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Abstract As an electrode in lithium-ion batteries (LIBs), gallium nitride (GaN) suffers from infe-

rior conductivity and unsatisfied capacity performance. Although nanostructure designing and car-

bon coating strategies have been adopted to address this concern, improved Li+ storage

performance remains highly desirable. In this work, Fe doping strategy was adopted in as-

prepared GaN via chemical vapor deposition. Fe doping enhanced electrical conductivity and

charge-transfer efficiency. Results showed that the covalent doping of Fe into GaN nanowires pro-

vided abundant nanochannels and realized efficient ionic transfer and reduced Li+ diffusion bar-

rier. These Fe covalently doped GaN nanowire arrays exhibited capacities of up to 612.3 mAh

g�1 at 0.1 A g�1 after 200 cycles and 338.2 mAh g�1 at 5.0 A g�1 after 500 cycles. Density functional

theory calculations confirmed that the crystal and band structures were tuned to intensively enhance

the ionic transfer efficiency and electrical conductivity and enhance the Li+ storage performance.

The electron density strategy provided a significant reference for the rational construction of effi-

cient Li+ storage electrode and beyond.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As widely used lithium-ion batteries (LIBs) anodes (Yang
et al., 2018; Lu et al., 2018; Huang et al., 2015; Huang et al.,

2020; Wang et al., 2017); traditional graphite anodes has an
insufficient theoretical capacity (372 mAh g�1) and inferior,
which restrict its further application (Ding et al., 2019; Dou

et al., 2019). Owing to their lower conversion potentials (Lai
et al., 2014), metal nitrides have been considered as the substi-
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tute for graphite anodes (Baggetto et al., 2010; Fu et al., 2004;
Sun and Fu, 2012; Xu et al., 2012; Snyder et al., 2007; Pereira
et al., 2002; Sun et al., 2020). However, the unsatisfied charg-

ing capacity and cycling performance continue to restrict the
electrochemical performance of these metal nitride-based
anodes (Raman et al., 2014; Han et al., 2018). To solve these

problems, various approaches were adopted to enhance the
electrochemical performances of these LIB anodes (Li et al.,
2018; Li et al., 2020). Morphological control is the most used

method, including nanowires, nanofibers, nanosheets, and
nanoparticles, but it could not fundamentally solve the poor
cycling performance (He et al., 2019; Li et al., 2019; Li et al.,
2019; Rodriguez et al., 2020; Santiago et al., 2019; González-

Macı́as et al., 2018; McNulty et al., 1819; Yang et al., 2020;
Vishnu et al., 2020). Carbon coating is also a common modifi-
cation method for improving electrochemical performance (Ali

et al., 2017; Balogun et al., 2015; Zhou et al., 2015). However,
carbon coating could not promote the intrinsic electrical con-
ductivity of anodes. Thus, developing advanced anode materi-

als with high electrical conductivity and structural stability and
abundant active sites are essential for advanced electrochemi-
cal performance in the energy storage field (Tang et al.,

2019; Zhang et al., 2019).
Gallium nitride (GaN) has been extensively researched as

LIB anodes (Zhang et al., 2018; Ni et al., 2017; Peng et al.,
2020). It has excellent structure and chemical stability, showing

negligible volume change in electrochemical reaction pro-
cesses. However, the electrochemical performance of intrinsic
GaN is still limited by the unsatisfied Li+ transfer kinetic.

For instance, the intrinsic GaN anode capacity is 189 mA h g�1

at 0.1 A g�1, which seriously restricts its wide application (Sun
et al., 2017). Therefore, morphological control strategies (such

as nanowires, nanosheets, and nanofibers) were considered to
enhance the Li+ storage performance of GaN nanostructures
(Peng et al., 2020; Sun et al., 2017; Jung et al., 2019; Sun et al.,

2018). However; these strategies have no significant effect on
the Li+ storage performance of GaN nanostructures, and
the semiconducting characteristic restricts the charge-transfer
efficiency of intrinsic GaN nanostructure anodes. Therefore,

the ionic transfer efficiency must be improved, and the Li+ dif-
fusion barrier of GaN anodes must be reduced. Aside from
morphological control strategies, foreign atom doping could

heighten the conductivity and Li+ transfer and improve Li+

storage performance (Zhou et al., 2019; Ma et al., 2020; Wu
et al., 2019). Therefore, the Li+ storage performance of foreign

atom-doped GaN could be obviously manipulated by chang-
ing the electron densities (Xiang and Wei, 2008). As transition
metallic atoms with much free electrons, Fe atoms have been
considered as foreign atoms for increasing the free electrons

of an anode material. Therefore, Fe atom doping could
improve electronic conductivity and charge-transfer efficiency
(Wu et al., 2019; Zhou et al., 2019; Liu et al., 2019; Mueller

et al., 2015). According to the literature; foreign atom doping
(Cu, Fe, and P) could prominently change the intrinsic elec-
tronic properties of GaN, indicating the immense potential

for enhancing the electrochemical performance of GaN nanos-
tructure anode (Li et al., 2010; Seong et al., 2007). As a metal-
lic element, Fe has much free electrons. The number of free

electrons of anode material increases when Fe is incorporated.
Therefore, with unfilled 3d orbitals and variable chemical
states, Fe is vital in the electronic conductivity and electro-
chemical performance of the anode materials of LIBs. To the
best knowledge of the authors, Fe-doped GaN (Fe-GaN), as
an active anode nanostructure for LIB, has not been reported.
Moreover, in the form of nanowire array, Fe-GaN nanowires

have appropriate surface area and high permeability, which
benefits Li+ diffusion (Liu et al., 2010; Liu et al., 2012). The
direct contact between nanoarray and flexible graphite layer

ensures adequate charge transfer during electrochemical reac-
tion (Tan et al., 2018; Wang et al., 2018).

In the present work, intrinsic GaN and Fe-GaN nanowires

were prepared via chemical vapor deposition (CVD) and stud-
ied as anode materials of LIBs. X-ray photoelectron spec-
troscopy (XPS) analysis revealed the covalent bonding
between Fe and GaN. The self-supported Fe-GaN nanowires

arrays could shorten the charge-transfer distance and reduce
the Li+ diffusion energy barrier. Therefore, the impressive
electrochemical performance of Fe-GaN nanowire anode pri-

marily resulted from the heterogeneous atom doping and
nanostructure designing, and this performance could be fur-
ther confirmed by density functional theory (DFT) studies.

As anode materials of LIBs, Fe-GaN nanowire anode exhib-
ited capacities of up to 612.3 mAh g�1 after 200 cycles at 0.1
A g�1 and 338.2 mAh g�1 after 500 cycles at 5.0 A g�1. Thus,

heterogeneous atom doping has a potential application for
high-rate LIBs.

2. Experimental section

2.1. Preparation of Fe-GaN nanowires

Fe-GaN nanowires were prepared via CVD. Ga2O3 and NH3

were used as raw materials, while Fe(NO3)2 was used as
dopant source. Graphite layer was used as conducting layer

to deposit the as-grown Fe-GaN nanowires. The distance
between the alumina boat and the graphite layer was 2 in..
Before the furnace was heated to 1100 �C under N2, the quartz

reactor was dewatered via vacuum pumping. Fe-GaN nano-
wires were obtained under NH3 atmosphere at 1100 �C for
15 min. The furnace was then cooled down to room tempera-

ture under N2.

2.2. Electrochemical measurements

The electrochemical performances of the Fe-GaN nanowire

working electrodes were tested in the CR2016 half-cell to avoid
oxygen and moisture. The monolithic Fe-GaN nanowires/-
graphite layers were tailored (12 mm). On the graphite layer,

the loading density was 1.9 mg cm�2. The electrolyte was
LiPF6 (1.0 M) in the mixed diethyl carbonate, dimethyl car-
bonate, and ethylene carbonate (1:1:1, volume percent), and

the diaphragm was polypropylene film (Celgard 2320). CVs
and EIS were tested on the electrochemical workstation of
CHI660D. Galvanostatic charge/discharge and cycling perfor-

mance were tested using an NEWARE battery measuring
tester.

2.3. Measurement and characterization

The morphologies and structure of the Fe-GaN nanowires
were analyzed via field emission–scanning electron microscopy
(SEM, Hitachi S-4800) and transmission electron microscopy
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(TEM, JEOL JEM-2100, 200 kV). The X-ray diffraction
(XRD) patterns of the intrinsic GaN and Fe-GaN nanowires
were analyzed on a Bruker diffractometer (Bruker D8). The

chemical and bonding states of Fe doping were analyzed using
XPS (Thermo ESCALAB 250).

2.4. DFT calculation

The GaN adopted a 3 � 3 � 1 supercell, including 18 Ga
atoms and 18 N atoms(Fig. 5a). One Fe atom instead of one

Ga atom in the Fe-GaN. The (001) face was used in the study.
A vacuum space of 15 Å was applied in the direction normal to
the GaN slabs to avoid interactions between two layers. Geo-

metrical optimization and transformation pathways were cal-
culated on CASTEP software by using OTFG ultrasoft
pseudopotentials (Delley, 1990; McNellis et al., 2009; Perdew
et al., 1996). All kinds of calculations were performed via

Perdew–Burke–Ernzerhof method within the generalized gra-
dient approximation. The energy convergence standard was
10�5 eV/atom, and the forces were 0.03 eV/Å in the structural

relaxation. Moreover, the cutoff energy was set to 400 eV, and
the k-point of the Brillouin zone was sampled using 3 � 3 � 1.
SCF tolerance was 10�6 eV/atom. For the calculation of the

electronic and optical properties, the cutoff energy was set to
600 eV and k-point was set to 6 � 6 � 1 to achieve high accu-
racy. Transformation pathways were calculated using the com-
plete linear synchronous transit method.

3. Results and discussion

Intrinsic and Fe-GaN free-standing nanowires were prepared

via facile CVD. Ga2O3 and NH3 were the source materials,
while Fe(NO3)2 was the doping source. Fig. 1a clearly displays
the morphology of the as-obtained Fe-GaN nanowire arrays.

As shown in Fig. 1b, the single Fe-GaN nanowire had a
smooth surface. The elemental disperse spectroscopy analysis
(EDS) in Fig. 1c showed that Ga, Fe, C, and N coexisted in

the Fe-GaN nanowires. Owing to the existence vapor of Ga
and Fe at 1100 �C, Fe element can uniformly disperse in the
GaN nanowires at room temperature. Therefore, as shown

in Fig. 1g, elemental mapping analyses illustrated the uniform
distribution of Fe, Ga, and N. The average concentration of
Fe in the Fe-GaN nanowire was approximately 1.5% (atomic
percent), as shown in the quantitative elemental analysis

results, which were consistent with the XPS analysis results
(Fig. 2b). Further information was obtained from the TEM
result to analyze the crystal phase information of the Fe-

GaN nanowires. Fig. 1d and e show that the diameter was
50 nm, which was well consistent with the SEM result. The
high-resolution TEM image showed the well-crystallized struc-

ture of the Fe-GaN nanowire with high crystallinity, and the
lattice fringe spacing was 2.76 Å, corresponding to the (100)
lattice plane of the wurtzite GaN. In the inset of Fig. 1f, the

SAED result unambiguously showed the [100] growth direc-
tion of Fe-GaN nanowires, indicating that the Fe dopant
had a negligible effect on the Fe-GaN nanowire growth (Sun
et al., 2018). Moreover, the crystallinity of electrode materials

is vital to the performance LIB anodes (Ding et al., 2016).
As shown in Fig. 2a, the XRD patterns of the Fe-doped

GaN could be directly assigned as wurtzite GaN (JCPDS:

No. 50-0792). The diffraction peak intensity and position
almost did not change compared with those of the intrinsic
GaN nanowires, indicating the limited influence of heteroatom
doping. XPS measurements were conducted to analyze the

valence state of Ga, Fe, and N in the intrinsic and Fe-GaN
nanowires. In Fig. 2b, the Fe 2p peaks were located at 708.6
and 721.3 eV, corresponding to the 2p1/2 and 2p3/2 valence

states of the Fe2+ ions, respectively. The chemical bonding
located at 710.2 and 723.8 eV was related to the 2p1/2 and
2p3/2 valence states of the Fe3+ ions, respectively (Huang

et al., 2016). No other peaks, such as Ga–Fe or Fe–Fe peaks,
were observed in the Fe 2p spectrum, indicating that no other
impurities were present in the Fe-GaN nanowires. Moreover,
the Fe 2p spectrum revealed that Fe2+ and Fe3+ ions coex-

isted in the Fe-GaN nanowires. The Ga 3d high-resolution
XPS spectra of the intrinsic and Fe-GaN nanowires were pro-
vided. As shown in Fig. 2c, GaAO (17.8 eV) and GaAN

(19.5 eV) bonds were observed in the intrinsic and Fe-GaN
nanowires (Khir et al., 2014). The existence of GaAO bonds
could be ascribed to the much higher thermodynamic barriers

of N„N bonds (945 kJ mol�1) than those of O‚O bonds
(498 kJ mol�1), which lead to the inevitable oxidation during
the formation of the Fe-GaN nanowires (Balogun et al.,

2015). The weakened GaAO peak in the Fe-GaN nanowires
indicated the decrease in the O content in the Fe-GaN nano-
wires compared with that in the intrinsic GaN nanowires.
Moreover, the binding energy of the Ga 3d core level in Fe-

GaN was shifted to a lower energy compared with that in
the intrinsic GaN. This phenomenon could be attributed to
the weaker electronegativity of the Fe atom, resulting in the

increase in electron density of the Fe-GaN nanowires.
Fig. 2d illustrates that the N peak was located at 397.8 eV,
which could be assigned to the NAGa bond in the intrinsic

GaN and Fe-GaN (Jung et al., 2019). The NAFe peak
(398 eV) could not be separated in the Fe-GaN nanowires
due to the highly overlapped NAGa and NAFe bonds (Yu

et al., 2019; Liu et al., 2019). Besides; the electrical conductivity
result showed that the conductivity of Fe-GaN nanowire
(3.5 � 103 S m�1) was much higher than that of intrinsic
GaN nanowire (Sun et al., 2018). The conductivity of graphite

layer was ~8.6 � 104 S�m�1. The excellent electrical conductiv-
ities of Fe-GaN and graphite substrate ensured efficient charge
transfer and excellent electrochemical performance (Chan

et al., 2008).
The intrinsic GaN and Fe-GaN electrodes were studied as

anodes in the coin-type half cells for LIBs, and the electro-

chemical performances were determined. Fig. 3a shows the
CV curves of the Fe-GaN electrode at 0.1 mV s�1, which could
obtain an unambiguous insight of the electrochemical reaction
mechanism. In the first cycle process, the peak (~0.45 V) can be

attributed to the formation of solid electrolyte interphase (SEI)
(Lee et al., 2013). The Li+ insertion peaks of Fe-GaN elec-
trode in the CVs (Fig. 3a) remained stable except the first cycle,

indicating the increased structural stability of the Fe-GaN
nanowires (Wu et al., 2011). In the next cycling, the Li+ inser-
tion peaks that appeared in the first cycle disappeared, and a

broad peak at ~0.9 V appeared, indicating the electrochemical
reaction of Li+ with the metal nitrides (Sato et al., 1994; Lee
et al., 2013). In the Li+ insertion and desertion processes,

the peak at 0.5–1.2 V was related to the reversible Li+ deser-
tion reaction in the Fe-GaN nanowires. The peak at 0.9 V still
was discernable until the 10th cycle, indicating the high struc-
tural stability of Fe-GaN nanowires in the electrochemical



Fig. 1 Morphological characterization of Fe-GaN nanowires. (a) Low-resolution SEM. (b, c) SEM image and EDS analysis of single

nanowire. (d, e) Low-resolution TEM. (f) HRTEM image of nanowire with (100) plane; the top left inset was the SAED pattern. (g) SEM

image and corresponding elemental mapping analysis of nanowires.

Fig. 2 (a) X-ray power diffraction (XRD) analysis of the intrinsic GaN and Fe-GaN. (b) Fe 2p XPS spectra and corresponding fitting

results of the Fe-GaN nanowires. Comparison XPS spectra of (c) Ga 3d and (d) N 1s of the intrinsic and Fe-GaN nanowires.
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Fig. 3 (a) CV curve of Fe-GaN nanowires electrode at 0.1 mV s�1 within 0.01–3 V. (b) Charge and discharge curves and (c) cycling

capabilities of Fe-GaN at 0.1 A g�1. (d) Rate property of intrinsic GaN and Fe-GaN nanowires. (e) Cycling property of Fe-GaN at 5.0 A

g�1.
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reaction. Except for the first cycle, the CVs overlapped in the

second, fifth, and 10th cycles, indicating the highly reversible
Li+ insertion and desertion processes in the Fe-GaN nanowire
electrodes. In the next cycles, Li+ insertion and desertion

peaks of the CVs became stable, indicating that the electro-
chemical reaction was highly reversible. Although Li+ inser-
tion and desertion peaks slightly shifted, the shape of the
CVs in the intrinsic and Fe-GaN electrodes was similar, indi-

cating a stable Li+ storage mechanism in the Fe-GaN nano-
wire electrodes (Sun et al., 2018). Therefore, the CVs result
reveals the reversible Li+ intercalation mechanism of Fe-

GaN nanowires, which is consistent with the GaN nanowires.
The stable platform and Li+ storage performances were also
studied in the galvanostatic discharge and charge curves at

0.1 A g�1 (Fig. 3b). In the first cycle, the discharge and charge
capacities were 925.6 and 646.7 mAh g�1, respectively, while

the Coulombic efficiency was 69.8%. For Fe-GaN nanowires
electrode, Fe doping enhanced electrical conductivity and
charge-transfer efficiency, the pulverization phenomenon is

negligible. Therefore, the irreversible capacity loss and lower
initial coulombic efficiency could be attributed to the solid
electrolyte interphase (SEI) layer in the first cycle (Sun et al.,
2018). From the second cycle to the 100th cycle, the charge

and discharge curves almost overlapped, and the irreversible
capacity loss decreased. The high Li+ storage reversibility
and structural stability of the Fe-GaN nanowires is consistent

well with the CV results in Fig. 3a (Zhou et al., 2015).
After 200 cycles at 0.1 A g�1, the corresponding discharge

capacity was 612.3 mAh g�1, and it retained approximately

100% Coulombic efficiency, as shown in Fig. 3c. However,
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for the intrinsic GaN electrode, the discharge capacity could be
maintained at 490 mA h g�1 (Sun et al., 2018); which was infe-
rior to that of the Fe-GaN electrode. Therefore, Fe doping

enhanced the ionic transfer efficiency and electrical conductiv-
ity and subsequently boost the lithiation and delithiation reac-
tions and Li+ storage performance. The rate capabilities were

compared because rate performance represents the advantages
of Li+ storage performance, as shown in Fig. 3d. As the cur-
rent density increased, the Fe-GaN nanowire electrode exhib-

ited ultra-stable and reversible rate capacities of 629.4, 542.7,
467.7, 379.6, and 325.6 mAh g�1 at 0.1, 0.3, 0.5, 2.0, and 5.0
A g�1, respectively. For the intrinsic GaN electrode, the rate
capability was much inferior, indicating seriously limited Li+

diffusion in the intrinsic GaN. When the rate was returned
to 0.1 A g�1, the rate capacity of the Fe-GaN nanowire elec-
trode also returned to 603.5 mAh g�1, indicating stable Li+

insertion/extraction reactions, decreased pulverization phe-
nomenon, and the structure stability of the Fe-GaN nano-
wires. Therefore, Fe doping could improve electrical

conductivity and boost Li+ storage performance (Li et al.,
2019). For an enhanced understanding of the favorable elec-
trochemical performance, the long-term cycling property was

measured at 5.0 A g�1 (Fig. 3e). In the initial 10 cycles, the dis-
charge capacity showed a gradual decrease from 874.2 mAh
g�1 to 358.7 mAh g�1. Then, it became stable from the 11th
cycle, and the Fe-GaN nanowire electrode showed outstanding

electrochemical stability under a large current density. After
Fig. 4 Kinetic analysis of the electrochemical behavior of Fe-GaN n

value determined via Log i versus Log v plots. (c) Normalized radios of

capacitive and diffusion contributions of Fe-GaN electrode at 1.0 mV
500 cycles, the reversible discharge capacity could still be main-
tained at 338.2 mAh g�1 with approximately 100% Coulombic
efficiency. The discharge capacity retention was approximately

82.4% (relative to the second discharge capacity). The long
cycling property of intrinsic GaN nanowires was also tested
at 5.0 A g�1 (Fig. S1). After 500 cycles, this hybrid electrode

still maintained reversible discharge capacity of 153.2 mAh
g�1. These excellent capacity retention and structural stability
showed highly reversible Li+ insertion and extraction reaction

kinetics (Ding et al., 2016). Moreover, the average capacity
fading in the Fe-GaN electrode was approximately 0.035%
per cycle. Thus, Fe-GaN obviously showed higher cycling sta-
bility than intrinsic GaN. This finding could be attributed to

the well electrical conductivity, charge-transfer efficiency, and
structural stability. To more clearly illustrate electrochemical
performances of Fe-GaN nanowires electrode, Table S1 list

the compared morphologies, cycle numbers, current densities,
and capacities with those of other previously reported
semiconductor-based anodes. It can be found that the Fe-

GaN nanowires electrode has a superior structural tolerance
during the Li+ insertion and extraction processes.

To probe the effects of Fe doping, electrochemical impe-

dance spectroscopy (EIS) measurements are performed from
100 kHz to 0.01 Hz. In Fig. S2, the EIS plots of the intrinsic
GaN and Fe-GaN electrodes contain the semicircles in the
range of high-to-medium frequencies and the inclined line at

low frequencies, which can be ascribed to the charge-transfer
anowire electrode. (a) CVs from 0.1 mV s�1 to 1.0 mV s�1. (b) b

diffusion capacities from 0.1 mV s�1 to 1.0 mV s�1. (d) Determined

s�1.
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resistances (Rct) at the interfaces and in a mass-transfer pro-
cess, respectively. By comparison, the Rct of the Fe-GaN elec-
trode (146.8 X) is significantly less than that of intrinsic GaN

electrode (183.7 X), suggesting the higher charge-transfer rate
and superior electrochemical performance of the Fe-GaN elec-
trode. Furthermore, the slope of Fe-GaN electrode in the low-

frequency region is much higher than intrinsic GaN, confirm-
ing the better mobility of Li+ and pore structure/path in the
Fe-GaN electrode. A detailed kinetic study of the Fe-GaN

nanowire electrode was performed to further explore the rea-
son for the excellent rate capability. In Fig. 4a, the CVs
showed similar shapes with the broaden lithiation and delithi-
ation peaks. The negligible peak change indicated the well

reversibility, fast charge transfer, and low polarization pro-
cesses in the doped GaN nanowire electrode (Xia et al.,
2016). In accordance with i = avb; where a and b are con-

stants, and i and v are the measured current and scan rate,
respectively, the capacitive and diffusion contributions were
quantitatively analyzed. The b values for the diffusion and

capacitance processes were 0.5 and 1.0, respectively (Wang
Fig. 5 (a) Optimized structure model of intrinsic GaN and Fe-GaN

Calculated band structure of (d) pristine GaN and (e) Fe-GaN. (f) Par

level is defined as zero. (g, h) Schematic and energy profiles of the Li
et al., 2017). As shown in Fig. 4b; the b values of the O1,
O2, and R peaks were 0.93, 087, and 0.82, respectively, indicat-
ing that capacitive and diffusion contributions coexisted in the

Fe-GaN nanowire electrode (Chao et al., 2016). Capacitive
(k1v) and diffusion (k2v

1/2) contributions could be quantita-
tively separated according to Dunn’s work (Brezesinski

et al., 2010). As shown in Fig. 4c, the pseudocapacitive behav-
ior increased as the scan rates increased, whereas the diffusion
controlled process declined. Fig. 4d demonstrates that the sep-

arated capacitive contribution was 82.4% of the total capacity
at 1.0 mV s�1. For intrinsic GaN nanowire electrode, the sep-
arated capacitive contribution was 78.6% at 1.0 mV s�1 (Sun
et al., 2018). The difference of the pseudocapacitance between

GaN and Fe-GaN nanowires can be attributed to the
microstructure change of the Fe-GaN nanowires after Fe dop-
ing. Moreover, the diffusion process occurred at the peak

region, indicating that this process is feasible at the peak
region (Chen et al., 2015).

DFT calculations were further conducted to analyze the

electrical conductivity and Li+ storage kinetics enhanced after
. (b, c) Electron density differences of pristine GaN and Fe-GaN.

tial density of the states of pristine GaN and Fe-GaN. The Fermi

migration pathway in GaN and Fe-GaN.
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Fe doping in the Fe-GaN nanowires. Fig. 5a shows the struc-
ture of the intrinsic and Fe-GaN with the bond length. Overall,
the bond length of Fe-GaN was smaller and the bond angle

was larger than those of the intrinsic GaN. These results indi-
cated that Fe doping could regulate the Fe-GaN crystal struc-
ture, which determines electrical conductivity and Li+

absorption and desorption (Wu et al., 2018). The charge den-
sity differences of the intrinsic GaN and Fe-GaN (Fig. 5b and
c) were determined to explore the effects of Fe dopants in the

nearby atoms. The charge recombination made the changes in
local charge distribution possible, thereby leading to acceler-
ated charge carriers in Fe-GaN. Moreover, the doped Fe
atoms demonstrated an decrease in negative charge with the

decrease in charge density, whereas the charge density of the
nearby atoms increased. Fig. S3 showed the calculated 3D
charge density difference. The yellow regions were the enriched

charge, and they were mainly distributed on N atom, the blue
regions indicated charge depletion located at Fe atom. The cal-
culated density of states (DOS) of the pristine GaN and Fe-

GaN (Fig. 5f) showed that Fe-GaN had higher DOS at the
Fermi level than the pristine GaN, indicating that Fe doping
could improve electrical conductivity, and the doped Fe atoms,

as active sites, improved the performance of GaN. The band
structures (Fig. 5d and e) also indicated that Fe remarkably
improved the electrical conductivity of GaN by decreasing its
band gap because of the contributions of 3d orbitals in the

Fe atom. A schematic of the Li+ migration pathway is illus-
trated in Fig. 5g to clarify the effects of the Fe atom in Li+

migration. The energy profiles of this pathway are shown in

Fig. 5h, and the energy barrier in the pristine GaN was
1.4 eV. However, when the Fe atoms were introduced, the
energy barrier was as small as 0.43 eV, indicating that the

migration energy barrier of Li+ was much lower in the Fe-
GaN system. These theoretical results suggested that foreign
doping played a key role in tuning the electronic structure

and improving the Li+ storage performance of LIB anodes.

4. Conclusion

In summary, Fe-GaN nanowires were prepared and studied as
electrodes of LIBs. Benefiting from the sufficient electronic
structure engineering and improved electrical conductivity,
the optimized Fe-GaN nanowire electrode showed observably

enhanced Li+ storage performance (612.3 mAh g�1 at 0.1 A
g�1 after 200 cycles and 338.2 mAh g�1 at 5.0 A g�1 after
500 cycles). DFT results showed that Fe doping could signifi-

cantly enhance the electrical conductivity and Li+ activity via
electrical conductivity and electron density manipulation.
Moreover, Li+ absorption and desorption analysis showed

that Fe doping accelerated the Li+ insertion and desertion
processes, with decreased diffusion barrier. This electron den-
sity strategy of foreign atom doping could provide available
references for the improvement of the electrochemical proper-

ties of LIBs.
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