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Figure 4. Comparison of 3D structures of barbosalite (a), lipscombite (b), and ferric lipscombite (c) with their simulated PXRD patterns.

(inset of Figure 7). More interestingly the magnetization curve remains
negative up to an applied field of 1000 Oe, after which it becomes
positive. The negative magnetization in barbosalite has been observed
previously,34 however, actual cause of negative magnetization needs
further investigation.

Electrochemistry

Cyclic voltammetry.—Cyclic voltammetry tests were conducted
on the fabricated Li-ion coin cells to get an idea of the Li-insertion
(cathodic reduction) and Li-extractions (anodic oxidation) voltages.
Figure 8 shows the first three cycles of cyclic voltammograms, when
the cell was subjected to a voltage scanning between 1.5–4.0 V. Open
circuit voltage (OCV) was at 2.99 V. The battery was discharged first
yielding an onset of reductive lithiation at 2.55 V with a peak at 2.45 V
and the corresponding oxidation peak was at 2.75 V. The potential at
the reduction peak increased in the subsequent cycle to 2.5 V and at

Figure 5. TGA curves of the compound Fe3(PO4)2(OH)1.86(H2O)0.14 from
NaF and LiOH routes.

same time oxidation peak decreased to 2.7 V, with an onset of oxidation
at 2.3 volt. From the oxidation and reduction peaks, the average voltage
can be estimated to be around 2.6 V. It is also to be noted here that

Figure 6. Mössbauer spectra of the compounds prepared from NaF route (a)
and LiOH route (b).
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Figure 7. Temperature dependence of molar magnetic suscepti-
bility (χm) and inverse molar magnetic susceptibility (χm

–1) of
Fe3(PO4)2(OH)1.86(H2O)0.14 synthesized by NaF route. (Inset shows M
vs H plot).

during reduction it exhibit strong cathodic current with a sharp peak
while during the anodic oxidation it shows a broad peak spanning
between 2.3 to 3.5 volt.

Galvanostatic charge-discharge.—The galvanostatic charge-
discharge experiments were done at various slow C-rates and the cutoff
potentials were set in the range 1.5–4.0 V for all the tests (Figure 9).
Assuming a complete one electron process per Fe atom, the theoreti-
cal capacity of the compound can be calculated to be 136.90 mAh.g–1.
Figure 9 shows the charge-discharge profiles at C/50. The first dis-
charge delivered a capacity of 47 mAh.g–1, which on subsequent cy-
cles increased to 55 mAh.g–1. Subsequently at various comparatively
faster C-rates specifically, at C/20, C/10 and C/5, a very stable capac-
ity of 52, 50 and 46 mAh.g–1, respectively, was achieved (Figure 10).
The decrease in capacity with the increasing C-rate was minimum.
After several cycles of faster C-rates when we returned to slower C-
rate (C/50), the capacity further increased to 69 mAh.g–1, which is
equivalent to insertion of 0.5 lithium (Figure 10). To further increase
the capacity, we increased the percentage of carbon in the cathode
composite from 15% to 25% assuming electronic conductivity could
be a factor impeding achievement of full theoretical capacity. Similar
charge-discharge tests on the higher carbon percentage in the cathode
mix resulted in substantial enhancement in the achievable capacity
(Figures 9 and 10). In the respective C-rates starting from C/50 and
going through C/20, C/10, C/5 and again returning to C/50 in the 20th

cycle we observed an increase of 10 −15 mAh.g–1 capacity. More in-
terestingly when the cell was further cycled for another 20 cycles in
similarly varying C-rates the capacity further jumped to 95 mAh.g–1 in
the 40th cycle in C/50 rate. Even in C/5 rate a capacity of 65 mAh.g–1

can be achieved, which was the best performance in C/50 rate with

Figure 8. First three cycles of cyclic voltammogram of Li-ion cell made with
Fe3(PO4)2(OH)1.86(H2O)0.14 as cathode and pure Li as anode.

Figure 9. Galvanostatic charge-discharge profiles for Li-ion batteries at
C/50 with 75:15:10 composition (shown with dotted lines, 1st and 2nd cycles)
and 65:25:10 (shown with continuous lines, 1st, 2nd, and 40th cycles).

15% carbon content (Figures 9 and 10). The final achievable capacity
of 95 mAh.g–1 is equivalent to 70% of the theoretical capacity. The
cell was tested for cycle-life for 300 cycles at C/5 rate, where it con-
tinued to show capacity increase till 150 cycles and then stabilize to
the initial capacity of C/5 rate (inset of Figure 10). The increase in the
capacity during successive charge-discharge cycles is quite intriguing
and might be associated with particle size reduction occurring during
cycling or creation of conducting pathways with successive cycling or
increased exposure of active materials in the electrolyte. The capacity
can also increase on successive cycling due to structural transforma-
tion from a poorly electrochemically active phase to a phase with
facile electrochemical activity. Another possibility could be that the
active materials had some Na-substitution to begin with in the as-
synthesized phase, which on successive cycling slowly got exchanged
with Li and capacity increased due to decrease of equivalent weight
of active material. We, therefore, also charged the battery first, which
didn’t yield any capacity eliminating the possibility of having Na-ion
into the as-synthesized compound as was also supported by our EDS
analysis (absence of Na). To better understand the capacity increase
phenomena we carried out several tests with the cells that were tested
for cycle-life.

Post Analysis of Cycled-Cells

Cyclic voltammetry.—We collected cyclic voltammograms for the
coin cells after 100 cycles and 300 cycles from two different cells,
which displayed remarkably different shape from the initial (fresh)
cells (Figure S7, S.I.). The noticeable features of the cycled cells
include change in the oxidation (2.5 V) and reduction (2.3 V) peaks
with a decrease from the initial values of 2.8 and 2.5 V, respectively,

Figure 10. Cycle index showing capacity retention at different C-rates with
75:15:10 composition (20 cycles) and 65:25:10 composition (40 cycles). (Inset
shows capacity retention for 300 cycles at C/5).
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Figure 11. Comparison of cyclic voltammograms for the batteries, freshly
fabricated and after cycling. (Second cycle).

along with a development of a very symmetric CV with broad rounded
oxidation and reduction peaks. The area under the anodic oxidation
and cathodic reduction are almost equal indicating equal kinetics of
oxidation and reduction and facile electrochemistry with less polar-
ization. More importantly lithium insertion and extraction potentials
are a function of structure type and a substantial shift in their values
(See Figure 11) may indicate a structural rearrangement.

Electro-impedance study.—In order to understand the kinetics of
processes inside the battery, we performed electro-impedance studies
on a freshly fabricated and cycled (100, 300 cycles) cells (Figure 12,
fitted parameters are supplied in Table S5, S.I.). The freshly fabricated
cell was fitted with one R/C element at mid frequency to high frequency
region with one semicircle corresponding to the charge transfer resis-
tance, with a low frequency tail fitted with Warburg impedance corre-
sponding to Li-ion diffusion inside the cathode material. For the cycled
cells, based on the two partially overlapped semicircle we used an ex-
tra R/C element at high frequency corresponding to SEI resistance

Figure 12. Nyquist plot of freshly fabricated (a) and cycled Li-ion cells (b).

(RSEI), and the other semicircle for charge transfer (Rct) following pre-
vious well-document work.36,37 During cycling, the cell is expected
to develop SEI (solid electrolyte interface) and thereby the combined
resistance increased (RSEI + Rct). However, if we consider Rct alone
in all three cells, it decreases with cycling from 342 (fresh battery)
to 202 ohm after 100 cycles, and showing further reduced value of
112 ohm after 300 cycles, which explains that the kinetics of the Li+

charge transfer becoming facile on cycling. Such values of Rct has been
observed previously in phosphate-based cathode in Li-ion batteries.38

From this observation it can be concluded that the charge-transfer in
the electrolyte-electrode interface especially at cathode may be related
to the transformation of the cathode materials to a more electrochem-
ically facile phase as supported by the CV and PXRD of the cycled
cell (discussed below). During cycling RSEI has increased from 421
(100 cycles) to 484 ohm (300 cycles), which may be affecting capacity
retention after 200 cycles.

Ex-situ pxrd characterization of discharged and charged cells.—
To further understand the mechanism of the charge-discharge profiles
and to evaluate if there is any structural phase transition, the ex-situ
PXRDs of the charged and discharged cells were carried out. For this,
the coin cells were cracked-opened inside the argon filled glove box
and the cathode material in the charged and discharge state of the
cells were recovered, washed with the acetone, and dried. The cath-
ode material was then placed in an air tight cell holder, and PXRD
was collected. The PXRD of the discharged phase indicates that due
to successive charge-discharge process there may be structural rear-
rangement as evident by the emergence of a new line at 2ϴ = 25.8°
and the new line is retained even in the charged state, supporting that
the structural rearrangement is irreversible. The overall PXRDs look
mostly similar to the as synthesized sample, except the development
of a new peak at 2ϴ = 25.8°. To validate the hypothesis that the struc-
tural transformation is due to lithium insertion, we carried out chem-
ical reductive lithiation with LiAlH4 by stirring the as-synthesized
sample in THF with 1:1 ratio of barbosalite and LiAlH4 inside
Ar-filled glove box. The PXRD (Figure S8, S.I.) of the chemically
reduced phase bear remarkable similarity with the electrochemically
reduced/oxidized phase, corroborating well with the hypothesis that
lithium insertion is causing a structural phase transition. It is to be
noted here that similar phase transition has been observed recently
in a vanadium oxy-phosphate, V4O3(PO4)3, which also belongs to
lipscombite-lazulite family of structures.39

Possible li-sites in the structure.—It is worth discussing here the
possible sites for Li-ion intercalation in barbosalite. Since the Fe-sites
are ordered it has an empty site at every fourth position (Wyckoff,
2d) of an infinite hypothetical face-shared chain of octahedra, the vol-
ume of which is appropriate for the accommodation of a lithium ion.
Besides the 2d site there is another empty site, namely 2b Wyckoff
site, similar to 8c empty channel site of the ferric end member of the
lipscombite. This 8c site has been theoretically predicted to be the site
for Li-intercalation in lipscombite.20 Some authors also hypothesized
that Li can also occupy the iron vacancy sites along with the empty
channel sites in lipscombite.19 Intuitively it is possible for Li to go
either in the 2b empty channel site or the empty metal site, 2d in bar-
bosalite, as shown in Figure 13. However, unoptimized structure with
two inserted lithium ions do not produce the new line that we have
observed in electrochemically/chemically reduced phase. Therefore,
it can be concluded that a structural re-arrangement may be happening
which may include movement of Fe-atoms in the face-shared chain.
Obviously more sophisticated experiments for example, high reso-
lution synchrotron PXRD data of the reduced Li-intercalated phase
will be required to understand the structural rearrangement and lo-
cate the exact position of the Li-ion which is beyond the scope of this
manuscript.
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Figure 13. Perspective view of the structure of Fe3(PO4)2(OH)1.86(H2O)0.14
showing possible Li sites.

Conclusions

In this article, we have reported the synthesis of barbosalite through
low-temperature hydrothermal routes. The compound has shown good
achievable capacities for the Li-ion batteries with 0.7 Li insertion at an
average voltage of 2.6 V. Charge-discharge profile, CV and PXRD of
the cycled cell indicate structural re-arrangement due to lithium inser-
tion. Though due to the lower capacity and smaller insertion voltage,
it will not be competitive for Li-ion battery cathode but from fun-
damental solid state electrochemistry perspective it is an important
system which complements the electrochemistry of the lipscombite
structure type and reminds us about the fact that subtle difference in
structure from well-studied lipscombite can have substantial impact
on electrochemistry.
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