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Abstract: Various iron oxides have been proven to be promising anode materials for metal-ion batteries due to 
their natural abundance, high theoretical capacity, ease of preparation, and environmental friendliness. 
However, the synthesis of iron oxide-based composites requires complex approaches, especially when it comes 
to composites with intrinsically conductive polymers. In this work we propose a one-step microplasma 
synthesis of a polyaniline-coated urchin-like FeOOH nanoparticles (FeOOH/PANI) for application as anode in 
lithium-ion batteries. The material shows excellent electrochemical characteristics, providing initial capacity of 
ca. 1600 mA∙h∙g−1 at 0.05 A∙g−1 and 900 mA∙g−1 at 1.2 A∙g−1. Further cycling lead to capacity decrease to 
150 mA∙h∙g−1 by the 60th cycles, followed by a recovery that maintained the capacity at 767 mA∙h∙g−1 after 2000 
cycles at 1.2 A∙g−1 and restored full initial capacity of 1600 mA∙h∙g−1 at low current density of 0.05 A∙g−1. 
Electrochemical milling of the material caused such interesting behavior of the material, and we confirmed this 
phenomenon by a combination of physico-chemical and electrochemical techniques. The anodes also exhibit 
high performance in a full cell with NMC532. NMC532//FeOOH/PANI full cell provided energy density of 
224 Wh∙kg−1 which is comparable to the reference cell with graphite anode (264 Wh∙kg−1). 

Keywords: atmospheric plasma solution synthesis; lithium-ion batteries; FeOOH anode material; conversion 
metal oxide anodes; polyaniline 

 

1. Introduction 

Lithium-ion batteries (LIBs) have emerged as the most prominent energy storage devices, 
powering a wide range of applications, from smartwatches and laptops to electric vehicles and 
stationary energy storage systems [1]. Their success stems from their high energy density, long cycle 
life, and low self-discharge [2,3]. Nevertheless, there remains room for improvement, driving 
continuous research and development in all related aspects. Enhancing existing anode materials or 
developing new ones holds promise for increasing LIB specific capacity and energy density [4,5]. 

The anode material with most desired performance is lithium metal with an extremely high 
theoretical specific capacity of 3860 mA∙h∙g−1. However, its practical implementation is limited by 
safety issues caused by non-uniform lithium deposition and growth of the dendrites [6]. The latter is 
an object of many studies, but the proposed solutions are not yet mature [7]. Therefore, graphite 
anodes are conventionally used, yet their low theoretical specific capacity of 372 mA∙h∙g−1 limits their 
prospects in high-energy-density LIBs [8,9]. 
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Many proposed solutions for novel LIB anodes are based on either single-phase (i.e., alloying), 
or multiple-phase conversion chemistry [9]. The latter group includes single or mixed transition metal 
oxides, including those of cobalt, nickel, copper, or iron [5,10–13].  

Such materials react with Li+ in the electrolyte according to the reaction [5,14]: 𝑀௔𝑂௕ + 2𝐿𝑖ା ⇄ 𝑎𝑀 + 𝑏𝐿𝑖ଶ𝑂 (1) 

Reaction (1) results in formation of sub-10 nm metal nanoparticles embedded into lithium oxide 
matrix, as confirmed in early 2000s by Debart et al. [15], and the capacities obtained from this reaction 
are ranging from 650 mA∙h∙g−1 to 1000 mA∙h∙g−1 [9], depending on the specific material.  

Various forms of iron(III) oxides and oxide-hydroxides are promising among other transition 
metal oxides, as they have high theoretical capacity, are abundant in nature, environmentally safe 
and sustainable [16–20]. Specifically, FeOOH is a semiconductor with a tunnel-type [21] or layered 
[22] structure, which favors lithium ions diffusion [23]. Its theoretical specific capacity is 905 mA∙h∙g−1 

[24], and the average charge voltage of the electrode materials based on FeOOH, or its composites, is 
(1.5–2.0) V vs. Li/Li+ [24–27]. The intermediate voltage made the initial studies regard FeOOH as a 
cathode material [28,29], though later the approach shifted to anodes due to increased specific 
capacity of the material in lower potentials area. 

Being a conversion electrode material, FeOOH recharges according to reaction (1), though the 
exact mechanism is a subject of dispute. The proposed mechanisms include formation of metallic iron 
particles embedded in Li2O and LiOH matrix, followed by conversion between iron and FeO, rather 
than initially present oxide-hydroxide [30]: 

FeIIIOOH + 3Li+ + 3e−1 → Fe0 + Li2O + LiOH (1st discharge) (2) 

FeIIO + 2Li+ + 2e− ⇄ Fe0 + Li2O (the following cycles) (3) 

After the initial discharge yielding 905 mA∙h∙g−1, this mechanism suggests the consequent 
reversible cycling to provide the specific capacity 603 mA∙h∙g−1 (referred to the initial FeOOH 
content). However, the set of either peaks in cyclic voltammograms (CVs), or plateaus in 
galvanostatic charge-discharge (GCD) curves suggests a more complex recharging process than a 
simple two-electron reaction, such as this one [31]: 

FeIIIOOH + Li+ + e− ⇄ LiFeIIOOH (partially reversible)(E ≈ 1.70 V) (4) 

LiFeIIOOH + xLi+ + xe− ⇄ Li1+xFeII−xOOH (partially reversible)(E = 1.25 V) (5) 

Li1+xFeII−xOOH + (2−x)Li+ + (2−x)e− ⇄ Fe0 + Li2O + LiOH  
(highly reversible) (E = 0.68 V) 

(6) 

This set of reactions is additionally complicated by unspecified side reactions involving solid 
electrolyte interphase (SEI) and interfacial interactions near 0 V. The existence of reaction (4) is 
corroborated by earlier studies of FeOOH as a cathode material [32]. The drawback of such a 
description is that reaction (6) suggests a process involving three independent solid-state phases, 
which is an unlikely process regardless of the compounds involved. This might suggest that there is 
a mix of reactions (2–6) occurring in cells. Still, the transformation of Fe3+ into metallic iron should 
yield the specific capacity of 905 mA∙h∙g−1. The extra capacity often reported in the literature might 
stem from the processes involving SEI [25–27], which warrants additional comments.  

SEI has been extensively investigated for LIBs due to its existence being crucial for cell stability, 
as it acts as a passivating medium on the electrode-electrolyte boundary during cycling [33]. Multiple 
studies have investigated the content of SEI and the factors affecting its functionality [34–38]. The 
processes occurring during battery cycling produce various compounds via electrolyte 
decomposition and polymerization and electrode-electrolyte interactions [33,39]. Among the 
commonly mentioned components of SEI are LiF [35], LixPFy [40], LixPOyFz [35,39], Li2CO3 [35], 
CH3OLi, CH3OCO2Li [40], RLi [41]. For the specific case of oxide-based conversion-type materials, 
such as FeOOH, there is a matter of reactions involving oxygen species, which produce Li2O [41,42] 
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covered by a SEI with an electrochemically active polymer outer layer [42], which suffers reversible 
transformations during cycling [43,44]. The said electrochemical activity, which can even provide 
capacitive contribution [17,42], is mostly ascribed to an outer layer of SEI with an organic gel-like 
structure [45], as opposed to a denser internal layer composed primarily of Li2O [44]. Thus, SEI is an 
essential and dynamically changing part of the cell, which is directly responsible for the electrodes’ 
performance, and thus its nature and effects should be thoroughly considered.  

While FeOOH can provide outstanding specific capacity values, there are certain challenges in 
implementation of such material. On its own, the material lacks electrical conductivity, especially 
because of isolation of particles during cycling [32], partially caused by volumetric changes [25,46]. 
The problem exists for many conversion-type materials [10] and there are multiple approaches to 
eliminate it.  

The first one has been known for decades, and it involves minimizing the particle size [10], as 
nanosized particles provide more capacity and stability than their microsized counterparts [47,48]. 
For example, Ce-doped α-FeOOH nanorods (of ca. 70 nm to 80 nm diameter) provided up to 
830 mA∙h∙g−1 discharge capacity [24], while the capacity of β-FeOOH nanorods (of ca. 5 nm to 50 nm 
diameter) exceeded 1500 mA∙h∙g−1 [49].  

The second approach is to obtain a composite with carbon material. Recent examples include F-
doped FeOOH/graphene nanorods (~1207 mA∙h∙g−1) [50], Si-doped FeOOH/graphene sheets 
(~1371 mA∙h∙g−1) [25] or biomass-carbon-adhered β-FeOOH nanorods (~1450 mA∙h∙g−1) [51]. This 
approach has proven useful due to increased surface area and the presence of a conductive carbon-
based matrix, though graphene is also a popular choice for other anode materials [52].  

The third approach is the design of the composites with conducting polymers (CPs), which may 
eliminate the problems related to a lack of conductivity and mechanical strain caused by volumetric 
changes during cycling. The properties of CPs, such as intrinsic electronic conductivity and 
mechanical flexibility, as well as their own charge storage capacity [53], make this approach feasible. 
The use of CPs in electrode materials for energy storage devices has proven useful in enhancing their 
specific capacity, cyclic stability, rate capability, and plastic features [54–56]. The examples of 
successful implementation of FeOOH/CPs include FeOOH@PEDOT (1335 mA∙h∙g−1) [27] and β-
FeOOH@PEDOT (726 mA∙h∙g−1) [57]. FeOOH/PPy composites have been successfully used in 
supercapacitors [58,59]. To the best of our knowledge, the composites of PANI with FeOOH have not 
been used in LIBs anodes, though early studies attempted to use such composite as cathode material 
[60], and FeOOH/PANI-based materials were found to be useful in microbial fuel cells [61] and 
wastewater treatment [62].  

Plasma-assisted synthesis performed via plasma-liquid interactions has proven useful for 
obtaining nanomaterials with various compositions and morphologies [63–66]. Atmospheric plasma 
synthesis was performed to obtain FeOOH nanoparticles for catalysis [67], and by introducing 
graphite in the reaction mixture, we have synthesized FeOOH/graphite nanocomposites for anode 
materials in LIBs [68]. Various modifications of plasma-assisted synthesis also allowed to obtain CPs, 
including PANI, for various applications [69–71]. Obtaining of a composite such as FeOOH/PANI in 
a similar way is thus a promising avenue to explore, as CPs tend to increase stability and rate 
capability of conversion-type electrode materials [27,72].  

In this work we obtained urchin-like FeOOH/PANI composites via atmospheric plasma-solution 
synthesis. The anode materials based on this composite provide outstanding specific capacity value 
exceeding 1600 mA∙h∙g−1 at 0.05 A∙g−1 and retain 767 mA∙h∙g−1 by the 2000th cycle at 1.2 A∙g−1, 
exceeding that of pristine FeOOH by 120%. PANI serves as a conducting agent in the composite and 
protects the material from dissolving. The improved electrochemical properties of the material can 
be attributed to the electrochemical milling effect, which reorganizes the material, and the formation 
of an electrochemically active SEI, thereby further enhancing cycling performance. 
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2. Materials and Methods  

2.1. Material Preparation 

Plasma solution electrolysis was carried out using a custom glass cell setup (Wuhan Corrtest 
Instrument Corp., China) illustrated in Figure S1. An IWT-NY-Nylon Membrane (0.22 µm pores, I.W. 
Tremont Co., USA) separated the anodic and cathodic cell spaces, preventing electrolyte mixing 
(aqueous solution of 50 mM FeSO4 and 1 mM aniline sulfate). Electrode separation was essential to 
isolate reaction products at the plasma-liquid interface. The anode, situated 2 mm from the electrolyte 
surface and placed normal to it, comprised a stainless-steel capillary tube (inner diameter 80 µm, 
length 4 cm, Varian, Inc.), with argon gas flowing at 50 cm3∙min−1. The negative electrode was a 3×4 
cm2 stainless-steel mesh. A microplasma, sustained by a positively biased DC power supply, was 
initiated at the argon tube outlet. Throughout the experiments, the microplasma interacted with the 
1 mm2 electrolyte surface. The discharge current was around 0.9±0.1 mA at 2 kV. Electrolysis 
continued for 3 hours with constant stirring. The resulting FeOOH/PANI composite was precipitated, 
washed, and vacuum-dried at 90 °C for 24 hours. 

2.2. Electrode Preparation 

The acquired powders were mixed with carbon black "Super P" (Timcal Inc., Belgium) and PVDF 
binder (Solef® 6010, Solvay, Brussels, Belgium) in a weight ratio of 70:20:10 using N-
methylpyrrolidone (Vecton, Russia) to form a dense slurry that was applied onto a Cu foil (MTI, 
China) via doctor-blading with a 100 µm gap, resulting in an active material loading of approximately 
~1 mg∙cm−2. 

For full cell tests, cathode material was prepared via similar procedure by mixing NMC532 with 
carbon black and PVDF in an 80:10:10 weight ratio, followed by applying it onto Al foil (MTI, China) 
with a gap of 200 µm, producing coatings with ~ 4 mg∙cm−2 active material loading. 

All electrodes underwent vacuum drying at 90 °C for 24 hours and were subsequently roll-
pressed before the cutting and assembly process. 

2.3. Electrochemical Measurements 

Cell assembly took place in an argon-filled glove box (Vilitek, Russia). CR2032 cells were 
assembled with the composite serving as the cathode and lithium metal foil (0.6 mm thick, Aldrich, 
USA) as the anode. Celgard 2320 (Celgard, Inc., USA) separators were placed between electrodes and 
the cells were filled with 1 M LiPF6 in ethylene carbonate/diethyl carbonate (1/1 v/v ratio) electrolyte.  

Electrochemical performance of the materials in CR2032 cells was further studied at room 
temperature. Cyclic voltammograms (CV) were recorded using a Biologic VMP-3 electrochemical 
workstation (Biologic, France) at scan rates ranging from 0.1 mV∙s−1 to 5 mV∙s−1 within a potential 
range of (0.01–2.85) V (vs Li/Li+). Galvanostatic discharge/charge measurements were carried out on 
a BTS 4000 battery test system (Neware, China) at various current rates within the (0.01–2.85) V range. 
Electrochemical impedance spectra (EIS) were recorded using a Biologic VMP-3 potentiostat over a 
frequency range from 10 kHz to 10 mHz. 

To investigate the evolution of materials throughout their cycle life, electrochemical impedance 
spectra of representative cells and data from potentiostatic intermittent titration technique were 
collected at potential levels of 2.85, 2.5, 2.0, 1.5, 1.0, 0.5, and 0.01 V after 5, 60, 150, 500, 1200, and 2000 
cycles. Following this, the cells were disassembled in an argon-filled glove box. Cathodes were 
thoroughly rinsed with diethyl carbonate and subsequent dried for 24 hours. SEM/EDX, ATR-FTIR, 
and XPS analyses were performed on samples after 5, 60, 150, 500, 1200, and 2000 recharging cycles.   

The full battery was prepared as follows. After cycling 2000 cycles, coin cells were dissembled 
in Ar-filled glovebox and the FeOOH/PANI electrode was extracted and washed with an electrolyte 
solution. Further, a full battery with a cathode based on NMC532 was assembled in CR2032. Celgard 
2320 (Celgard, Inc., USA) was used as a separator and 1 M LiPF6 in ethylene carbonate/diethyl 
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carbonate (1/1 volume ratio) as an electrolyte. Gravimetric energy density was calculated based on 
the total weight of the electrode material. The battery was cycled at C/2 current density for 50 cycles.  

2.4. Additional Material Characterization 

SEM imaging as well as EDX mapping of both obtained composites and the electrodes were 
conducted using the Zeiss Merlin microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). The 
cycled electrodes were studied with Fourier-transform infrared spectroscopy with an attenuated total 
reflection module (ATR-FTIR) on a Thermo Nicolet 8700 spectrometer (Thermo Fisher Scientific, 
Waltham, MA, USA). Details of XPS measurements of both synthesized powders and cycled 
electrodes are provided in the Supporting Information.  

For conductivity measurements, tablets with a diameter of 4.5 mm and a thickness of 
approximately 0.6 mm were prepared by compressing the powders and placed between silver 
electrodes. The conductivity of FeOOH/PANI powders was investigated with electrochemical 
impedance spectroscopy using an Autolab PGSTAT 302N potentiostat/galvanostat. Measurements 
were carried out in the 100 Hz to 1 MHz range at 20–125 °C in a dry N2 atmosphere with a residual 
oxygen pressure of less than 10−3 atm. 

3. Results and Discussion 

3.1. Characterization of FeOOH/PANI 

SEM images in Figure 1a and 1b illustrate the urchin-like structure of the FeOOH/PANI particles 
obtained. The diameter of the particles ranges from 500 nm to 600 nm on average, and the particles 
form agglomerates of up to 1300 nm. In addition, we can see that the needles themselves are quite 
heterogeneous, often sticky, and covered with a layer of PANI. The synthesis of FeOOH in similar 
conditions without the addition of aniline sulfate produces particles with more homogeneous and 
thin needles up to 10 nm in diameter (Figure S2a, b). Their shape and thickness change upon the 
addition of aniline sulfate (Figure S2c, d) to resemble those in FeOOH/PANI images. Plasma 
electrochemical synthesis of PANI from aniline sulfate solution produces spherical agglomerates of 
up to 20 nm in diameter. A similar composite has been obtained by oxidative in situ polymerization 
of aniline in the presence of iron oxide [73]. In addition, the model of FeOOH large (ca. 500 nm) 
particles agglomeration into an urchin-like structure during chemical oxidation of iron sulfate 
describes [74] the fast process of iron sulfate oxidation as the one that leads to a kinetically favorable 
structure of spherical particles with a smooth surface, whereas the slow process leads to a 
thermodynamically favorable structure with an urchin-like morphology through the needle-forming 
stage. These facts suggest that the oxidation of Fe2+ with the formation of FeOOH occurs with 
simultaneous polymerization of aniline at the contact site of the electric discharge with the solution 
due to which PANI coats FeOOH needles which then agglomerate into an urchin-like structure.  

The “needles” of the urchin-like particles exhibit a fibrous heterogeneous structure with a 
diameter of 30–50 nm, leading to a decreased degree of material crystallization and higher 
amorphization. EDX spectra in Figure S2e confirm the composition of the material, which consists 
primarily of iron and oxygen, with the presence of sulfur from SO42−. The element ratios obtained 
from EDX spectra are 2.86 for O/Fe and 4.42 for Fe/S. The oxygen content in the samples exceeds the 
expected 2:1 value for FeOOH, as it is likely that a compound with a structure of schwertmannite—
a sulfate-containing mineral—was obtained, as the synthesis conditions were the same as reported 
earlier [68]. 
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Figure 1. (a,b) FeOOH/PANI SEM images at different magnification. 

There is a Fe 2p3/2 peak with Gupta-Sen multiplet components in the Fe 2p XPS spectrum in 
Figure 2a [75]. Their intensities and the binding energy (BE) of the low-energy component (710.4 eV) 
align with the Fe 2p spectra of FeOOH [76–78]. The O 1s peak (Figure 2b) is approximated by three 
components, with two attributed to FeOOH [77,79,80] and one high-energy component to SO42− 
species [81,82]. The S 2p level spectrum (Figure 2c) is in agreement with this, exhibiting only one 
chemical component attributed to highly oxidized sulfur (i.e., SO4) [81,82]. The N 1s spectrum from 
PANI reveals imine nitrogen at the 398.7 eV peak, protonated nitrogen at 400.4 eV (benzenoid amine 
(-NH-)), and oxidized amine at 400.8 eV [83–85]. The doping level, determined by the ratio of N+ to 
the total nitrogen content, was approximately 13% [86].  

 
Figure 2. XPS spectra of FeOOH/PANI: (a) Fe 2p; (b) O 1s; (c) S 2p; (d) N 1s. 

The FeOOH/PANI composite exhibits a specific electrical conductivity of approximately 
8.12∙10−5 S∙cm−1, surpassing the conductivity of FeOOH (~10−10 S∙cm−1 to 2.41∙10−10 S∙cm−1) by five 
orders of magnitude, as reported in our previous work [68] and in the literature [87]. The addition of 
PANI into FeOOH increased the electrical conductivity of the composite because 13% PANI doping 
level corresponds to a highly conductive form of the polymer [85,88,89]. The PANI doping level was 
evaluated by a close inspection of the N 1s envelopes to determine the positively charged nitrogen 
(N+) contribution to the total nitrogen content [85]. FeOOH/PANI showed (Figure S2f) two orders of 
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magnitude increase in electrical conductivity upon the increase of temperature from 18 °C to 130 °C. 
Notably, lnσ–1000/T curve is not linear as expected for semiconducting materials, which FeOOH 
materials [90] and PANI [91] are. For FeOOH, the change in conductivity increase upon heating is 
associated with dehydration of OH− pairs in the surface layers resulting in the formation of mono-
charged oxygen vacancies providing Fe3+ with electrons that reduce it to Fe2+ at T < 140 ℃ [90]. In 
PANI, the linear conductivity growth is limited to the dehydration and de-doping temperature [92], 
after which the decrease replaces the growth. In the case of PANI doped with SO42− this temperature 
is 229 ℃. Fe3+ in FeOOH can additionally oxidize PANI at lower temperatures, producing Fe2+ in the 
surface FeOOH layers and, as a result, causing an earlier change in the lnσ – 1/T curve. Such behavior 
of the material can be very favorable when discharged by powerful modes accompanied by heat 
release, which would decrease internal resistance of the cell. 

3.2. Electrochemical Performance 

The FeOOH/PANI electrode exhibits significant irreversibility during the first recharging cycle, 
similar to other negative electrode materials [93,94]. In the initial discharge, it delivers 1595 mA∙h∙g−1, 
but this drops to 1082 mA∙h∙g−1 in the subsequent charge (Figure 3a), resulting in a Coulombic 
efficiency of 68%. The notably high value in the first discharge, surpassing the theoretical capacity, 
can be attributed to the concurrent processes of the initial conversion of FeOOH and the formation of 
the SEI layer [25–27]. With further cycling at a current of 0.05 A∙g−1, the capacity drops to 527 mA∙h∙g−1 
by the 5th cycle. Increasing the current density further reduces the material capacity, reaching about 
17 mA∙h∙g−1 at 10 A∙g−1. Overall, the C-rate capacity retention of the FeOOH/PANI composite is 
comparable to that of FeOOH composite with graphite [68]. Following C-rate capability testing with 
currents up to 10 A∙g−1, the FeOOH/PANI electrode retains a residual capacity of 320 mA∙h∙g−1. 

In our previous work [68] for FeOOH and its graphite composite we observed capacity increase 
during long-term cycle life tests at 1.2 A∙g−1. After 2000 cycles, the capacity of pure FeOOH was 
349 mA∙h∙g−1. The addition of conductive material to make composite was intended to improve long-
term cycling behavior and increase the capacity value. So, after 2000 cycles, the capacity of the FeOOH 
composite with graphite was already 543 mA∙h∙g−1. To detect capacity increase in long-term cycling, 
we subjected FeOOH/PANI to prolonged cycling up to 2000 cycles in the same manner. At 1.2 A∙g−1 
(Figure 3b) the initial capacity of FeOOH/PANI is 936 mA∙h∙g−1. After a significant initial capacity 
fade (142 mA∙h∙g−1 at the 70th cycle), the increase follows resulting in 767 mA∙h∙g−1 by the 2000th cycle. 
Thus, a clear improvement in the electrochemical performance of composites with conductive 
components occurs. Pure FeOOH showed 349 mA∙h∙g−1, composite with graphite—543 mA∙h∙g−1, and 
with PANI—767 mA∙h∙g−1. This suggests that coating FeOOH with conductive material is better for 
electrochemical performance than coating graphite with FeOOH. 

 The increase in capacity can be attributed to two mechanisms: the formation of an electroactive 
gel polymer layer—an integral part of SEI [42,43,95,96]—and the electrochemical milling [95,97], a 
phenomenon observed in metal oxide anodes.  

The initial cathodic scan of the FeOOH/PANI composite in the CVs (Figure 3d) reveals a broad 
peak at ~1.75 V, corresponding to reaction (4), followed by distinct peaks at 1.12 V, 0.54 V, and ~0 V. 
These peaks are attributed to the lithium insertion reactions (5) and (6), and the subsequent reduction 
of electrolyte components with SEI formation, respectively [31,98,99]. The subsequent anodic scan 
shows a well-defined peak at 1.12 V, characteristic of this material [31,98,99], followed by a broad 
peak at 1.50 V, corresponding to the conversion reaction (6). Almost indistinguishable shoulders at 
2.00 V and 2.50 V may be ascribed to reactions (4) and (5), respectively. In subsequent cycles, only a 
broad cathodic peak at 0.54 V related to the reduction of Fe-based non-stoichiometric oxides persists. 
The CV cycling reveals a decrease in peak intensities over 20 cycles, consistent with cycling behavior 
and C-rates, likely linked to the pulverization of FeOOH/PANI and SEI formation. 

At a current density of 0.05 A∙g−1 (Figure 3c), the first discharge curve of the FeOOH/PANI 
electrode exhibits three plateaus at 1.89 V, 1.41 V, and 0.82 V, representing the initial reduction of the 
material into the metallic form of iron in Li2O clusters, similar to conversion-type anodes like Co3O4 
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[100], and the formation of the SEI. By the third cycle, the charge curve retains only two plateaus, 
corresponding to two redox processes in alignment with the CV data. 

 
Figure 3. Electrochemical performance of FeOOH/PANI electrode: (a) C-rate capability; (b) cycling 
stability at I = 1.2 A∙g−1; (c) charge/discharge curves during C-rate capability; (d) cyclic 
voltammograms at 0.1 mV∙s−1. 

To estimate the changes after 2000 cycles at 1.2 A∙g−1, we conducted C-rate and cyclic 
voltammetry tests. C-rate testing results show (Figure 3a, c) a significant capacity increase overall. At 
0.05 A∙g−1 its value is ca. 1600 mA∙h∙g−1 in the first discharge, stabilizing after five cycles and remaining 
at the same level after other C-rates. The power density of material also improves as suggest the 
results of higher C-rates studies. At 10 A∙g−1, the capacity in the 50th cycle is only 7.77 mA∙h∙g−1, as 
opposed to 182 mA∙h∙g−1 after 2000 cycles. The transformation of the charge storage mechanism is 
associated with the evolution of the discharge-charge curves towards a more capacitor-like profile 
under prolonged cycling or high current density. This shift reflects a transition from the dominant 
FeOOH conversion reaction to the faradaic charging of a newly formed gel polymer layer on the 
electrode surface. This matches the observations for CVs similarly obtained after 2000 cycles (Fig S3) 
at 0.1 mV∙s−1 which show peaks shift from 1.12 V to 1.59 V and from 0.68 V to 0.92 V for anodic and 
cathodic scans, respectively, and peak intensities increase fivefold. All these facts allow to suggest 
that specific surface area and contact between particles increase in FeOOH/PANI material after long-
term cycling and stable SEI formation [68].  

Upon increasing the scan rate to (0.2–5) mV∙s−1, the distinct peaks in the cyclic voltammogram 
(CV) (Figure 4a) gradually fade, giving rise to a quasi-rectangular capacitive response. The 
FeOOH/PANI electrode demonstrates predominantly pseudocapacitive behavior across a range of 
scan rates, exhibiting a subtle anodic peak around 1.4 V without well-defined cathodic peaks. After 
2000 cycles, a significant increase in peak intensities is observed, and the CV shape at higher scan 
rates becomes more rectangular, suggesting a potential enhancement in specific surface area (Figure 
4e).  

As is shown in Figure 4b,f, the slope (b values of two redox peaks, see equation (7)) before and 
after 2000 cycles reach ~0.75. This suggests the electrochemical reaction process is regulated by both 
pseudocapacitive (or surface-located) and diffusion mechanisms. To evaluate the reactions kinetics 
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and to separate diffusion and pseudocapacitive contributions to the total current, CV curves from 
Figure 4a,e were analyzed. The total current i can be separated into capacitive ic=k1v and diffusion-
limited processes id=k2v1/2, where v is the scan rate, according to (7) [101–103]: 

i = a∙vb= k1∙v + k2∙v1/2 (7) 

 
Figure 4. FeOOH/PANI after 20 cycles: (a) CVs at various scan rates, inset shows ln(Ipeak) vs ln(v) plot, 
(c) pseudocapacitance contribution to total capacity at 1 mV∙s−1, inset shows contribution ratios of 
capacitive and diffusion-controlled currents at various scan rates. FeOOH/PANI after 2000 cycles: (b) 
CVs at various scan rates, inset shows ln(Ipeak) vs ln(v) plot, (d) pseudocapacitance contribution to total 
capacity at 1 mV∙s−1, inset shows contribution ratios of capacitive and diffusion-controlled currents at 
various scan rates. 

At a scan rate of 1 mV∙s−1 (Figure 4c, g), 57% and 60% of the total charge is stored through 
diffusion-controlled processes after 20 and 2000 cycles, respectively. As the scan rate increases, charge 
storage via capacitive processes rises to 68% and 73%, respectively. Therefore, at low scan rates, Li+ 
ion diffusion limits the overall electrochemical reactions, while pseudocapacitance becomes the 
dominant charge/discharge mechanism with increasing scan rate (Figure 4d,h). The high capacitive 
contribution is attributed to the large surface area of nanosized particles and their high electronic 
interconnectivity [27]. 

The FeOOH/PANI material shows similar pseudocapacitance contribution regardless of the 
number of cycles. High pseudocapacitive currents both after 20 and 2000 cycles are likely due to 
PANI component of the composite being readily available for charge transfer facilitation regardless 
of FeOOH surface area. The latter increases the total specific current values, yet the ratio of diffusion 
and pseudocapacitive currents remains the same.  

The characteristics of FeOOH/PANI presented in this study are consistent with the most recent 
literature, as summarized in Table 1. Due to the inherent variability in the values obtained for 
conversion materials during the initial cycles, more precise data for each cycle can be found in the 
cited works. It is important to note that reduction capacities have been reported in certain instances. 
While this is a crucial property for positive electrode (cathode) materials, it is essential to report 
oxidation capacity when evaluating prospective negative electrode (anode) materials used as cathodes 
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against a Li anode. Our findings highlight the remarkable stability of the materials, demonstrating a 
sustained increase in capacity over approximately 1900 cycles following the initial restructuring. 

Table 1. Comparison of performance of FeOOH-based and related materials in LIBs anodes. 

Material 
Specific capacity, mA∙h∙g−1 

(current density) 

Stability,  
capacity retention 

(cycles) 
Ref. 

Fe3O4/graphene sheets 600 (0.1 A∙g−1) 80% (100) [13] 
Functionalized porous 

carbon/β-FeOOH 737.1 (0.2 A∙g−1) 122% (350) [17] 

Fe2O3 nanotubes 950 (0.05 A∙g−1) 98% (30) [104] 
β-FeOOH 275 (0.1 mA∙cm−2) n/a [21] 

Carbon cloth/ β-FeOOH 
nanorod arrays 

2840 (1 A∙g−1) 90% (150) [23] 

Ce-doped α-FeOOH 
nanorods 1260 (0.1 A∙g−1) 86% (800) [24] 

Si-doped FeOOH 
nanorods@graphene sheets 1370.5 (0.1 A∙g−1) >100% (200) [25] 

Graphene/FeOOH 1100 (0.1 A∙g−1) n/a [46] 
β-FeOOH/rGO 781.5 (0.1 A∙g−1) n/a ~90% (100) [105] 

FeOOH@PEDOT 1341 (0.5 A∙g−1) 113.6% (270) [27] 
Biomass carbon/β -FeOOH 1450 (0.2C) 64% (100) [51] 

FeOOH/GO 1437 (0.1 A∙g−1) 93.35% (100) [106] 
FeOOH/SWNT 905 (0.1 A∙g−1) ~95% (180) [98] 

β-FeOOH ~1400 (0.2 A∙g−1) 
~43% (1 to 600) 

~210% (70 to 600) [31] 

Mn-doped α-FeOOH 1147 (0.5 A∙g−1) 184% (90 to 300) [99] 
α-Fe2O3 1119 (1C) 176% (600) [95] 

FeOOH 
640 (0.05 A∙g−1) and 356 (1.2 

A∙g−1) 

245% from 150th to 
2000th cycle  

(356 mA∙h∙g−1 end 
value) 

 
Previou
s work 

[68] 

FeOOH/Gr 840 (0.05 A∙g−1) and 543 (1.2 
A∙g−1) 

206% from 60th to 2000th 
cycle 

(543 mA∙h∙g−1 end 
value) 

Previou
s work 

[68] 

FeOOH/PANI 
1600 (0.05 A∙g−1) 
767 (1.2 A∙g−1) 

 

540% from 70th to 2000th 
cycle 

(767 mA∙h∙g−1 end 
value) 

This 
work 

3.3. Full battery 

After cycling the coin cells at 1.2 A∙g−1 for 2000 cycles, we disassembled them in Ar-filled glove 
box, and replaced lithium foil with NMC532 cathode. The voltage curves (Figure 5a) and the trends 
of the capacity and coulombic efficiency (Figure 5b) of the resulting full cell referred to the cathode 
mass show that NMC532//FeOOH/PANI full cell cycled at the constant current rate of C/2 (1C = 
140 mA∙h∙g−1) provides a stable response, reaching 125 mA∙h∙gcathode–1 at the start of the tests and 116 
mA∙h∙gcathode–1 (826 mA∙h∙ganode–1) in the following cycles, and its coulombic efficiency approaches 97% 
(Figure 5b). The respective voltage profile in the first cycle shows lower coulombic efficiency, which 
we ascribe to the side processes, i.e., electrolyte decomposition and cathode electrolyte interphase 
film formation [107,108], which, in addition, causse structural reorganization of the material. 
Furthermore, the voltage profiles at the 2nd, 5th, 10th, 25th, and 50th cycles show a monotonous 
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sloped signal centered at ca. 2.5 V, reflecting the conversion of FeOOH in the FeOOH/PANI anode 
and the simultaneous Li+ deintercalation of the NMC532 cathode that reversibly occur during the 
cycling of the full cell.  

Considering the discharge profile for the 25th cycle shown in Figure 5a and cell composition, we 
can estimate for NMC532//FeOOH/PANI full cell a practical gravimetric energy density that 
approaches 224 Wh∙kg–1, which was compared to a traditional assembly with a graphite anode 
(NMC532//Graphite). Gravimetric energy density of this cell was calculated in the same way as for 
NMC532//FeOOH/PANI and its value was 264 Wh∙kg–1. Apparently from the presented results a full 
NMC532//FeOOH/PANI cell demonstrates gravimetric energy density comparable with the 
traditional NMC532//Graphite which in conjunction with low FeOOH/PANI cost and high cyclic 
stability can make this anode material an alternative to commercial anodes.  

 
Figure 5. NMC532//FeOOH/PANI  Full cell performance within the 0.5–4.20 V range at C/2 referred 
to the NMC532 cathode mass (1 C = 140 mA∙g–1) in terms of (a) selected voltage profiles, inset: charge-
discharge curve of the NMC532 - Graphite full cell at a C/2 rate; (b) trends of specific capacity and 
coulombic efficiency. Electrolyte: 1 M LiPF6 in EC/DEC (1:1, v/v). 

Comparison of the full cell energy density with the literature data for various anode systems 
(Figure 6) shows that the characteristics of the full cell are comparable with other oxide-based 
conversion anodes ((Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O [109]), on the one hand, and is at the lower end of the 
silicon and carbon-based anode series, on the other hand. However, the complicated composition 
and specific reagents make the synthesis of such compounds labor-intensive, which would ultimately 
affect the economic attractiveness of the product. 

 
Figure 6. Comparison of NMC532//FeOOH/PANI full cell with other anodes in development: Si@N-
C-100//LiCoO2 [110], NC-TNO@TiC/C//LFP [111], NMC811//DC-HSiOx [112], Li//LiNiO2 [113], LCO-
Se [114], pHC/LiCoO2 [115], LiBp-SiOx/C@G//NCM811 [116], NCM//C-SiOx@Si/rGO [117] 
(Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O [109]. 

3.4. Post cycled electrodes 

To elucidate the mechanism of FeOOH/PANI-base electrode capacity increase during cycling, 
we obtained impedance spectra at 5, 60, 150, 500, 1200 and 2000 cycles and characterized electrodes 
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postmortem after these cycles by ATR-FTIR, XPS, SEM/EDX methods. Also, diffusion coefficients were 
calculated from PITT measurements with Cottrell approach according to [118] at 2.85, 2.5, 2.0, 1.5, 1.0, 
0.5, 0.01 V for 5th, 60th, 150th, 500th, 1200th and 2000th cycle. 

Impedance spectra of FeOOH electrode recorded at the charged and discharged states of the 
half-cells after 5, 60, 150, 500, 1200 and 2000 discharge/charge cycles are presented in Figure 6. 
Nyquist plots show two distinct semicircles at discharged state (Figure 6a) and one semicircle at 
charged state (Figure 6b). In discharged state the first semicircle can be attributed to the passivation 
film on the surface or the SEI and the second semicircle refers to the charge transfer resistance of the 
Li+ absorption/desorption process at interface [119,120]. In the charged state, a single semicircle refers 
only to the SEI, and the charge transfer resistance is indistinguishably small. Significant decrease of 
the charge transfer resistance is similar to the case of FeOOH/graphite composite we reported 
previously [68]. 

 
Figure 7. Impedance spectra of the cells with FeOOH electrodes at intermediate points during long-
term cycling at OCV (a) after discharge and (b) after charge. 

It is clear from Table 2 that the half-cell in the charged state demonstrates a monotonic increase 
in CSEI capacitance, which indicates an increase in SEI coverage of the active material/electrolyte 
interface due to FeOOH electrochemical milling, which we illustrated in [68] and that is characteristic 
of metal-oxide anode materials [97]. 

The resistance R1 calculated from the first semicircle, which we refer to the SEI, changes 
significantly and non-monotonically: by the 500th cycle it decreases by an order of magnitude, and 
then by the 2000th cycle it increases by an order of magnitude. This may be due to the influence of 
two counteracting factors: a) the SEI film surface area increase, which decreases R1; and b) SEI film 
thickness increase, which increases it.  

The Warburg constant σ behaves similarly, decreasing for 1200 cycles, followed by an increase. 
Since the Warburg constant is proportional to the electrode surface area, its decrease indicates an 
increase in the electrode surface area during cycling, which is related to the material electrochemical 
milling and correlates with the change in R1.  
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Table 2. Fitted parameters of FeOOH/PANI impedance spectra at the charged state. 

Cycle no.Rs, ΩR1, Ω Q1, F a σ, Ω∙s−0.5 
5 23.4 164 1.8∙10−50.79 1200 

60 13.8 93.8 2.6∙10−50.77 1130 
150 29.9 45.0 2.3∙10−50,82 536 
500 34.4 18.3 7.8∙10−50.80 90.1 

1200 37.6 31.2 9.9∙10−50.74 52.3 
2000 12.4 138 9.9∙10−50.58 126 

The parameters from the two semicircles for the discharge state (Table 3) show that there is a 
non-monotonic change in the Q1 (SEI capacitance). Q1 increases up to the 1200th cycle, followed by a 
decrease to the 2000th. In addition to the electrochemical milling, SEI dielectric constant affects Q1, 
the nature of which may change during the discharge, since catalytic reduction of electrolyte 
components with the formation of a redox-active gel-like film is possible on iron particles [42,96]. 
This is also confirmed by the SEI capacitance increase in comparison to the charged state of the 
electrode. The SEI resistance R1 behaves similarly to that of the charged state, the only difference 
being that its minimum is at the 150th cycle, followed by a gradual increase. The second semicircle 
refers to charge transfer. The capacitance Q2 behaves non-monotonically. It first decreases up to the 
150th cycle, then increases up to 1200th one and remains at ca. 1∙10−4 F till the end of cycling. This 
generally follows the dependence of the capacity on the cycle number shown in Figure 3b. This 
change in capacitance is due to electrochemical milling during cycling, which leads to a deterioration 
of the contact between the active material and the conductive additive. This results in a decrease in 
capacitance and an increase in resistance. Some FeOOH particles completely disconnect from the 
conductive matrix, leading to a Q2 vs cycle number dependence minimum. Despite this, the charge 
transfer resistance decreases up to 500th cycle. Such behavior may be related to the phenomenon 
occurred in particles that have maintained contact with the electrode conducting elements: the 
interface between passivation film (SEI) and material, formed previously, cannot hinder Li+ ion 
transfer and hence resistance decreases [120]. As a result, the expected increase of resistance during 
deterioration of contact area with conducting elements of the electrode is compensated by facilitation 
of Li+ ion transfer. 

Table 3. Fitted parameters of FeOOH/PANI impedance spectra at discharged state. 

Cycle Rs, ΩR1, Ω Q1, F a1 R2, Ω Q2, F a2 σ, Ω∙s−0.5 
5 32 76 3.1∙10−30.78 180 1.1∙10−40.56 27 

60 17 76 5.4∙10−30.75 100 8.4∙10−50.64 30 
150 29 25 1.6∙10−20.83 37 6.3∙10−50.75 24 
500 28 37 2.7∙10−20.88 17 9.4∙10−50.81 13 
1200 44 49 2.4∙10−20.86 30 1.1∙10−40.73 9.8 
2000 12 58 6.6∙10−30.78 36 1.1∙10−40.56 20 

The Warburg constant for the discharged state demonstrates the same behavior as in the charged 
state, decreasing monotonically during the initial 1200 cycles, followed by an increase. Since the 
Warburg constant is inversely proportional to the electrode surface area [121], its decline indicates 
surface area growth related to the electrochemical milling of the material, and correlates with the 
change in the SEI resistance.  

The change of size induced by electrochemical milling can be calculated from PITT 
measurements using Cottrell approach, by applying a model for intercalation materials derived by 
Montella [118]. To do this, we performed chronoamperometric measurements at 1.5 V with a step of 
0.01 V after the 5th, 50th, 150th, 500th, 1200th, and 2000th cycles. We chose this potential value since 
it reflects the process of lithium intercalation into FeOOH without accompanying conversion reaction 
that directly leads to the milling (see Eq. 4). This means that regardless of particle size the Li+ diffusion 
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coefficient will be the same and allows application of Montella intercalation model for the size 
changes calculations.  

According to Montella model, the maximum in I√t-lgt dependency is proportional to the Li+ 
diffusion coefficient D (cm2∙s−1) and the characteristic diffusion length L (cm), which is equal to the 
particles’ radii in the case of spherical particles: (𝐼√𝑡)௠௔௫ = ∆ொඥ஽/గ௅ , (8) 

where ∆Q (C) is the faradaic charge passed following a potential step, t (s) is the measurement time. 
The existence of two maxima in I√t-lgt dependency implies the appearance of new particles with 

another L value. The initial cycle shows only one peak, for which L value is 300 nm, as seen in SEM 
(Figure 1a, b). Further cycling leads to the emergence of the second peak (Figure 8a, Figure S3) with 
its intensity increasing and its position shifting towards higher lg(t) values. Fitting I√t-lgt 
dependencies yields (I√t)max and ΔQ values for each particle size.  

Equation (8) can be represented as: (𝐼√𝑡)௠௔௫ଵ = ∆ொభඥ஽/గ௅భ   (9) 

(𝐼√𝑡)௠௔௫ଶ = ∆ொమඥ஽/గ௅మ   (10) 

Division of (I√t)max2 by (I√t)max1 yields the equation to calculate particles’ size: 𝐿ଶ = (ூ√௧)೘ೌೣభ(ூ√௧)೘ೌೣమ ∙ ∆ொమ∆ொభ ∙ 𝐿ଵ  (11) 

From ΔQ1 and ΔQ2 we can calculate the mass fraction (W2) of particles with the characteristic 
length L2 depending on the cycle number: 𝑊ଶ = 100% ∙ ∆ொమ∆ொభା∆ொమ  (12) 

The calculated L2 and W2 values in Figure 8b show that the particles grow from 1.5 nm in the 5th 
cycle to 25 nm in the 150th one. The growth slows down during further cycling, so that the size of 
particles increases to 55 nm by the 2000th cycle. These results correlate with a drop and following 
growth of capacity in FeOOH/PANI cycle life tests (Figure 3b).  

These results also correlate with the Warburg constant value changes in EIS data. Again, 
assuming that particles are spherical—which is reasonable outcome of the milling process—this 
formula provides the changes of specific area of FeOOH/PANI during cycling [122]: S =  ଺ఘ ∙ (௪భௗభ + ௪మௗమ), (13) 

where 𝜌 is FeOOH density, 4.0 g∙cm−3, w1 is mass ratio of the grains with the diameter d1; w2 is the 
mass ratio of the grains with the diameter d1. 

As seen in Figure 8c, the surface area of FeOOH/PANI sharply grows up to the 150th cycle, caused 
by an increase of the ratio of particles with the characteristic length L2 under 10 nm. Then, the growth 
increases and reaches its maximum at 11.60 m2∙g−1 by the 2000th cycle. The dependencies of the 
Warburg constant and the surface area of the particles on the number of cycles are inversely 
proportional, thus confirming the validity of our assumptions that allowed us to calculate the 
characteristic length L2 and the specific surface area S. These results also support that electrochemical 
milling of FeOOH/PANI particles occurs during cycling, reflecting in the dependence of specific 
capacity on the cycle number (Figure 3b). 
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Figure 8. (a) Fitted Cottrell function plot for the current transient versus the decimal logarithm for 1st 
and 1200th cycles; (b) dependence of particle size L2 and its mass content on the cycle number; (c) 
correlation between specific surface area from PITT and Warburg constant from EIS. 

We conducted ex situ, FTIR, XPS, and SEM/EDX of FeOOH/PANI-based electrodes to 
investigate the structural changes and their effects on the charge storage mechanism in more detail. 
We recorded ATR FTIR spectra after cycling of the FeOOH for a different number of cycles (Figure 
9). Since the penetration depth of the ATR FTIR typically does not exceed 2 µm [123], the observed 
spectral response is mostly attributed to the products that formed on the electrode surface. During 
the charge-discharge, rapid decrease of the bands at 3195 cm−1 and 3025 cm−1 was observed, indicating 
either dehydration of the material and/or the growth of the thick (>1 µm) SEI or gel-polymer coating 
on the material. An increase of the group of bands around 950–1100 cm−1 and 1480 cm−1, 
corresponding to P-F and C-F stretching vibrations, indicates the formation of the electrolyte 
decomposition products. Combination of the bands at 1400 cm−1 and 845 cm−1 testifies to the presence 
of the Li2CO3 or other inorganic carbonates. 

 
Figure 9. ATR-FTIR spectra of FeOOH/PANI electrodes after different number of recharging cycles. 
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The change in the FeOOH/PANI electrochemical behavior during long-term cycling may also be 
linked to the changes in SEI composition during this process, which we studied via postmortem XPS. 
The results are shown in Figure 11, Figure S4, Figure S5 and Table 4. The table summarizes the 
position of the peaks, and which compounds they belong to.  

The spectra of the N 1s, Fe 2p, and O 1s (Figure S4 and Figure 10) for the electrode prior to 
cycling (0 cycles) coincide with the pure FeOOH/PANI (Figure 2). The carbon spectrum shows bonds 
corresponding to carbon black, PANI, PVDF, and oxygen-containing groups on their surface. F 1s 
refers to PVDF. After 5 charge-discharge cycles, the surface composition of the electrode changes and 
continues changing throughout 2000 cycles. On the C 1s spectrum, the same peaks remain, which are 
related to carbon black and aliphatic chains. By cycle 5, the intensity of the signals assigned to C in 
C-N-C, C-N+-C, and -C=O groups decreases significantly, and C-F (PVDF) disappears completely. 
These signals might be overwhelmed by the newly emerged bands corresponding to inorganic and 
organic salts, i.e., the products of electrolyte decomposition: LiF and LixPFy-1Oz+1 (not a product of 
complete decomposition of LiPF6 [39]) in the F 1s spectrum, lithium carbonate and carboxylates in the 
C 1s, O 1s spectra, and disappearance of positively charged nitrogen in the N 1s spectrum, which 
corresponds to the reduction of oxidized form of aniline, which is obtained during synthesis, to 
neutral, preserved throughout the cycling, as indicated by -N= and -NH- groups on the spectrum N 
1s. Most likely, PANI changes from the protonated form to the lithiated [56,124]. Despite the 
formation of electrolyte decomposition products on the electrode surface, the N 1s spectrum shape 
was preserved during cycling (Figure 10), although its intensity decreased compared to the zero cycle. 
This may be a consequence of electrode cracking during solvent drying and exposure of the 
innermost part of the electrode, which will be discussed below. 

The C 1s spectrum shape remains stable between cycles 60 and 2000. At cycle 5, peaks of lithium 
carboxylates and carbonate appear, which significantly increase in intensity by cycle 60 (discharge 
capacity minimum) and persist until the end of cycling, which may indicate a slowing down of 
solvent reduction, which, in accordance with the publications [40,41,125,126], can be represented by 
the following reactions: 𝐸𝐶 + 𝐿𝑖ା + 𝑒ି → 𝐶ଶ𝐻ସ𝑂𝐶𝑂ଶ𝐿𝑖  (14) 2𝐸𝐶 + 2𝐿𝑖ା + 2𝑒ି → 𝐶𝐻ଶ → 𝐶𝐻ଶ ↑ +(𝐶𝐻ଶ𝑂𝐶𝑂ଶ𝐿𝑖)ଶ  (15) 2𝐸𝐶 + 2𝐿𝑖ା + 2𝑒ି → 𝐶𝐻ଶ → 𝐶𝐻ଶ ↑ +𝐿𝑖ଶ𝐶𝑂ଷ  (16) 𝐷𝐸𝐶 + 2𝐿𝑖ା + 𝑒ି → 𝐶𝐻ଷ𝐶𝐻ଶ𝐶𝑂𝑂𝐿𝑖 + 𝐶𝐻ଷ𝐶𝐻ଶ𝑂𝐿𝑖  (17) 

Also, by cycle 60 the LiF content increases significantly compared to LixPFy-1Oz+1. Both salts are 
products of LiPF6 decomposition in the presence of water or oxygen [39]. The reactions corresponding 
to the formation of these salts can be represented as follows [40,127]: 𝐿𝑖𝑃𝐹଺ ⇄ 𝐿𝑖𝐹 + 𝑃𝐹ହ  (18) 𝑃𝐹ହ + 𝐻ଶ𝑂 → 𝑃𝑂𝐹ଷ + 2𝐻𝐹  (19) 𝑃𝑂𝐹ଷ + 2𝐿𝑖ା + 2𝑒ି → 𝐿𝑖௫𝑃𝐹௬ିଵ𝑂௭ିଵ + 𝐿𝑖𝐹  (20) 𝐿𝑖ଶ𝐶𝑂ଷ + 𝐿𝑖𝑃𝐹଺ → 𝐿𝑖௫𝑃𝐹௬ିଵ𝑂௭ିଵ + 𝐿𝑖𝐹 + 𝐶𝑂ଶ ↑  (21) 2𝐻𝐹 + 𝐿𝑖ଶ𝐶𝑂ଷ → 𝐶𝑂ଶ ↑ +2𝐿𝑖𝐹 + 𝐻ଶ𝑂  (22) 𝐿𝑖𝑃𝐹଺ + 𝐻ଶ𝑂 → 𝑃𝑂𝐹ଷ + 2𝐻𝐹 + 𝐿𝑖𝐹  (23) 

The increased intensity of the LixPFy-1Oz+1 peak to LiF after the 60th cycle indicates the continuing 
process of LiPF6 decomposition. Obviously, during SEI formation up to cycle 60, the higher LiF 
content in SEI is explained by the substantial number of reactions of which it is a product (e.g., 
reactions 18–23). Further cycling causes some of these reactions to slow down or stop. The availability 
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of PANI makes it act as a conductive binder [128–131] into which iron oxide particles are redeposited. 
This leads to an increasing proportion of material involved in the storage capacity with the formation 
of products that stimulate LixPFy-1Oz+1 generation.  

 
Figure 10. XPS spectra of C 1s, F 1s, N 1s and O 1s for FeOOH/PANI-electrode after cycling. The rows 
are for cycle numbers 0, 5, 60, 500, 1200, and 2000, and the columns are for the C, F, N, and O 1s bands. 
In each spectrum, dark blue dots are for experimental data, thick blue line is approximation curve, 
and dotted gray line is background curve. Fitted peaks assignment: in C 1s: 1—C–F (CnFm) π-π*, 2—
C–F (PVDF), 3—R–F (organoflourine), 4—C=O, 5—C–OH/C–N+–C/CH2–CH2 (PVDF), 6—C–N–C/C–
O–C, 7—C=C (sp2), 8—C–C (sp3), 9—Li2CO3, 10—O=C–O; in F 1s: 1—C–F (PVDF), 2—LiF, 3—
LixPOy−1Fz+1, 4—C–F (CnFm); in N 1s: 1—positively charged nitrogen (oxidized amine), 2—benzenoid 
amine (–NH–), 3—imine (–N=); in O 1s: 1—SO42−, 2—Fe–OH, 3,6—Fe–O, 4—C–O–C/P–O–P, 5—
C=O/P=O/–OH. 

Examination of the spectra of Li 1s + Fe 3p and Fe 2p (Figure S4, S5) confirms the above-described 
behavior of the electrodes during cycling. In the initial sample (0 cycles), the Fe 2p spectrum 
completely coincides with the one in Figure 2, and only one peak related to Fe 3p is present in Li 1s 
+ Fe 3p (Table 4). After the charge-discharge cycles, the intensity of Fe 3p line decreases significantly, 
and a pronounced peak of Li 1s appears, referring to various salts: carbonates, fluoride, carboxylates.  

Table 4. Peak positions of C 1s, F 1s, N 1s, O 1s, Li 1s in XPS data of cycled FeOOH/PANI electrodes. 

Peak Chem. 
bond 

Component 
Sample BE after cycling, eV BE from references 
0 5 60 500 1200 2000 BE, eV Ref.  

C 1s C=C (sp2) carbon black 284.3281.1284.3284.3284.3284.3
284.0–
284.6 [33,133,134] 

2
3 4 5 6

7

80

C 1s

3 4 5 6 7

8

9

10

5

9

10
3 4

5
6 7

8

60

9

10
3 4

5 6
7 8

50
0

1

9

10
3 4

5 6
7 8

9

10
34

5 6
7 8

12
00

290 285
BE (eV)

20
00

1

F 1s

2 3

4

2 3

4

2 3

4

2
3 4

690 685 680
BE (eV)

2
3

4

1

2

3

N 1s

2
3

2
3

2 3

2 3

402 399 396
BE (eV)

2

3

1

2

3

O 1s

4

5

6

4

5

6

4

5

6

4

5

6

535 530
BE (eV)

4

5

6
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H-C-C 
(sp3) aliphatic chain 284.6284.6284.7285.0284.9285.0

284.6–
286.0 [33,133,134] 

C-N-C/ 
C-O-C PANI, ethers 285.4285.4285.4285.4285.4285.4

285.3–
286.0 [33,84–86] 

C-OH/ 
C-N+-C/ 
CH2-CH2 

alcohols, PANI, PVDF 286.3286.4286.5286.5286.5286.5
286.3–
286.7 [33,84–86] 

C=O ketones, aldehydes 287.6287.6287.6287.6287.6287.6
287.1–
288.1 [33,133–135] 

R-F  organofluoric 288.8288.8288.4288.4288.5288.4
287.7–
290.2 [33,133,134] 

F-C-F PVDF 290.3 - - - - - - [33] 
O-C(=O)-

O 
Li2CO3, semiorganic 

carbonates - 290.1290.1290.1290.1290.1 289.6–
290.1 [33,136,137] 

F 1s 

C-F PVDF  687.5 - - - - - 
687.3–
687.9 [33,138,139] 

C-F CnFm - 689.0689.2688.9688.7688.6 688.4–
690.0 

[33,140–142] 

F-P-O LixPOy-1Fz+1 - 687.2687.5687.1686.8686.8 686.1–
687.9 

[33] 

Li-F LiF - 684.6684.7684.7684.5684.5
684.5–
685.0 [33,143,144] 

N 1s 

N+-H oxidized amine, 401.7 - - - - - 
401.1–
401.7 [85,145,146] 

N-H benzenoid amine 400.2399.9399.8399.9399.8400.0 399.6–
400.7 

[83,85,146] 

-N= imine 398.9398.5398.5398.5398.5398.3 398.1–
399.3 [83,85,145,147] 

O 1s 

Fe=O FeOOH 529.9 - - - - - 
530.0–
530.5 [77,79,80] 

Fe-OH FeOOH 531.4 - - - - - 531.2–
531.6 

[77,79,80] 

S=O,  
S-O− 

SO42− 532.5 - - - - - 532.2–
532.6 

[81,82,142] 

Fe-O Oxide matrix, FeOOH - 530.5530.2530.3530.5530.5
530.0–
530.5 [41,77,79,80] 

C=O, 
P=O,  
-OH 

Alkoxide, carboxylate, esters, 
Li2CO3, LixPOy−1Fz+1 - 531.8531.7531.8531.7531.5 531.2–

532.0 [33,41,79] 

C-O-C, P-
O-P 

Organic carbonate, 
LixPOy−1Fz+1, LixPOy 

 533.1533.1533.1533.2533.1 531.1–
533.8 

[33,41] 

Li 1s 

Li-F 
Li-OLi 
P-OLi 

LiF, carboxylates, Li2CO3, 
ROLi, LixPOy−1Fz+1, LixPOy 

- 55.4 55.3 55.4 55.4 55.2 55.2 – 
55.8 

[33,41,148] 

Fe3+ FeOOH 55.7 - - - - - 55.6–
55.8 

[132,149] 

Fe3+ Oxide matrix - 55.8 55.8 55.8 55.8 55.8 55.6–
55.8 

[132,149] 

Fe2+ Oxide matrix - 53.7 53.7 53.7 53.7 53.7 
53.7–
53.8 [132] 
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There are also weakly pronounced peaks of Fe2+ and Fe3+ corresponding to different states of iron 
in the oxide matrix. In the Fe 2p spectrum two peaks are visually identified at 710.5 eV and 715.5 eV, 
which can be attributed to Fe2+ and Fe3+ in the Fe3O4 and FeO mixture [132]. By the 60th cycle, the iron 
lines disappear completely. This coincides with the cycle number with minimal specific capacity. 
Further cycling leads to an increase of both the capacity and the XPS lines intensities again, 
confirming the assumption of electrochemical milling of the material. 

According to EDX analysis (Figure 11), the electrode surface changes significantly during long 
cycling, as does the elemental composition. Since the penetration depth of the energy dispersive 
spectroscopy typically does not exceed 0.02–1 µm [150], the elemental mapping results presented 
relate to a part of the electrode not immediately reflective of the entire electrode elemental contents. 
Specifically, for the results presented, the penetration depth did not exceed 500 nm. After 500 cycles, 
small spherical particles up to 200 nm appear on the surface, their number increases during cycling 
and after 2000 cycles they significantly cover the surface (Figure S6). Also, the figure shows that the 
electrode is abundantly covered by the electrolyte decomposition products, which causes it to crack 
into “islands” of different sizes. Electrode cracking after drying can be caused by a notable change in 
volume and an increase in internal stresses [151]. Among such decomposition products are various 
organic compounds that form a redox active gel-polymer layer during catalytic reduction of 
electrolyte on iron particle [42,152]. Microphotographs of the electrode confirm the formation of a 
decomposition product layer about 200 nm thick covering the surface. Figure S6 also clearly shows 
the change in the shape of the FeOOH/PANI composite particles, which goes from urchin-like to 
rounded spherical with smooth edges by cycle 5, and to complete inability to visually identify them 
by cycle 2000. Most likely, they are gradually pulverized and mixed with the electrolyte 
decomposition products. 

The results of elemental mapping are shown in Figure 11. Oxygen content gradually increases 
along with the cycle number. The composition of the electrode for other elements changes non-
monotonically: between cycles 60 and 1200 sulfur signal disappears completely, which is most likely 
due to the sensitivity limit of the instrument; fluorine content decreases until cycle 60, then increases 
until cycle 500 and decreases again; phosphorus is not detected until cycle 60, decreasing gradually 
by cycle 1200 and then increasing by cycle 2000; iron content decreases gradually by cycle 60, then 
increases by cycle 500 and almost completely disappears by cycle 2000. 

Thus, based on electrochemical (EIS) and physicochemical (ATR-FTIR, XPS, SEM/EDX) 
characterization methods, we can assume that the electrode composition constantly changes both 
internally and on the surface during cycling, i.e., electrode is a dynamically evolving inhomogeneous 
system. At the same time, during cycling:  
1. The porosity of the electrode increases, opening the access of the electrolyte to a more 

electroactive material. 
2. The electrochemical milling of the electrode components first results in a sharp increase of the 

SEI amount, and, after SEI stabilizes, continued milling of FeOOH leads to an increase in 
capacity due to gradually improving contact of FeOOH with carbon black and PANI. 

3. The electrode reaches a stable capacity after 1200 cycles, and the achieved capacity value 
corresponds to the original capacity of the electrode, as C-rate (Figure 3a) testing after the end 
of the long cycling shows. 
Similar capacity behavior during cycling has been noted in several articles [95,153]. The duration 

of the capacity reaching a stable value also depends on the cycling current, similar to our previous 
report for FeOOH/Graphite [68] for 0.3 Aˑg−1 and 1.2 Aˑg−1. Therefore, it is particularly important to 
study the capacity “pit” formation as a function of the number of cycles influenced by the electrode 
transformation mode during the early cycles. Although this aspect is not covered in this study, it will 
be addressed in future research. 
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Figure 11. Element mapping for cycled electrodes obtained via EDX. 

5. Conclusions 

A simple one-step atmospheric plasma-assisted synthesis method was used to create an urchin-
like FeOOH/PANI nanoparticles composite. After 2000 cycles, FeOOH/PANI showed exceptional 
performance as anodes for Li-ion batteries in terms of cycling behavior and capacity retention: 
767 mA∙h∙g−1 at 1.2 A∙g−1, 1600 mA∙h∙g−1 at 0.05 A∙g−1, and 181 mA∙h∙g−1 at 10 A∙g−1. The capacity of the 
product exhibits two unusual trends during cycling at 1.2 A∙g−1: a decrease in capacity to ca. 
140 mA∙h∙g−1 in the first 40–60 cycles, followed by a remarkable increase to 767 mA∙h∙g−1 after 
1200 cycles. The outstanding performance is attributed to the electrochemical milling effect, which 
results in a decrease in nanoparticle size and the formation of a porous structure. This provides good 
structural stability and increases the contact between the electrode and electrolyte. As a result, the 
material fully regains its capacity after 1200 cycles and exhibits a value of 1600 mA∙h∙g−1 at 0.05 A∙g−1, 
which is equal to the first cycle's capacity. Comparison of full cells with NMC532 cathode and 
FeOOH/PANI or graphite anodes revealed comparable specific energy characteristics: 224 Wh∙kg-1 
vs. 264 Wh∙kg-1. This, along with the low cost, makes FeOOH/PANI anode material appealing enough 
to replace existing graphite materials.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Figure S1: Synthesis setup diagram; Figure S2: SEM images and EDX spectra of 
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plasma solution synthesized FeOOH, PANI and FeOOH/PANI composite; electrical conductivity temperature 
dependence of FeOOH/PANI composite, and charge-discharge curve of the  NMC532 - Graphite full cell at a 
C/2 rate; Figure S3: Cottrell function plot for the current transient versus the decimal logarithm of time; Figure 
S4: XPS spectra of Fe 2p; Figure S5: XPS spectra of Li 1s + Fe 3p; Figure S6: Evolution of the electrode surface 
during 2000 cycles. 
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