, P. Poizot, J.M. Tarascon, 
Particle size effects on the electrochemical performance of copper oxides toward 
lithium, J. Electrochem. Soc. 148 (2001) A285–A292. 

[17] M.L. Sushko, K.M. Rosso, J. Liu, Size effects on Li+/electron conductivity in TiO2 
nanoparticles, J. Phys. Chem. Lett. 1 (2010) 1967–1972. 

[18] J. Maier, Nano-ionics: trivial and non-trivial size effects on ion conduction in 
solids, Z. Phys. Chem. 217 (2003) 415–436. 

[19] J. Maier, Ionic transport in nano-sized systems, Solid State Ion. 175 (2004) 7–12. 
[20] J. Maier, Nanoionics: ion transport and electrochemical storage in confined 

systems, Nat. Mater. 4 (2005) 805–815. 
[21] J. Maier, Nanoionics: ionic charge carriers in small systems, Phys. Chem. Chem. 

Phys. 11 (2009) 3011–3022. 
[22] P. Poizot, S. Laruelle, S. Grugeon, L. Dupont, J.M. Tarascon, Nano-sized 

transition-metal oxides as negative-electrode materials for lithium-ion batteries, 
Nature 407 (2000) 496–499. 

[23] H. Kim, W. Choi, J. Yoon, J.H. Um, W. Lee, J. Kim, J. Cabana, W.S. Yoon, 
Exploring anomalous charge storage in anode materials for next-generation Li 
rechargeable batteries, Chem. Rev. 120 (2020) 6934–6976. 

[24] M. Keppeler, M. Srinivasan, Interfacial phenomena/capacities beyond conversion 
reaction occurring in nano-sized transition-metal-oxide-based negative electrodes 
in lithium-ion batteries: a review, ChemElectroChem 4 (2017) 2727–2754. 

[25] S. Laruelle, S. Grugeon, P. Poizot, M. Dollé, L. Dupont, J.M. Tarascon, On the 
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[69] D.L. De Faria, S. Venâncio Silva, M. De Oliveira, Raman microspectroscopy of 
some iron oxides and oxyhydroxides, J. Raman Spectrosc. 28 (1997) 873–878. 

[70] M. Hanesch, Raman spectroscopy of iron oxides and (oxy) hydroxides at low laser 
power and possible applications in environmental magnetic studies, Geophys. J. 
Int. 177 (2009) 941–948. 

[71] J. Li, S. Hwang, F. Guo, S. Li, Z. Chen, R. Kou, K. Sun, C.J. Sun, H. Gan, A. Yu, 
Phase evolution of conversion-type electrode for lithium ion batteries, Nat. 
Commun. 10 (2019) 1–10. 

[72] Y.A. Kumar, G. Mani, M.R. Pallavolu, S. Sambasivam, R.R. Nallapureddy, 
M. Selvaraj, M. Alfakeer, A.A.A. Bahajjaj, M. Ouladsmane, S.S. Rao, Facile 
synthesis of efficient construction of tungsten disulfide/iron cobaltite 
nanocomposite grown on nickel foam as a battery-type energy material for 
electrochemical supercapacitors with superior performance, J. Colloid Interface 
Sci. 609 (2022) 434–446. 

[73] B.A. Mola, M.R. Pallavolu, B.A. Al-Asbahi, Y. Noh, S.K. Jilcha, Y.A. Kumar, Design 
and construction of hierarchical MnFe2Ce4@MnNiCe4 nanosheets on Ni foam as 
an advanced electrode for battery-type supercapacitor applications, J. Energy 
Storage 51 (2022), 104542. 

[74] J. Cabana, L. Monconduit, D. Larcher, M.R. Palacín, Beyond intercalation-based 
Li-ion batteries: The state of the art and challenges of electrode materials reacting 
through conversion reactions, Adv. Mater. 22 (2010) E170–E192. 

[75] A. Smith, J.C. Burns, X. Zhao, D. Xiong, J. Dahn, A high precision coulometry 
study of the SEI growth in Li/graphite cells, J. Electrochem. Soc. 158 (2011) 
A447–A452. 

[76] J. Harlow, S. Glazier, J. Li, J. Dahn, Use of asymmetric average charge-and 
average discharge-voltages as an indicator of the onset of unwanted lithium 
deposition in lithium-ion cells, J. Electrochem. Soc. 165 (2018) A3595–A3601. 

[77] P. Balaya, A.J. Bhattacharyya, J. Jamnik, Y.F. Zhukovskii, E.A. Kotomin, J. Maier, 
Nano-ionics in the context of lithium batteries, J. Power Sources 159 (2006) 
171–178. 

[78] K. Nanda, A. Maisels, F. Kruis, H. Fissan, S. Stappert, Higher surface energy of free 
nanoparticles, Phys. Rev. Lett. 91 (2003), 106102. 

[79] B. Medasani, Y.H. Park, I. Vasiliev, Theoretical study of the surface energy, stress, 
and lattice contraction of silver nanoparticles, Phys. Rev. B 75 (2007), 235436. 

[80] C. Kittel, Introduction to Solid State Physics, 8th ed., John Wiley & Sons Inc, 
2005. 

[81] R.A. Masitas, F.P. Zamborini, Oxidation of highly unstable <4 nm diameter gold 
nanoparticles 850 mV negative of the bulk oxidation potential, J. Am. Chem. Soc. 
134 (2012) 5014–5017. 

[82] P.L. Redmond, A.J. Hallock, L.E. Brus, Electrochemical Ostwald ripening of 
colloidal Ag particles on conductive substrates, Nano Lett. 5 (2005) 131–135. 

[83] A. Navrotsky, C. Ma, K. Lilova, N. Birkner, Nanophase transition metal oxides 
show large thermodynamically driven shifts in oxidation-reduction equilibria, 
Science 330 (2010) 199–201. 
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