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Promoting Reaction Kinetics and Boosting Sodium Storage
Capability via Constructing Stable Heterostructures for

Sodium-lon Batteries

Chunrong Ma, Xiao Tang, Haoxi Ben, Wei Jiang, Xinyu Shao, Guoxiu Wang,*

and Bing Sun*

Constructing heterostructures containing multiple active components is
proven to be an efficient strategy for enhancing the sodium storage capability
of anode materials in sodium-ion batteries (SIBs). However, performance
enhancement is often attributed to the unclear synergistic effects among the
active components. A comprehensive understanding of the reaction
mechanisms on the interfaces at the atomic level remains elusive. Herein, the
carbon-coated Fe;Se, [CoSe (Fe;Se,/CoSe-C) anode material as a model
featuring atomic-scale contact interfaces is synthesized. This unique
heterogeneous architecture offers an adjustable electronic structure, which
facilitates rapid reaction kinetics and enhances structural integrity. In situ
microscopic and ex situ spectral characterization techniques, along with
theoretical simulations, confirm that the heterointerface with strong electric
fields promotes Na™ ion migration. Based on solid-state nuclear magnetic
resonance (NMR) analysis, an interface charge storage mechanism is
revealed, resulting in the enhanced specific capacity of the anode materials.
When employed as an anode in SIBs, the Fe;Se,/CoSe-C electrode
demonstrates excellent rate capabilities (218 mAh g~' at 7 A g~") and
prolonged cycling stability (258 mAh g~ at 5 A g~! after 1000 cycles). This
work highlights the significance of heterointerface engineering in electrode
material design for rechargeable batteries.

interest due to the abundance of sodium
resources and operational similarities.
However, one of the main challenges
hindering the commercialization of SIBs
is the lower energy density and power
density compared to LIBs, primarily
stemming from performance limitations
in electrode materials, especially anode
materials.!®] To overcome these chal-
lenges, extensive research efforts have
been devoted to exploring various anode
materials, such as nanostructured carbona-
ceous materials,[*11 metal alloys,['>] and
metal oxides/sulfides,'*!%) et al. Among
these anode materials, transition metal
selenides (TMSs) have emerged as promis-
ing candidates due to their abundant
resources, diverse electronic properties,
and high specific capacity. Additionally,
the larger atomic radius of selenium weak-
ens the metal-selenium bonds compared
to their metal-oxygen and metal-sulfur
counterparts, thereby enhancing the effi-
ciency of the conversion reaction in the
selenides.'®?]  However, despite these
advantages, TMSs still need to overcome
several challenges, such as significant

1. Introduction

The development of sodium-ion batteries (SIBs) as viable alter-
natives to lithium-ion batteries (LIBs) has garnered significant

volume expansion and sluggish reaction kinetics during charge
and discharge cycles, leading to quick capacity degradation and
suboptimal rate performance.?!! The most common approach to
addressing these challenges is to restructure the active materials
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into nanoscale dimensions and incorporate them with conduc-
tive carbon materials.?22° Reducing the primary particle sizes of
TMSs enhances the structure integrity upon cycling. The incor-
poration of carbonous materials serves to confine the volume ex-
pansion of TMSs during cycling and maintain electrical connec-
tivity, thereby improving electrochemical performance. However,
despite these improvements, achieving both high reversible ca-
pacity and long-term cycling stability remains a significant chal-
lenge in developing high-performance anode materials for SIBs.

Recent studies have confirmed that constructing electrode ma-
terials with heterostructures is a highly effective approach to sig-
nificantly enhance the Na* ion storage performance in TMSs.[?’]
This enhancement arises from synergistic effects wherein com-
ponents mutually reinforce or modify each other, thereby allevi-
ating the shortcomings inherent in individual constituents.[28-31]
Creating heterostructures with different bandgaps can enhance
surface reaction kinetics and facilitate charge transfer.3?-34]
Currently, most research works primarily focus on exploring
the enhanced kinetic properties of heterostructure, overlook-
ing the evolution of material structure. However, stress varia-
tions, which persist within the heterogeneous structure during
the charge/discharge process, can lead to significant volume ex-
pansion, exacerbating the likelihood of fracture at the heteroge-
neous interface, particularly if the bonding strength is weak. Con-
sequently, the potential benefits associated with heterogeneous
structures may be compromised or completely lost. Hence, en-
suring the structural integrity of heterostructure materials re-
mains a critical challenge. Besides enhanced reaction kinetics,
heterostructure electrodes often demonstrate increased specific
capacity, even surpassing theoretical values.*>’] However, the
underlying reasons for this enhanced capacity have not received
much attention. Most studies merely attribute it to unspecified
synergies without delving into the nature of these synergistic ef-
fects. Thus, more efforts are needed to investigate the underly-
ing reaction mechanisms and the interface interactions govern-
ing the performance enhancement of heterostructures.

Herein, we present an innovative in situ approach for fab-
ricating a Fe;Se,/CoSe heterostructure embedded within hi-
erarchically interconnected carbon frameworks (Fe,Se,/CoSe-
C) as an anode in SIBs. This unique structure, featuring
nanoscale heterointerfaces, effectively mitigates internal me-
chanical force changes, thereby preventing uncontrolled struc-
tural damage. Through electronic structure regulation, the sodi-
ation/desodiation and reconversion kinetics are simultaneously
enhanced. Contrasted with the ambiguous synergistic effect, we
found that the interface between Fe, Se, and CoSe can offer addi-
tional active sites for Na* ion storage, leading to an increased spe-
cific capacity. Additionally, density functional theory (DFT) cal-
culations indicate that the fast kinetics and enhanced rate perfor-
mance stem from the built-in electric field at the heterointerfaces,
which significantly lowers Na* diffusion barriers and expedites
charge transfer.

2. Results and Discussion

The Fe,Se,/CoSe-C anode material was synthesized via a sol-
gel method followed by a selenization process, as illustrated
in Figure 1a. Sodium alginate (SA) solution was slowly added
into a solution containing Co** and Fe** precursors to form
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a Fe/Co-alginate hydrogel with Co?*/Fe** cations coordinated
with G-block in SA. Subsequently, through a freeze-drying pro-
cess, a porous precursor was obtained. Then, the Fe;Se,/CoSe-
C heterostructure encapsulated into an interconnected carbon
framework was obtained via the high-temperature gas-phase
selenizing reaction with the introduction of the selenium va-
por into a quartz-tube reactor.*®] Reference samples of carbon-
coated Fe;Se, nanoparticles (Fe;Se,-C) and carbon-coated CoSe
nanoparticles (CoSe-C) were also prepared using the same
method.

The morphologies and microstructures of the synthesized
materials were examined using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As shown
in Figure 1b, the Fe;Se,/CoSe-C heterostructure exhibits a typi-
cal 3D hierarchical porous structure. The highly conductive car-
bon nanotubes are interlaced into a porous framework, facilitat-
ing fast ion/electron transport for rapid reaction kinetics. The
TEM image in Figure 1c indicates that the Fe,Se,/CoSe nanopar-
ticles are uniformly dispersed in the carbon matrix without ob-
vious aggregation. Notably, the high-resolution TEM (HRTEM)
image in Figure 1d reveals the Fe,Se,/CoSe nanoparticles are
tightly wrapped by continuous graphitic carbon layers. The re-
sulting graphitic carbon is converted from amorphous carbon,
which is catalyzed by Co and Fe particles in situ formed at high
temperatures. Amorphous carbons were also formed among
the Fe;Se,/CoSe-C nanoparticles, creating a unique conductive
network and contributing to excellent electronic conductivity.
The HRTEM of Fe,Se,/CoSe-C (Figure le) exhibits distinct lat-
tice fringes with interplanar spacings of 0.27 and 0.54 nm,
corresponding to the (101) plane of CoSe and (101) Fe;Se,,
respectively.?**°l Such intimate lattice contacts between CoSe
and Fe, Se, indicate a well-constructed heterointerface. Addition-
ally, more HRTEM images have been provided to further substan-
tiate the existence of the heterostructures (Figure S1, Support-
ing Information). Energy dispersive X-ray spectroscopy (EDS) re-
veals the uniform elemental distribution of Fe, Co, Se and C in
the Fe,Se,/CoSe-C heterostructure (Figure S2, Supporting Infor-
mation). The carbon content in the Fe;Se,/CoSe-C composite is
~17%, which is calculated based on thermogravimetric analysis
(TGA) results in Figure S3 (Supporting Information).

The crystal structure of the synthesized samples was analyzed
through X-ray diffraction (XRD). As shown in Figure 1f, the
detected peaks in the Fe;Se,/CoSe-C heterostructure are well-
matched with Fe;Se, (PDF no. 71-2250) and CoSe (PDF no.
89-2004), indicating the high purity of the as-prepared sam-
ples. Notably, a broad peak at ~23° corresponds to carbon. Ad-
ditionally, the crystal structure of individual Fe;Se, and CoSe
was analyzed separately, and the corresponding XRD patterns are
demonstrated in Figure S4 (Supporting Information). The sur-
face chemical composition and valence states of the Fe;Se, /CoSe-
C heterostructure were investigated by X-ray photoelectron spec-
troscopy (XPS). The XPS spectrum of Fe;Se,/CoSe-C is depicted
in Figure S5a (Supporting Information), revealing characteristic
peaks of Fe, Co, Se, and C elements, consistent with the EDS re-
sults. Regarding the high-resolution Fe 2p spectrum (Figure 1g),
the peaks at binding energies of 710.3 and 724.2 eV are attributed
to Fe’* 2p,, and Fe’* 2p,,, respectively.*!] Additionally, the
peaks at 712.4 and 725.3 eV represent characteristic peaks of Fe**
2p;;, and Fe** 2p, ,. Two satellite peaks centered at 719.1 and
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Figure 1. a) Schematic illustration for the synthesis of Fe;Se,/CoSe-C. b) SEM image of Fe;Se,/CoSe-C. ¢,d) TEM images of Fe;Se,/CoSe-C at differ-
ent magnifications. e) HRTEM image of Fe;Se,/CoSe-C. f) XRD pattern of Fe;Se,/CoSe-C. g,h) High-resolution XPS spectra of Fe 2p and Co 2p for

Fe;Sey/CoSe-C.

731.2 eV, consistent with previous literature.l*?] Moreover, a peak
corresponding to Fe’ at 707.35 eV indicates a slight reduction of
Fe3* during the pyrolysis process. Compared with the Fe 2p spec-
trum of Fe,;Se,-C in Figure S6a (Supporting Information), the
main peaks of Fe 2p in the Fe,;Se, /CoSe-C composite shift toward
higher binding energies, which is due to the spontaneous forma-
tion of heterojunctions between Fe,Se, and CoSe, leading to an
increase in electron density around Co and a decrease around
Fe. In addition, the high-resolution spectral analysis of Co 2p re-
veals four different peaks, as shown in Figure 1h. Two character-
istic peaks at the binding energies of 778.4 and 787.5 eV are at-
tributed to Co®* 2p; , and Co®* 2p, ,, respectively, while the peaks
at 780.3 and 793.7 eV correspond to Co’* 2p, , and Co’* 2p, ,.1*’]
Due to the orbital relationship between Co atoms and Se atoms,
two satellite peaks are observed as well. Compared with the Co
2p spectrum of CoSe-C in Figure S6b (Supporting Information),
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the main peaks of Co 2p in Fe,Se,/CoSe-C composites shift to-
ward a lower binding energy. In the high-resolution Se 3d spectra
(Figure S5b, Supporting Information), two distinct characteris-
tic peaks at 55.88 and 54.08 eV are attributed to Se 3d;,, and Se
3ds,,, respectively, and a wide peak at 59.03 eV can be interpreted
as the peak of SeO,.[** The high-resolution spectral fitting anal-
ysis of Cls in Figure S5c (Supporting Information) reveals three
peaks corresponding to C—C, C—O0, and CeO bonds, respectively.
The Raman spectrum displayed in Figure S5d (Supporting In-
formation) reveals two significant peaks at 1347 and 1587 cm™,
corresponding to the D mode (sp3 C, indicative of defects) and
the G mode (sp2 graphite carbon), respectively. The I,/I ratio,
which indicates the carbon’s disorder degree,*] is measured at
1.18 based on the Raman analysis. This ratio points to an amor-
phous structure with a higher number of defects in the carbon
matrix of the Fe,Se,/CoSe-C composite.
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Figure 2. a) Schematic illustration of a nanocell for in situ TEM characterization. b—e) Time-lapse TEM images of Fe;Se,/CoSe-C during the first sodiation
process. f) Time-lapse TEM image of Fe;Se,/CoSe-C at the desodiation state. g) Ex situ HRTEM image of Fe;Se,/CoSe-C discharged to 0.01 V. h) Ex
situ HRTEM image of Fe;Se,/CoSe-C charged to 3.0 V. i-k) SEAD patterns of Fe;Se,/CoSe-C i) acquired at origin state, j) after discharged to 0.01V, and

k) after charged to 3.0 V.

The structural evolution of the constructed heterogeneous
structure during the sodiation and desodiation processes was
first investigated using in situ TEM techniques (Figure 2a—f). The
corresponding schematic of the nanocell for TEM characteriza-
tion is depicted in Figure 2a. Additionally, time-resolved TEM
was utilized to dynamically capture the morphological changes of
the Fe;Se,/CoSe-C electrode during sodium insertion/extraction
processes, with the corresponding videos presented in the sup-
porting information. Under the voltage of —3.0 V (i.e., Na* ion
insertion condition), the structure of the Fe;Se,/CoSe-C het-
erostructure remains stable with no significant volume expan-
sion. Only slight dimensional growth is observed, as demon-
strated in various frames of the video. At 39 s of the sodium in-
sertion process (Figure 2c¢), the longitudinal dimension increased
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from 62.1 to 62.5 nm, and the transverse dimension increased
from 58.6 to 59.1 nm. The continuous sodium insertion results
in the increase of longitudinal and transverse dimensions to 63.1
and 61.1 nm at 69 s, respectively (Figure 2d). At the fully sodi-
ation stage, the transverse and longitudinal dimensions of the
Fe,Se, /CoSe-C nanoparticle only slightly increased to 63.2 and
65.1 nm, respectively (Figure 2e), close to the original dimen-
sions. During the following desodiation process, the transverse
and longitudinal dimensions of the Fe,Se,/CoSe-C nanoparticle
decreased to 59.1 and 62.9 nm, respectively (Figure 2f). The con-
structed heterojunctions inside the Fe,Se,/CoSe-C nanoparticle
remain intact without obvious rupture or fragmentation through-
out the entire sodiation and desodiation processes, fully leverag-
ing their advantages during the charge and discharge processes.
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For further ex situ HRTEM observation, at the full sodiation
stage, the HRTEM image in Figure 2g reveals lattice fringes with
interplanar distances of 0.245 and 0.27 nm, which are attributed
to the Fe (110) and Co (111) planes, respectively. In addition, com-
plete sodium extraction leads to the re-emergence of CoSe and
Fe,Se, lattice (Figure 2h), confirming the excellent reversibility
of the as-prepared heterostructure. Further evidence to identify
the discharge products (i.e., Na,Se, Co, and Fe) is provided by
diffraction rings in selected area electron diffraction (SAED) pat-
terns, as shown in Figure 2i,j. After charging the Fe,Se,/CoSe-C
electrode to 3.0 V, the reappearance of CoSe and Fe,Se, phases
can be detected, as shown in Figure 2k.

The sodium storage performances of the Fe,Se,/CoSe-C elec-
trode were evaluated in coin cells. The cyclic voltammetry (CV)
curves of the Fe;Se,/CoSe-C electrode obtained at a scanning
rate of 0.1 mV s™! are shown in Figure S7a (Supporting Informa-
tion). During the first discharge process, a small reduction peak
at ~1.2 V is observed, which is attributed to Na* insertion into
Fe, Se, and CoSe.[?*3946] The broad peaks located at 0.5 V are re-
lated to the reduction of Na,CoSe and Na,Fe; Se, to metal Co and
Fe, respectively. During the oxidation process, oxidation peaks ap-
pear ~1.48, 1.62, and 1.82 V, which are related to the formation
of Fe;Se, and CoSe. Subsequent cathodic and anodic scanning
processes reveal consistent shapes in the CV curves, with no sig-
nificant deviation observed in the oxidation and reduction peaks.
This suggests that the Fe;Se, /CoSe-C electrode exhibits excellent
reversibility and stability after the first cycle. For comparison, the
CV profiles of the Fe,Se,-C and CoSe-C electrodes were also eval-
uated (Figure S7b,c, Supporting Information).

The constant current charge and discharge test was conducted
within a voltage range of 0.01-3.0 V. At low current density,
the Fe, Se,/CoSe-C electrode exhibited high initial discharge and
charge capacities of 576 and 466 mAh g1, respectively, corre-
sponding to a Coulombic efficiency of ~81% in the first cy-
cle (Figure S8a, Supporting Information), which is comparable
to the state-of-the-art hard carbon materials (Table S1, Support-
ing Information). The initial capacity loss primarily stemmed
from electrolyte decomposition and SEI formation. For compar-
ison, the charge—discharge voltage curves of Fe,Se,-C and CoSe-
C electrodes were also shown in Figure S8b,c (Supporting In-
formation). Both of these samples displayed lower specific ca-
pacities compared to the Fe;Se,/CoSe-C electrode. Furthermore,
the cycling performance of the Fe,Se,/CoSe-C, Fe,Se,-C, and
CoSe-C electrodes was evaluated at a current density of 1 A g~'.
The cells were activated by cycling at a low current density of
0.2 A g7 for the first five cycles. As depicted in Figure 3a, the
Fe,Se,/CoSe-C electrode demonstrated the highest specific ca-
pacity of ~400 mAh g~! at the 100th cycle, surpassing that of
both the Fe,Se,-C and CoSe-C electrodes. The rate capabilities
of the electrodes were evaluated at different current densities
ranging from 0.2 to 7 A g! (Figure 3b). As the current densi-
ties increase from 0.2 to 5 A g7', the specific capacities of the
Fe;Se,/CoSe-C electrode decrease from 485 to 239 mAh g™'. At
the higher current density of 7 A g1, the Fe, Se, /CoSe-C electrode
still maintains a reversible specific capacity of 218 mAh g~'. Re-
markably, upon returning to the low current density of 0.2 A g7,
the corresponding specific capacity rebounds to 474 mAh g='.
In contrast, the Fe;Se,-C and CoSe-C electrodes demonstrate re-
duced capacities across all corresponding current densities. The
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excellent rate performance of the Fe;Se,/CoSe-C electrode is pri-
marily attributed to the formation of a heterojunction at the
Fe,Se,/CoSe phase boundary, which enhances the reaction kinet-
ics. The long-term cycling performance is a critical parameter for
evaluating SIBs. Therefore, the long-term cycling stability of the
Fe,Se,/CoSe-C electrode was investigated at a high current den-
sity of 5 A g7!, as depicted in Figure 3c. Notably, after 1000 cycles,
the specific capacity of the Fe,Se,/CoSe-C composite remains at
~258 mAh g7!, indicating its excellent cycling stability. The ca-
pacity retention rate after 1000 cycles is 89%, which corresponds
to a capacity loss of ~0.011% per cycle. Such excellent cycling
stability can be attributed to the unique combination of Fe,Se,
and CoSe, which enhances the overall structural stability of the
electrode and prevents significant degradation during repeated
charge-discharge processes. Additionally, the incorporation of a
carbon matrix helps buffer the volume changes during cycling,
maintaining the electrode’s mechanical integrity and preventing
pulverization. The performance comparison in Figure S2 (Sup-
porting Information) further demonstrates the superior proper-
ties of the as-prepared Fe;Se,/CoSe-C.

To Dbetter understand the Na* diffusion kinetics in
Fe,Se,/CoSe-C, Fe,;Se,-C and CoSe-C electrodes, galvanostatic
intermittent titration technique (GITT) tests were performed. As
shown in Figure 3d, the GITT curve of the Fe,;Se,/CoSe-C elec-
trode was obtained after constant current pulse discharge/charge
for 0.5 h at the current density of 0.1 A g™ and then standing
for 1 h. The diffusion coefficient of sodium ion (Dy,*) can be
calculated according to the following formula (the details are
shown in Figure S9, Supporting Information):[*’]

4 (myVy \ [ AE
Dygr = — N 1)
nt \ MzA AE,

During the discharge and charge process, the diffusion coeffi-
cient of the Fe,Se,/CoSe-C electrode is higher than that of Fe, Se,-
C and CoSe-C electrodes (Figure 3e; Figure S10, Supporting In-
formation), which indicates that Na* ion diffuses more easily in
Fe;Se,/CoSe-C electrode.

To further understand the Na* ion storage mechanisms in
Fe,Se,/CoSe-C electrode, CV tests were further performed at dif-
ferent scan rates (Figure 3f). When the scan rate increases from
0.1t0 2.0 mV s71, all CV curves show similar peak positions and
peak shapes. The relationship between current (i) and scan rate
(v) can be expressed by the following formula:[*®]

i=at (2)

where i is the current density, v is the scanning rate, and a and
b are constants. The value of b can be obtained by calculating
the slopes of log(i) and log(v). A b value of 0.5 indicates that the
charge storage process is controlled by the diffusion behavior,
while a b value of 1.0 indicates that the capacitor behavior con-
trols the entire process. Figure 3g shows the b values at the cor-
responding potential during the discharge process, all of which
are higher than 0.7. These results show that the sodium stor-
age behavior in the Fe,;Se,/CoSe-C electrode is mainly due to the
pseudocapacitance behavior with fast kinetic feature. In order to
quantify the contribution rate of capacitance behavior in the

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

8SUBO 1T SUOWWOD dAIS1D 3|qedl|dde ay) Ag pausenoB ae Sappie WO ‘38N JO Sa|NJ Joj ARig1T aUIUQ A3|IM UO (SUO R IPUOD-PUR-SWRYW0D A3 | 1M Ale.d 1[pu UO//SANY) SUORIPUOD PUe SWS | 84} 39S *[G202/20/20] Uo ARlqiauliuO AB[IAN ‘[1UN0D UDIeasay [EIIPSIA PUY YIBSH [RUOIRN AQ 6/82T#202 WPe/Z00T OT/I0p/WO0d A3 | Im Aleid 1jpu U0’ paoueApe//Sdny WOy papeojumod ‘g ‘S20z ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

(2]
o]
o
o

a b 500 120
Ea o FeSeJCoSeC| — - %
o 800 AV o o Fe;Se,/CoSe-C o &
< < ) <
< o Fe;Se,-C < 6001, o2 CoSe-C g 600 100 3
€ 600+ [ 2 0.5 o Fe,Se,-C 0.2 g I S
> b = % 1 e 2 400 o
S 400] B & 400+ 2 o o €
© ® © 80 o
o I% . o o o
S @ g 3 S
© 2004 T o L 200 Fe,Se,/CoSe-C g
= = = 160 S
8 ® c t:Ag” g 3
2 0 . . r . & o aren:f9 . . & o . . . . (&)
T 20 40 60 80 100 0 20 40 60 80 0 200 400 600 800 1000

Cycle Number Cycly Number Cycle number
-10.0
d e Discharge 0-9-0-% f

3 0—o, o ~o 0.4

g = 0—o0=aBd 000\» e i —~—o —

) «-10.2 <

O IS c
Z ] S £ 001
o = .
> N C
> 2 Charge 7quezse,ICoSe;C [
= a E 041
% 14 > 997 % / \ e Z:ass::;c S 8 04 0.1mV s’ 0.2mvs?
) S 9 “ Q/°/ —05mVs! —1.0mVs?
= q02{ /\‘\ o o -0.81 —2omve?
04 \ /’
0 200 400 600 800 03 06 09 12 15 18 21 00 05 10 15 20 25 30
Specific capacity (mAh g™") Voltage (V vs. Na/Na*) Voltage (V vs Na/Na*)
g o h X 1 400 120
4 - o
0o o = 1005
' 0O 0 2 < 300{» 3
° / 9 < i c
\ a0 & ——1st £ 2233y 80 &

2 0.8 Z 21 = o

=} Ly —2nd > =

g s 2 —3th S 200 L60 %5

: 074 o > @ o— Discharge L

< Y g 40 8

O 14 S > Charge [

() o 1001 S

0.6 ® L Lon 2

= L= 20 >

o 8 o

0.5 . . : . = 0 —— & 0 . y v . . 0 ©
00 05 10 15 20 25 0 50 100 150 200 250 300 350 0 10 20 30 40 50 60

Voltage (V vs Na/Na*)

Specific capacity (mAh g™")

Cycling number
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b-value plotted against voltage of the Fe;Se, /CoSe-C electrode for cathodic scans. h) The charge-discharge profiles of Fe;Se,/CoSe-C||NVP full cell at a

current density of 0.5 A g™

anode’

whole reaction process, the following equation can be used to
calculate:*!

i=kv+k!/? 3)

where k,v is the capacitive contribution and k,v'/? is the diffu-
sion control contribution. Figure S11 (Supporting Information)
illustrates the capacitance contribution of the entire CV at a scan
rate of 0.5 mV s~!. Approximately 68.9% of the charge storage is
attributed to the pseudocapacitance behavior, as indicated by the
red region, while the diffusion behavior primarily occurs around
the redox peak. CV tests were conducted on the Fe,;Se,-C and
CoSe-C electrodes for comparison at the same scan rate (0.1-
2.0 mV s71), as depicted in Figure S12 (Supporting Information).
According to calculations, at the scan rate of 0.5 mV s7!, the con-
tribution rate of pseudocapacitance for Fe;Se,-C and CoSe-C is
59.8% and 64.9%, respectively. These values are lower than that
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and i) the corresponding cycling performance.

of the Fe,Se,/CoSe-C electrode. In addition, we computed the ra-
tio of pseudocapacitance at various scanning rates, as illustrated
in Figure S13 (Supporting Information). As the scanning rate in-
creases, the contribution of pseudocapacitance increases for all
the as-prepared electrodes. Notably, the proportion of pseudoca-
pacitance is higher in the Fe;Se,/CoSe-C heterostructures com-
pared to pure Fe,;Se,-C and CoSe-C at the same scan rate.

For practical applications, we utilized commercial
Na,V,(PO,); (NVP) as the cathode material and synthesized
Fe,Se,/CoSe-C as the anode material to assemble full cells.
The assembled full cells were tested within a voltage range of
0.01-3.0 V. The specific capacity of the full cell was calculated
based on the mass loading of the Fe,Se,/CoSe-C anode mate-
rials. As shown in Figure 3h, the Fe;Se,/CoSe-C||NVP full cell
exhibits specific capacities of 340 and 270 mAh g=!, .. during
the first charge and discharge cycles at a current density of

0.5 A g1 4, corresponding to an initial Coulombic efficiency

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Experimental and simulated 2>Na NMR spectra of Fe;Se,/CoSe-C electrode at different discharge and charge stages. b) Experimental and
simulated 22Na NMR spectra of Fe;Se,-C electrode and CoSe-C electrode discharged to 0.01 V. ) The schematic of the sodium storage mechanisms at

different stages for the Fe;Se, /CoSe heterogeneous.

of 79%. In addition, Figure 3i exhibits the cycling performance
of the Fe;Se,/CoSe-C||[NVP full cell at a current density of
0.5 A g™'. The capacity decrease in the initial few cycles is likely
due to the formation of SEI. After that, the specific capacity
stabilizes ~#250 mAh g=!, .. indicating good stability and dura-
bility of the Fe,Se,/CoSe-C anode material during cycling. The
Coulombic efficiencies show significant fluctuations during the
initial few cycles, possibly due to charge loss associated with the
formation of stable SEI. Nevertheless, in the subsequent cycles,
the Coulombic efficiencies quickly recovered and stabilized at
~99%. This high Coulombic efficiency demonstrates the good
reversibility of the full cell during the charge and discharge
processes.

To investigate the origin of the high capacity obtained by
the as-prepared Fe,Se,/CoSe-C electrode, ex situ solid-state nu-
clear magnetic resonance (NMR) spectroscopy was conducted.
Figure 4a depicts the 2*Na spectra of the Fe, Se,/CoSe-C electrode
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during the initial discharge and charge process. Additionally, the
reference Fe,Se, and CoSe electrodes were tested after discharge
to 0.01 V for comparison (Figure 4b). For the Fe,Se, electrode,
three distinct peaks can be observed after full discharge. The peak
at —5 ppm corresponds to Na* ions in the solid electrolyte inter-
phase (SEI); the peak at —17 ppm mainly arises from Na* ions
inserted into the active materials; and the peak at —26 ppm is at-
tributed to Na* ions adsorbed on the surface of metallic Fe due
to the space-charge effects.[*! Similarly, when the CoSe electrode
is discharged to 0.01 V, three distinct peaks can be observed as
well, showing properties analogous to those of the Fe,;Se, elec-
trode. In contrast, in the case of the Fe,Se,/CoSe-C heterostruc-
ture, three peaks are observed after discharge to 1.0 V, where the
peak at 0 ppm corresponds to Na* ions in the SEI, and the other
two peaks correspond to Na* ions inserted into CoSe and Fe, Se,
phases, respectively. At this stage, the Na* ion adsorption onto
Fe or Co is not detected because the conversion reaction has not
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Figure 5. a) The CoSe, Fe;Se,, and Fe;Se,/CoSe heterostructure models. b) The adsorption energies of Na on CoSe, Fe;Se,, and Fe;Se,/CoSe het-
erostructure. c) 3D contour plot of charge density difference in Na adsorption at Fe;Se,/CoSe heterostructure. d—f) The corresponding density of states
of d) CoSe, e) Fe;Se,, and f) Fe;Se,/CoSe heterostructure. g) Schematic illustration of the induced built-in electric field in the Fe;Se,/CoSe hetero

interface for fast Na™ ion diffusion.

yet occurred at this discharge state. As the discharge process con-
tinues to 0.01 V, significant changes in peak shape are observed.
In addition to the peaks of Na* ion insertion into bulk materials
and adsorbed on the surface of metallic Fe and Co, a new peak at
4 ppm appears (red portion), representing Na* ions stored at the
heterojunction interface. In this state, the peak attributed to SEI
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is barely discernible due to being obscured, mirroring findings
reported in the literature.’!! Upon charging the Fe,Se,/CoSe-C
electrode to 3.0 V, the peak corresponding to Na* ion storage in
the SEI returns to 0 ppm, and the peak at the heterojunction in-
terface disappears, indicating the excellent reversibility of Na*
ions storage behaviors at the heterojunction interfaces. The NMR
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results explain the high capacity and excellent cycling stability ex-
hibited by the Fe;Se,/CoSe-C electrode in SIBs.

The summary of the electrochemical reaction process during
the initial charge and discharge cycle is depicted in Figure 4c.
The initial discharge processes involve the insertion of Na* ions
and the generation of SEI films, contributing to the capacity in
the high voltage range. When the discharge voltage drops below
1.0V, a conversion reaction occurs, yielding metallic Fe and Co.
Due to the space charge effect, some Na* ions are adsorbed onto
the surface of metallic Fe or Co nanoparticles. Simultaneously,
the heterogeneous interface formed by metallic Fe and Co also
serves as active sites for Na* ion adsorption. Correspondingly,
the charge and discharge curves of the Fe,;Se,/CoSe-C electrode
show the exceptionally high additional capacity primarily origi-
nates from the low-voltage range, where the active sites formed
by the heterogeneous interface adsorb extra Na* ions.

To unveil the outstanding dynamic traits of heterogeneous
structures theoretically, the density functional theory (DFT)
study was employed. Initially, Fe,Se, (001) and CoSe (001) sur-
faces were utilized to construct heterogeneous structures in
Fe,Se,/CoSe (Figure 5a). The calculated formation energy of the
Fe,Se,/CoSe heterostructure (—0.42 eV) attests to its thermody-
namic stability. To assess the activity of the heterogeneous inter-
face, the adsorption energies of Fe;Se,, CoSe, and Fe,Se,/CoSe
for Na* ions were calculated (Figure 5b). The binding energy (E,)
was determined using the formula E, = E, o, n.-Eposi-Ena, Where
E}ostsna TEPresents the energy of the adsorption system, while E,
and E, , denote the energy of pure Na metal and the host system,
respectively. A more negative E, value indicates a stronger ad-
sorption capacity for Na* ions. Structural optimization revealed
that Na atoms tend to occupy metal positions and coordinate with
four adjacent Se atoms to form Na-Se bonds. Based on this con-
figuration, the adsorption energy of Na* ions in the Fe,Se,/CoSe
heterostructure was calculated to be —2.97 eV, surpassing that of
individual Fe;Se, (—1.972 eV) and CoSe (—2.268 eV). The con-
cise electronic structure analysis was performed to elucidate the
charge transfer dynamics in detail, as depicted in Figure 5c. It is
evident that the charge distribution primarily occurs at the inter-
face region, with electron accumulation on the Fe;Se, side and
hole accumulation on the CoSe site during the sodium adsorp-
tion process.

Electronic conductivity is paramount in determining the elec-
trochemical performance of anode materials. Therefore, a com-
prehensive examination of the electronic structure involves cal-
culating the density of states (DOS) for various structural con-
figurations, as illustrated in Figure 5d,e. Notably, CoSe exhibits
a bandgap of 1.78 eV, while Fe;Se, displays a bandgap of
1.33 eV, indicating their inherent semiconductive nature. Upon
constructing the heterostructure, Fe;Se,/CoSe, an intriguing
phenomenon emerges wherein the band structure successfully
spans the Fermi level due to electron transfer from the Fe atom.
Consequently, a diminished bandgap of 0.62 eV is observed,
resulting in enhanced conductivity. These findings underscore
the importance of heterostructure formation in Fe,;Se,/CoSe
for augmenting overall electronic conductivity. As illustrated in
Figure 5g, prior to contact, the Fermi level of CoSe exceeds that of
Fe,Se,. Consequently, upon contact between CoSe and Fe, Se,, an
internal electric field arises at the heterogeneous interface. This
leads to the accumulation of a negative charge on the Fe, Se, side,
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while a positive charge accumulates on the CoSe side, resulting in
an internal electric field directed from Fe,Se, to CoSe. Facilitated
by this electric field, the negative charge on the surface of Fe;Se,
attracts Na* ions to neutralize, thereby facilitating the diffusion
of Na* within the heterogeneous structure.

3. Conclusion

In summary, we propose a sol-gel and selenization method for
the controllable synthesis of Fe;Se,/CoSe heterostructures em-
bedded within a 3D porous carbon-based structure. This su-
perstructure not only shortens the ion diffusion path but also
effectively mitigates the stress generated during the repetitive
insertion and extraction of Na* ions, thereby ensuring the in-
tegrity of the interface. Theoretical calculations corroborate that
this stable heterogeneous interface, characterized by atomic-
scale binding, accelerates reaction kinetics and enhances charge
transfer efficiency. Additionally, as evidenced by NMR observa-
tion, the heterointerface between Fe,;Se, and CoSe provides ad-
ditional active sites for Na* ion storage, resulting in increased
specific capacities. Leveraging this superior structural design,
the Fe;Se, /CoSe-C heterostructure exhibits impressive magnifi-
cation performance and exceptional cycle stability. At a high cur-
rent density of 7 A g7!, the Fe,;Se,/CoSe-C electrode achieves a
reversible specific capacity of 218 mAh g~!. Even after 1000 cy-
cles at a current density of 5 A g7!, the Fe;Se,/CoSe-C electrode
maintains a notable reversible specific capacity of 258 mAh g='.
This study presents significant insights into interface engineer-
ing, offering innovative strategies for the development of high-
performance conversion anode materials.
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