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SUMMARY

Battery technologies based on Earth’s abundant elements are
indispensable for sustainable energy storage. Sodium- and potas-
sium-ion batteries (NIBs and KIBs) have begun to show promise as
alternatives for lithium-ion batteries. Alongside the discovery of
new anode materials, the last few years have seen rapidly increasing
interest in metal selenides for NIBs and KIBs. This review presents a
timely summary of the recent progress on using metal selenides to
electrochemically store Na+ and K+. The review features the design
strategies for metal selenides and discusses the roles of the strate-
gies in addressing the current issues of applying metal selenides in
NIBs and KIBs. Future opportunities are also presented to signpost
open questions that are worth investigating to allow further devel-
opment of metal selenides and their NIB and KIB performance. This
review may shed some light on the material design for not only the
electrochemical community but also wider research domains.

INTRODUCTION

The exploration of renewable energy resources is crucial due to concerns surround-

ing environmental pollution and energy demand, and this creates the need for

sustainable energy storage technologies, for which batteries hold the key. The suc-

cessful commercialization of lithium-ion batteries (LIBs), built on their high energy

density and durability, has made them the dominating battery technology in the

sector of portable electronic devices, and they are being highly pursued in the sector

of electric vehicles. However, the lithium and cobalt used in the cathodes for LIBs are

unevenly distributed in Earth’s crust, which leads to limited availability and potential

supply risk, as well as inevitably causing cost rise. The growth and impending de-

mand for LIBs for electric vehicles further raise serious concerns about the availability

of lithium resources (0.0017 wt % in Earth’s crust) (Figure 1A) in the long run.1 In this

regard, developing sustainable battery technologies based on naturally abundant

resources can provide a reliable solution for the existing high demand for energy

storage. Sodium-ion batteries (NIBs)2–4 and potassium-ion batteries (KIBs)5–7 are

suitable substitutes for LIBs because of abundant Na and K resources (Na, 2.36 wt

%, K, 2.09 wt % in Earth’s crust) and the likelihood of reducing battery production

cost.8 Further reduction in cost comes from the feasibility of using Al as the anode

current collector for NIBs and KIBs instead of the heavier and more expansive Cu

often used in LIBs.9,10

The fundamental ion storage process in NIBs and KIBs follows the rocking-chair

mechanism of LIBs, meaning that ions shuttle back and forth between the anode

and the cathode during battery cycles without causing a drastic change in the

composition of the electrolyte. Although there are significant benefits to using Na

and K chemistries in battery technologies, there exists numerous challenges to
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Figure 1. Motivation of and surge in research on metal selenides for NIBs and KIBs

(A) Comparison of the abundance of elements.

(B) Number of publications on metal selenides for NIBs and KIBs published since 2016. Data were

collected using the ISI Web of Science. The number in 2021 is limited to the publications from

January to May.
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deliver high electrochemical performance from NIBs and KIBs. In particular, the

higher redox potentials of Na+/Na and K+/K compared with Li+/Li (Na/K/Li: �2.7/

�2.9/�3.0 V versus standard hydrogen electrode (SHE) and the larger size of Na+

and K+ compared with Li+ (Na+/K+/Li+: 1.09/1.38/0.76 Å) could result in low storage

capacity and poor reaction kinetics. The electrochemical performance is primarily

determined by electrode materials, and the foremost factor that has rich

electrochemistry and aids in achieving high electrochemical performance is the

compositional and structural designs of anode materials. Therefore, research on

investigating anode materials to store Na+ and K+ has been thrust to center stage.

Despite the same working principle among LIBs, NIBs, and KIBs, the vast know-how

accumulated in the research of Li+ host materials might not be swiftly applied to Na+

and K+ host materials. This could be manifested by the study of graphite, where it

was found to be nearly inactive to electrochemically store Na+ without the cointer-

calation of electrolyte solvent molecules.11–13

Hence, it is of great importance to carry out intensive research on anodematerials for

NIBs and KIBs. In general, anode materials can be categorized into three types

based on their ion storage mechanisms, i.e., intercalation, alloying, and conversion.

Intercalation-type anodes, mainly carbon- and titanium-based oxides,14–17 exhibit

good durability but are limited by a low practical capacity and large voltage polar-

ization at high rates because of poor intercalation kinetics.18 Alloying-type anodes

are generally group 14 (Si, Ge, Sn, and Pb) and group 15 (P, Sb, and Bi) ele-

ments.19,20 These anodes have a high theoretical capacity due to multi-electron

transfer but are limited by poor cycling stability caused by huge volume expansion.

For instance, the alloying reaction of Bi with Na+ and K+ leads to volume expansion

of 250% and 406%, respectively.21,22 Conversion-type anodes mainly include metal

oxides and chalcogenides.23,24 They exhibit relatively smaller volume expansion

compared with alloying-type anodes and a much higher storage capacity than inter-

calation-type anodes.

Studies on conversion-type anode materials for NIBs and KIBs have been heavily

focusing on metal oxides and metal sulfides.1,25,26 It was not until recent years

that metal selenides (MSs) came into the spotlight. As shown in Figure 1B, the num-

ber of publications on MSs has surged since 2016, strongly suggesting rapidly

increasing research interest in MSs for NIBs and KIBs (recent reports are summarized

in Table 1). Desirable benefits favor MSs. First, MSs have higher electronic conduc-

tivity compared with their sulfide counterparts, as seen from the electrical conductiv-

ity of Se (13 10�3 S m�1) and S (53 10�28 S m�1),27,28 which could result in improved
2 Cell Reports Physical Science 2, 100555, September 22, 2021



Table 1. Summary of material and electrochemical performance details of metal selenides recently reported for NIBs and KIBs

Engineering
strategy Material Structure NIB/KIB

Voltage
range (V) ICEa (%) Electrolyte

Cycling capacity
(mAh g�1 @ A
g�1 @ cycles)

Rate capability
(mAh g�1 @ A
g�1)

Storage
mechanism Ref.

Defect MoSe2 nanosheet
assemblies

NIB 0.5–3 92 1.0 M
NaCF3SO3/
DEGDMEb

270 @ 0.1 @
2,500

220 @ 10 conversion 31

Defect Mo(Se0.85S0.15)2
a hollow

nanotubes with
one closed tip

NIB 0–2.5 82 1.0 M NaClO4/
PCc (5% FECd)

421 @ 0.2 @ 100 370 @ 2 conversion 32

Defect MoSSe nanoplates KIB 0.01–3 78 1.0 M KFSIe/
ECf:DECg

527 @ 0.1 @ 100 310 @ 1 conversion 33

Defect MoSe2 nanotubes NIB 0.01–3 72 1.0 M
NaCF3SO3/
DGMh

260 @ 0.1 @ 200 360 @ 10 conversion 34

Defect NiSe2/N-doped
C

hierarchical
hollow
microsphere

NIB 0–3 86 1.0 M
NaCF3SO3/PC
(5% FEC)

350 @ 0.1 @ 200 380 @ 5 conversion 35

Phase 2H-MoS2xSe2�2x mesoporous
nanospheres

NIB 0–3 73 1.0 M NaClO4/
PC (5% FEC)

500 @ 0.5 @ 120 180 @ 2 conversion 36

Phase VSe2/N-doped C ultrathin
nanosheets

KIB 0–2.5 69 0.6 M KPF6/
EC:DEC

350 @ 0.2 @ 200 220 @ 2 conversion 37

Phase CoSe2 nanotubes KIB 0.01–2.5 69 0.8 M KPF6/
EC:DEC

253 @ 0.2 @ 200 220 @ 2 conversion 38

Interlayer
spacing

MoSe2/MXene nanosheets KIB 0–3 54 1.0 M KFSI/
EC:DEC

355 @ 0.2 @ 100 250 @ 10 conversion 39

Interlayer
spacing

MoS2/N,O-
doped C

nanotubes KIB 0–3 44 0.8 M KPF6/
EC:DEC

295 @ 0.25 @ 200 247 @ 1 conversion 40

Interlayer
spacing

MoSe2/N-doped
C

3D flower-like
structure

NIB 0–3 74 1.0 M NaClO4/
EC:DEC

350 @ 1 @ 500 320 @ 5 conversion 41

Interlayer
spacing

MoS2/graphene nanosheets NIB 0–3 50 1.0 M NaClO4/
PC (5% FEC)

1,100 @ 0.1 @
100

230 @ 51.2 conversion 42

Interlayer
spacing

MoSe2 nanosheets NIB 0.01–3 61 1.0 M NaClO4/
EC:DEC

580 @ 0.1 @ 100 400 @ 5 conversion 43

Interlayer
spacing

MoSe2 nanosheets NIB 0.5–3 70 1.0 M NaClO4/
PC (5% FEC)

228 @ 1 @ 1,500 200 @ 2 intercalation 44

Interlayer
spacing

MoSe2/C pistachio-shuck-
like structure

KIB 0.01–2.5 63 0.8 M KPF6/
EC:DEC

332 @ 0.2 @ 100 250 @ 2 conversion 45

Interlayer
spacing

FeSe2 nanorods NIB 0.5–2.5 95 1.0 M
NaCF3SO3/
EC:DMCi

520 @ 1 @ 400 110 @ 35 conversion 46

Binary NiCoSe2 pompon-like
structure

NIB 0.5–3 87 1.0 M
NaCF3SO3/
DEGDME

284 @ 1 @ 200 200 @ 5 conversion 47

Binary Co(Ni)Se2/N-
doped C

hollow and
porous 3D
particles

NIB 0–2.5 65 1.0 M NaClO4/
EC:DEC

880 @ 0.1 @ 200 700 @ 1 conversion 48

Binary Ni1.8Co1.2Se4/N-
doped C

nanoaggregates NIB 0.01–2.8 93 1.0 M NaClO4/
EC:PC (5% FEC)

390 @ 0.5 @ 100 180 @ 50 conversion 49

(Continued on next page)
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Table 1. Continued

Engineering
strategy Material Structure NIB/KIB

Voltage
range (V) ICEa (%) Electrolyte

Cycling capacity
(mAh g�1 @ A
g�1 @ cycles)

Rate capability
(mAh g�1 @ A
g�1)

Storage
mechanism Ref.

Binary CoFeSe2 nanospheres KIB 0.01–3 29 1.0 M KFSI/
EC:DEC

273 @ 0.1 @ 200 300 @ 2 conversion 50

Binary Fe2CoSe4 nanospheres NIB 0.5–2.8 80 1.0 M
NaCF3SO3/
DEGDME

580 @ 4 @ 5,000 400 @ 32 intercalation 51

Binary NiCo2Se4
a nanoflakes NIB 0.1–2.5 79 NaCF3SO3/

EC:PC
378 @ 2 @ 600 450 @ 10 conversion 52

Alloy and defect Sb2Se3 nanorods KIB 0–3 69 4.0 M KFSI/DMEj 410 @ 0.1 @ 100 200 @ 10 conversion and
alloying

53

Alloy Bi2Se3 curled
nanosheets

NIB 0.5–2.9 93 1.0 M
NaCF3SO3/DGM

250 @ 0.1 @
1,000

400 @ 10 conversion and
alloying

54

Alloy SnSe/N-doped C nanofibers NIB 0–3 76 1.0 M NaPF6/
EC:DEC

260 @ 2 @ 700 50 @ 5 conversion and
alloying

55

Alloy and
composite

Sb2Se3/N-doped
C/rGO

nanorods KIB 0.01–3 64 5.0 M KFSI/
EC:DMC

500 @ 0.05 @ 50 180 @ 1 conversion and
alloying

56

Alloy and
composite

SnSe/N-doped C nanobelts NIB 0–3 77 1.0 M NaPF6/
EC:DEC

260 @ 2 @ 200 110 @ 20 conversion and
alloying

57

Composite NiSex/C flower-like
structure

NIB 0.1–2.8 81 1.0 M
NaCF3SO3/
DEGDME

1,220 @ 0.2 @
100

370 @ 5 conversion 58

Composite VSe2/C nanorods NIB 0–3 80 1.0 M NaClO4/
EC:DEC

480 @ 0.2 @ 50 280 @ 4 conversion 59

Composite MoSe2/C nanorods NIB 0.2–3 83 1.0 M NaClO4/
PC (5% FEC)

404 @ 0.2 @ 100 200 @ 5 conversion 60

Composite MoSe2/C hollow spheres NIB 0–3 52 1.0 M NaClO4/
EC:DMC

580 @ 0.2 @ 100 700 @ 3 conversion 61

Composite CoSe/C,S-doped
C

spheres NIB 0.5–2.8 51 1.0 M
NaCF3SO3/
DEGDME

525 @ 4@ 10,000 370 @ 8 intercalation 62

Composite Co0.85Se/C hollow polyhedra KIB 0.01–2.5 81 1.0 M KFSI/DME 650 @ 0.05 @ 100 250 @ 2 conversion 63

Composite SnSe/C nanoboxes NIB 0–3 75 1.0 M NaClO4/
EC:PC

486 @ 0.1 @ 200 250 @ 5 conversion 64

Composite SnSe2/rGO sandwich-like
structure

NIB 0–3 88 1.0 M NaClO4/
EC:PC

402 @ 0.1 @ 150 210 @ 10 conversion 65

Composite SnSe2/C nanoboxes NIB 0–3 78 1.0 M
NaCF3SO3/
EC:DMC

580 @ 2.5 @ 200 200 @ 6.3 conversion 66

Composite FeSe/C core-shell
structure

NIB and KIB 0–3 90 (NIB)
and 58 (KIB)

1.0 M
NaCF3SO3/
DEGDME (NIB)
and 1.0 M KFSI/
EC:DEC (KIB)

410 @ 1 @ 1,000
(NIB) 660 @ 0.1 @
1,000 (KIB)

300 @ 10 (NIB) conversion 67

160 @ 2 (KIB)

Composite VSe1.5/C nanofibers NIB 0–3 60 1.0 M NaClO4/
EC:DMC

260 @ 1 @ 500 N/A conversion 68

Composite CoSe2/C nanofibers NIB 0–3 55 1.0 M NaPF6/
EC:DMC

400 @ 0.2 @ 400 200 @ 15 conversion 69

(Continued on next page)
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Table 1. Continued

Engineering
strategy Material Structure NIB/KIB

Voltage
range (V) ICEa (%) Electrolyte

Cycling capacity
(mAh g�1 @ A
g�1 @ cycles)

Rate capability
(mAh g�1 @ A
g�1)

Storage
mechanism Ref.

Composite MoSe2/C nanofibers NIB 0–3 78 1.0 M NaClO4/
EC:DMC

420 @ 0.5 @ 100 320 @ 3 conversion 70

Composite CoSe2/C nanofibers NIB 0.3–3 55 1.0 M NaClO4/
EC:DMC

360 @ 0.1 @ 180 300 @ 2.4 conversion 71

Composite MoSe2/C nanosheets NIB 0–3 90 1.0 M NaClO4/
EC:DMC

400 @ 0.2 @ 100 170 @ 5 conversion 72

Composite FeSe2/C microspheres NIB 0.01–3 56 1.0 M NaClO4/
EC:DMC

500 @ 0.2 @ 200 500 @ 5 conversion 73

Composite MoSe2/graphene nanoflowers NIB 0–4 46 1.0 M NaClO4/
EC:DMC

390 @ 1 @ 100 200 @ 8 conversion 74

Composite MoSe2/rGO nanosheets NIB 0–3 65 1.0 M NaClO4/
EC:DEC

750 @ 0.5 @ 100 N/A conversion 75

Composite WSe2/rGO particles NIB 0–3 72 1.0 M NaClO4/
EC:DMC

250 @ 0.5 @ 100 190 @ 5 conversion 76

Composite MoSe2/graphene nanosheets NIB 0–3 95 1.0 M NaClO4/
EC:DEC (5%
FEC)

350 @ 0.4 @ 50 350 @ 3.2 conversion 77

Composite NiSe/rGO nanoparticles NIB 0–3 80 1.0 M NaPF6/
EC:DMC

400 @ 0.05 @ 50 100 @ 3.2 conversion 78

Composite MoSe2/C nanoparticles NIB 0–2.5 58 1.0 M NaClO4/
EC:DMC

300 @ 0.2 @ 250 250 @ 5 conversion 79

Composite MoSe2/C nanotubes NIB 0.01–3 75 1.0 M NaClO4/
EC:DMC

450 @ 0.2 @ 100 405 @ 2 conversion 80

Composite ZnSe/C nanotubes NIB 0.01–3 55 1.0 M
NaCF3SO3/
DEGDME

380 @ 0.5 @ 100 300 @ 5 conversion 81

Composite MoSe2/C/rGO nanosheets NIB 0.01–3 85 1.0 M NaClO4/
PC (5% FEC)

450 @ 0.1 @ 80 300 @ 5 conversion 82

Composite MoSe2@C nanofibers NIB 0.01–3 77 1.0 M NaClO4/
EC:DEC

425 @ 0.2 @ 200 350 @ 2 conversion 83

Composite MoSe2/rGO nanofibers NIB 0.01–3 63 1.0 M NaClO4/
EC:DMC

500 @ 0.2 @ 350 240 @ 4 conversion 84

Composite ReSe2/C/
graphene

nanofibers NIB 0.01–3 68 1.0 M NaClO4/
EC:DEC

250 @ 0.2 @ 350 130 @ 2 conversion 85

Composite MoSe2/rGO nanoparticles NIB 0–3 78 1.0 M NaClO4/
EC:DEC

390 @ 1 @ 200 50 @ 30 conversion 86

Composite MoSe2/N,P-
doped C

nanoparticles NIB 0.1–2.5 82 1.0 M NaClO4/
PC (3% FEC)

420 @ 0.1 @ 100 260 @ 1 conversion 87

Composite MoSe2/N-doped
C/graphene

nanotubes NIB 0–3 67 1.0 M NaClO4/
EC:DMC

400 @ 1 @ 1,000 300 @ 2 conversion 88

Composite CoSe/N-doped
C

nanotubes KIB 0–3 71 1 M KPF6/
EC:DEC

300 @ 2 @ 500 300 @ 3 conversion 89

Composite MoSe2/graphene nanosheets NIB 0.01–3 63 1.0 M NaClO4/
EC:DMC

370 @ 0.1 @ 500 300 @ 1 conversion 90
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Table 1. Continued

Engineering
strategy Material Structure NIB/KIB

Voltage
range (V) ICEa (%) Electrolyte

Cycling capacity
(mAh g�1 @ A
g�1 @ cycles)

Rate capability
(mAh g�1 @ A
g�1)

Storage
mechanism Ref.

Composite MoSe2/N,P-
doped C

nanosheets NIB 0.01–3 67 1.0 M NaClO4/
EC:DEC

370 @ 0.5 @
1,000

210 @ 15 conversion 91

Composite CoSe2/C nanotubes NIB 0.1–3 63 1.0 M
NaCF3SO3/
DEGDME

600 @ 0.1 @ 100 300 @ 2 conversion 92

Composite Fe7Se8/C/MoSe2 nanoboxes NIB 0–3 57 1 M KPF6/
EC:DMC

390 @ 0.1 @ 600 350 @ 1 conversion 93

Composite MoO2/MoSe2 nanosheets NIB 0–3 77 1.0 M NaClO4/
EC:DEC

410 @ 0.5 @ 300 300 @ 3.2 conversion 94

Composite SnSe2/ZnSe nanoboxes NIB 0.1–3 78 1 M NaPF6/DME 430 @ 0.1 @ 200 300 @ 4 conversion 95

Composite ReSe2/N-doped
graphene/Ti3C2

nanoboxes KIB 0.01–3 82 1 M KPF6/
EC:DEC

250 @ 1 @ 300 190 @ 10 conversion 96

Composite CuSe/C nanosheets NIB 0.1–3 92 1.0 M
NaCF3SO3/DGM

340 @ 0.1 @ 40 300 @ 10 conversion 97

Composite CoSe2/C nanosheets NIB 0.1–3 82 1 M NaPF6/
DEGDME

320 @ 0.1 @ 100 300 @ 5 conversion 98

Interface and
composite

MoSe2/N-doped
C

nanosheets KIB 0–3 81 1.0 M KFSI/EMCk 300 @ 0.1 @ 100 170 @ 2 conversion 99

Interface and
composite

FeSe/C nanorods KIB 0–3 60 KFSI/EC:DEC 330 @ 0.5 @ 100 290 @ 10 conversion 100

Interface SnSe nanosheets NIB 0–3 63 1 M NaPF6/
EC:DEC (5%
FEC)

300 @ 0.2 @ 100 10 @ 40 conversion 101

An intercalation reaction occurs at the initial stage of ion storage for almost all MSs but contributes less capacity than conversion and alloying reactions; hence, intercalation is omitted from ‘‘Storage mech-

anism’’ for simplicity.
aICE, initial columbic efficiency
bDEGDME, diethylene glycol dimethyl ether
cPC, propylene carbonate
dFEC, fluoroethylene carbonate
eKFSI, potassium bis(fluorosulfonyl)imide
fEC, ethylene carbonate
gDEC, diethyl carbonate
hDGM, diglyme
iDMC, dimethyl carbonate
jDME, dimethyl ether
kEMC, ethyl methyl carbonate
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reaction kinetics when storing Na+ and K+. Second, reaction kinetics could be further

improved because as end-discharge products—alkali selenides—have higher ionic

conductivity than alkali oxides and sulfides, which are the end-dischage products

of metal oxides and sulfides, respectively. This results from the lower energy barrier

for ion diffusion in alkali selenides than alkali oxides and sulfides. It has been re-

ported that the Na+ diffusion energy barriers in Na2Se, Na2O, and Na2S are 0.43,

0.45, and 0.46 eV.29 Third, the larger size of Se makes the metal-Se bond weaker

than metal-O and metal-S bonds, which enables lower polarization30 during cycles

and facilitates reversible conversion reactions. Although Se (679 mAh g�1) has a

lower gravimetric capacity than S (1,675 mAh g�1), Se (3,250 mAh cm�3) has a volu-

metric capacity comparable to that of S (3,470 mAh cm�3) due to the higher density

of Se (4.8 g cm�3) compared with S (1.8 g cm�3),27 which is a crucial factor for modern

battery technologies dealing with a limited battery packing space. Therefore, the

desirable benefits of MSs provide an appealing foundation to investigate them for

NIBs and KIBs.

Given the rapidly increasing research interest in MSs, this review presents an over-

view of recent progress in developing MS anodes for NIBs and KIBs. We discuss in

detail the battery performance improvement of MSs and, more importantly, design

strategies for engineering MSs to achieve the improvement, including engineering

of defects, interlayer spacing, phases, binary MSs, alloying-basedMSs, and compos-

ites of MSs, as well as interface engineering with electrolytes, alongside the elucida-

tion of the ion storage mechanisms in MSs. We emphasize that these design

strategies are the major driving force of the achieved performance improvement

and should be investigated in-depth to keep pushing performance forward.

Although there have been a few reviews summarizing metal chalcogenides in batte-

ries,23,24,102–104 little was explicitly dedicated to MSs in the emerging technologies

of NIBs and KIBs, and our approach in this review—a design strategy-directed

approach—is different from the material-directed approach presented in those

focusing on anodes.24,102,104 In addition, we discuss the current challenges of em-

ploying MSs in NIBs and KIBs, which are derived from critical insights into engineer-

ing strategies for MSs, and provide an outlook for future development in this field.
MSs AS ANODES FOR NIBs AND KIBs

Ion storage mechanisms of MSs

The ion storage mechanisms of MSs in NIBs and KIBs are vastly different from sele-

nide to selenide, depending on the crystal structures, the nature of metal cations,

and the operating voltage window. In principle, a series of electrochemical reactions

could occur when Na+ or K+ inserts into selenides over a range of operating voltage

windows. At the initial stage of ion insertion, an intercalation reaction occurs, which

has been seen in both layered105,106 and non-layeredMSs.107 The intercalation capa-

bility is predominantly determined by the structural feature, with the layered struc-

ture showing a higher intercalation capacity than the non-layered structure, which

is presumably because there are more available sites for ions to reside between

the layers. Subsequent ion insertion with an increasing discharge depth typically fol-

lows twomechanisms, depending on the nature of metal cations. First, if the metal in

the selenide is electrochemically inactive, a conversion reaction takes place to form

an alloy with Na+/K+. This results in the reduction of the selenide, forming a metal

phase and sodium/potassium selenides. Second, if the metal is electrochemically

active, an alloying reaction takes place after the conversion reaction to form an alloy

with Na+/K+. This results in the presence of sodium/potassium-metal alloys in various

stoichiometries and sodium/potassium selenides, delivering a high capacity because
Cell Reports Physical Science 2, 100555, September 22, 2021 7
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of the extra step of alloying. Because conversion and/or alloying reactions often

dominate the capacity of MSs, the following discussion in this section omits the inter-

calation reaction, but keep in mind that it indeed contributes to the capacity of MSs.

Themechanism of the conversion reaction is based on the reduction of metal cations

and involves multiple electron transfer. Representative MSs following this mecha-

nism include Mo, V, W, Co, Fe, Ni, and Re selenides. The following equation de-

scribes the general reaction of ion storage:

MxSey + yzA+ + yze� HxM+ yAzSe; (Equation 1)

whereM andA representmetal andNaor K, respectively; x and y indicate the stoichiom-

etry of the chemical composition of theMS; and z is the number of the reactions between

the combinedA+ and Se (2% y% 8, where y significantly depends on reaction kinetics).

M and AzSe are formed after the first discharge process, and the metallic phase M can

formacontinuously conductivenetwork embedded in themixedphases,which increases

the electronic conductivity of the mixture. During the first charge process,M is oxidized

while A+ is released from AzSe, thereby regeneratingMxSey. The conversion reaction of

MSs could be partially reversible, and various species that are different from the pristine

selenide, such as metal selenides with a stoichiometric ratio other than x/y and sodium/

potassium polyselenides due to the incomplete desodiation/depotassiation of AzSe,

could be found at the end of the charge process.23

The mechanism of conversion and alloying reactions involves multiple electron

transfer from both reactions and generally provides a higher capacity than the con-

version mechanism. The metals constituting such MSs are usually group 14 and 15

metals such as Sn, Sb, Bi, and Ge. Zn has been reported to form an alloy with Na+

in studies of ZnSe,108 but the alloy contains a very low amount of Na+ (NaZn13)

and hence contributes little to the overall capacity. The following equations describe

the general reactions of ion storage:

MxSey + yzA+ + yze� HxM+ yAzSe; (Equation 2)
xM + wA+ +we� HAwMx ; (Equation 3)

where w is the number of A+ reacting withM via the alloying reaction. During the initial

dischargeprocess,MandAzSeare formed in the samewayasdescribed in theconversion

mechanism.With increasing discharge depth, theAwMx alloy clusters are generated and

entangled with AxSe, forming an aggregation of the two compounds at the end of the

discharge process. Upon a full charge process, A+ is extracted from AwMx and AxSe, re-

sulting in the reappearance ofMxSey. However, only a portion of AwMx and AxSe could

contribute to the reappearance of MxSey, and it is highly possible to observe various

phases at the end of the charge process, such as MSs with a stoichiometric ratio other

than x/y, sodium/potassium polyselenides due to the incomplete desodiation/depotas-

siation ofAzSe, and evenNa/K-M alloys with a stoichiometric ratio other thanw/x due to

the incomplete de-alloying process ofAwMx. The ion storage process of this type ofMSs

is worth carefully investigation by engineering the microstructures and compositions of

MSs, which could solve issues associated with the unique phase transitions. Such investi-

gation are exemplified in alloy engineering.

The Na+/K+ storage mechanism in MSs can be studied using a range of ex situ and in

situ characterization techniques, to which we exemplify a few reports in this section.

In situ Raman and ex situ transmission electron microscopy (TEM) were complemen-

tarily employed to study the potassiation and depotassiation of MoSe2.
109 The Raman

peak at 244.4 cm�1, which belongs to the A1g mode, gradually shifted to 247.5 cm�1
8 Cell Reports Physical Science 2, 100555, September 22, 2021



Figure 2. Mechanistic investigation of MSs using in situ characterization

(A) In situ Raman spectra of the MoSe2 electrode during discharge and charge processes in KIBs.

(B) Ex situ HRTEM images of the MoSe2 electrode at different stages of the first cycle. Reproduced with permission.109 Copyright 2020, Wiley-VCH.

(C) In situ XRD patterns and contour plots of the CoSe2 electrode at the range of 0.01–3.0 V during the initial cycle of NIBs and selected diffraction

patterns during the initial cycle stacked against the voltage profile. Reproduced with permission.110 Copyright 2017, Elsevier.

(D) In situ XRD patterns and corresponding line plots of the Bi2Se3 electrode in KIBs. Reproduced with permission.111 Copyright 2021, Elsevier.
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during K+ intercalation into the MoSe2 layers (Figure 2A) and eventually shifted to

248.8 cm�1 at the end of the intercalation, forming KxMoSe2. Meanwhile, a small

peak appeared at 255 cm�1, indicating that KxMoSe2 started to convert to the final

discharge product K2Se. When the voltage was decreasing toward 0.01 V, the

KxMoSe2 peak intensity continued to decrease while the K2Se peak intensity

continued to increase until the KxMoSe2 peak disappeared at 0.01 V. The ex situ

high-resolution TEM (HRTEM) results (Figure 2B) showed that the interlayer spacing

of the initial MoSe2 increased from 0.64 to 0.92 nm with the decrease of voltage

during the discharge process, corresponding to the formation of KxMoSe2. K2Se ap-

peared between the KxMoSe2 layers when the voltage reduced to 0.4 V, and the lat-

tice fringes of K2Se and Mo can be observed at 0.01 V. In situ X-ray diffraction (XRD)

was used to demonstrate the formation of new phases when applying CoSe2 as an

anode for NIBs (Figure 2C).110 After initial Na+ intercalation (stage I) to form
Cell Reports Physical Science 2, 100555, September 22, 2021 9



Figure 3. Challenges of using MSs for NIBs and KIBs

(A) Electronic conductivity of Sb2Se3 and Ni-doped Sb2Se3. Reproduced with permission.53

Copyright 2020, Wiley-VCH.

(B and C) Cross-section SEM images of the Sb2Se3 anode before cycling (B) and after 8 cycles (C).

Reproduced with permission.56 Copyright 2020, Wiley-VCH.

(D) Digital photo of the bottle-type cell of MoSe2/graphene after charging to 3.0 V. Reproduced

with permission.94 Copyright 2018, Elsevier.

(E) SEM image of the ZnSe@C electrode after 100 cycles. Reproduced with permission.112

Copyright 2021, Elsevier.
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NaxCoSe2, new phases of Na2Se and CoSe were formed between 1.1 and 0.8 V

(stage II), which was indicated by the appearance of peaks at 37.2� and 37.5�, respec-
tively. Continuing the discharge toward 0.01 V (stage III), the NaxCoSe2 peak gradu-

ally disappeared with increasing peaks of Na2Se at 37.2� and 43.9�, and Cometal was

formed at the end of the discharge process. The reactions were reversed during the

subsequent charge process (stages IV, V, and VI); however, the diffraction peaks of

CoSe2 became weakened and broadened because of pulverization and structural

transformation during the process. In situ XRD was also used to study the conversion

and alloying processes of the KIB anode Bi2Se3 (Figure 2D).
111 It was found that during

the conversion reaction to generate Bi and K2Se (stage i to ii), the phase of K3BiSe3
was identified by peaks at 25.4�, 28.5�, and 41.2�, suggesting that the reaction was

carried out with an intermediate product in two consecutive steps. During continuous

discharging to 0.01 V, Bi was alloyed with K to form first KBi2 (stage ii to iii) and then

K3Bi (stage iii to iv), indicating that the alloying reaction was completed.
Challenges of using MSs in NIBs and KIBs

Despite great efforts devoted to identifying MSs and improving their performance

as anodematerials for NIBs and KIBs, it is still an emerging research field, particularly

for KIBs, and there are challenges to overcome:

(1) SomeMSs have intrinsically low electronic and ionic conductivity. This hinders

electron transfer and ion insertion/diffusion and often results in sluggish reac-

tion kinetics, large electrochemical polarization, limited ion storage capacity,

and even partially electrochemical inactivity of the materials. In addition, the

large size of Na+ and K+ over Li+ makes high ionic conductivity more critical

when applying MSs in NIBs and KIBs compared with LIBs. In a study of
10 Cell Reports Physical Science 2, 100555, September 22, 2021
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Sb2Se3 for KIBs,
53 the electronic conductivity of Sb2Se3 was measured to be

�25 s m�1 by a four-probe method (Figure 3A) and its K+ diffusion coefficient

(DK) was in the range of 10�15–10�11 cm2 s�1. The low electronic and ionic

conductivity (indicated by DK) resulted in a >80% capacity loss in just 40 cycles

at 100 mA g�1 and a capacity of <100 mAh g�1 at a moderate rate of 1 A g�1.

(2) MSs undergo large volume change during conversion reactions, and some

experience huge volume expansion if alloying reactions are involved to store

Na+/K+. The large volume change can induce an irreversible phase change,

reduce the utilization of MSs, and in some cases make electrochemically

active sites and/or electrochemical reactions inaccessible. This can cause ca-

pacity decay and structural instability. The huge volume expansion during an

alloying reaction can cause electrode cracking and delamination from the cur-

rent collector, leading to cell failure. As exemplified by a conversion and alloy-

ing anode Sb2Se3,
56 the thickness of the Sb2Se3 electrode film increased by

133.8% after the first discharge. Even with carbon encapsulation and/or

confinement, the increase in thickness still reached 80.3% and 105.8% with

the presence of N-doped carbon and reduced graphene oxide (rGO), respec-

tively. The increase remained high after 8 charge-discharge cycles and the

film was 3.3, 2.2, and 1.6 times thicker than the pristine state for no carbon

(Figures 3B and 3C), N-doped carbon, and reduced graphene oxide, respec-

tively. This suggested not only that the volume of the Sb2Se3 electrodes

expanded substantially in the initial cycle but also that the expansion re-

mained in the following cycles. As a result, the three electrodes exhibited sig-

nificant capacity loss after the first 20 cycles at 50mA g�1, with the Sb2Se3 and

Sb2Se3@N-doped carbon electrodes showing nearly zero capacity.

(3) It is recognized that the dissolution of polyselenides in electrolytes and the

detrimental shuttle effect occur when employing MSs in NIBs and KIBs, which

was indicated by the discharge intermediate products in the previous discus-

sion. The shuttle effect can dramatically reduce capacity, deteriorate cycling

stability, and lower columbic efficiency (CE). It is highly possible that the dis-

solved polyselenides migrate to Na/K metal and cause side reactions to de-

posit Na2Se/K2Se that passivates the metal, which not only blocks Na+/K+

diffusion on the metal side but also depletes the MS in the cell. It has been

experimentally observed that deposits were found on the surfaces of both

the separator and the Na counter electrode in a NIB half-cell where MoSe2-

graphene was tested against Na,94 indicating a severe shuttle effect of solu-

ble NaSen. This was proved in a visible bottle-type cell, in which the colorless

electrolyte changed to orange-red after charging MoSe2/graphene to 3.0 V

(Figure 3D), which resulted from the formation of NaSen and its dissolution

in the electrolyte (as discussed in composites with compounds). One may

argue that there is no metal present in a NIB/KIB full cell, but polyselenides

can migrate toward the cathode side and be reduced to Na2Se/K2Se that de-

posits on the cathode, which in a same way depletes the MS anode in the full

cell.

(4) Large volume change and dissolution of polyselenide can both contribute to the

destabilization of the solid-electrolyte interphase (SEI) formed on the surface of

MSs. Repetitive volume expansion and compression disrupt the existing SEI

generated from previous cycles and expose the fresh surface of MSs to the elec-

trolyte, forming new SEI on the fresh surface. This accelerates the consumption

of ions in the cell and can be the reason for slowly increased CE and side reac-

tions involving MSs. Taking ZnSe@C as an example of NIB anodes, the C 1 s

X-ray photoelectron spectroscopic results tested at different charge-discharge

states gave a strong indication of a thick SEI and its instability.112 When
Cell Reports Physical Science 2, 100555, September 22, 2021 11
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discharged to 0.5 V, the position of the C=Opeak shifted toward a high-binding

energy direction and its identity significantly increased, suggesting that C=O

was converted to O-C=O because of the decomposition of electrolyte (1 M

NaCF3SO3 in diglyme) and the formation of a thick SEI. When charged back

to 1.7 and 3.0 V, the C=O,O-C=O, andCF3 species further increased compared

with the discharge process, indicating the destabilization of the existing SEI

formed in the discharge process. This eventually led to the rampant structure

of ZnSe@C after 100 cycles, which was different from the original structure (Fig-

ure 3E). Nanostructures tend to have a large surface area and consequently a

high possibility of the SEI being disrupted, so the destabilization of SEI could

be more critical for nanostructures compared with bulk selenides.
ENGINEERING STRATEGIES FOR MSs FOR NIBs AND KIBs

Defect engineering

Engineering crystallographic defects is an effective approach to shape the physical

and chemical properties of electrode materials. It has been proven that defect sites

can act as storage/adsorption/active sites to anchor foreign ions or intermediate

species in the process of storing ions and, as a result, increase the capacity of

MSs.31 Defects can also change the atomic structure and charge distribution of

MSs and thus enhance the kinetics of ion diffusion and electron transfer, which often

results in improved rate capability.32

Among various types of defects, vacancies are one of the most studied types in the

field of batteries.113 Oxygen vacancies have received great attention because they

optimize the ion storage performance of a range of oxide electrodes available in

NIBs and KIBs.5 Another type of anion vacancy, selenium vacancy, has started gain-

ing attention because of the rapidly increasing number of studies on selenide elec-

trodes.33,34 He et al.33 reported on MoS2(1�x)Se2x nanoplates with anion vacancies

that were derived by partially substituting Se in MoSe2 with S. The substitution level

of S in MoS2(1�x)Se2x was adjusted via the molar ratio of S over the MoSe2 precursor

in a vacuum annealing process, which in turn tuned the vacancy concentration in

MoS2(1�x)Se2x. The authors ascribed the formation of the vacancies to the increased

disorder and distortion in the layered structure when two anions coexisted in the lat-

tice (Figure 4A). Among several S:Se ratios (1:3, 1:1, and 3:1), MoSSe (S:Se = 1:1)

showed the highest concentration of anion vacancies and, when tested as a KIB

anode, exhibited the highest initial CE (ICE) (77.9%), the highest initial capacity

(547.1 mAh g�1), the best cyclability (96.3% after 100 cycles) at 100 mA g�1, and

the best rate capability (263.2mAh g�1 at 5 A g�1) among the three ratios (Figure 4B).

The kinetic study showed that compared with MoS2 and MoSe2, MoSSe exhibited a

greater capacitive contribution and a higher DK (Figure 4C), suggesting that the

presence of anion vacancies improved the reaction kinetics of potassiation or depot-

assiation. This was supported by density functional theory (DFT) simulations that

suggested improved electronic conductivity of MoSSe and its increased active sites

energetically favorable for K adsorption. Lattice defects are often found in materials

with a low crystallinity and/or disordered structure.114 Li et al.34 synthesized highly

disordered MoSe2 layers embedded in a P- and N-co-doped carbon matrix via a

two-step reaction (Figure 4D), in which Se nanorods were used as the shape-directed

agent and in situ selenization resources to form hybrid nanotubes (MoSe23PNC-

HNTs). The nanotubes had unique walls in which highly disordered MoSe2 layers

were dispersed (Figures 4E and 4F). The authors speculated that the formation of

the disordered layers could be associated with the limited Se source that cannot

well achieve crystallized layers. MoSe23PNC-HNTs were employed as anode
Cell Reports Physical Science 2, 100555, September 22, 2021



Figure 4. Defect engineering in MSs for NIBs and KIBs

(A) High-resolution scanning transmission electron microscopy (HR-STEM) image of MoSSe (S:Se = 1:1).

(B) Rate capability of MoS2(1�x)Se2x in KIBs.

(C) DK of MoS2, MoSSe, and MoSe2, calculated from the potential profiles of the galvanostatic intermittent titration technique. Reproduced with

permission.33 Copyright 2019, American Chemical Society.

(D) Schematics of the synthesis process of MoSe23PNC-HNTs.

(E and F) TEM (E) and HRTEM (F) images of MoSe23PNC-HNTs. Reproduced with permission.34 Copyright 2020, American Chemical Society.
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materials for both NIBs and KIBs. They exhibited high specific capacities of 280 and

262 mAh g�1 over 200 cycles at 0.1 A g�1 for Na+ and K+ storage, respectively, and

capacity retention rates of 87% at 2 A g�1 over 3,500 cycles for Na+ storage and 80%

at 1 A g�1 over 500 cycles for K+ storage. Major contributors to the great perfor-

mance were that the highly disordered MoSe2 layers enabled many active sites

that facilitated capacitive-controlled ion storage kinetics and the wall structure pro-

vided excellent mechanical properties, which was supported by the intact structure

after 200 cycles at 0.1 A g�1 for NIBs. Besides low crystallinity and disordered struc-

tures, defects can form in crystal boundaries and hence increase active sites to store

ions. Polycrystalline NiSe2 was reported to be composed of numerous microcrys-

tals,35 in which the rich crystal boundaries between the microcrystals led to the in-

crease of active sites and defects and facilitated the triggering of redox reactions.

Rich crystal boundaries might lead to high exposure of the electrode’s surface

area to electrolytes, which in turn leads to a low ICE. As seen in the same report,

polycrystalline NiSe2 exhibited a lower ICE (71%) than its highly crystalline counter-

part (86%).

Phase engineering

The inherent conductivity of MSs plays an important role in their electrochemical

performance. By changing the phase of MSs, conductivity can be dramatically

improved and even reach the level of a metallic phase. The two-dimensional (2D)

transition metal selenidesMSe2 (M = Ti, V, Nb, Mo,W, and Re) have a unique layered

structure characterized by strong in-plane covalent bonding within the Se-M-Se

layers and a weak van der Waals interaction between neighboring layers. The
Cell Reports Physical Science 2, 100555, September 22, 2021 13



Figure 5. Phase engineering in MSs for NIBs and KIBs

(A) Atomic force microscopy (AFM) image of individual VSe2 nanosheets.

(B) Calculated spin-polarized projected density of states of V and Se in bulk VSe2.

(C) Charge-discharge curves of VSe2 nanosheets at 100 mA g�1 in KIBs. Reproduced with permission.37 Copyright 2018, Wiley-VCH.

(D) Scanning electron microscopy (SEM) image of CoSe2/N-doped carbon nanotubes.

(E) Band-gap structure of CoSe2.

(F) Charge-discharge curves of CoSe2/N-doped carbon nanotubes at 0.2 A g�1 in KIBs (inset is the curves in the first cycle). Reproduced with

permission.38 Copyright 2018, Wiley-VCH.
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polymorphic structure of MSe2 is determined by the coordination and stacking order

of the metal atoms. There are three types of coordination of the metal atoms,

namely, triangular prism, octahedron, and twisted octahedron coordination, which

are regarded as the 1T, 2H, and 3R phases of MSe2, respectively.
103 Due to the sig-

nificant differences in physical and chemical or electrochemical properties between

the phases, tuning the phases of MSe2 metal selenides is a straightforward but

powerful strategy to engineer their battery performance. Zhang et al.36 recently re-

ported phase engineering of MoSe2 from the 1T to the 2H phase. 1T MoSe2 was ob-

tained after a solvothermal reaction, but it transformed to 2H MoSe2 after annealing

at 600�C for 1 h in an Ar/H2 (5% H2) atmosphere and kept the 2H phase after sulfu-

rization (MoS2xSe2�2x). Graphene-like VSe2 nanosheets were synthesized with an

average thickness of about 3.08 nm (Figure 5A).37 The calculated spin-polarized pro-

jection state density showed that VSe2 was metallic and had a relatively large elec-

tronic state at the Fermi level (Figure 5B). The structure with a small atomic layer

thickness was highly conducive to interface storage and can promote the transmis-

sion of alkali metal ions and electrons across the material. Tested as an anode in

KIBs, the charge and discharge curves (Figure 5C) almost coincided between the

5th and the 20th cycles, except for the capacity loss after the initial discharge

because of the formation of the SEI layer. This resulted from the metallic nature of

VSe2 nanosheets enabling high electronic conductivity and their submicron-level

lateral size and sufficient buffer space between nanosheets buffering the volume

change during repeated cycles and helping tomaintain structural integrity. Similarly,
14 Cell Reports Physical Science 2, 100555, September 22, 2021
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metallic CoSe2 was reported with the highly conductive N-doped carbon nanotubes

(CNTs) as a flexible framework and applied as a high-performance KIB anode.38 The

metallic CoSe2 was in an octahedral shape and arranged in sequence along the car-

bon nanotubes (Figure 5D), and the zigzag-shaped void space can adapt to the vol-

ume expansion during cycles. A zero band gap can be seen in the band structure

analysis (Figure 5E), which indicated the metallic nature and high conductivity of

the obtained CoSe2. The charge and discharge capacities in the initial cycle were

296 and 427 mAh g �1 (Figure 5F), respectively, resulting in an ICE of 69.3%. The

curves largely overlapped after 10 cycles, when a stable and strong SEI layer was

formed. The unique metallic phase of CoSe2 resulted in a high capacity of 253

mAh g�1 at 0.2 A g�1 after 100 cycles and a rate performance of 173 mAh g�1 at

2 A g�1 after 600 cycles.

Interlayer spacing engineering

Expanding the interlayer spacing of MSs is another effective strategy to reduce the

ion diffusion energy barrier and improve ion diffusion kinetics, as well as accommo-

date volume change during ion insertion/extraction.39 The synthetic method

commonly used to expand interlayer spacing uses compounds that contain amine

groups (e.g., ethylenediamine,40 ammonium citrate,41 and hydrazine hydrate42,46)

as reducing agents, in which the gas molecules released from the decomposition

of the compounds during the reaction intercalate in the space between MS layers.

Zheng et al.41 prepared MoSe2/carbon composites using a hydrothermal reaction,

in which carbon sources (ammonium citrate and citric acid) opened MoSe2 layers

and restricted the restacking of MoSe2 nanosheets, resulting in few-layered MoSe2
with expanded interlayer spacing. The average layer number in MoSe2/N-doped

carbon nanosheets (MoSe2/CN, with ammonium citrate as the carbon source) was

3–6 layers, and the interlayer spacing of MoSe2 was 0.75 nm (Figure 6A), compared

with 7–8 layers and 0.68 nm interlayer spacing in MoSe2/carbon (MoSe2/C, with citric

acid as the carbon source). It was speculated that the interlayer expansion was

caused by the gas molecules of CO2, H2O, and NH3 formed during the decomposi-

tion of the carbon sources, and more gases were formed from ammonium citrate

than citric acid, which caused larger interlayer spacing in MoSe2/NC than MoSe2/

C. The speculation was supported by the control sample MoSe2 that exhibited inter-

layer spacing of 0.65 nm and stacking of 9–10 layers without the involvement of car-

bon. When tested as a NIB anode, MoSe2/CN exhibited a capacity retention of

88.5% after 500 cycles at 1 A g�1, as opposed to 68.2% for MoSe2/C and nearly com-

plete capacity loss for MoSe2. In addition, MoSe2/CN delivered 523.6, 407.4, 370,

347, 326, 310.2, and 300.1 mAh g�1 at 0.1, 0.5, 1, 2, 3, 4, and 5 A g�1, respectively

(Figure 6B). Post-cycling characterization (Figure 6C) showed that the interlayer

spacing of MoSe2/CN had no major change, whereas pulverization and restacking

into thicker sheets were observed in MoSe2/C and MoSe2, indicating a highly stable

structure of MoSe2/CN to effectively adapt to the volume expansion of MoSe2 nano-

sheets. Tang et al.43 fabricated carbon-stabilized interlayer-expanded MoSe2 nano-

sheets (MoSe2@C) by oleic acid functionalized synthesis with a polydopamine (PDA)

stabilization-carbonization strategy. MoSe2@C showed a petal-like structure, and

the interlayer spacing of MoSe2 was expanded to 0.7 nm (Figure 6D), larger than

that of bulk MoSe2 (0.64 nm). The authors attributed the extended interlayer spacing

to the unique coordination of Mo atoms with oleic acid during the synthesis. When

MoSe2@C was assembled into a NIB full cell (with Na3V2(PO4)3 as the cathode ma-

terial), the cell showed a high capacity of 421 mA h g�1 at 0.2 A g�1 after 100 cycles

(Figure 6E). The unique carbon-stabilized interlayer expanded nanosheet structure

facilitated the penetration of the electrolyte into the nanosheets and improved

the charge transfer efficiency betweenMoSe2 nanosheets. In another study, a simple
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Figure 6. Interlayer spacing engineering in MSs for NIBs and KIBs

(A) HRTEM image of MoSe2/CN.

(B) Rate capability of MoSe2, MoSe2/C, and MoSe2/CN in NIBs.

(C) HRTEM image of the MoSe2 electrode discharged to 0.01 V. Reproduced with permission.41 Copyright 2019, Elsevier.

(D) HRTEM image of MoSe2@C.

(E) Cycling stability of MoSe2@C in the voltage range of 0.01–3 V in NIBs. Reproduced with permission.43 Copyright 2016, American Chemical Society.

(F) HRTEM image of MoSe2 nanotubes. Reproduced with permission.44 Copyright 2017, Royal Society of Chemistry.

(G and H) HRTEM images of PMC. Reproduced with permission.45 Copyright 2018, Wiley-VCH.
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hydrothermal with a mixture of octylamine and ethanol as the solvent was used to

obtain MoSe2 with even larger interlayer spacing of about 1 nm (Figure 6F).44 This

resulted from the intercalation of the ammonia species originating from the octyl-

aminemolecules during the hydrothermal reaction, which was suggested by the sim-

ilarity between the expansion of the gallery height (0.354 nm) and the diameter of

the ammonia species (�0.35 nm). Such large interlayer expansion, combined with

several MoSe2 layers, was expected to lower the energy barrier of Na+ intercalation

and diffusion and increase the accessible active surface area to the electrolyte.

Interlayer expansion could be even more critical in KIBs, because K+ has a larger size

than Na+. Wang et al.45 synthesized MoSe2 nanostructures using oleylamine as the

solvent and attributed the expansion of interlayer spacing to the intercalation of

ammonium molecules derived from oleylamine. The obtained pistachio-shuck-like
16 Cell Reports Physical Science 2, 100555, September 22, 2021
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MoSe2/C core-shell (PMC) nanostructures showed interlayer spacing of >0.8 nm

(Figures 6G and 6H). The expansion increased the gallery height from 0.31 nm for

bulk MoSe2 to 0.51 nm, which can reduce the energy barrier for K+ insertion/diffu-

sion and increase the number of exposed active sites for K+ adsorption. PMC

displayed a high reversible capacity of 322 mAh g�1 after 100 cycles at 0.2 A g�1,

corresponding to a capacity retention of 83.9%, and retained 224 mAh g�1 at 2 A

g�1. PMC showed nearly unchanged charge transfer resistance from the 5th to

100th cycle, and its high capacitive charge storage contribution was calculated to

be 76%. Theoretical simulations suggested that the energy barrier of K+ diffusion

was much lower on the surface of the MoSe2 layer than in the bulk of MoSe2.

Although K+ diffusion behavior in interlayer expanded MoSe2 might differ from

that of a single MoSe2 layer (representing indefinite interlayer expansion), the simu-

lation results qualitatively proved more energetically favorable K+ migration in PMC

than bulk MoSe2.

Engineering binary selenides

Binary MSs consisting of two metal elements have received extensive attention

because of their higher conductivity and better electrochemical activities compared

with their mono-metal counterparts.47 Studies have proven that binary MSs have

plentiful phase interfaces and rich redox chemistry, which could lower the activation

energy of ion migration and accelerate reaction kinetics, thus enhancing electro-

chemical performance.48 The major drawback of binary MSs is the large volume

expansion during the charge and discharge processes, as experienced by many

other electrode materials that undergo a conversion reaction to store ions. In this re-

gard, strategies have been applied to engineer nanostructures of binary MSs in car-

bon matrices. Widespread attention has been given to the spinel structure of

AxB3�xSe4, where A and B are a binary combination of Fe, Co, or Ni,49 together

with a few cases of compositional variations such as CoMoSe4.
115

An impregnation method was used to synthesize ultrafine Co-Fe binary selenides

embedded in hollow mesoporous carbon nanospheres (HMCSs) as KIB anode mate-

rials.50 The method involved loading Co and Fe precursors into HMCS templates

and subsequent selenization to convert the mixed precursors to binary selenides

impregnated in HMCSs. By controlling the selenization temperature, it was possible

to control not only the composition of the binary selenides but also the nanostruc-

tures of the composites, from (Co0.5Fe0.5)0.85Se hollow spheres (CFSe/C-250) at

250�C to (Co0.5Fe0.5)Se2 hollow spheres (CFSe/C-300) at 300�C and further to

(Co0.5Fe0.5)3Se4 frog-egg-like structures (CFSe/C-500) at 500�C (Figure 7A). Using

CFSe/C-300 as an example, the total resistance calculated from the in situ electro-

chemical impedance spectroscopy (EIS) measurement was found to significantly

decrease before reaching 0.7 V during the initial discharge process, which sug-

gested the ultrafine metallic Co and Fe nanoparticles generated in the conversion

reaction improved the electronic conductivity of the electrode. Despite the capacity

decay of CFSe/C-500 over long-term cycles, all three samples exhibited good KIB

performance, and CFSe/C-250 stood out as the best, delivering a capacity of 485

mAh g�1 after 200 cycles at 0.1 A g�1 and retaining 272 mAh g�1 at 2 A g�1, as

well as fully recovering the capacity at 0.5 A g�1 in the following cycles (Figures

7B and 7C). The authors ascribed the performance to several structural merits of

the composites, including a large void space in the nanospheres to facilitate K+ diffu-

sion and accessibility, a conductive carbon frame to reinforce the structural stability

during cycles, and restrained volume expansion of CFSe nanoparticles due to their

confinement within small-sized pores. A general approach was reported to produce

nanostructured binary selenides as NIB anodes, including Fe-Ni, Fe-Co, and Ni-Co
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Figure 7. Engineering binary selenides for NIBs and KIBs

(A) Structural schematics and TEM images of CFSe/C at various selenization temperatures.

(B and C) Cycling performance (B) and rate capability (C) of CFSe/C composites in KIBs. Reproduced with permission.50 Copyright 2020, Wiley-VCH.

(D and E) SEM images of FNSe.

(F) Cycling performance of FNSe, FCSe, and NCSe in NIBs. Reproduced with permission.51 Copyright 2018, Wiley-VCH.
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selenides (FNSe, FCSe, and NCSe).51 The approach consisted of two steps, reduc-

tion of the mixed metal sulfate precursor solution and selenization in a gas phase,

which resulted in a high yield of products. The time of the first step was optimized

to obtain a 2D sheet-like structure that consisted of homogeneously distributed

nanoparticles (Figures 7D and 7E). Phase transition of the binary selenides was stud-

ied for FNSe, showing a reversible conversion reaction during the initial sodiation or

desodiation and the disappearance of FNSe peaks below 0.5 V. Therefore, the bi-

nary selenides were cycled in a voltage range of 0.5–3.0 V to avoid the conversion

reaction at a lower voltage. Compared with NCSe, FNSe and FCSe exhibited impres-

sive cyclability at high rates, delivering 755 and 660 mAh g�1 after 100 cycles at 1 A

g�1 and 553 and 550 mAh g�1 after 2,600 cycles at 4 A g�1, respectively (Figure 7F).

Good rate capability was found in FNSe and FCSe as well, and they maintained the

capacities of 427 and 466 mAh g�1, respectively, at a rate as high as 20 A g�1. In

particular, the authors synthesized mono-metal selenides of Fe, Ni, and Co using

the same approach as for the binary selenides but with a single metal precursor,

and the three binary selenides outperformed their mono-metal counterparts in ca-

pacity, cycling stability, and rate capability, which was attributed by the authors to

the better intrinsic conductivity and larger crystal structures of the binary selenides.

Discharge cutoff voltage has been shown to be important to the performance of bi-

naryMSs. Most studies chose 0.5 V as the cutoff voltage, as previously mentioned, to

avoid a complete conversion reaction and the associated large volume change.

Furthermore, studies of Co1.5Fe1.5Se4 for KIBs50 and NiCo2Se4 for NIBs52 showed
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Figure 8. Alloy engineering in MSs for NIBs and KIBs

(A) TEM image of Sb2Se3@NC@rGO.

(B) HRTEM image of the Sb2Se3@NC@rGO electrode discharged to 0.01 V.

(C) Charge-discharge curves of Sb2Se3@NC@rGO in KIBs. Reproduced with permission.56 Copyright 2020, Wiley-VCH.

(D) HRTEM image of the Bi2Se3/GNS electrode discharged to 0.5 V. Reproduced with permission.54 Copyright 2018, American Chemical Society.

(E) SEM image of SnSe/NC nanobelts.

(F) Raman spectra of the SnSe/NC electrode at different discharge and charge states in NIBs. Reproduced with permission.57 Copyright 2018, Elsevier.
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that when initially discharging the binary MSs to 0.01 V, phase separation was

observed in the subsequent charge process, resulting in the formation of FeSe2/

CoSe2 and CoSe2/NiSe in the respective studies. This could cause an increase in

the resistance in the electrode matrices because of the lower intrinsic conductivity

of the mono-metal selenides. Therefore, care needs to be taken when choosing a

discharge cutoff voltage, and further material engineering should be sought to alle-

viate phase separation.

Alloy engineering

Most MSs discussed in the previous sections undergo a conversion reaction to store

Na+/K+, in which MSs are reduced to metals and NaxSey/KxSey. Because elements

such as Sn, Sb, and Bi can alloy with Na+/K+, their selenides (Sb2Se3,
53 Bi2Se3,

54

SnSe55,64, and SnSe2
65,66) can store the ions by undergoing not only a conversion re-

action but also a subsequent alloying reaction. As a result, this type of alloying en-

gineering can greatly increase capacity by employing the alloying ability of the

metals. Alloying reactions induce large volume expansion of selenides and can

cause pulverization and unstable cyclability; hence, this type of selenide is spatially

confined by carbon materials.

Wang et al.56 reported a composite of Sb2Se3/N-doped carbon/reduced graphene

oxide (Sb2Se3@NC@rGO), in which Sb2Se3 nanorods were directly encapsulated by

a uniform amorphous NC layer (Figure 8A), and a few layers of rGO nanosheets

tightly covered the NC layer, acting as a flexible shell. The lattice fringes of the com-

posite after discharging to 0.01 V (Figure 8B) suggested that a mixture of K-Sb alloys

was formed, including KSb2, KSb, K5Sb4, and K3Sb. Due to the coexistence of the

conversion reaction of Sb2Se3 and the alloying reaction between Sb and K, as
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evidenced by the discharge plateaus at 0.8 and 0.2 V, respectively (Figure 8C), the

composite delivered a high capacity of 580mAh g�1 after 10 cycles and retained 450

mAh g�1 after 50 cycles. The authors compared the thicknesses of different control

electrodes (Sb2Se3, Sb2Se3@NC, and Sb2Se3@rGO) after 8 cycles and found that the

Sb2Se3@NC@rGO electrode had the smallest change in thickness, indicating that

the electrode experienced the smallest change in volume and hence possibly the

highest structural stability because of the confinement effect ensured by rGO. Li

et al.54 designed a composite of Bi2Se3 and graphene nanosheets (GNSs) through

a selenization reaction, and the composite exhibited a curled morphology and wrin-

kled structure. When discharging the composite to 0.5 V in a NIB half-cell, NaBi and

Na2Se were formed and detected (Figure 8D), which suggested an alloying reaction

occurred between Bi andNa. The Bi2Se3/GNS anode delivered capacities of 222 and

183 mAh g�1 at 2 and 10 A g�1 after 1,000 cycles, respectively. Ren et al.57 applied

alloy engineering to SnSe and synthesized SnSe nanoplates vertically grown on N-

doped carbon nanobelts (SnSe/NC), forming a nanoribbon morphology with many

nanosheets vertically on the surface (Figure 8E). The Raman shift to 249 cm�1 (Fig-

ure 8F) indicated that when the SnSe/NC anode was discharged to 0.01 V, Na2Se

and an amorphous NaxSn alloy formed. The shift was recovered upon charging

the anode to 3.0 V. The SnSe/NC anode showed a large capacity of 723 mA h g�1

at 25 mA g�1 after 50 cycles, benefiting from the alloying reaction, and 82% of the

initial capacity remained after 200 cycles at 2 A g�1, mainly because the Sn-C

bonding can effectively prevent SnSe from accumulating during cycling to remain

in the structure.
COMPOSITE ENGINEERING

Composites with carbons

Non-graphitic carbons form composites with selenides in various forms, such as a

supporting matrix,45,58 a coating layer,59 and an encapsulation structure.60–62 Nano-

structured selenides are prone to agglomeration and form inactive clusters; hence,

improving the dispersion of small-sized selenides on a carbon matrix is imperative.

Liu et al.63 prepared Co0.85Se quantum dots (Co0.85Se-QDs) encapsulated in a mes-

oporous polyhedral carbon matrix via one-step hydrothermal selenization (Fig-

ure 9A), in which the Co precursor transformed to Co0.85Se-QDs and decomposed

to mesoporous and hollow carbon polyhedra (Figure 9B). The polyhedra acted as

a carbon matrix to host the QDs and restrain their agglomeration when storing K+

and at the same time contributed as a three-dimensional (3D) hierarchical network

that can facilitate electron transfer and enhance the structural integrity of the com-

posite. The composite as a KIB anode delivered a capacity of 402 mAh g�1 at 50

mA g�1 after 100 cycles (Figure 9C) and retained 228 mAh g�1 at 1 A g�1 after

500 cycles. Lu et al.67 reported a hierarchical hybrid yolk-shell structure of carbon-

coated FeSe2 microcapsules (FeSe2@C-3 MCs) (Figure 9D) and demonstrated that

the composite could be a universal conversion-type anode material for LIBs, NIBs,

and KIBs. The composite exhibited a very high ICE of 92.8% with a cutoff voltage

of 0.5 V in NIBs and impressive rate capability and cyclability, retaining 410 mAh

g�1 at 1 A g�1 over 1,000 cycles and 371.7 mAh g�1 at 10 A g�1 over 1,500 cycles

(Figure 9E). When reducing the cutoff voltage to 0.01 V in KIBs (Figure 9F), the com-

posite delivered 227.7 mAh g�1 at 0.1 A g�1 and 141.8 mAh g�1 at 2 A g�1. The au-

thors ascribed the performance to themultiple benefits derived from the hierarchical

hybrid structure. The interconnected carbon shell can improve the mechanical

strength of the electrode and accelerate ion and electron migration, as well as re-

straining the internal electroactive FeSe2 nanoparticles and avoiding their pulveriza-

tion. More importantly, the yolk-shell structure can provide a sufficient inner void to
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Figure 9. Engineering MS/non-graphitic carbon composites for NIBs and KIBs

(A) Schematics of the synthesis process of Co0.85Se-QDs/C.

(B) SEM image of Co0.85Se-QDs/C-20.

(C) Charge-discharge curves of Co0.85Se-QDs/C-20 at different cycles in KIBs (inset is the curves of the first cycle). Reproduced with permission.63

Copyright 2019, Springer.

(D–F) TEM image (D), cycling performance in NIBs (E), and rate capability in KIBs (F) of FeSe2@C-3 MCs. Reproduced with permission.67 Copyright 2021,

Wiley-VCH.

(G and H) TEM image (G) and rate capability (H) of the VSe1.5/CNF composite in KIBs. Reproduced with permission.68 Copyright 2019, Royal Society of

Chemistry.
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ensure electrolyte infiltration and mobilize the nanoparticles, which was

demonstrated by the yolk-shell-structured electrode outperforming the core-shell-

structured counterpart (no inner void). Besides 3D spheric encapsulation, one-

dimensional (1D) cable-like encapsulation has been reported for MS/carbon

composites, which shares the benefits of increasing electronic conductivity,

providing network for charge migration, and enhancing the structural integrity of

electrodes, as well as avoiding the agglomeration of selenides. A VSe1.5/carbon

nanofiber (VSe1.5/CNF) composite was synthesized through an electrospinning
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method followed by selenization.68 VSe1.5/CNF exhibited a fibrous structure, and

VSe1.5 nanoparticles were well distributed over the entire CNF (Figure 9G). The re-

sults showed that the composite can enable rapid and durable storage for both Na+

and K+. As an anode for NIBs, VSe1.5/CNF delivered a high capacity of 668 mAh g�1

at 50 mA g�1 and retained 265 mAh g�1 at 2 A g�1 after 6,000 cycles. As an anode in

KIBs, VSe1.5/CNF delivered 313 and 177 mAh g�1 at 0.1 and 1 A g�1, respectively

(Figure 9H). Electrospinning has been used to fabricate various MS/CNF compos-

ites, including CoSe2,
69 MoSe2,

70 and Fe3Se4.
107 The CoSe2/CNF composite

delivered an impressive rate capability of 224 mAh g�1 at 15 A g�1 in NIBs.69 The

encapsulated structure was kept well intact after the composite was cycled at 2 A

g�1 for 1,000 cycles. Apart from the previously discussed benefits, using carbon

cloth (an array of CNFs) as a substrate enables the direct growth of MSs on the sub-

strate, realizing flexible and self-supported electrodes (Figure 9I).71,72 This type of

electrode eliminates the use of conductive additive and organic binder, which re-

duces electrochemically inactive weight and increases the gravimetric capacity of

the electrodes.

Graphitic carbons form composites with MSs in forms similar to those of non-

graphitic carbons. Commonly used graphitic carbons include few-layered gra-

phene/rGO73–78 and CNTs.79–81 Incorporating graphitic carbons with MSs brings

the general benefits discussed in the last paragraph, but there are unique benefits

because of the physical and chemical features of graphitic carbons; hence, literature

that reported such features are discussed next.

Random orientation and distribution of MSs and carbons in the composites can weaken

interface contact and insufficiently reduce charge transfer resistance between the two

components. Hence, intimate contact and interface coupling between them are desir-

able to enable fast charge transfer kinetics and great structural stability. Zhao et al.77 re-

ported the controlled growth of orientedMoSe2 nanosheets on graphene through Mo-

C bonding enabled by a surfactant-directed hydrothermal reaction. The key to ensure

strongMo-C chemical bonding was the use of the surfactant hexadecyltrimethyl ammo-

nium bromide (CTAB) that tuned the surface charge of graphene oxide (GO) by the

interaction between its long-chain alkyl group and the GO basal plane and exposed

positively charged CTA+ to attract MoO4
2�, directing the nucleation and oriented

growth of MoSe2 (Figure 10A). The DFT calculations (Figure 10B) revealed that charge

redistributions mainly occurred at the Mo-C interface region, and the accumulated

charge in the interface suggested chemically favorable Mo-C bonding. In addition,

the orientedMoSe2 growth can create enough open space between neighboring nano-

sheets to accommodate the volume change during Na+ insertion/extraction. The syner-

gistic effect of the strong Mo-C bonding and oriented MoSe2 growth resulted in fast

charge transfer kinetics, realizing a rate capability of 324 mAh g�1 at 3.2 A g�1 in

NIBs (Figure 10C). The capacity was retained by 87% at the same current density

even though the mass loading increased to 4.8 mg cm�2. Surface functionalization of

CNTs is a versatile strategy to alter the surface properties of CNTs and the growth

and structure of electroactivematerials in composites. Choi and Kang79 took the advan-

tage of acid-treatedCNTswith oxygen functional groups to simultaneously achieve high

dispersibility of CNTs and binding of CNTs with hydrophobic polystyrene (PS) nano-

beads in awater-based spraying solution. Using a spray pyrolysis processwith the spray-

ing solution containing acid-treated CNTs, PS nanobeads, and the Mo precursor, the

authors obtained porous structured CNT balls embedded with fullerene-like MoSe2
nanocrystals (F-MoSe2/CNT), and the uniformly distributed nanovoids in the balls

were realized by the deposition of the well-dispersed PS nanobeads within CNTs (Fig-

ures 10D and 10E). The F-MoSe2/CNT composite as a NIB anode exhibited an ICE of
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Figure 10. Engineering MS/graphitic carbon composites for NIBs and KIBs

(A) Schematics of the controlled growth of oriented MoSe2 nanosheets on graphene through Mo-C bonding.

(B) Side view of the charge density difference of the MoSe2/G heterostructure (the yellow/green cloud represents the negative/positive charge

differences).

(C) Rate capability of the MoSe2/G composite and a mixture of MoSe2 and graphene in NIBs. Reproduced with permission.77 Copyright 2018, Elsevier.

(D–F) SEM image (D), TEM image (E), and rate capability (F) of F-MoSe2/CNT in NIBs. Reproduced with permission.79 Copyright 2016, Royal Society of

Chemistry.
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75%, a capacity of 296 mAh g�1 at 1 A g�1 over 250 cycles, and a rate capability of 255

mAhg�1 at 5 A g�1 (Figure 10F), whichwere was ascribed to the synergetic combination

of the nanovoids in the composite and the flexibility of CNTs. A composite of MoSe2
nanosheet arrays grown on multi-walled CNTs was also synthesized by taking advan-

tage of the surface functionalization of CNTs.80

Ternary composites consisting of a MS, a graphitic carbon, and a non-graphitic carbon

have been reported in the literature.82–84,86,116 In such a system, the MS was often

coated with a layer of disordered carbon or encapsulated in CNFs, and the MS/non-

graphitic carbon combination was embedded in graphitic carbon layers such as rGO

and graphene. Although the synthesis of ternary composites might needmultiple steps

and extra care to manipulate the configuration, ternary composites benefit from the

coexistence of graphitic and non-graphitic carbons, and the benefits can simultaneously

take effect at short- and long-range scales in the composite matrix.

Composites with doped carbons

Heteroatom doping can tailor the electronic structure of carbons, induce defects to

their structures, and hence enhance the interfacial ion adsorption and improve the
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Figure 11. Engineering MS/doped carbon composites for NIBs and KIBs

(A) Schematics of the synthesis of CoSe@NCNTs.

(B) Rate capability of CoSe@NC and CoSe@NCNTs in KIBs. Reproduced with permission.89 Copyright 2021, American Chemical Society.

(C) Rate capability of CoSe2@BCN-750 nanotubes in NIBs.

(D) Schematic structures of Na-adsorbed CoSe2@BCN nanotubes (left) and Na-adsorbed BCN nanotubes (right). Reproduced with permission.92

Copyright 2019, Wiley-VCH.

(E and F) Cycling performance (E) and rate capability (F) of MoSe2/N,P-rGO, MoSe2/N-rGO, and MoSe2/P-rGO electrodes in NIBs.

(G) Relaxed configurations of NaSeH interact with N,P-co-doped graphene (left: pyrrolic N; right: pyridinic N). Gray, white, blue, pink, violet, and brown

spheres represent C, H, N, P, Na, and Se atoms, respectively. Reproduced with permission.91 Copyright 2017, Wiley-VCH.

ll
OPEN ACCESS Review
conductivity of carbons. This in turn can enhance the electrochemical performance

of MS/doped carbon composites. Until now, most doped carbons in the MS com-

posites have been N-doped carbon in the fields of NIBs and KIBs, which presumably

results from the availability of a range of N-containing precursors that can be carbon-

ized into N-doped carbon, such as MoSe2/NPr composites,87 VG/MoSe2/N-C sand-

wiched core-shell arrays,88 and Fe0.8CoSe/N-C hollow nanospheres.117 For instance,

Liu et al.89 synthesized CoSe nanoparticles confined in N-doped carbon nanotubes

(CoSe@NCNTs), through which cobalt-nitrilotriacetic acid chelate (Co-NTAC) nano-

wires were first synthesized and coated with PDA to form a Co-NTAC@PDA core-

shell structure that was further converted to CoSe@NCNTs after carbonization and

selenization (Figure 11A). Both nitrilotriacetic acid and PDA contained N, and they

both contributed to the formation of NCNTs. The composite exhibited a high ICE

(95%), great capacity (435 mAg h�1 at 0.1 A g�1), and stability (282 mAh g�1 at 2
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A g�1 after 500 cycles) as a KIB anode (Figure 11B). There has been one study of a

few-layered MoSe2/P-doped graphene composite,90 in which P doping can reduce

the energy barrier of Na+ diffusion and suppress the formation of Na clustering on

graphene by increasing the binding energy on P-doped graphene.

Compared with the MS composites with mono-heteroatom-doped carbons,

composites with co-heteroatom-doped carbons have rarely been investi-

gated.87,91,92,118 The dopants not only individually alter the electronic state and

defective structure of carbons but also interact with each other and collectively affect

the electron activation of C around them, further affecting the battery performance

of the MS/codoped carbon composites. Tabassum et al.92 demonstrated that B- and

N-co-doped carbon (BCN) tubes enabled excellent Na+ storage performance of

CoSe2 nanobuds (CoSe2@BCN). The composite obtained at the optimized temper-

ature (750�C) exhibited 386 and 338 mAh g�1 at 1 and 2 A g�1, respectively (Fig-

ure 11C) and long-term stability of 96% capacity retention at 8 A g�1 over 4,000 cy-

cles. Theoretical calculations (Figure 11D) revealed that the most stable Na

adsorption sites on CoSe2@BCN yielded adsorption energies of �2.83 and �2.23

eV. Among the Na adsorption sites on pristine BCN, including B-top, C-top, and

the B-C/C-C/C-N bridge, the most stable sites yielded the adsorption energy of

�2.10 eV, which was comparable to CoSe2@BCN. In addition, both Na-adsorbed

BCN and CoSe2@BCN showed a metallic character, which contributed to improving

the charge transfer in the composite. MoSe2 grown on N- and P-co-doped carbon

nanosheets (MoSe2/N,P-rGO) showed excellent NIB performance by delivering

378 mAg�1 at 0.5 A g�1 after 1,000 cycles and retaining 55% capacity at 15 A

g�1.91 Interestingly, the control samples MoSe2/N-rGO, MoSe2/P-rGO, and

MoSe2/rGO were outperformed by MoSe2/N,P-rGO (Figures 11E and 11F). This

indicated the synergistic effect of N and P codoping compared with N or P doping.

The authors compared the binding strength of the terminal Na+ of NaSeH (used to

model the Na-Se end of the sodium polyselenide intermediate discharge product)

on various doped forms of rGO. N doping significantly increased the binding en-

ergies on pyridinic N (0.94 eV) and pyrrolic N (1.22 eV) at the edge of rGO. Although

P doping was unable to increase binding energy, both pyridinic and pyrrolic N could

stay near P, bridging the dual coordination with NaSeH; as a result, the binding

energy increased to 1.08 eV for pyridinic N/pyridinic P and 1.22 eV for pyridinic

N/pyrrolic P (Figure 11G). The strong interaction between active species and co-

doped carbons was responsible for the enhanced performance of MoSe2/N,P-rGO

over MoSe2/N-rGO and MoSe2/P-rGO. In addition, it was reported that N and S

codoping can provide rich active sites and defects in carbons for Na+ and K+ adsorp-

tion and accelerate a surface/near-surface reaction with great pseudocapacitive ef-

fect.118 As a result, the MS composite encapsulated in N- and S-co-doped hollow

carbon nanospheres and interconnected rGO nanosheets exhibited a reversible ca-

pacity at a high current density in both NIBs (311 mAh g�1 at 10 A g�1) and KIBs (310

mAh g�1 at 5 A g�1).

Composites with compounds

Large volume expansion due to conversion reactions upon sodiation and potassia-

tion can cause anisotropic swelling and anomalous structural deformation of MSs,

resulting in electrode instability and inferior Na/K storage performance. It has

been discussed in the previous sections that engineering MS composites with car-

bons, particularly with a hierarchical structure, has proven to be an effective strategy

to tackle the issue. An external carbon layer can accommodate the structural defor-

mation of MSs and form a heterointerface withMSs to boost ion capture and storage,

as well as facilitate ion diffusion. However, the mechanical stress intensification
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Figure 12. Engineering MS/compound composites for NIBs and KIBs

(A) Schematics of the Fe7Se8@C@MoSe2 composite.

(B and C) FE simulation comparing the strain and stress distributions of Fe7Se8@C (B) and Fe7Se8@C@MoSe2 (C) after sodiation. Reproduced with

permission.93 Copyright 2020, Elsevier.

(D) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of (SnSe)1.16NbSe2.

(E and F) 3D sectional and linear distributions of the external applied vertical Von-Mise stress on the (SnSe)1.16NbSe2 (E) and SnSe (F) structural units.

Reproduced with permission.119 Copyright 2021, Elsevier.

(G) TEM image of MoO2/MoSe2-graphene heterostructures.

(H) Photographs of the separators (H1 and H3) and sodium counter electrodes (H2 and H4) from dissembled cells (H1 and H2: MoO2/MoSe2-graphene;

H3 and H4: MoSe2-graphene) in NIBs. Reproduced with permission.94 Copyright 2018, Elsevier.
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caused by the large volume expansion of MSs has rarely been investigated when en-

gineering composites with carbons. In this regard, a stress-release strategy was pro-

posed by engineering composites with a compound that acts as a buffer layer to

accommodate ion insertion-induced fracture from a mechanical standpoint. Chen

et al.93 demonstrated this strategy by growing MoSe2 nanosheets onto the surface

of a yolk-shell Fe7Se8@C composite (Figure 12A). The authors performed finite

element (FE) analysis to support that the MoSe2 layer can reduce the risk of fracture

in the carbon shell layer.93 Assuming a constant and uniform expansion coefficient

throughout the yolk-shell-structured Fe7Se8@C, after the initial expansion of the

Fe7Se8 yolk within the void space upon sodiation, the contact with the carbon shell

induced severe stress concentration along the edge of the cubic carbon shell,

causing the highest strain of 37% and the fracture of the brittle carbon shell because

of the in-plane tensile stress (63 GPa) in the middle cross-section (Figure 12B). With

the MoSe2 layer, a similar volume expansion level resulted in a more uniform stress
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distribution in the carbon shell, and the in-plane tensile stress in the shell was low-

ered to below 40 GPa (Figure 12C). Compared with Fe7Se8@C, Fe7Se8@C@MoSe2
exhibited greatly improved performance, delivering high storage capacity (473.3

mAh g�1 at 0.1 A g�1), great rate capability (274.5 mAh g�1 at 5 A g�1), and cycling

stability (87.1% capacity retention after 600 cycles at 1 A g�1). Alternatively, misfit 2D

layered MSs were reported to address the issue of mechanical stress to store K+.119

Misfit layered (SnSe)1.16NbSe2 had a unique sandwich structure that combined the

merits of the two subunits (Figure 12D): NbSe2 as a rigid unit providing excellent

structure stability and a conductive framework and SnSe as a soft unit providing

high reactivity and capacity. The FE analysis showed that the (SnSe)1.16NbSe2 sand-

wich structure can restrain the expansion of SnSe and avoid structural pulverization

due to high Young’s modulus of NbSe2. Compared with SnSe, the external Von-Mise

stress on the surface of the composite was more even and the peak value was

smaller. The stress distribution curve of the longitudinal section (Figures 12E and

12F) demonstrated that the compression of SnSe could be shared by the top and

bottom NbSe2 layers in the sandwich structure.

Another issue of employing MSs in NIBs and KIBs is the formation of irreversible Na/

K polyselenide and selenide species and the consequent shuttle effect that causes

the loss of the MS phase and rapid capacity degradation. Instead of using carbons

to constrain the polyselenide and selenide species during electrochemical reactions,

compounds can be used for the same purpose by adsorbing the species. MoO2

nanoclusters were anchored on the interface between MoSe2 and graphene (Fig-

ure 12G) and acted as a heteroprotrusion to adsorb Na polyselenide species.94 After

the initial cycle of MoO2/MoSe2-graphene, a clean surface of the separator and Na

disc can be seen without obvious deposits (Figures 12H1 and 12H2), whereas de-

posits were observed in the case of MoSe2-graphene (Figures 12H3 and 12H4), indi-

cating that the polyselenide species could be effectively trapped by the nanoscale

heterojunction between MoO2 and MoSe2-graphene. Besides the phase recovery

of MoSe2, MoO2 nanoclusters were dispersed and anchored on the 2D nanosheets,

which prevented restacking of MoSe2 layers during the reactions. The critical roles of

MoO2 resulted in the lamellar microstructure of MoO2/MoSe2-graphene being well

preserved after cycles.

Engineering MSs with other compounds gives rise to heterointerfaces between the

two components. Such heterointerfaces could offer unique benefits that might not

be achieved in the composites with carbons. Apart from the release of mechanical

stress and the absorption of polyselenide species, lattice distortion and mismatch

at the heterointerfaces of SnSe2/ZnSe can create a large amount of crystal defects

and accessible active sites for Na+ at the phase boundaries, which can promote

the reaction kinetics.95 Clean and tight interfaces in the graphene/ReSe2/Ti3C2 sand-

wiched composite enabled by chemical vapor deposition can improve surface K+

adsorption and lower the K+ diffusion energy barrier compared with the composite

made via wet chemistry routes.96 Adjusting the compositional ratio between two

MSs can dramatically change themorphology of the composite, showing a profound

effect on the electrochemical performance of storing K+.120 These results from

limited studies of MS/compound composites clearly highlight the importance and

necessity to further explore such composites for NIBs and KIBs.

Interface engineering with electrolytes

Electrolytes are an equally important component as electrode materials in a NIB or

KIB cell because electrolytes can determine the properties (e.g., chemical composi-

tion, structure, and resulting stability) of the SEI layer formed on the surface of MSs,
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Figure 13. Interface engineering with electrolytes for MSs used in NIBs and KIBs

(A) Cycling performance of MoSe2/NC in different electrolytes at 1 A g�1. Reproduced with

permission.99 Copyright 2018, Wiley-VCH.

(B and C) F1s XPS spectra of cycled FeSe/C (B) and rate performance of FeSe/C (C) in various

electrolytes. Reproduced with permission.100 Copyright 2020, Elsevier.

(D) SEI layer resistance of SnSe with and without the FEC additive. Reproduced with permission.101

Copyright 2016, Wiley-VCH.
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i.e., the interface between MSs and electrolytes, which affects the cyclability, rate

capability, and ICE of the cell. An unstable SEI layer often results in various compli-

cations: (1) irreversible side reactions between MSs and electrolytes can cause a low

ICE during the formation of SEI when it is predominantly formed in the first cycle, (2)

a SEI layer with poor mechanical stability can lead to a short cycle life of MSs, and (3)

the continuous formation of a SEI layer because of continuous electrolyte decompo-

sition can increase the thickness of the layer and deteriorate Na+/K+ diffusion, which

damages the rate capability of MSs. Therefore, understanding the correlation be-

tween SEI formation and electrolytes is essential to engineering the MS/electrolyte

interface.

One strategy to construct a stable SEI layer and obtain cycling stability of MSs is to

tailor the combinations of electrolyte salt and solvent. Ge et al.99 evaluated the dura-

bility of the MoSe2/NC electrode using two salts, potassium bis(fluorosulfonyl)imide

(KFSI) and potassium hexafluorophosphate (KPF6), in solvents such as dimethyl

ether (DME), ethyl methyl carbonate (EMC), ethylene carbonate:diethyl carbonate

(EC:DEC), and ethylene carbonate:dimethyl carbonate (EC:DMC). The presence of

KPF6 in the electrolytes degraded cell durability irrespective of the solvents. Among

the various electrolytes. 1 M KFSI/EMC exhibited 100-cycle stability at a high current

density of 1 A g�1 (Figure 13A). Similar results were observed for FeSe/C when using

KFSI as the salt in electrolytes,100 in which the SEI layers formed in the electrolytes of

KFSI/EC:DEC and KFSI/DME showed low content of the organic compound RO-

COOK but were rich in inorganic compounds such as KF, KHSO4, K2SO4, and

K2SO3, which can be seen from the X-ray photoelectron spectroscopy (XPS)
28 Cell Reports Physical Science 2, 100555, September 22, 2021
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measurement of the cycled electrodes (Figure 13B). The existence of the inorganic

compounds provided stability to the SEI layer; hence, cycling stability of FeSe/C

was improved. In addition, KFSI increased the CE of FeSe/C because the FSI� anion

prevented the decomposition of solvent molecules. CE was initially �75% in KFSI/

EC:DEC and increased to �100% by prolonging the cycles, but it was �67% initially

in KPF6/EC:DEC and fluctuated between 80% and 90% during the following cycles.

Furthermore, a thinner SEI layer (�5 nm) was found in the KFSI-based electrolyte

compared with that in the KPF6 counterpart (10–30 nm). This suggested less accu-

mulation of the SEI layer derived by the continuous decomposition of the KFSI-

based electrolyte and resulted in better K+ diffusion and a higher DK. As a result,

the rate capability of FeSe/C in the KFSI/EC:DEC electrolyte was enhanced by

ten-fold at a high current density of 10 A g�1 compared with the KPF6/EC:DEC elec-

trolyte (Figure 13C).

Another strategy to enhance the stability of the SEI layer is to use electrolyte addi-

tives. One of the most employed additives so far is fluoroethylene carbonate

(FEC). It has a higher reduction potential than common solvent molecules and

thus preferentially decomposes and forms a uniform and elastic SEI layer, suppress-

ing the decomposition of electrolyte solvents. This is particularly crucial for MSs un-

dergoing a dual process of conversion and alloying reactions and experiencing a

huge volume change that could disrupt a previously formed SEI layer. Yuan

et al.101 used FEC as an electrolyte additive to enhance the NIB stability of N,S-

co-doped carbon-coated SnSe (SnSe/NSC). The cell showed stable capacity in

100 cycles in the NaPF6/EC:DEC electrolyte with the FEC additive but failed within

50 cycles without the additive. The authors attributed the results to the presence of

FEC in the electrolyte, which provided low SEI resistance (Figure 13D), signifying

control of the decomposition of electrolyte solvents and preventing side reactions

of the electrolyte with SnSe/NSC. Besides the use of electrolyte additives, the stabi-

lization of the SEI layer can be realized through the smart use of materials’ surface

bonding and their catalytic ability to catalyze SEI formation. This idea has been

demonstrated for a sulfide anode recently121 and is worth investigating for sele-

nides. Fe-N-C and Fe-S-C bonds that were present in a FeS2/N,S-codoped C com-

posite acted as catalytic centers to promote the decomposition of the C-F bond in

NaSO3CF2 (electrolyte salt) and the C-O bond in diglyme (electrolyte solvent), and

they acted as crystal seeds to form ultra-thin (6.0 nm) and inorganic-rich SEI, result-

ing in a very high ICE of �92% at 0.1 A g�1 and stable CE of �100% at 3.0 A g�1 in

5,500 cycles.
CONCLUSIONS AND PERSPECTIVES

The last few years have seen rapidly increasing attention focused on using MSs as

anode materials for NIBs and KIBs, and this review presents a timely summary of

the recent progress on this topic. The review discusses various strategies for engi-

neering MSs in response to the challenges that MSs are facing to store Na+ and

K+. The discussed strategies are the most representative approaches that have

been applied to MSs and by no means include all possible ones. Some strategies

share common benefits, and our discussions aim to highlight the individual benefits

of each strategy. Although remarkable progress has beenmade onMSs, we are still a

long way from overcoming the obstacles to amplify the promise of MS anodes.
Unclear electrochemical mechanism of MSs in storing Na+ and K+

A great deal of efforts has been devoted to understanding the electrochemical

mechanism of storing Na+ and K+ in MSs; however, the mechanism is still not fully
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understood and thus under debate, particularly regarding the differences between

electrochemical Na and K systems, as well as the electrochemical reactivity of Se.

This is reflected by the vastly different or even contradictory ion storage processes

reported in the literature of MSs. It has been repeatedly observed that the end-

discharge product AxSey (A = Na or K) presents in a range of x/y ratios and consists

of either a single ratio or more often a mixture of several ratios. These observations

suggest that the conversion process from a MS to AxSey deviates from an ideally sin-

gle step of sodiation/potassiation, suggesting that it is inappropriate to treat the Na

and K systems as empirically equal before investigating the conversion process in

detail. Furthermore, understanding of the behavior of Se is far less available than

that of the conversion process to AxSey. It has been reported in a study of CuSe97

that Se was found after the initial discharge in a KIB cell, but not in a NIB cell. Oppo-

sitely, the presence of Se was detected after the initial charge of MoSe2, instead of

the initial discharge, in both NIBs91 and KIBs.122 These results manifest the differ-

ence of applying MSs in the Na and K systems and highlight the necessity of inves-

tigating the change of Se2�/Se. The formation of Se and its continuous presence in

the electrode matrix could change the electrochemical process of storing the ions

via the mechanism that is seen in Na/K-Se batteries. Therefore, in-depth investiga-

tion using advanced characterizations should be a route toward clear understanding

of the Na+/K+ storage process and clarification of the results under debate. In situ

characterizations are undoubtedly indispensable for reliably recording the ion stor-

age process, and ex situ characterizations should be complementarily used to pre-

sent accurate elucidation of the phase/microstructure/surface change of MSs during

sodiation and potassiation.

The shuttle effect of polyselenides

The observation of AxSey during and at the end of discharge clearly indicates the

possibility of the shuttle effect of polyselenides, particularly high-order polysele-

nides, because they have a stronger tendency to dissolve in organic electrolytes

compared with low-order polyselenides. The shuttle effect could result in low CE

and rapid loss of active electrode materials, which has been repeatedly seen in

studies of metal-S and metal-Se batteries. The formation of AxSey and the subse-

quent shuttle effect form an evolving process and could be case specific, depend-

ing on a specific MS, so the process needs to be thoroughly investigated alongside

the investigation of the electrochemical mechanism discussed in the last paragraph,

preferentially using in situ characterizations due to the evolving nature of the

process. Approaches to reduce the shuttle effect of polyselenides could be using

carbons or compounds to constrain MSs, as previously discussed in the section

composite engineering, and adding a secondary component in the MS composites,

which has a stronger binding strength with polyselenides than electrolyte solvent

molecules.98 The component that has the most intimate contact with MSs during

charge and discharge is SEI, and it should be given primary attention and studied

when investigating the shuttle effect. This in turn leads to the need to study elec-

trolyte formulation and the surface properties/modifications of MSs, with the aim of

obtaining a stable SEI that could have a minimum possibility of AxSey penetration.

The effect of electrolytes

The composition of electrolytes, including salts and solvents, is a crucial factor that

could affect the electrochemical performance of MSs. This is particularly the case in

KIBs because of the combination of the higher electrochemical activity of K+ than

Na+ derived from the higher ionic conductivity of K+ in electrolytes and the more

sluggish kinetics and larger material volume change in KIBs. Organic KFSI as a salt

has succeeded in various types of KIB electrode materials123–126 because of a stable
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and protective SEI that is rich in KF, as opposed to the SEI that is formed by using

KPF6 and is deficient in KF. However, such an electrolyte salt has begun to emerge

in the KIB research of MSs,100 and there exist many unknow issues associated with

how the salt affects the reaction kinetics and mechanism of KIB electrodes. Mean-

while, the role of electrolyte solvents cannot be ignored, because they could signif-

icantly downplay the advantages of certain types of salts100 due to their involvement

in the formation of SEI and interactions with the salts during SEI formation. In addi-

tion, the use of additives such as FEC has proved beneficial for alloying-based an-

odes but rather material specific for MSs in NIBs and KIBs; care needs to be taken

when applying electrolyte additives. As a result, salts, solvents, and additives collec-

tively affect the electrochemical performance, and the combination of them needs to

be synergistically investigated. Besides organic electrolytes, ionic liquids (ILs) have

started gaining attention in NIBs and KIBs because of their high ionic conductivity

and wide electrochemically stable voltage window. These benefits have led to pos-

itive results prominently in the study of cathode materials, because a high operation

voltage is highly desirable.127,128 However, whether ILs could bring benefits to MSs

remains to be seen, and little is known about the possible challenges that need to be

addressed to gain the benefits. It is imperative to optimize the existing electrolyte

formulas and formulate new molecules for electrolytes via new chemistries, with

the aims of high Na+/K+ conductivity and CE, the ability to form stable SEI, and

the inhibition of side reactions.

Scaling up and full-cell optimization

Through a survey of the research onMSs in NIBs and KIBs, onemay find that the synthe-

sis of MSs has been dominated by the hydro/solvothermal method, either to produce

metal-containing precursors or to directly obtain MSs. In the case of former, a second

step of gas-phase selenization is required. These synthetic procedures fall short of

time efficiency and cost effectiveness, imposing limitations to scale up the production

ofMSs from amanufacturing point of view. Scalable synthesis methods are worth devel-

oping to bridge the gap between lab-scale demonstration and industry-level produc-

tion. These methods should not be developed at the expense of precise control over

the desirable phase, micro/nanostructure, and composition of MSs. From a practical

point of view, pairing MSs with suitable cathodes to construct full cells should be kept

in mind when investigating MSs in a half-cell configuration, which has not often been

seen in the literature. Full-cell demonstration is important not only because it solidifies

the promise of MSs but also because it aids in understanding the practical issues that

would not be encountered in half-cells, including electrolyte compatibility, anode/cath-

ode mass ratio, and operating voltage window. For instance, the high capacity of MS

anodes does not necessarily contribute to an increase of full-cell capacity because of

an increase of cathode mass to balance the charge. Studies of LIBs have shown that

full-cell gravimetric capacity and energy density reach a saturated state for an anode ca-

pacity beyond 1,000 mAh g�1129 when the cathode capacity is 200 mAh g�1 or less.

Currently, the best performing NIB and KIB cathodes deliver a capacity of 130–160

mAh g�1, so when using a MS anode, a gain in full-cell capacity and energy density

could be generated only if a higher cathode capacity would be available.130 Thus, MS

anodes should be carefully designed to deliver an optimized capacity in combination

with the chosen cathode, electrolyte, and operation voltage window; hence, the contri-

bution of MSs could be maximized.

Practical application of MSs

Although significant progress has been made to achieve high performance of MSs at

a lab scale, a few aspects are worth investigating from an application-based point of

view to facilitate the practical use of MSs in a commercialization setting:
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(1) Active material loading: one of the most important figures of merit of batte-

ries is capacity per mass of active material. It is known that electrodes that

exhibit good battery performance with low active material loading may not

be able to maintain their performance when active material loading is

increased. This is an issue from the perspective of commercialization. Until

now, the MS loading investigated in the NIB and KIB literature has been far

below commercial requirement (5–20 mg cm�2);131 hence, a performance

study at high MS loading needs attention to understand the limiting factors

of achieving low-material-loading performance. Such a study should primarily

investigate factors such as active material utilization, electrolyte wettability

and infiltration, and polyselenide dissolution. In addition, the proportion of

inactive materials (binder and conducting carbon) in MS electrodes adds

dead weight to battery cells. For instance, the coin-cell configuration at a

lab scale uses inactive materials ranging from 20% to 40%, which is signifi-

cantly higher than the commercial requirement (10%–12%). Because binder

and conducting additive influence side reactions of MS electrodes, it is crucial

to investigate how low content of inactive materials affects side reactions.

Optimizing these factors in the fabrication process of electrodes to increase

MS loading will ease the transfer of materials/technology to commercializa-

tion.

(2) Safety of active materials: safety is an inevitable factor that needs attention

while looking into MSs from an application-based point of view. Besides elec-

trolytes, the thermal reactivity of MSs in an electrolyte affects the safety of bat-

tery cells. Because of the exothermic reactions involved in electrochemically

storing ions in MSs, the stability of the SEI layer could be weakened, leading

to thermal runway. This is often overlooked in a coin-cell prototype of NIBs

and KIBs and could be better investigated in a prototype of a cylinder or

pouch cell that better fits with advanced characterizations such as X-ray to-

mography. Furthermore, the investigation should take into consideration of

the type of electrolyte; as previously discussed in this review, the formation

and composition of SEI layers are closely related to electrolytes and could

be vastly different from one electrolyte to another.

(3) High-voltage cathodes: the potential range of storing Na+/K+ ions in MSs often

exceeds 2 V versusNa+/Naor K+/K, which is higher than classic cathodematerials

such as graphite and can substantially reduce the voltage of NIB/KIB full cells. For

instance, MoSe2, which operates between 1 and 2 V versusNa+/Na, was coupled

with Na3V2(PO4)3 cathode and delivered an average voltage plateau at 1.65 V,43

which significantly reduced the full-cell energy density. Hence, it is crucial to

develop high-voltage cathode materials with an operating potential of >4 V.

However, such high potential causes instability of electrolytes (which is more crit-

ical for KIBs thanNIBs) and limits the complete utilization of redox reactions at the

cathode. Evenwith an electrolyte that is stable at a high potential, irreversible ox-

ygen evolution has been observed in layered transition metal oxide cathodes

when operated beyond 4.5 V, which can destabilize the cathodes’ structures

and result in irreversible capacity. In addition, the evolved oxygen can accelerate

the decomposition of electrolytes, which solidifies the significance of developing

high-voltage NIB/KIB cathode materials. Utilization of oxygen redox activity at a

high potential seems to be an approach worth trying, but care needs to be taken

when controlling the oxidation/reduction level of the oxygen species in the

layered oxide cathodes.

LIBs have immensely contributed to shaping the modern world, but battery technol-

ogies based on Earth’s abundant elements are indispensable for sustainable energy
32 Cell Reports Physical Science 2, 100555, September 22, 2021
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storage; in this regard, NIBs and KIBs have begun to show promise as alternatives for

LIBs. The substantial progress achieved to date from MSs and other families of elec-

trode materials has undoubtedly solidified the promise that NIBs and KIBs hold. We

hope this review can provide useful insights on understanding of electrochemical

storage of Na+ and K+ for the battery research community and in a wider sense

shed some light on material design for other research domains.
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