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Several crystal forms of FeOOH were recently reported to be highly promising for lithium 

storage due to their high capacity, low cost and environmental friendliness. In particular, β–

FeOOH has shown a capacity of ~1000 mAh g-1, comparable to other promising iron-based 

anodes, such as Fe2O3 and Fe3O4. However, its storage mechanisms are unclear and the 

potential for further improvement remains unexplored. Here we show that this material can 

have a very high reversible capacity of ~1400 mAh g-1, which is 20 – 40% higher than Fe2O3 

and Fe3O4. Such a high capacity is delivered from a series of reactions including intercalation 

and conversion reactions, formation/de-formation of solid state electrolyte interface layers and 

interfacial storage. The mechanisms were studied by a combination of electrochemical and X-

ray absorption near edge spectroscopic (XANES) approaches. Moreover, very long cycling 

performance, that is, after even more than 3000 cycles the material still has a significant 

capacity of more than 800 mAh g-1, is obtained by a simple electrode design involving 
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introducing a rigid support into porous electrodes. Such long cycling performance is for the 

first time achieved for high-capacity materials based on conversion reactions. 

 
 
1. Introduction 

Due to the natural abundance and nontoxicity of iron, iron-based materials have always been 

attractive as electrodes for lithium-ion batteries (LIBs) which are the state-of-the-art energy 

storage technology today.[1] In this context, many iron oxides, such as Fe2O3 and Fe3O4, have 

been intensively studied as anodes for LIBs.[2] This is because these oxides can own a high 

capacity 1 to 2 times higher than that of commercial graphite anodes. Recently, several crystal 

structures of FeOOH, including α–, β– and amorphous forms, were reported to be highly 

promising as anodes for LIBs because of their high capacities that are comparable to Fe2O3 

and Fe3O4.
[3] However, similar to other high-capacity anode materials, these FeOOH materials 

usually suffer from fast capacity fading due to the instability of electrodes resulting from large 

volume change during lithiation/delithiation.[3e, 4] Therefore, advanced design of materials 

and/or electrodes is needed to improve their cyclability. So far, this still remains a great 

challenge. On the other hand, fundamental understanding of the lithium storage mechanisms 

of electrode materials is important for their developments in LIBs. However, research in this 

field for FeOOH materials is rather limited.  

In particular, β–FeOOH for lithium storage was first reported by Amine et al. in 1999.[5] 

They investigated the lithium storage properties in a potential range of 1.5 – 4.3 V vs. Li+/Li 

and demonstrated that ~1 lithium atom can reversibly intercalate/deintercalate into/from β–

FeOOH per formula in this potential range, corresponding to the intercalation reaction: β–

FeOOH + Li+ + e-1↔ LiFeOOH, where Fe(III) is reduced to Fe(II)  during discharge and 

Fe(II)  is re-oxidized to Fe(III) during charge. The theoretical capacity according to this 

reaction is 301.6 mAh g-1. Because of the high capacity in the high potential range, this 

material was considered as a promising cathode for rechargeable lithium-metal batteries. In 
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their study, they also applied a low cut-off potential, 0.5 V vs. Li+/Li, and a discharge capacity 

of ~1100 mAh g-1 was obtained. Following this work, there are several reports on β–FeOOH 

where it was also investigated in a high potential range.[6] The first study on β–FeOOH in a 

low potential range of 0.00 – 2.5 V vs. Li+/Li was reported by Tabuchia et al in 2009.[3c] A 

high reversible capacity of ~1000 mAh g-1 was obtained in their study. Such a capacity is 

similar to those reported for Fe2O3 and Fe3O4 anodes, and much higher than the theoretical 

capacity of the commercial graphite of 372 mAh g-1. They also proposed that surface 

reactions and partial reduction of Fe(II) to Fe(0) was responsible for the capacity in the low 

potential range. However, detailed storage mechanisms still remain unclear for capacity 

delivered below the potential of 1.5 V. Besides, the cycling performance reported was not 

satisfactory with showing only less than 20 cycles. Further improvement in performance 

remains unexplored.  

Herein, we show that β–FeOOH could have a very high reversible capacity of ~1400 mAh 

g-1 in the potential range of 0.005 – 3 V vs. Li+/Li, which is 20 – 40% higher than Fe2O3 and 

Fe3O4. Such a high capacity is delivered from a series of reactions including intercalation and 

conversion reactions, formation/de-formation of solid electrolyte interface (SEI) layers and 

interfacial storage. We discuss the reaction mechanisms by a combination of electrochemical 

and X-ray absorption near edge spectroscopic (XANES) studies. Moreover, by a simple 

design of electrode, we obtain very long cycling performance, that is, after even more than 

3000 cycles the material still has a significant capacity of more than 800 mAh g-1. Such long 

cycling performance is for the first time achieved for high-capacity materials based on 

conversion or alloying reactions. 

 
2. Results and Discussion 

β–FeOOH was prepared by a simple hydrolysis process at 100 °C using FeCl3 as a precursor. 

Scanning electron microscopy (SEM) image (Figure 1a) shows that the product owns a rod-
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like structure with a diameter of ~100 nm. The X-ray diffraction (XRD) pattern (Figure 1b) 

confirms the single-phase character of the product that all the peaks can be indexed into 

tetragonal β–FeOOH (JCPDS card No.: 34-1266). 

Figure 2a shows the first five discharge/charge curves of the β–FeOOH electrode 

containing 15% SP carbon at a current density of 0.2 A g-1. The electrode has initial discharge 

and charge capacities of 1759 and 1424 mAh g-1, respectively. The capacity of the electrodes 

was always calculated based on the mass of β–FeOOH in this work unless otherwise stated. 

The SP carbon electrode without β–FeOOH was also tested as reference (Figure S1). Only a 

small contribution of the capacity is from SP carbon, ~ 105 and 58 mAh g-1 for discharge and 

charge, respectively. Thus, the reversible (discharge) capacity that originates from β–FeOOH 

is ~ 1366 mAh g-1. This is much higher than the previous report of ~1000 mAh g-1 and also 20 

– 40 % higher than those widely reported for Fe2O3 and Fe3O4 anodes.[2a-e, 3g, 7] Such a high 

capacity makes it very competitive with Fe2O3 or Fe3O4 anodes. 

To understand how the capacity is delivered, we acquired more information from our 

results. As can be seen from Figure 2a, the first discharge curve is composed of four plateaus 

and sloping regions, indicating a multiple-step process of lithiation. The first sloping voltage 

plateau is observed around 1.85 V which is attributed to lithium intercalation into β–FeOOH 

to form LiFeOOH. The theoretical capacity of this intercalation step is 301.6 mAh g-1. In 

previous reports, a capacity of larger than 270 mAh g-1 could be obtained when discharged to 

1.5 V at low current densities.[5-6, 8] Here, at this potential, the capacity for the electrode is 243 

mAh g-1(a capacity of less than 1 mAh g-1 from the SP carbon; see Table S1 for capacities of 

the SP carbon at different potentials), corresponding to Li0.80FeOOH, and lower than literature 

data. This might be due to different current densities applied as well as lower utilization of the 

material. In our case, it’s more likely that this intercalation reaction ends at a slightly lower 

potential.  
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Following the first intercalation reaction, there is a second sloping region which ends at ~ 

0.93 V. The capacity for the electrode at this potential is 564 mAh g-1 including a contribution 

of ~17 mAh g-1 from the SP carbon, corresponding to Li1.82FeOOH, which is very close to 

uptake of two lithium per β–FeOOH with a theoretical capacity of 603.3 mAh g-1. This means 

after the first intercalation reaction, about one more lithium intercalate into β–FeOOH. The 

valence of iron after this reaction is likely to be reduced to be close to Fe(I) according the 

capacity. However, it should be noted that it’s also reported the formation of solid electrolyte 

interface (SEI) layers could start at this region and contribute a certain capacity.[3c, 9] 

After the sloping region, a long and flat voltage plateau is found ending at ~0.65 V. This is 

attributed to: (1) a conversion reaction to form metallic iron, Fe(0), as will be discussed later; 

and (2) formation of solid electrolyte interface (SEI) layers. The capacity for the electrode at 

0.65 V is 1307 mAh g-1 including a contribution of ~31 mAh g-1 from the SP carbon. The 

theoretical capacity of β–FeOOH from Fe(III) to Fe(0) is 905 mAh g-1. Thus the capacity 

from the formation of the SEI layers at this stage is larger than 371 mAh g-1 by excluding the 

theoretical capacity from Fe(III) to Fe(0) and the contribution from SP. The following sloping 

region after the conversion plateau could be partially due to further formation of SEI layers. 

Besides, interfacial storage with a capacitive character probably is also contribute to the 

capacity in this region because such a storage behavior generally exists in low potentials for 

materials based on conversion reactions.[4b] The final discharge capacity for the electrode is 

1759 mAh g-1 at a cut-off potential of 0.005 V as mentioned before.  

In the subsequent charging process, the profile is composed of two sloping regions in the 

low and high potential ranges, and two less defined plateaus (~0.95 – ~1.3 V and ~1.3 – ~2.2 

V) in-between. Such a characteristic of the profile also indicates multiple-step reactions, 

probably including interfacial storage, de-formation/consumption of SEI layer, and 

conversion and intercalation reactions. The capacity attained during this process is 1424 mAh 

g-1 as mentioned before, corresponding to an irreversible capacity of 336 mAh g-1 and a 
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coulombic efficiency of 81% for the first cycle. The observation of the irreversible capacity 

indicates some of the reactions mentioned above are irreversible or partially irreversible. The 

coulombic efficiency of 81% could probably be further improved by charging to a higher 

potential because at least the first intercalation reaction is more reversible in a higher potential 

range, e.g. 1.5 – 4.3 V.[5] 

For the second cycle, it is observed that the shape of the discharge profile above 0.93 V is 

different from the first, with the absence of the first intercalation plateau. The capacity of the 

electrode at this potential is also much lower for the second discharge, only 76.6 % of the first 

one. These indicate the poor reversibility of the reactions occurring above 0.93 V. The 

capacity reduces fast every cycle during the first five cycles, indicating the instability of the 

electrode which will be further discussed later. 

The discharge/charge processes were monitored by XRD to determine the phase structure 

of the lithiation/delithiation products, as shown in Figure S2. It is found that the material 

loses its crystallinity even just at 1.5 V during the 1st discharge. And it remains amorphous in 

the following discharge and charge processes. The amorphous feature of the de-conversion 

products is consistent with other materials based on conversion reactions.[4b] 

Cyclic voltammetry (CV) was also employed to investigate the lithiation/delithiation 

behavior of the β–FeOOH. As can be seen from Figure 2b, the first negative scan is 

characterized by four peaks centered at 1.78, 1.25, 0.73 and ~0 V, corresponding to the four 

regions in the first discharge profile from high to low potentials, respectively. In the 

subsequent positive scan, a well-defined peak is first obtained centered at 1.04 V 

corresponding to the region between ~0.95 – ~1.3 V in the first charge profile. A second 

broad peak is then observed centered at 1.55 V probably corresponding to the de-conversion 

reaction. Following these two peaks, there are two other shoulder peaks which are almost 

undistinguishable, at 1.96 and 2.19 V. These two peaks may be attributed to the reversible 

reactions corresponding to the cathodic peaks at 1.25 and 1.78 V, respectively. They overlap 
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with each other and with the broad peak around 1.55 V in some degree, indicating that these 

reactions take place at the same time at certain potential range.  

In the following cycle, we can see all the peaks become less pronounced compared with 

the first cycle except the most pronounced cathodic peak at 0.75 V. This indicates that the 

conversion reaction and formation of SEI layers at this potential are highly reversible and that 

the other reactions are partially reversible. Besides, it is found that the first three cathodic 

peakes shifted to higher potentials during the second cycle, i.e., 1.78 1.85 V, 1.24  1.43 V 

and 0.73  0.75 V, indicating lower polarization, in agreement with the discharge/charge 

profiles that the initial sloping regions and the conversion plateau for the second cycle locate 

at slightly higher potentials than for the first cycle. The anodic peak at 1.82 V in the second 

cycle could be due to further overlap of the reactions occurring at 1.96 and 2.19 V in the first 

cycle. 

To further understand the lithiation/delithiation behavior of β–FeOOH, we performed 

XANES analysis on the β–FeOOH electrodes at different discharge and charge states during 

the first two cycles. The XANES spectra are shown in Figure 3a-f. Their first derivative plots 

are shown in Figure S3. The states chosen for this study are shown in Figure 3g. From the 

XANES spectra, we can obtain the valence information of the iron because the overall iron 

absorption edge position will shift to lower energies with reducing the average oxidation state 

of iron due to the decrease in binding energy of the Fe 1s2 electrons. [10]  The β–FeOOH (fresh 

electrode) and reference Fe2O3 have the same absorption edge position on the spectra (Figure 

3f) because of the same oxidization state of iron. With discharge to 1.5, 0.93, and 0.65 V, the 

edge position shifts to lower energy continuously, and then remains the same till 0.005 V, 

indicating a continuous reduction of iron till 0.65 V and no obvious reduction of iron upon 

further discharge. It is well known that there is a conversion reaction during electrochemical 

lithiation for many transition metal oxides, after which the transition metallic element is 

reduced to its elemental state.  It was also reported that there is a similar conversion reaction 
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for α–FeOOH to form Fe(0), LiOH and Li2O.[3f] Thus, it’s interesting to know if there is also 

such a conversion reaction for β–FeOOH. This point can be confirmed by comparing the 

XANES spectra of the sample and metallic iron reference. As shown in Figure 3f, the 

absorption edge of the spectrum after discharge to 0.65 V is close to the iron reference; the 

main peak positions of the first derivative plot (Figure S3f) for the sample are consistent with 

those of the iron reference. These suggest the formation of Fe(0), and thus confirming the  

presence of a conversion reaction. The signal vibration amplitude of the sample is smaller 

than that of the iron reference, indicating that the iron tends to be amorphous in the sample. 

Combining with the electrochemical results above, we may conclude that Fe(III) in β–FeOOH 

is firstly reduced to Fe(II) by an intercalation reaction which ends at ~1.5 V; and then reduced 

to Fe(x) by another intercalation reaction which ends at ~0.93 V (x may be close to 1 if 

assuming the capacity contribution from the formation of SEI layers is low at this relatively 

high potential range); and finally reduced to Fe(0) by a conversion reaction which ends at 

~0.65 V, probably coupled with the formation of LiOH and Li2O as proposed for α-FeOOH. 

For the further discharge process to 0.005 V, the iron is not involved in the redox reactions. 

This is consistent with other reports[4b] for conversion materials that the capacity at low 

potential ranges comes from decomposition of electrolytes to form SEI layers and interfacial 

storage, because the redox center (here iron) in the materials has been completely reduced to 

the lowest valence state after conversion reactions. 

Figure 3b shows the Fe K-edge XANES spectra of the electrodes recharged to 0.95, 1.3, 

2.2, and 3 V after discharge to 0.005 V comparing with the 0.005 V one. It’s interestingly 

found that the curves for 0.005, 0.95, and 1.3 V almost overlap with each other, indicating the 

same valence state of iron till 1.3 V. This suggests that the capacity below 1.3 V is because of 

de-formation of SEI layers and/or interfacial storage, and oxidation of Fe is not involved. 

However, we can notice that the first charge profile (Figure 2a) shows two distinguishable 

regions (0.95 – 1.3 V and <0.95V) in the low potential range, indicating different mechanisms 
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involved. This point needs to be further studied by other techniques. Upon further charge to 

higher potential, the valence state of the iron continuously increases as evidenced by the shift 

of the Fe absorption edge position to higher energy. However, the final valence (3 V) is still 

lower than the initial one but close to the 1.5 V (1st discharge) one (Figure 3e), i.e., the 

average oxidation state at 3 V is slightly higher than Fe(II) because the lithiation state at 1.5 

V(1st discharge) is Li0.80FeOOH in our case. This indicates the irreversibility of the reactions, 

in agreement with the electrochemical results.  

The Fe K-edge XANES spectra for the following cycle show the same trend for the 

valence change of iron (Figure 3c and d). Namely, the iron is reduced continuously until 

completion of conversion reaction (~0.65 V) and then remains Fe(0) till 0.005 V during 

discharge. Upon charge, oxidation of iron starts above 1.3 V, and the final valence (3.0 V) of 

the iron is also close to the 1.5 V (1st discharge) one. For better comparison of the oxidation 

state at low potentials, we combined all the spectra and their first derivatives for the ones after 

the conversion reaction and before oxidation of iron in the same figure (Figure S4), and it is 

observed that all these curves almost overlap with each other, which means that they have the 

same oxidation state. 

 

Based on the discussion above, we thus propose such mechanisms for lithium storage in β–

FeOOH including the following reactions: 

(1) β–Fe(III)OOH + Li+ + e-1 ↔ LiFe(II)OOH (partially reversible) 

(2) LiFe(II)OOH + xLi+ + xe-1 ↔ Li1+xFe(II-x)OOH (partially reversible) 

(3) Li1+xFe(II-x)OOH + (2-x)Li+ + (2-x)e-1 ↔ Fe(0) + Li2O + LiOH (highly reversible) 

(4) Formation and de-formation of SEI layers and interfacial storage (partially reversible) 

 

The rate and cycling properties of the material are shown in Figure 4a (the one without 

graphite). Initially, the capacity decreases fast every cycle, and a reversible capacity of 806 
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mAh g-1 for the electrode at a current density of 0.2 A g-1 is obtained after 5 cycles, 

corresponding to a retention of 57%. The fast capacity fading should be mainly because of the 

instability caused by large volume change during lithiation/delithiation which is always 

associated with high-capacity conversion and alloying materials. Besides, as mentioned above, 

the low voltage range applied also accounts for partial irreversible capacity because at least 

the first intercalation reaction is more reversible in a higher voltage range as reported. The 

stability of the electrode was also investigated by SEM. Figure S5a and b show the SEM 

images of the electrodes before and after one cycle, respectively. It is observed that the 

electrode becomes seriously cracked after one cycle (Figure S5b) as compared with the fresh 

electrode (Figure S5a). The cracking leads to the loss of electrical contact of the electrode. 

This confirms the instable nature of the electrode during lithiation and delithiation. Moreover, 

the high magnification image of the electrode after one cycle (Figure S5d) shows the absence 

of the original rod-like particles. Note that our electrode processing technique didn’t destroy 

the rod-like structure as confirmed by the high magnification images of the fresh electrode 

(Figure S5c). Instead, we only observe the agglomerates of small nanoparticles. This is 

consistent with those widely reported that the cracking of the electrode is accompanied with 

agglomeration.[11] The formation of nanoparticles after cycling is also commonly reported for 

materials that undergo a conversion reaction.[4b, 12] 

In the next 30 cycles, the current density was increased every 10 cycles from 0.5 A g-1 to 1 

A g-1, and then 2 A g-1 for rate capability measurement. The capacity gradually decreases at 

each rate. The reversible capacities for the electrode are 576, 399, and 254 mAh g-1 at 10th 

(0.5 A g-1), 20th (1 A g-1), and 30th (2 A g-1) cycle, respectively. Afterward, the battery was 

cycled at a current density of 0.5 A g-1. The capacity still keeps decreasing in the following 

tens of cycles. And after reaching to the lowest point of 285 mAh g-1 at this rate, the capacity 

starts increasing gradually. After ~300 cycles totally, the capacity for the electrode maintains 

between 500 and 600 mAh g-1 for the next 300 hundreds of cycles. The instable cycling 
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behavior in the first 300 cycles is ascribed to a restructuring process of the electrode.[2d, 13] 

Firstly, the large volume change results in the capacity fading in these initial cycles. As the 

cycling proceeds, the SEI layers, which is able to alleviate the volume swing,[2d] formed on 

the surface of the particles might become more and more stable. Moreover, it might be 

possible for the electrical contact to recover in some degree upon cycling because the 

electrode undergoes an aggregation process during discharge/charge. These lead to the 

increase of the capacity until final stabilization. Similar restructuring behavior has been also 

found for other high-capacity materials.[2d, 3e, 4g] Here, our result shows that this restructuring 

process may take several hundreds of cycles for the electrode to reach a stable state. 

In order to improve the cycling performance, it is necessary to design a stable electrode 

that can accommodate the volume change during lithiation and delithiation. An ideal electrode 

for large-volume-change materials should contain pre-reserved spaces for volume expansions 

and have a rigid component to maintain the whole structure.[4h, 14] As reported, materials with 

nanorod-like structures are always highly porous, because they own pores generated between 

the rods when randomly stacking together. [15] These pores can ideally serve as spaces for 

volume expansions. The porosity of our β–FeOOH was also confirmed by N2 adsorption 

measurement. The isotherm (Figure S6) shows a typical type Ⅳ profile with an obvious 

capillary condensation, indicative of mesoporosity of the material. The BJH pore volume and 

BET surface area are 0.22 cm3 g-1 and 16 m2 g-1, respectively. To improve the stability of the 

electrode, we introduced microsized sheet-like graphite (Figure S7a) into the electrode as a 

rigid support. The use of graphite to improve cycling performance has been reported 

before.[16] Here we show that by combining the sheet-like graphite and porous electrode 

materials, very long cycling performance could be achieved. 

Partial (10 wt% in the electrode) of the SP carbon which was used as a conductive additive 

in the electrode was first replaced with the same amount of graphite. The cycling and rate 

properties for this electrode are also shown in Figure 4. The first and fifth reversible 
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capacities for the electrode are 1268 and 907 mAh g-1 at a current rate of 0.2 A g-1, 

corresponding to a retention of 72%, which is much higher than the one without graphite. 

Besides, although this electrode doesn’t show improvement in rate capability, it has a higher 

capacity after rate capability testing. These facts prove the efficient improvement of stability 

by using graphite.  

To further enhance the stability, a higher content of graphite was used in the electrode (30 

wt%) and the use of β–FeOOH was correspondingly reduced to 50 wt% from 70 wt%. The 

cycling and rate properties for this electrode are shown in Figure 5. The first reversible 

capacity for the electrode increases to 1564 mAh g-1 at a current density of 0.2 A g-1 because 

of a large contribution from the high-content graphite (see Figure S7b for the capacity of the 

graphite electrode). After 5 cycles at the same rate, the capacity for the electrode reduces to 

1338 mAh g-1 corresponding to a retention of 86%, which is further improvement to the 

electrode with 10 % of graphite. To gain insight into the improvement, SEM was used to 

investigate the structure of the electrodes with 30 wt% of graphite before (Figure S5e) and 

after cycling (Figure S8f and g). From the SEM image of the one after one cycle (Figure S5f), 

we can see only slight cracking. And after two cycles (Figure S5g), the cracking is still rather 

moderate compared with the one without graphite after one cycle (Figure S5b). These 

observations demonstrate that the use of graphite is favorable for the maintenance of the 

mechanical integrity of the electrode.  

For the next 30 cycles, the current densities applied were the same as the electrode without 

graphite for comparison. Due to the improved stability, the capacities become rather stable at 

each rate without any visible fading. Besides, the rate capability is also improved, with a 

reversible capacity of 1216, 1131, and 1017 mAh g-1 at 10th (0.5 A g-1), 20th (1 A g-1), and 30th 

(2 A g-1) cycle for the electrode. The current density was further increased to 5 A g-1 and 10 A 

g-1 for the 36 – 45th and 46 – 55th cycles. A very high capacity of 684 mAh g-1 (50th) is still 

retained at 10 A g-1, corresponding to ~4 min charging/discharging. Both the improved 
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stability and conductivity by adding the high content graphite should be account for this 

excellent rate capability. It’s worth to note that graphite is not capable of fast intercalation/de-

intercalation of lithium (68 and 34 mAh g-1 at a current density of 1 and 2 A g-1, respectively, 

Figure S7b). Therefore, it has negligible contribution to capacity at high rates.  

From 55th to 3000th cycle, the battery was cycled at a current density of 2 A g-1. The 

capacity for the electrode undergoes firstly a gradually increase even up to 1605 mAh g-1 

(337th) and then decrease till stabilized at ~ 600 mAh g-1, indicating also a restructuring 

process. After 3000 cycles, the current density was reduced to 0.5 A g-1 and a capacity of up 

to 1048 mAh g-1 for the electrode could still be obtained for the electrode. Note that the 

capacity contribution from the graphite and the SP carbon should be less that 222 mAh g-1 

(calculated based on the capacity of 370 mAh g-1 for the graphite electrode at a low current 

density of 50 mAh g-1). This means the β–FeOOH still have more than 800 mAh g-1 after 

3000 cycles. To the best of our knowledge, such long cycling performance has never been 

achieved for any materials based on conversion reactions. A disadvantage here is the use of a 

high content of graphite with a lower capacity which compromises the overall specific 

capacity of the electrode. However, such a compromise would be acceptable because it’s also 

common to use carbon composites with high carbon content, e.g., 20 – 40 %, for large-

volume-change electrode materials. [3e, 4f, 4h, 14b, 17] 

 
3. Conclusion 

We reported here a large reversible capacity of ~1400 mAh g-1 for β–FeOOH as anodes for 

LIBs. Such a capacity is much higher than the previous report of ~1000 mAh g-1 and also 20 – 

40 % higher than those widely reported for other promising Fe2O3 and Fe3O4 anodes. By a 

combination of electrochemical and XANES studies, we proposed the lithium storage 

mechanisms for β–FeOOH, including the following reactions: 

(1) β–Fe(III)OOH + Li+ + e-1 ↔ LiFe(II)OOH (partially reversible) 
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(2) LiFe(II)OOH + xLi+ + xe-1 ↔ Li1+xFe(II -x)OOH (partially reversible) 

(3) Li1+xFe(II -x)OOH + (2-x)Li+ + (2-x)e-1 ↔ Fe(0) + Li2O + LiOH (highly reversible) 

(4) Formation and de-formation of SEI layers and interfacial storage (partially reversible) 

Moreover, very long cycling performance, which has never been achieved for any 

conversion materials, were obtained by a simple electrode design using microsized sheet-like 

graphite as a rigid support and self-generated pores between nanorods as pre-reserved spaces 

for the volume change. This simple approach to a more stable electrode would be also 

applicable to other high-volume-change conversion and alloying materials. 

 
4. Experimental Section 

Synthesis of β–FeOOH. β–FeOOH was synthesized by a hydrolysis method. In a typical 

synthesis, 10 mL of 0.5 M aqueous FeCl3 was added into 70 mL of H2O in a 100 mL plastic 

bottle with a 0.8 mm needle hole. After shaking for 1 – 2 min, the bottle was kept in an oven 

at 100 °C for 24 h. The precipitates were collected after cooling down and washed with 

deionized water and ethanol several times and finally dried at 80 °C overnight.  

Characterization. X-ray powder diffraction (XRD) analysis of the samples were carried out 

with a Shimadzu thin film diffractometer using Cu Kα radiation. Field-Emission Scanning 

electron microscopy (FESEM) images were collected on JEOL JSM-6340F and 7600F 

microscopes. High-resolution transmission electron microscopy (HRTEM) images were 

observed using a JEOL JEM 2010 microscope. Nitrogen adsorption measurements were 

performed on a Micromeritics ASAP 2020 physisorption analyzer at 77 K. 

Brunauer−Emmett−Teller (BET) and Barret-Joyner-Halenda (BJH) methods were used for 

the surface area and pore size distribution (PSD) determination using N2 adsorption data. X-

ray absorption near edge spectroscopy (XANES) was carried out at Singapore Synchrotron 

Light Source, XAFCA beamline. 
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Electrochemical Measurements. The active material β–FeOOH nanorods were mixed with 

conductive carbon (Super P, SP) and binder (sodium carboxymethyl cellulose, CMC) in 

deionized water in a weight ratio of 70 : 15 : 15. The resultant slurry was coated onto a 

current collector and dried at 80 °C overnight. To improve the cycling performance, graphite 

was added into the electrodes. Two weight ratios of β–FeOOH : graphite : SP : CMC were 

used, 70 : 10 : 5 : 15 and 50 : 30 : 5 : 15. The loading density of the electrodes was ~ 1 mg 

cm-2. Due to the different composition of electrodes, all the capacities and current densities in 

this work were normalized by the mass of β–FeOOH unless otherwise stated. The electrodes 

were assembled with Li metal as counter electrodes in a 2032 coin cell in an Ar-filled glove 

box. Celgard 2400 was used as a separator. The electrolyte was 1 M LiPF6 in ethylene 

carbonate/dimethyl carbonate (1/1 by volume). Galvanostatic charge and discharge (0.005 – 3 

V) tests were performed on Battery Testing Equipment (Neware Electronic Co., China) at 

different current densities under ambient temperature. Cyclic voltammetry measurement was 

performed on a Bio-Logic SP-150 potentiostat. 
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Figure 1. a) XRD pattern and b) SEM image of the prepared β–FeOOH 
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Figure 2. a) First five discharge/charge curve of the β–FeOOH at a current density of 0.2 A g-

1. Electrode components: 70 wt% β–FeOOH-1 / 15 wt% SP / 15 wt% CMC. Two colors 

(black and red) are used to show different regions in the first cycle; b) CV curves of the β–

FeOOH. Scanning rate: 0.2 mV s-1 
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Figure 3. Fe K-edge XANES spectra for β–FeOOH at different lithiation states. a) Fresh  

electrode and electrodes after the first discharge to 1.5, 0.93, 0.65, and 0.005 V; b) electrodes 

after the first discharge to 0.005 V and after the first charge to 0.95, 1.3, 2.2, and 3 V; c) 

electrodes after the first charge to 3 V and after the second discharge to 0.93, 0.65, and 0.005 

V; d) electrodes after the second discharge to 0.005 V and after the second charge to 0.95 , 1.3, 

2.2, and 3 V; e) fresh electrode and electrodes after the first discharge to 1.5 V, after the first 

charge to 1 V, and after the second discharge to 3 V. f) fresh electrode, electrode after the first 
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discharge to 0.65, metallic Fe and Fe2O3 references. 1D, 1 C, 2 D, and 2 C in the legends 

stand for 1st discharge, 1st charge, 2nd discharge, and 2nd charge, respectively. g) Points chosen 

for XANES study. Approximate valence states of iron during lithiation/delithiation are 

indicated according to the electrochemcal and XANES results. 

 
 

 

 

Figure 4. a) Rate and cycling properties of the β–FeOOH. Electrode components for the one 

without graphite: 70 wt% β–FeOOH-0 / 15 wt% SP / 15wt% CMC; for the one with 10 wt% 

graphite: 70 wt% β-FeOOH-0 / 10 wt% graphite /5 wt% SP / 15wt% CMC. Current densities 

(A g-1) applied: 0.2 (1 – 5th cycle), 0.5 (6 – 15th cycle), 1 (16 – 25th cycle), 2 (26 – 35th cycle), 

and 0.5 (36 – 650th cycle). Inserts show the first and fifth discharge/charge curves (left) and 

the initial 35 cycles (right) 
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Figure 5. Rate and cycling properties of the β–FeOOH with a high content of graphite. 

Electrode components: 50 wt% β–FeOOH / 30 wt% graphite / 5 wt% SP / 15 wt% CMC. 

Current densities (A g-1) applied: 0.2 (1 – 5th cycle), 0.5 (6 – 15th cycle), 1 (16 – 25th  cycle), 2 

(26 – 35th cycle), 5 (36 – 45th cycle), 10 (46 – 55th cycle), 2 (56 – 3000th cycle), 0.5 (3001 – 

3050th cycle), and 2 (the following cycles). Insert shows the cycles 1 – 55th and 3001 – 3050th 
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β–FeOOH is reported to have a very high capacity of ~1400 mAh g-1as an anode for 
lithium-ion batteries. The storage mechanisms are investigated by a combination of 
electrochemical and X-ray absorption near edge spectroscopic studies. Very long cycling 
performance is achieved by a simple electrode design, that even after 3000 cycles the material 
still has a significant capacity. 
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