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A New Strategy to Effectively Suppress the Initial Capacity
Fading of Iron Oxides by Reacting with LiBH,

Yun Cao, Yaxiong Yang, Zhuanghe Ren, Ni Jian, Mingxia Gao, Yongjun Wu, Min Zhu,

Feng Pan, Yongfeng Liu,* and Hongge Pan

In this work, a new facile and scalable strategy to effectively suppress the
initial capacity fading of iron oxides is demonstrated by reacting with lithium
borohydride (LiBH,4) to form a B-containing nanocomposite. Multielement,
multiphase B-containing iron oxide nanocomposites are successfully prepared
by ball-milling Fe,O3 with LiBH,, followed by a thermochemical reaction at
25-350 °C. The resulting products exhibit a remarkably superior electrochem-
ical performance as anode materials for Li-ion batteries (LIBs), including a
high reversible capacity, good rate capability, and long cycling durability. When
cycling is conducted at 100 mA g', the sample prepared from Fe,0;-0.2LiBH,,
delivers an initial discharge capacity of 1387 mAh g~'. After 200 cycles, the
reversible capacity remains at 1148 mAh g™, which is significantly higher than
that of pristine Fe,O; (525 mAh g™') and Fe;O, (552 mAh g~'). At 2000 mA g/,
a reversible capacity as high as 660 mAh g~' is obtained for the B-containing
nanocomposite. The remarkably improved electrochemical lithium storage

1. Introduction

With advantages of high energy density,
long cycle life, and environmental benig-
nity, lithium ion batteries (LIBs) are now
the predominant power source for port-
able electronics and are considered the
most promising power sources for elec-
tric vehicles and hybrid electric vehicles.
Additionally, LIBs can be employed as
energy storage and conversion devices
from renewable resources such as solar
and wind to buffer the intermittent and
fluctuating supply of green energy and
to smooth the difference between energy
supply and demand.!!l The ever-increasing
demand in various application areas gen-

performance can mainly be attributed to the enhanced surface reactivity,
increased Li* ion diffusivity, stabilized solid-electrolyte interphase (SEI) film,
and depressed particle pulverization and fracture, as measured by a series of
compositional, structural, and electrochemical techniques.
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erates great interest in searching for high-
performance electrode materials with
the ability to efficiently store and deliver
more energy. Tremendous efforts have
been devoted to searching for alternative
anode materials with exceptional capacity,
high energy density, and excellent cycling
stability.). Among these materials, iron
oxides have received much attention as anode materials for
LIBs because of their high theoretical capacity, environmental
benignity, cost efficiency, and natural abundance.’! In par-
ticular, Fe,0O3 can react with 6 Li* ions per formula unit through
the following reaction, which delivers a theoretical capacity as
high as 1007 mAh g™":1¥

Fe,0;+6Li" +6e” «>3Li,0+2Fe (1)

However, the use of iron oxides in LIB anodes also faces sig-
nificant challenges due to the large volume change upon lithia-
tion/delithiation and low electrical conductivity, which induces
fast capacity fading, low Coulombic efficiency and poor rate
capability.

Several strategies, including the fabrication of nanostruc-
tured materials and the use of composite carbonaceous mate-
rials, have been proposed to improve the durability and high
rate capability of iron oxides.’~'®l The fabrication of nanostruc-
tured materials is relatively effective in accommodating the
strain caused by the volume change upon lithiation/delithia-
tion; these materials increase the electrode—electrolyte contact
areas and shorten the lithium ion transport distance, therefore
leading to good cycling stability and high rate capability.*-'
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Various nanostructured iron oxides have been synthesized and
tested as anodes, including nanoparticles, nanowires, nano-
belts, nanorods, nanotubes, nanosheets, nanoflakes, nano-
spheres, and nanoflowers.”’-1? Lin et al. reported that o-Fe,05
nanorods retained a reversible capacity of 837 mAh g! at a
current density of 503 mA g after 100 cycles.®! In addition,
o-Fe,053 nanotubes delivered a high capacity of 810 mAh g! at
1000 mA g! after 60 cycles.’l Moreover, o-Fe,0; nanosheets
exhibited stable cycling performance with a reversible capacity
of 518 mAh g after 50 cycles in the potential range from
0.05 to 2.5 V at 0.1 C.'% Porous Fe,0; nanocubes showed
a high specific capacity (800 mAh g! at 200 mA g™) and an
excellent cycling stability with almost no additional capacity
fading over the first 50 cycles.'') The reversible capacity of
hierarchical o-Fe,0; hollow spheres with sheet-like subunits
stabilized at 710 mAh g after 100 cycles when cycling was
conducted at 200 mA g! between 0.05 and 3 V.I'Z Alterna-
tively, the use of composite carbonaceous materials is another
popular and effective approach to improve the electrochemical
performance of iron oxides; these materials relieve the stress
induced by volume change, increase electrical conductivity
and alleviate pulverization and aggregation of the active mate-
rials.'318 Carbon-coated o-Fe,O; hollow nanohorns grafted
onto CNT backbones showed a stable capacity of 800 mAh g!
for 100 cycles at 500 mA g 1. The anchoring of porous rod-
shaped Fe;0, particles on reduced graphene oxide led to a high
reversible capacity, good rate capability and excellent stability.['"]
The capacity was maintained at 890 mAh g! after 100 cycles
at a current density of 500 mA gl. The hierarchical porous
Fe;0,/VO,/graphene nanowires delivered a reversible capacity
of =500 mAh g™' even at the high current density of 5 A g~1.1l
Iron oxides supported on a flexible 3D CBC aerogel exhibited
stable cycling performance of 950 mAh g! for 200 cycles at
800 mA g L.I'"I The o-Fe,0; nanorod arrays grown on reduced
graphene oxide retained a high stable Li* storage capacity of
1200 mAh g! after 500 cycles at 0.2 C and an excellent rate
capability of 775 mAh g at 1.6 C.I'¥ Although the cycling
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stability and the rate capability of iron oxide-based anodes have
been significantly improved by fabricating nanostructured
materials and compositing with carbonaceous materials, these
materials are generally synthesized under high temperature
and high pressure using autoclaves, which is often time con-
suming and costly, thereby hampering the potential for eco-
nomical large-scale production.

In this work, we proposed a new, facile and scalable strategy
to improve the electrochemical lithium storage performance
of iron oxides; in particular we sought to suppress the initial
capacity fading by reacting with lithium borohydride (LiBH,)
to form B-containing nanocomposites. The B-containing
iron oxide nanocomposites were prepared by ball milling the
Fe,05-xLiBH, mixtures at 300 rpm for 2 h and dynamically
heating the mixtures to 350 °C at 2 °C min~'. The composi-
tion, structure and electrochemical Li storage properties of the
resultant products were systematically studied, and the mech-
anism for the significantly improved cycling durability was
discussed. The B-containing iron oxide nanocomposites exhib-
ited remarkably superior electrochemical properties as anode
materials for LIBs, including high reversible capacity, good rate
capability and long cycling durability.

2. Results and Discussion

2.1. Preparation and Characterization of B-Containing
Iron Oxide Nanocomposites

The B-containing iron oxide nanocomposites were prepared
by ball milling Fe,Os—xLiBH, mixtures and then heating the
milled products, as shown schematically in Figure 1a. After
ball milling, mass spectrometer (MS) analyses of the residual
gas inside the milling jar exhibited a distinct H, signal for the
LiBH,-containing samples (Figure Sla, Supporting Informa-
tion). The H, signal intensified as the amount of LiBH, in the
Fe,0;—xLiBH, mixtures increased. These results indicate that

Heating Product

Ll
2
T11d

® Fe,0,
@ Fe;0,

v B203

Figure 1. Schematic of the preparation process (a) and morphology (b) of B-containing iron oxide nanocomposites.
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a chemical reaction occurred between Fe,03 and LiBH, during
ball milling of their mixtures because individual samples are
relatively stable when they are ball milled separately. However,
X-ray diffractometer (XRD) results (Figure S1b, Supporting
Information) reveal that the characteristic reflections of o-Fe,0;
still dominate the XRD profiles of the B-containing samples,
and no appreciable change is observed with increasing LiBH,
content.

The milled samples underwent a dynamic heating pro-
cess, and the MS and volumetric release curves were obtained
as a function of temperature. As shown in Figure 2a, further
hydrogen release was observed while heating samples from
25 to 350 °C. After heating to 350 °C, the resultant solid-state
products were collected for structural and morphological char-
acterization. Figure 2b shows the XRD patterns of the prepared
B-containing samples. The results show that the sample pre-
pared from Fe,0;-0.1LiBH, was mainly composed of o-Fe,0s.
The characteristic reflections of Fe;O, can also be observed at
26 = 30°, 37°, 43°, and 57°, although their intensities are rela-
tively weak. After increasing the LiBH, content in the starting
mixtures, the reflections of Fe;O, clearly intensified in the
resultant samples, and those of o-Fe,0; were weakened. When
x in Fe,03—xLiBH, was increased to 0.3, only the reflections
of Fe;0, were detected in the resultant samples; those of o-
Fe,0; disappeared completely. For the sample prepared from
Fe,0;-0.4LiBH,, the strongest reflection of metallic Fe at
20 = 45° could also be identified. These results indicate that
during ball milling and subsequent heating, the reaction with
LiBH, results in the gradual reduction of Fe,O; to Fe;O, or
even metallic Fe because of the strong reduction process.!'>2%
In addition, further careful examination revealed that two peaks
at 20 = 42° and 62° were slightly asymmetric for the samples
with higher LiBH, content, especially for the x = 0.4 sample, as
two small shoulders were observed at the low-angle side. These
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two shoulders even developed into two distinct peaks when the
LiBH, content was increased (Figure Slc, Supporting Infor-
mation). Their position is located just near the two strongest
reflections of Li,Fe;Os. Moreover, it should be noted that the
characteristic reflections of metallic Fe also gradually intensi-
fied with increasing LiBH, addition in the starting mixtures,
as shown in Figure Slc (Supporting Information), suggesting
increased relative content in the resultant products.

Further Fourier transform infrared (FTIR) examination
(Figure 2c) provides additional evidence for the relative change
in Fe,0; and Fe;04. It was observed that the characteristic
absorption peaks of Fe,0; at 563 and 476 cm™! weakened and
even disappeared; accordingly, the absorption peak of Fe;O,
emerged at 580 cm™! and intensified as the LiBH, content in
the starting mixtures increased.’!!] Meanwhile, the absorb-
ance of the B—O bond was also discernible at 1415 cm™ in the
B-containing samples,??l and the intensity gradually increased
with increasing the B content. This implies that the B element
was possibly converted to the oxide in the resultant products.
This conjecture was confirmed by analyzing the high-resolu-
tion X-ray photoelectron spectroscopy (XPS) spectra of B 1s.
As shown in Figure 2d, a distinct peak for B 1s was observed
at 192 eV in the B-containing samples; this peak can be attrib-
uted to B,0;, as previously reported.?3] The high-resolution
XPS spectra of Fe 2p showed a gradual red shift in peak posi-
tion with increasing B content (Figure 2e), providing additional
evidence for a change from Fe,0; to Fe;0,. Moreover, a weak-
ening in the peak intensities of the Fe 2p XPS peaks was also
observed, and can likely be attributed to the presence of B,0;
on the surface, as schematically indicated in Figure 1b.

According to the discussions above, it can be concluded
that during ball milling and subsequent dynamic heating,
Fe,0; reacted with LiBH, and was gradually reduced to Fe;O,,
Li,Fe;0s, and even metallic Fe. This was accompanied by the
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Figure 2. a) MS and volumetric release curves of ball-milled Fe,O;—xLiBH, samples. b) XRD patterns, c) FTIR spectra, and high-resolution XPS spectra
of d) B 1s, ) Fe 2p of the prepared B-containing iron oxide nanocomposites.

wileyonlinelibrary.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Funct. Mater. 2017, 27, 1700342

85U801 SUOWILLOD 3A 181D 3|ded! dde 8Ly Aq peusenof afe safole VO ‘88N JO Sa|nJ o} Akeid178UI|UO /8|1 UO (SUOIPUOD-PUR-SLLIBIALIOD"AB | IM A eIq | BUI|UO//:SdNL) SUORIPUOD PUe SWe | 38U 8S *[9202/c0/ST] Uo ARiqi7auljuo AB|IM ‘Usyzuays JO umo L AIseAIuN Aq ZvE00.LTOZ WiPe/Z00T OT/I0p/wod A8 |m ARe.d jeuljuo-psouepe;/:sdny wo.y papeojumod ‘9T ‘2T0Z ‘820£9T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

release of hydrogen, and B,0; was produced as described by
the following reactions

12Fe,0; + 2LiBH, — 7Fe,0, +Li,Fe;05+B,0; +4H, T )
2Fe,0, +2LiBH, — Li,Fe;O; +3Fe+B,0, +H, T (3)

Thus, after ball milling and heating of the mixtures of Fe,0,
and LiBH,, the resultant product was mainly composed of
Fe,03, Fe;0,, Li,Fe;0s, and B,0;, i.e., it is an oxide composite.
Further Rietveld fitting results revealed the quantitative change
in the relative phase content (Figure S2 and Table S1, Supporting
Information), which matches well with the proposed reactions
(2) and (3). It is clear that the relative content of Fe,O; gradually
decreased, and correspondingly, those of Fe;O,, Li,Fe;0s, and
B,0; increased with increasing LiBH,, due to the occurrence
of reaction (2). In particular, Fe;0, dominates the resultant
x = 0.3 product along with the near disappearance of Fe,O; and
the formation of metallic Fe. More interestingly, the relative con-
tent of Fe;0, slightly decreased for the x = 0.4 sample due to
reaction (3). We therefore believe that reactions (2) and (3) rea-
sonably describe the chemical reaction process of Fe,O;-xLiBH,
mixtures during ball milling and dynamic heating.

Figure 3 displays the scanning electron microscope (SEM)
and transmission electron microscope (TEM) images of the
pristine Fe,O; and B-containing samples. It is observed that
the pristine Fe,0O; sample exhibited very irregular particle
morphology and size, and a number of small particles aggre-
gated into larger clusters (Figure 3a). In addition, some of the
larger individual particles (>1 pwm) had very smooth surfaces.
For the B-containing samples, however, the particle size was
relatively smaller, with a more uniform morphology, and the
particle surface was clearly coarse. More interestingly, a large
number of =10 nm nanoparticles were spread on the surface of
the B-containing samples, and the nanoparticles grew distinctly
in quantity with increasing B content (Figure 3b—e). A similar
phenomenon was also observed in TEM images (Figure S3,

www.afm-journal.de

Supporting Information). These nanoparticles dominate the x >
0.1 samples and aggregate into the larger secondary particles
(measuring =500 nm), as shown in Figure 3c—e. Further high-
resolution transmission electron microscope (HRTEM) obser-
vation of the x = 0.2 sample indicated that the newly developed
nanoparticles were mainly composed of Fe;O,, as the Fe;O,
(220) and (3 1 1) planes with interplanar spacings of 0.297 and
0.253 nm were identified in Figure 3f. Energy-dispersive X-ray
spectrometer (EDS) mapping analyses confirmed the uniform
distribution of elemental Fe and O (Figure S4, Supporting
Information). It is well known that Fe;O, offers better electric
conductivity than Fe,0;.24 The nanoparticles also make contact
with the electrolyte and diffusion of lithium ions much easier.
All these effects improve electrochemical Li storage perfor-
mance. In addition, a thin amorphous layer was also observed
on the surface of the nanoparticles and can be attributed to
B,0; in terms of FTIR and XPS results, as described above.
Here, the amorphous form of B,0; explains its nondetectability
in the XRD profiles (Figure 2b). Thus, the resultant products by
ball milling and dynamic heating the mixtures of Fe,03-xLiBH,
were identified as amorphous B,0;-containing iron oxide nano-
composites, which are described as B-containing iron oxide
nanocomposites in this work.

2.2. Electrochemical Properties of B-containing Iron Oxide
Nanocomposites

The prepared B-containing iron oxide nanocomposites were
assembled into CR2025 coin-type cells, as active anode mate-
rials to evaluate their electrochemical Li storage performance.
Figure 4a illustrates the first charge/discharge curves at a cur-
rent density of 100 mA g!. All samples exhibited quite sim-
ilar discharge/charge behaviors, as the majority of Li insertion
occurs at =0.85 V and Li extraction occurs below 2.0 V, in
good agreement with the Li storage process of nano-Fe,O;,
as previously reported.””! Encouragingly, the formation of

Amorphous

Figure 3. SEM images of a) pristine Fe,O3 and B-containing iron oxide nanocomposite samples for b) x = 0.1, ¢) x=0.2, d) x = 0.3, and e) x = 0.4.

f) High-resolution TEM image of the B-containing (x = 0.2) sample.
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Figure 4. a) First charge/discharge curves and b) cycling performance curves of pristine Fe,O; and prepared B-containing iron oxide nanocomposite
samples at 100 mA g™'. c) Specific capacity and coulombic efficiency of the B-containing (x = 0.2) sample after 500 cycles at 100 mAh g~

B-containing iron oxide nanocomposites improved the avail-
able capacity for electrochemical storage of Li in Fe,Oj;. The ini-
tial discharge/charge capacities of the samples prepared from
Fe,0,-0.1LiBH,, Fe,0;—0.2LiBH,, and Fe,0;—0.3LiBH, were
measured as 1439/1073, 1387/1051, and 1328/1009 mAh g,
respectively, at 100 mA g~!, which are higher than those of the
pristine Fe,0; (1276/981 mAh g!). This can be ascribed to the
increased utilization efficiency of active materials caused by
the reduced particle and grain sizes, as observed in Figure 3.
The corresponding initial Coulombic efficiency was deter-
mined to be approximately 74.6%, 75.9%, 77.2%, and 78.1%
for the B-containing nanocomposites with x = 0.1, 0.2, 0.3, and
0.4, exhibiting a similar level to the pristine Fe,0; (=79.6%).
Here, it is noteworthy that for B-containing nanocomposites,
there is a slight but gradual reduction in initial discharge and
charge capacities as the LiBH, content in the starting mixtures
increases, whereas the Coulombic efficiency exhibits an oppo-
site tendency. This should closely correlate with the sample
component. As mentioned above, Fe,O; reacted with LiBH,
to convert into Fe;0,, Li,Fe;05 and even metallic Fe with the
simultaneous generation of amorphous B,0; during ball
milling and subsequent dynamic heating. As a consequence,
Fe;0, is believed to be the primary active species for electro-
chemical Li storage in these B-containing nanocomposites. It
is well known that the theoretical Li storage capacity of Fe;O,
(924 mAh g™!) is lower than that of Fe,O3 (1007 mAh g!). Thus,
the increased Fe;O, content in the samples with increased
LiBH, is responsible for the decreased specific capacities.
Figure 4b shows cycling performance curves for the pris-
tine Fe,O; and prepared B-containing nanocomposites over
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200 cycles. As expectedly, the cycling stability of iron oxides
was significantly improved with the formation of B-containing
nanocomposites. During the discharging/charging process in
the potential range of 0.01-3 V (vs Li/Li*) at 100 mA g7}, the
capacity fading of the pristine Fe,O; can be divided into two
domains, as the specific capacity dramatically decreased from
981 to 610 mAh g! after the first 60 cycles and then sluggishly
reduced to 525 mAh g until 200 cycles. The capacity retention
was calculated as 53%. For the B-containing nanocomposites,
the capacity fading slowed significantly, especially within the
first 60 cycles, and the sample prepared from Fe,05;—0.2LiBH,
exhibited better overall electrochemical performance than the
other samples taking into consideration the specific capacity
and cycling stability. It was observed that the specific capacity of
the sample prepared from Fe,0;-0.2LiBH, only decreased from
1051 to 980 mAh g after the first 10 cycles. It then rose gradu-
ally and reached approximately 1148 mAh g~! again at the 200th
cycle, which is nearly twice the capacity of the pristine Fe,Os.
Here, the capacity increase phenomenon is possibly ascribed to
a pseudocapacitance effect caused by the interfacial Li storage
mechanism, as previously reported.l?l After 500 cycles, the spe-
cific capacity still remained at 1176 mAh g™! (Figure 4c), exhib-
iting excellent cycling stability.

The change in electrochemical Li storage behavior can be
further understood by comparing the galvanostatic discharge/
charge potential profiles of pristine Fe,0O; and x = 0.2 sam-
ples as a function of cycle. It is observed that at 10-500 cycles,
the discharge/charge potential profiles of the B-containing
nanocomposite remain nearly constant (Figure 5a). However,
the pristine Fe,0; sample exhibits a distinct shortening in the

Adv. Funct. Mater. 2017, 27, 1700342

85U801 SUOWILLOD 3A 181D 3|ded! dde 8Ly Aq peusenof afe safole VO ‘88N JO Sa|nJ o} Akeid178UI|UO /8|1 UO (SUOIPUOD-PUR-SLLIBIALIOD"AB | IM A eIq | BUI|UO//:SdNL) SUORIPUOD PUe SWe | 38U 8S *[9202/c0/ST] Uo ARiqi7auljuo AB|IM ‘Usyzuays JO umo L AIseAIuN Aq ZvE00.LTOZ WiPe/Z00T OT/I0p/wod A8 |m ARe.d jeuljuo-psouepe;/:sdny wo.y papeojumod ‘9T ‘2T0Z ‘820£9T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a
3.0
‘E 2.5
4
» 207
>
= 159 ——10th ——50th
o ——100th —— 400th
g 101 oot 0Ot
T
5 0.5
o
0.0
0 400 800 . 1200
Capacity (mAh g")
C
1.65V:
0.4 1.84V
‘o 0.04
<
2> -0.44
‘D
S -0.8-
© Pristine Fe,O,
= -1.2
E) —— Pristine Fe O,
g -1.64 x=0.2
049V
-2.04 ~ 0.56 V

00 05 10 15 20 25 30
Potential (V vs. Li/Li")

Current density (A g7

Specific Capacity (mAh g™

www.afm-journal.de

—=— Pristine Fe,O,

—e—x=0.2

0 : r r
0 10 20 30 40 50 60 70
Cycle number

e
—1st

-1.64 ——2nd
—5th

207 ——10th

2.4 . . , :

0 1 2 30 1 2 3
Potential (V vs. Li/Li")

Figure 5. a) Charge/discharge curves at different cycles for the B-containing (x=0.2) sample at 100 mA g™'. b) Specific capacity of pristine Fe,O3 and
B-containing (x = 0.2) samples obtained for cycles at different current densities. c) First CV curves of pristine Fe,O3, Fe;0,, and B-containing (x = 0.2)
samples. d) CV curves of pristine Fe,O3 and e) B-containing (x = 0.2) samples.

potential plateaus and a gradual increase in the interval between
the discharge and charge plateaus upon cycling (Figure S5a,
Supporting Information), representing poor cycling stability and
increased polarization, respectively. Moreover, comparison of the
cycling durability of the samples prepared from Fe,0;-0.3LiBH,
and Fe,0;-0.4LiBH, with pristine Fe;O, was also conducted,
as shown in Figure S5b (Supporting Information). These
two samples mainly consist of the Fe;O, phase. The results
showed that the cycling durability of the samples prepared from
Fe,05;-0.3LiBH, and Fe,0;-0.4LiBH, was also superior to that
of the pristine Fe;0,4, which further confirms that the formation
of B-containing nanocomposites facilitates improved cycling sta-
bility of iron oxides. However, directly adding B,0; did not sig-
nificantly improve the cycling stability of either Fe,O; or Fe;0,
(Figure S5c, Supporting Information), possibly due to the rela-
tively loose contact and inhomogeneous distribution with respect
to the in situ formed B,0; from the redox reaction. In addition,
the rate capability of iron oxides was also remarkably improved
for the B,O;-containing iron oxide nanocomposites. As shown
in Figure 5b, the specific capacity of the pristine Fe,0; dropped
rapidly as the current density increased and reached only
210 mAh g at a current density of 2000 mA g! (=2 C). The
B-containing nanocomposite prepared from Fe,0;-0.2LiBH,
delivered a reversible capacity as high as 660 mAh g! at the
same rate, which is more than three times that of the pristine
Fe,0;. This can be attributed to an enriched grain boundary and
shortened diffusion distance caused by the multiphase structure
and the reduced particle size, respectively, as described above.
Figure 5c—e compares the cyclic voltammetry (CV) curves
of pristine Fe,03 and the B-containing sample in the potential
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range of =0.01-3.0 V at a scan rate of 0.1 mV s™!. As shown in
Figure 5c¢, two peaks at =1.55 and 0.56 V were detected in the
first cathodic process of the pristine Fe,03. According to pre-
vious reports,/?’l the weak peak at =1.55 V can be assigned to
the process in which small quantities of lithium were inserted
into Fe,0; to form Li,Fe,03, and the strong peak at =0.56 V
corresponds to a reduction from Fe*" and Fe?* to Fe® and the
irreversible reaction related to decomposition of the electrolyte.
The anodic scan presented two adjacent peaks at =1.65 and
1.84 V that can be ascribed to the oxidation reactions of Fe® —
Fe* and Fe?* — Fe’*, respectively. For the B-containing nano-
composite, there is only one strong peak at 0.49 V in the first
cathodic scan, and the weak peak at =1.55 V is not present,
similar to the CV behavior of Fe;0,, which can be attributed
to a reduction from Fe3* to Fe*, as mentioned above. Com-
pared with the pristine Fe,03, the cathodic and anodic peaks
of the B-containing nanocomposite were slightly intensified,
representing an increase in the available storage capacities, as
observed in Figure 4a. In the subsequent 2-10 cycles, the strong
cathodic peaks of both the pristine sample and the B-containing
nanocomposite shifted to a higher potential (=0.86 V) with a
decrease in peak intensities, as shown in Figure 5d,e; this is
due to a large irreversible capacity loss. The two anodic peaks
were gradually integrated into one peak at =1.70 V. In addition,
it is noteworthy that there is a slight but continuous decrease in
the intensities of the anodic peaks for the pristine Fe,0; within
10 cycles, which indicates poor cycling stability. However, the
CV curves of the B-containing nanocomposite are nearly stable
and exhibit good reversibility after the 5th cycle. This result
further confirms the significantly improved cycling durability
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for the prepared B-containing nanocomposites along with the
evaluation of the cycling performance (Figure 4c).

2.3. Mechanism for Improved Electrochemical Properties

To understand the underlying reason for the improved electro-
chemical performance, especially for stable long-term cycling,
electrochemical impedance spectroscopy (EIS) experiments
for the pristine Fe,0; and the B-containing samples were con-
ducted after different charge/discharge cycles, and the typ-
ical Nyquist plots are shown in Figure 6. It is observed from
Figure 6a that all Nyquist plots have relatively similar shapes,
with two semicircles appearing in the high- and middle-
frequency regions and a straight line in the low-frequency
region. According to the reported model,?! the smaller semi-
circle in the high-frequency region represents the impedance of
the SEI film (R, the larger semicircle in the middle-frequency
region is attributed to the charge transfer impedance through
the electrode/electrolyte interface (Ry), and the straight line in
the low-frequency region corresponds to the impedance of the
diffusion of lithium ions in the electrode (the Warburg imped-
ance, W,) (Figure S6a, Supporting Information). Using a non-
linear least squares fit with the ZView software, the values of
Ry and R were determined and are summarized in Table 1.
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The B-containing nanocomposites exhibited smaller values of
R, compared with the pristine Fe,0;, which indicates that an
easier surface reaction process occurred. As observed in Figure
3, the as-prepared B-containing iron oxide nanocomposites
exhibited significantly reduced particle size, which enlarges the
specific surface area and provides more active reaction sites.
In addition, the multiphase structure also possibly provides
effective electron conductive paths due to the enriched grain
boundary. All these should facilitate reversible redox reactions
during the electrochemical processes.

To further investigate the diffusion behavior of Li* ion in
the electrode materials, the real impedance (Zg.) was replotted
against the reciprocal square root of the lower angular frequen-
cies (@) in Figure S6b (Supporting Information), and the
Warburg impedance coefficient (o,,) was derived from the slope
of straight line, according to Equation (4)2°

ZRe = Ret + Rsei + Rcl + o-a)a)_l/z (4)
Then, the diffusion coefficient values of the Li* ions (Dr;)

in the bulk electrode materials can be determined using
Equation (5).5¢
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D= ——— 5
. 2(AFZCGJ bl

b
Ch e
N | | | I |
€ 1164 ! ! ! !
) ! ! ! ! !
Eney /0
Q | | i ! E
S -12.0q, | i ! E
- | | | | |

-12.244 l : : i
00 01 02 03 04
value of x
d 600 .
. = st
. e 5th
. 4 50th
@400' ] :‘ < 200th
I
200' .l‘
% A
-2 3
0#‘1‘ : .
0 200 400 600

Z' (Q)

Figure 6. a) Nyquist plots and plot of diffusion coefficient values for Li* ions (D;) of b) pristine Fe,O3 and B-containing samples after 1 charge/dis-
charge cycle. Nyquist plots of c) pristine Fe,O3 and d) B-containing (x = 0.2) samples as a function of cycle.
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Table 1. The impedance parameters of the pristine Fe,O; and
B-containing samples after first charge/discharge cycle.

Sample Rsei Rt [N Dy;

Q] Q] [Qcm?s7/7 [em?sT]
Fe,05 17.7 18.3 190.6 8.8x 107"
x=0.1 15.3 15.6 143.8 1.5x107"2
x=0.2 10.2 11.6 96.9 3.4x107"2
x=0.3 8.5 11.8 88.2 41x1072
x=0.4 5.8 11.9 74.5 5.7%x1072

where R is the gas constant, T is the absolute temperature, F is
Faraday’s constant, A is the area of the electrode surface, and C
is the molar concentration of Li* ions (mol cm™). The results
are also summarized in Table 1 and Figure 6b. The calculated
Dy; values for the prepared B-containing iron oxide nanocom-
posites are approximately 1.5 x 1072 to 5.7 x 1072 cm? s7},
which is an order of magnitude higher than that of the pris-
tine Fe,0; (8.8 x 1071 cm? s71). Specifically, the diffusivity of
Li* ions was significantly enhanced after the formation of oxide
nanocomposites by reacting with LiBH,. This is possibly related
to the reduced particle size and the multiphase structure of the
resultant B-containing samples. As described above, the as-
prepared samples are identified to be oxide composites mainly
composed of Fe,03, Fe;0,, Li;Fe;0s5, and B,0; with =10 nm of
primary particle sizes. The multiphase structure offers abun-
dant grain boundaries, which can work as diffusion pathways.
Moreover, the reduced particle size shortens the diffusion dis-
tance of Li* ions. Thus, according to the above discussion, the
improved electrochemical performance of the prepared B-con-
taining iron oxide nanocomposites can mainly be attributed to
their lower charge-transfer resistance values and the higher Li*
diffusivities caused by their multiphase structure and reduced
particle size.

Figure 6¢ and d illustrate the Nyquist plots of pristine
Fe,0; and the B-containing nanocomposite as functions of
the cycles. The fitting parameters are summarized in Table 2.
It is observed that the Ry values of the pristine Fe,0; exhib-
ited a continuous and dramatic increase upon cycling, as they
increased 8fold from 17.7 to 142.6 Q after 200 cycles. Interest-
ingly, the Ry; values only increased slightly from 10.2 to 47.8 Q
upon cycling. This indicates that the presence of amorphous
B,0; possibly results in the formation of a stable solid-electro-
lyte interphase (SEI) film on the surface of iron oxides that facil-
itates the improvement of cycling stability. This conjecture was
further confirmed by XPS analysis. As shown in Figure 7, the

www.afm-journal.de

F 1s XPS peak assignable to LiF, an important SEI component
in the LiPF-based electrolyte, remained nearly constant for the
prepared B-containing oxide nanocomposite after the initial five
cycles. However, it exhibited a tendency of first increase and
then decrease for the pristine Fe,O; upon cycling, possibly due
to the repeated formation and exfoliation of SEI film caused by
the pulverization and fracture of Fe,0O; particles.?!l Moreover,
the R values for both the pristine Fe,O; and the B-containing
nanocomposite increased progressively as the number of cycles
increased; an additional semicircle in the low-frequency region
even appeared after 200 cycles (Figure 6¢,d), representing the
gradually increasing charge-transfer resistances, possibly due
to deteriorated surface states. However, the rate of increase in
the R value from 11.6 to 86.9 Q was relatively smaller for the
B-containing nanocomposite. This reveals that the B-containing
nanocomposite surface remained highly reactive and is respon-
sible for the prolonged cycling life. In addition, it is noteworthy
that the Dy; value was calculated as 4.9 x 107! cm? s7! for the
B-containing nanocomposite after 200 cycles, which is consider-
ably higher than that of the pristine Fe,O5 (3.1 X 10713 cm? s71).
This result suggests that there was still a higher mobility for
Li* diffusion in the B-containing nanocomposite, even after 200
cycles; this mobility promotes good cycling durability.

Figure 8a-h displays photographs of the cycled wafer elec-
trodes of pristine Fe,0; and the B-containing nanocomposite.
For pristine Fe,03;, the exposed Cu current collector was
clearly observed due to exfoliation of active materials after only
5 cycles, and further active materials were lost upon cycling
(Figure 8a—d), which can be attributed to the severe pulveriza-
tion and fracture (Figure S6c, Supporting Information) caused
by a large volume change and poor conductivity upon charging/
discharging. This explains the relatively poor cycling stability
of the pristine Fe,03, as shown in Figure 4b. Interestingly, the
wafer electrode made of the B-containing nanocomposite main-
tained good integrity even after 200 cycles, and there was nearly
negligible loss of active materials (Figure 8e-h). This result was
further evidenced by SEM observation, as the electrode surface
of the 200-cycled B-containing nanocomposite was still smooth
and without observable cracks (Figure S6d, Supporting Infor-
mation); this appearance represents significantly alleviated pul-
verization and fracture upon cycling. This can be ascribed to
the greatly reduced particle size and the in situ-formed amor-
phous B,03, as observed in Figure 3. It is generally accepted
that reducing particle size effectively increases surface-to-
volume ratios, which allows quick relaxation of stress gener-
ated during lithiation/delithiation.’?l In addition, the presence
of amorphous B,0; facilitates the formation of a stable SEI

Table 2. The impedance parameters of the pristine Fe,O3 and the B-containing (x = 0.2) sample at different cycles.

Fe,0; Reei Rt Gy Dy x=0.2 Reei Rt Gy Dy
Q] Q] [Qcm?s72 [em?sT] Q] Q] [Qcm?s [em?sT
Tst 17.7 18.3 190.6 88x107"3 Tst 10.2 1.6 96.9 3.4x1072
10th 30.8 52.4 193.9 85x107"3 10th 1.4 14.7 48.7 1.3x 107"
50th 42.4 106.1 267.1 4.4x107 50th 18.4 29.1 42.1 1.8x 107"
100th 67.3 134.6 288.8 3.8x107"3 100th 21.6 54.9 29.4 3.6x107"
200th 142.6 254.6 320.8 3.1x107"3 200th 47.8 86.9 25.6 49x10™"
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Figure 7. High-resolution XPS spectra of F 1s for pristine Fe,O3 and B-containing (x = 0.2) electrodes at selected cycles.

layer, as characterized by EIS (Figure 6) and XPS (Figure 7),  cycling stability was achieved for the prepared B-containing
and may function as a good strain buffer to accommodate  nanocomposites.

volume changes. All these features effectively prevent the pul- To evaluate the general applicability of the strategy developed
verization and fracture of the active iron oxide particles upon  in this work, further attempts to improve the cycling stability of
lithiation/delithiation. As a result, a significantly improved  Fe,0; and NiO anodes were conducted by reacting with NaBH,
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Figure 8. Photographs of cycled wafer electrodes for a—d) pristine Fe,O; and e—h) B-containing (x = 0.2) samples: a,e) after 1 cycle, b,f) after 5 cycles,
c,g) after 50 cycles, and d,h) after 200 cycles. Cycling performance curves of i) pristine Fe,O3 and B-containing samples prepared from Fe,O;-xNaBH,,
j) pristine NiO and B-containing samples prepared from NiO—xLiBH, in the potential range of 0.01-3 V (vs Li/Li*) at 100 mA g
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and LiBH,, respectively. Two samples with compositions of
Fe,03;-0.2NaBH, and NiO-0.1LiBH, were designed and pre-
pared by ball milling at room temperature followed by dynamic
heating to 350°C. The prepared samples were subjected to gal-
vanostatic charging/discharging measurements. The results
are shown in Figure 8i,j. It was observed that the specific
capacity of the prepared Fe,03;-0.2NaBH, sample stabilized at
1165 mAh g! after 200 cycles when it was cycled at a current
density of 100 mA g~! in the potential range of 0.01-3 V (vs Li/
Li*) (Figure 8i), which is largely superior to the pristine Fe,Os,
for which only 525 mA g of capacity remained under these
conditions. This indicates that the cycling stability of Fe,O3 was
remarkably improved by reacting with NaBH, as an analogue
of LiBH,. Moreover, this strategy also succeeded in improving
the cycling durability of NiO anode by reacting with LiBH,, as
the cycling capacity retention of the prepared NiO-0.1LiBH,
sample was determined to be 93.1% after 200 cycles but only
51.7% for the pristine NiO anode (Figure 8j). More importantly,
a full cell assembled using the prepared Fe,0,;—0.2LiBH, nano-
composite as anode and home-made Li;;Nij;3Co,13Mn( 540,
(LNCMO) as cathode, offered good electrochemical energy
storage performance when cycled at 0.1 C with the potential
widow of 1.0-3.9 V (Figure 9). As shown in Figure 9b,c, the
initial discharge capacity was determined to be 770 mAh g!
based on anode mass loading with a working potential pla-
teau range of 1.7-3.0 V. After 20 cycles, the reversible capacity
remained at 710 mAh g™! with 92% capacity retention, which
is superior to previous reports.?3 In addition, two assem-
bled full cells with LNCMO/Fe,0;-0.2LiBH, nanocomposite
readily powered an LED array using 22 green LED bulbs with
3V and a 440 mA rating (Figure 9d). We therefore believe that
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chemically reacting with metal borohydrides is a viable and
general strategy for improving the cycling stability of micro-
sized transition metal oxide anodes, which opens a new avenue
for developing anode materials with high capacity and long
cycle life for practical use in next-generation Li-ion batteries.

3. Conclusion

B-containing iron oxide nanocomposites were successfully pre-
pared by ball milling mixtures of Fe,Os—xLiBH, and subsequent
heating to 350 °C. During this ball milling and heating, Fe,O4
reacted with LiBH, and was gradually reduced to Fe;O,, Li,Fe;Os,
and even metallic Fe. This was accompanied by the release of
hydrogen and the production of B,03;. SEM and TEM observation
displayed a powdery morphology measuring =500 nm and com-
posed of 10 nm nanoparticles. The prepared B-containing nano-
composites exhibited superior electrochemical lithium storage
performance, with significantly improved cycling stability and
enhanced rate capability. At 100 mA g!, the sample prepared
from Fe,0;—0.2LiBH, delivered initial discharge and charge
capacities of 1387 and 1051 mAh g!, which are higher than those
of pristine Fe,0; (1276 and 981 mAh g!). After 200 cycles, the
specific capacity of the sample prepared from Fe,0;-0.2LiBH,
remained at 1148 mAh g™!, which is nearly twice that of the pris-
tine Fe,05 after 200 cycles. Even at a high rate of 2000 mA g!, the
specific capacity of the B-containing nanocomposite still reached
=660 mAh g}; in contrast, the capacity for pristine Fe,0; under
the same conditions was only 210 mAh g™!. EIS analyses revealed
that the electrodes made of B-containing nanocomposites
exhibited lower charge-transfer resistance values and higher Li*
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Figure 9. a) CV curve, b) charge—discharge profiles, and c) cycling performance of a LNCMO/Fe,0;-0.2LiBH, nanocomposite full cell, and d) photo-
graph of LED array powered by two LNCMO/Fe,0;-0.2LiBH, nanocomposite full cells.
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diffusivities than the electrode made of pristine Fe,O;. Further
optical and SEM observation showed good integrity without
appreciable exfoliation of active materials for the electrode made
of B-containing nanocomposite, even after 200 cycles. Contrast-
ingly, the exposed Cu current collector was clearly observed on
pristine Fe,O; after only 5 cycles. Therefore, the reduced charge-
transfer resistance, increased diffusivity of Li* ions and alleviated
pulverization and fracture, caused by the remarkably reduced par-
ticle size and formation of a stable SEI film, are responsible for
the significantly improved electrochemical Li storage properties of
the B-containing iron oxide nanocomposites. These results sug-
gest a simple, effective, scalable approach to prepare high-perfor-
mance oxide anode materials for future LIB applications.

4. Experimental Section

Material Preparation: The starting chemicals, Fe,O; (purity 98%)
and LiBH, (purity 95%), were commercially purchased from Alfa Aesar
and used as received. A mixture with compositions of Fe,O;-xLiBH,
(x=0, 0.1, 0.2, 0.3, 0.4) was first ball milled on a planetary ball mill
(QM-3SP4, Nanjing) at 300 rpm for 2 h under an argon atmosphere.
The ball-to-sample weight ratio was approximately 40:1. A gas valve,
which can be connected to a pressure gauge for measuring the internal
pressure change or a MS for analyzing the composition of gaseous
products, was mounted on the cover of the milling jar. After ball milling,
the resultant product was transferred to a stainless-steel tube reactor
and then gradually heated from ambient temperature to 350 °C at a rate
of 2 °C min' to produce the target materials.

Characterization: The gaseous product was analyzed with a QIC-20
mass spectrometer (Hiden, England). Structural identification was
performed on a MiniFlex 600 Rigaku XRD with Cu Ko radiation operating
at 40 kV and 15 mA. The XRD data were collected in 0.02° increments
between scattering angles of 10° and 90° (26) at room temperature,
and fitted using the Rietveld method with General Structure Analysis
System software. The FTIR spectra were recorded with a Bruker Tensor
27 unit (Germany) in transmission mode. The sample was first mixed
with potassium bromide (KBr) in a 1:100 weight ratio and then cold-
pressed to form a pellet. XPS analyses were conducted on a Thermo
Scientific ESCALAB 250Xi system equipped with an Al Kot (1486.6 eV)
X-ray source. The XPS data were calibrated using the adventitious C 1s
signal at 284.8 eV as a reference. The binding energy spectra were fitted
by XPSPEAK software. The sample morphologies were characterized
using a field emission SEM (Hitachi SU70 Japan) and a HRTEM (FEI
Tecnai G2 F20, USA, operating at 200 kV). The EDS was employed to
analyze the distribution of elemental Fe and O in the samples. For the
cycled electrodes, anhydrous diethyl carbonate (DEC) was used to wash
away the remaining electrolyte on the surface before SEM examination.

Electrochemical ~Measurements: The electrochemical properties
of the prepared samples, as anode materials, were evaluated by a
galvanostatic charge-discharge technique on 2025 coin-type half-
cells, which were assembled in an argon-filled glove box (MBRAUN,
Germany) with less than 0.1 ppm of oxygen and water content. The
working electrode was prepared by coating the slurry consisting of
70 wt% active material, 20 wt% acetylene black as the conductive
agent, and 10 wt% sodium alginate as the binder on a 13 mm copper
foil and then dried at 120 °C in vacuum for 12 h. The mass loading of
the active material was =1.5 mg cm™2 for each electrode. Pure lithium
foil was used as the counter/reference electrode, a solution of 1 m LiPFg
with ethylene carbonate/diethyl carbonate/dimethyl carbonate (EC/
DEC/DMC, 1:1:1 by volume) and 1 vol% fluoroethylene carbonate (FEC)
was used as the electrolyte, and a Celgard 2400 membrane was used
as the separator. The assembled cells were galvanostatically discharged
(lithiation) /charged (delithiation) in a potential range of 0.01-3 V (vs Li/
Li*) at a constant current density of 100 mA g~' using a Neware battery
testing system (Shenzhen, China) at 26 £ 1 °C. CV measurements were
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carried out on an Arbin potentiostat (BT-2000, USA) at a scan rate of 0.1
mV s7\. EIS results were recorded with an Ivium Vertex electrochemical
workstation (The Netherlands) using a 5 mV amplitude, with a
frequency range from 100 kHz to 10 mHz. In a full cell, the prepared
Fe,0;-0.2LiBH, nanocomposite was used as anode and home-made
LNCMO as cathode. The active material weight ratio of the anode to the
cathode was carefully balanced and set at 1:12. 2025 coin type cells were
used with 1 m LiPFg in EC/DEC/DMC (1:1:1 by volume) and 1 vol% FEC
as electrolyte, and Celgard 2400 membrane as separator. The fabricated
full cell was galvanostatically cycled at 0.1 C within the potential widow
of 1.0-3.9 V based on the CV profiles.
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