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Exploring advanced electrochemical energy storage systems and clarifying their charge storage
mechanisms are key scientific frontiers presenting a great challenge. Herein, we demonstrate a novel
concept of Li-ion supercabatteries (i.e., Li-ion capacitors/batteries, LICBs), which were realized using
a novel trimetallic Ni-Co-Mn perovskite fluoride (Kg.g7Nig31C00 34MNg 35F2 98, denoted as KNCMF-111
(8%)) anode and a high-performance activated carbon/LiFePO,4 (AC/LFP) cathode, which makes the
boundary between LICs and LIBs less distinctive. Thanks to the pseudocapacitive conversion mechanism
of the KNCMF-111 (8%) anode with superior kinetics and the enhanced capacity of the capacitor/battery
hybrid AC/LFP cathode, the designed KNCMF-111 (8%)//AC/LFP LICBs, integrating the synergistic
superiority of pseudocapacitive, capacitive and faradaic characteristics, exhibit remarkable energy/power

densities and a long cycle life, indicating a high-efficiency energy storage application. Overall, this work
Received 4th May 2021

Accepted 9th August 2021 provides new insights into exploring advanced Li-ion supercabatteries and clarifying their charge storage

mechanisms based on trimetallic Ni-Co—-Mn perovskite fluoride electrode materials, which sheds light

DOI: 10.1039/d1na00329 on the development of advanced electrochemical energy storage systems and in-depth understanding
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Introduction

Nowadays, there is an extraordinary gap between the rapidly
increasing power demand for electronic information products
and electric vehicles (EVs)/hybrid electric vehicles (HEVs) and
the supply of renewable and high-efficiency energy, so exploring
advanced electrochemical energy storage systems with high
performance and renewability has always been the focus of
attention and a hot topic in current scientific research.'**
Supercapacitors (SCs), also known as electrochemical capaci-
tors (ECs), have been considered as one of the most promising
renewable and high-efficiency electrochemical energy storage
devices because of their intriguing advantages of fast kinetics,
high rate capability, ultralong lifespan, etc.5-8 In the family of
SCs, Li-ion capacitors (LICs) have received considerable atten-
tion in the last few decades and been proved to be an advanced
electrochemical energy storage device, which integrates the
merits of the high energy density of lithium-ion batteries (LIBs)
and the high power density of SCs.'* However, a serious
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of their charge storage mechanisms.

imbalance in the aspects of kinetics and capacity exists in the
anode and cathode of conventional LICs, ie., the conventional
battery-type anode (e.g., graphite, hard/soft carbon, etc.) exhibits
high specific capacity but slow kinetics, while the conventional
capacitive cathode (e.g., activated carbon (AC)) shows fast
kinetics but inferior capacity, resulting in the very unsatisfac-
tory performance of LICs. Therefore, it is a great challenge to
develop novel advanced electrochemical energy storage devices.
Li-ion supercabatteries (i.e., Li-ion capacitors/batteries, LICBs),
as a novel concept of electrochemical energy storage devices, are
believed to ensure the overall superior performance of high
energy/power densities and a long cycling life.

For LICBs, however, exploring advanced electrode materials
and clarifying the charge storage mechanisms (especially in the
anode materials) are still a great challenge. For the anode, it is
believed that exploring pseudocapacitive type candidates with
rich electroactive species would contribute to both fast kinetics
and high specific capacity. Recently, perovskite fluorides (ABFs;,
A =K, Na, NH,", etc.; B = Ni, Co, Mn, etc.) have drawn particular
attention as promising anodes (such as KNiy ;C0¢ oF3, KC0g 54
Mny 46F3/1GO, Nag 5Nig.45C00.55F3.57 and Kj.1Zng g3Mng 17F3.03)
for Li-based electrochemical energy storage devices from our
groups, largely owing to their superior capacity, kinetics and
stability.””* In these studies, the redox species play a critical
role in boosting the electrochemical performance of transition
metal fluoride electrode materials, and multi-metal candidates
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commonly exhibit superior behavior to their corresponding
monometallic ones, largely owing to the synergistic effect of
multi-metal redox species.’** For Ni, Co and Mn redox species,
Ni species can enhance electrochemical activity, Co species can
improve the electronic conductivity and electrochemical
stability, and Mn species can maintain a stable metal structure
to ensure high cycle stability.">** Therefore, the combination of
multi-metal active species would contribute to remarkable
performance. Trimetallic Ni-Co-Mn ABF; materials with much
more complicated multi-heterostructures have been rarely re-
ported as anodes for LICBs, and the unique interaction of multi-
redox species and the charge storage mechanisms of trimetallic
ABF; materials for Li-ion storage are still unclear. Based on the
above consideration, it is a very significant challenge to explore
pseudocapacitive trimetallic Ni-Co-Mn ABF; anode materials
and clarify their charge storage mechanisms for advanced
LICBs. For the cathodes, it is believed that exploring capacitor/
battery type hybrid cathodes would contribute to superior
kinetics and specific capacity. Activated Carbon (AC) is the first
choice for the capacitive electrode material in LICs due to its
advantages of low manufacturing cost, excellent resistance to
chemical corrosion, a wide operating temperature range,
thermal stability, abundant sources, nontoxicity, feasible pro-
cessing, and easy control of the surface functional groups and
the microstructure.'>'® LiFePO, (LFP) has been selected as one
of the primary battery materials for electric vehicle (EV) appli-
cations due to its flat voltage profile, low material cost, abun-
dant material supply and better environmental compatibility
compared to other cathode materials.”””** However, the draw-
backs of pure AC (lower capacity) or LFP (inferior kinetics) are
obvious, and it is expected that the construction of an AC/LFP
hybrid cathode would ensure an overall superior performance
when used as a cathode for LICBs.

In this work, we demonstrate novel trimetallic Ni-Co-Mn
ABF; materials (Kgo7Nip31C0¢34Mng 35F5 07, denoted as
KNCMF-111 (8%)) as high-performance anode materials for
advanced LICBs. The KNCMF-111 (8%) candidate exhibits
a pseudocapacitive dominant conversion mechanism with
superior kinetics and capacity. Moreover, the designed LICBs by
matching the prelithiated KNCMF-111 (8%) anode and AC/LFP
hybrid cathode exhibit remarkable performance, benefitting
from the synergistic effect of pseudocapacitive, capacitive and
faradaic responses of KNCMF-111 (8%), AC and LFP species
during the electrochemical processes. Overall, this work
addresses a new concept of LICBs based on novel trimetallic
NiCoMn-111 perovskite fluorides with pseudocapacitive
conversion mechanisms, which will have a significant impact
on the development of advanced electrochemical energy storage
systems and in-depth understanding of their charge storage
mechanisms.

Results and discussion
Physicochemical properties of KNCMF-111 materials

The KNCMF-111 materials were synthesized via a facile one-pot
solvothermal route considering the conditions of n (total Ni-
Co-Mn metal salts)/n (KF) ratios, solvents, reaction temperature
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Fig. 1 The XRD patterns of as-prepared KNCMF-111 under different
solvents.

and time. Since the solvents are very crucial to the solvothermal
synthesis, the solvent conditions were firstly studied. The X-ray
diffraction (XRD) results in Fig. 1 guide us to draw the following
conclusion: for the three types of solvents of ethylene glycol
(EG), n-butanol (NBA) and n-propanol (NPA), it is clearly shown
that an EG content in the solvents equal to or more than 50 vol%
can guarantee the successful synthesis of a pure perovskite
fluoride phase; therefore, the solvents for the synthesis were
selected as EG, EG + NBA (1 : 1) and EG + NPA (1 : 1). Fig. 2 and
S1t present the XRD patterns of KNCMF-111 (17-9%) samples
(the specific conditions are listed in Table S2t), and it can be
seen that a largely pure perovskite fluoride phase can be
detected and the characteristic diffraction peaks can match
with the integration of standard patterns for cubic KNiF; (PDF#
21-1002), KCoF; (PDF# 18-1006) and KMnF; (PDF# 17-0116)
with a Ph3m space group (the crystalline structures of KMF; can
be seen in Fig. S27), suggesting the successful generation of Ni-
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Fig. 2 XRD patterns of the KNCMF-111 (1#¥-9%) samples.
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Fig. 3 SEM (a), TEM (b), HRTEM (c and d), EDS (inset shows results
from ICP-MS) (e), SAED (f), mapping (g—1), N, isothermal sorption (m),
pore volumes (n), and pore size distributions (o) of the KNCMF-111 (8%)
candidate.

Co-Mn triple perovskite fluorides. Note that in the enlarged
(110) crystal planes, there are slight shifts of peak positions,
which can be divided into three groups (1*-3”, 4*-6" and 7"-9%)
in the light of the molar ratio of n (total Ni-Co-Mn metal salts)/n
(KF), which may be due to the different coordination abilities
and surroundings of Ni**, Co”* and Mn** to F~ that influence
the nucleation and growth of KNCMF-111."*">?* And in each
group, the peak width presents the order of 3* > 2% > 1% 6" > 57 >
4" and 9" = 8" > 7" largely obeying the order of ethylene glycol
(EG) > EG + n-butanol (NBA) > EG + n-propanol (NPA) owing to
their decreased boiling points (BPs),'** reflecting the large
influence of element ratios, solvents and temperatures on the
structures of KNCMF-111 materials. Herein, the changes in the
peak position and peak width would affect the physicochemical
properties (Ni-Co-Mn heterostructure, particle size, crystal-
linity, etc.) of the trimetallic NiCoMn-111 perovskite fluorides,
which will have a remarkable influence on the electrochemical
performance of KNCMF-111 (1”-9%) samples discussed later.
For the optimal KNCMF-111 (8”) candidate (see the later
electrochemical results), the surface morphology, particle size,
element composition and distribution, specific surface area,
pore volume, pore size, etc., were further investigated. Fig. 3a
and b depict the scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images (also see
Fig. S371) of the sample, showing a rectangular/cubic nanocrystal
morphology with a size range of 30-100 nm. The high

© 2021 The Author(s). Published by the Royal Society of Chemistry
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resolution TEM (HRTEM) images (Fig. 3¢ and d) illustrate the
typical (100) crystal plane, with a d-spacing value of about 0.41
nm, which lightly approach to the standard values of KNiF;
(0.402 nm), KCoF; (0.407 nm) and KMnF; (0.419 nm) owing to
the formation of NiCoMn-111 triple perovskite fluorides. The
selected area electron diffraction (SAED) patterns (Fig. 3f) verify
the polycrystalline characteristics for the sample with typical
crystal planes of (100), (110), (200), (211), etc., which is consis-
tent with the XRD results. The X-ray energy dispersive spectra
(EDS) (Fig. 3e) show the existence of K, Ni, Co, Mn and F
elements, and the K/Ni/Co/Mn/F element ratio of the KNCMF-
111 (8%) candidate is determined to be 0.97/0.31/0.34/0.35/2.98
by inductively coupled plasma mass spectrometry (ICP-MS)
(inset of Fig. 3e) (note: the fluoride content is calculated based
on the mass percentage of the whole KNCMF-111 (8") sample
(100%) minus the mass percentage of other substances (K, Ni,
Co, and Mn)), which is very close to the original feeding ratio
value of 1.00/0.33/0.33/0.33/3.00, further indicating the
successful synthesis of the targeted NiCoMn-111 triple perov-
skite fluorides. Fig. 3g-1 display the mapping images of the
KNCMF-111 (8%) sample, which indicate a basically uniform
distribution of K, Ni, Co, Mn and F elements in the sample.
Fig. 3m-o depict the nitrogen sorption isotherms, pore volume
and pore size distribution of the KNCMF-111 (8*) sample. The
specific surface area, pore volume and average pore diameter
are 68.28 m* g~ ', 0.59 cm® g~ ' and 23.3 nm respectively, and the
pore size is mainly located at 33.6 nm, indicating a dominant
mesoporous nature.”*->*

Electrochemical behavior of KNCMF-111 electrodes

To evaluate the electrochemical properties of a series of
KNCMF-111 samples for Li-ion storage, the Li//KNCMF-111 (1%~
9") half-cells were firstly investigated. The third cycle of cyclic
voltammetry (CV) plots at 0.3 mV s~ " and galvanostatic charge-
discharge (GCD) curves at 0.1 A g~ ' in 0.01-3.0 V are shown in
Fig. 4a and b respectively (CV plots for the first three cycles at 0.3
mV s~ and GCD curves for the first five cycles at 0.1 A g~ " can
be seen in Fig. S4 and S57%). In Fig. S5, the initial coulombic
efficiency of the KNCMF-111 (17-9") sample is less than 30%,
which is mainly due to the irreversible conversion reaction and
formation of a SEI film.>*** Note that KNCMF-111 (8¥) has the
largest CV area and the highest specific capacity compared to
the other candidates, indicating its superior performance for Li-
ion storage. Fig. 4c and d show specific capacity at 0.1-3.2 A g™
and cycling behavior for 1000 cycles at 1 A g~ " of the KNCMF-
111 (17-9") electrodes (more detailed performance of the 17-9”
electrodes can be seen in Fig. S6-S8+1 and Table S31); the highest
capacity of KNCMF-111 (8%) reaches 343 mAh g ' at 0.1 A g™*
and remains at 63 mA h ¢! even at 3.2 A g, and the KNCMF-
111 (8%) electrode also exhibits favorable stability with 80%
capacity retention after 400 cycles based on the value of the 10th
cycle, but the stability after 1000 cycles is obviously lower than
that of the KNCMF-111 (1#, 2 4% 7#) electrodes, which show
however a much smaller specific capacity at 0.1-3.2 A g™ ..
Anyway, the KNCMF-111 (8%) electrode still shows an overall
superior performance to all other candidates. Note that the

Nanoscale Adv., 2021, 3, 5703-5710 | 5705
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Fig.4 CV plotsat 0.3 mV s~ (a), GCD curves at 0.1 A gt (b), specific
capacity values at 0.1-3.2 A g~* (c), and cycling stability (d) of the
KNCMF-111 (1#-9%) electrodes, CV plots for the first three cycles at 0.1
mV s~ ! and CV plots (inset) at 0.1-0.5 mV s Y(e), lg i vs. lg v (f), pseu-
docapacitive ratios and corresponding CV shadow areas (g and h) of
the KNCMF-111 (8%) electrode.

capacity of all samples fluctuated during cycling, which might
be due to the following reasons:**?¢ for one thing, the activation
process by the formation of a conductive metal network and an
intensive pulverization process via the conversion mechanism
(the issue will be discussed later) would facilitate local electron
transport for reactions and thus increase the specific capacity;
moreover, the autocatalytic process of the metal phases towards
the reversible formation/decomposition of solid electrolyte
interface (SEI) films is closely related to long-term activation,
further enhancing the electrochemical performance; for
another, the reduction of active sites by the growth of SEI films
and agglomeration of amorphous particles would hinder the
reactions and thus decrease the specific capacity. The specific
electrochemical processes (including reaction mechanisms and
kinetics) for Li-ion storage of the optimal KNCMF-111 (8")
electrode were further examined. Fig. 4e shows the CV plots at
0.1 mV s, and the cathodic peaks at around 1.61 V, 0.99 V and
0.36 V in the first cycle could be assigned to be the irreversible
conversion reactions between the KNCMF-111 (8”) electrode
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and Li" with the products of Ni, Co, Mn, KF and LiF, and the
formation of SEI films, and the anodic peaks at around 0.65 V,
1.58 V and 2.55 V during the first charging process can be
attributed to the partial decomposition of SEI films and the
partially reversible conversions of Ni, Co and Mn metals to NiF,,
CoF, and MnF,.****2728 The CV curves in the second and third
cycles almost overlap, with largely repeated cathodic/anodic
peaks at about 1.54, 0.9 V/1.58, and 2.55 V, verifying the good
reversibility for the discharge/charge process. In addition, the
first discharge specific capacity (1170 mA h g~ ') of the KNCMF-
111 (8") electrode (Fig. S5ht) is far beyond its theoretical specific
capacity (352.65 mA h ¢~ ), and the extra-large specific capacity
for the first discharging period would largely originate from the
Li-ion intercalation reaction within the metal (Ni, Co, Mn)/LiF
matrix*~** and the spin polarization surface capacitance at the
metal (Ni, Co, Mn)/LiF interface**** besides the conventional
point of the formation of SEI films. Fig. 4f shows the illustration
of CV plots at 0.1, 0.2, 0.3 and 0.5 mV s~ * of the KNCMF-111 (8")
electrode, and as depicted, two pairs of redox peaks (A1/C1 and
A2/C2) discussed above are present in the CV plots, which are
ascribed to be the largely reversible conversion reactions; note
that the slopes of the Ig i ~ Ig v plots (inset of Fig. 4f) for anodic
and cathodic processes are 0.67, 0.71/—0.79, and —0.85, indi-
cating that the kinetic behavior is a surface/diffusion mixed
control property,"**>*® and the pseudocapacitive ratios (Fig. 4g
and h) at 0.1, 0.2, 0.3 and 0.5 mV s~ ! were calculated to be 42,
55, 59 and 61% respectively based on the equation i = kv +
kv, showing the dominating pseudocapacitive behavior. It is
reported that, when designing diffusion-controlled battery
materials on the nanoscale, there will also be ‘extrinsic’ pseu-
docapacitance, so that most of the Li" storage sites are located
on the surface or near the surface area.*” Furthermore, the solid-
state diffusion of Li" was investigated through the GITT (gal-
vanostatic intermittent titration technique). As can be seen in
Fig. S9,t the Dy; ranged from 107° to 10™% cm® s~ ' during the
lithiation and delithiation processes, which enables the fast
solid-state diffusion of Li* in KNCMF-111 (8%). All in all,
benefitting from the unique properties of extrinsic pseudoca-
pacitive behavior and a high diffusion coefficient, KNCMF-111
(8) might display good charge-discharge performance.

Ex situ X-ray photoelectron spectroscopy (XPS) and TEM-
SAED-EDS mapping tests were performed to reveal the conver-
sion mechanism of the KNCMF-111 (8") electrode for Li-ion
storage. As shown in Fig. 5, the surface species, chemical bonds
and electronic structures of the pristine and fully discharged
and charged states (after the first cycle of discharging/charging
processes at 0.1 A g, Fig. $101) for the 8” electrode were
checked. In the survey scans of the three states (Fig. 5a), the
targeted signals of K2p, Ni2p, Co2p, Mn2p, F1s, Cls, Ol1s and
Li1s (only for the discharged/charged states) can be detected
respectively. And the Ni2p, Co2p, and Mn2p spectra (Fig. 5b-d)
present the typical M2p3/2/M2p1/2 (M = Ni, Co, Mn) peaks
along with their shakeup satellite peaks (Sat). The peak posi-
tions of Ni2p, Co2p and Mn2p of the fully discharged/charged
states show obviously negative shifts (—1.9, —1.8, and —1.2 eV)
compared with those of pristine states, indicating the presence
of Ni, Co, and Mn metal phases during the discharging/

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00329a

Open Access Article. Published on 11 August 2021. Downloaded on 11/20/2025 5:45:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
Survey g - 5
& 2 §, 938 = :
o A - £2 0%z o S Charged
5 g 2 30V
;E;
z Discharged
) L p————
E e 0.01V
o

0 450 900 1350
Binding energy / eV
b Co2p 2032 2p172 C Ni2p: 7% 2p12

CoF | ico 3 Ni Sat. Ni Ni-F Sat,
.

30V s : Charged
; 30V

Discharged|
0.01 v

Intensity

Discharged

K-E\'i-F 0.01V
™\ Sat.

Intensity

Pristine

Pristine
768 780 792 804 816 845 858 871 884
Binding energy / eV Binding energy / eV
d Mn2p :2p3/2 2p112 c Fls = =
Mn-F o o
Mo e iMn ) \
% § '@ MnF Charged N Charged
30V
z 3oV z s .1 s
z ‘® H
= Discharged 3 Discharged
@ @, -
- 001y = 0.01V
= = KALF
- K-Mn-F
€ .
s S Pristi
ristine Pristine]
50

N

637 B 653 1 684 _ &7
Binding energy / eV Binding energy / eV

gQ

K20 20372 Lils Li,Co,
KF | 2p1/2

A Li-F
'S k¥ Charged
30V .
: Discharged|  °3 (h'ﬂﬁ,"(',
52

K-M-F

Intensity
Intensity

K-M-F Discharged|

Pristine|

0.01
207 58

284 54 56
Binding energy / eV Binding energy / eV

Fig. 5 Ex situ XPS spectra for survey (a), Co2p (b), Ni2p (c), Mn2p (d),
F1s (e), K2p (f), and Lils (g) of the KNCMF-111 (8%) electrode in the
pristine and/or fully discharged/charged states (after the 1st/2nd
segments of GCD tests at 0.1 A g™Y).

charging processes.”>™ The F1s and K2p spectra in Fig. 5e and f
also show negative shifts (—0.6 and —0.8 eV) for the fully dis-
charged/charged states in comparison with the pristine states,
suggesting the changes of surface chemical conditions of F and
K species (no longer the complete KMF; structure of the pristine
state); the F1s spectra reveal the K-F, M-F (M = Ni, Co, Mn), Li-
F and C-F (from the PVDF binder) bonds for the fully dis-
charged/charged states, whereas only the K-M-F structure can
be resolved for the pristine state, suggesting the participation of
MF, and LiF phases in the conversion reactions, and the K2p
spectra further indicate the existence of K-F new phases for the
discharging/charging process. The Lils signals (Fig. 52) of the
fully discharged/charged states contain the Li,CO; and LiF
phases, and the O1s signals of the fully discharged/charged
states are much stronger than those of the pristine state, which
are indicative of the formation of SEI films."**® Furthermore,
the above indicated conversion products (Ni, Co, Mn, KF, LiF,
Li,CO3/Ni, Co, Mn, KF, LiF, Li,COs, NiF,, CoF,, and MnF,)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Ex situ TEM images (a and c), SAED spectra (b and d) and EDS
mapping (e and f) of the KNCMF-111 (8%) electrode in the first fully
discharged/charged states (after the 1st/2nd segments of GCD tests at
01Ag™.

along with the unreacted KNCMF perovskite phase of the fully
discharged/charged states can be well detected from the ex situ
TEM-SAED-EDS mapping patterns (Fig. 6). Based on the above
analysis, the KNCMF-111 (8”) electrode exhibits a typical surface
conversion reaction mechanism for the Li-ion storage, inte-
grated with the partial contribution of a largely reversible SEI
formation/decomposition reaction, the possible Li-ion interca-
lation reaction within the metal (Ni, Co, Mn)/LiF matrix and
spin polarization surface capacitance at the metal (Ni, Co, Mn)/
LiF interface, which can be deduced as the following eqn (1)-(5):

xABF; + 2xLi" + 2xe~ — xB + xAF + 2xLiF (1)
yB + 2yLiF < yBF, + 2yLi* + 2ye~ (2)

Li* + electrolytes + e~ < SEI films (3)

zLi" + ze” + xB/2xLiF < xB/zLi/2xLiF (4)
ZLi" + Ze” + xB/2xLiF < Z/Li/xB/2xLiF (5)

where A=K; B=Nij, Co,Mn; 0 <x<1;0<y,2z 2 <x.

The LICs based on the optimal KNCMF-111 (8”) material
were further evaluated (the m+/m— ratios were designed based
on the charge balance in Table S4t). Firstly, the superior
KNCMF-111 candidates (1%, 2%, 4%, 7%, and 8¥) and precharging
model were examined; based on the results (Fig. S11 and S121),
one can see that the KNCMF-111 (8”) material is indeed a rela-
tively superior candidate for LICs and the performance of (8%)//
AC LICs can be largely enhanced by the precharging (here
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meaning prelithiation) treatment at 0.1 A g~ (Fig. $13-S157). It
is said that the prelithiation not only forms more complete SEI
films but also increases the content of active Li, providing
a more stable structure.’*® The electrochemical performance of
8"-P//AC LICs with the anode precharged at 0.1 A g ' at the
working voltages of 0-4.0, 4.3, 4.5 and 4.7 V were further
examined, and the results are shown in Fig. 8a-d. It is
demonstrated that the 8*-P//AC LICs with working voltages of 0-
4.3 V(101.60-18.64 Wh kg '/0.26-8.39 kW kg *, and 82%/4000
cycles/10 A g ") and 0-4.5 V (116.16-25.85 Wh kg~ '/0.27-8.78
kW kg ', and 70%/4000 cycles/10 A g ') exhibit a relatively
overall superior performance to the other two LICs with working
voltages of 0-4.0 V (79.54-15.18 Wh kg™ '/0.24-7.81 kW kg™ ’,
and 90%/4000 cycles/10 A g ') and 0-4.7 V (136.50-32.10 Wh
kg 1/0.29-9.17 kW kg, and 60%/3000 cycles/10 A g~ ') (CV
plots at 10-160 mV s~ ', GCD plots at 0.5-16 A g~ ", cycling plots
and performance summary of the 8*-P//AC LICs at 0-4.0, 4.3, 4.5
and 4.7 V with the anode precharged at 0.1 A g~ ' are shown in
Fig. S16, and Table S5t).

To further enhance the performance of the 8#-P//AC LICs, the
novel concept of LICBs was therefore designed. Firstly, the
capacitive-type AC cathode was modified with a faradaic-type
cathode including LiFePO, (LFP) and LiMn,0, (LMO) with
a larger specific capacity. Fig. 7 illustrates the performance of
the AC, AC + LMO (1 : 1 in weight), and AC + LFP (1 : 1 in weight)
electrodes. AC shows the typical physical sorption properties of
the electric double layer (EDL) electrode. It's well known that
LMO and LFP exhibit the typical faradaic behavior of battery
electrodes, so AC + LFP (1 : 1) and AC + LMO (1 : 1) undergo the
EDL and faradaic hybrid mechanisms (CV plots/GCD curves at
different scan rates/current densities can be seen in Fig. S177).
Based on the results, one can see that the AC + LFP (1:1)
capacitive-faradaic hybrid cathode shows superior performance
involving larger reversible specific capacity, high rate capability
and long cycling life, so AC + LFP (1:1) was selected as the

b
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Fig. 7 The CV plots at 0.3 mV s7* (a), GCD curves at 0.1 A g~ (b),
specific capacity at 0.1-3.2 A g~ (c) and cycling behavior for 1000
cycles at 1 A g7t of (d) AC, AC + LMO (1:1) and AC + LFP (1:1)
electrodes.
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Fig. 8 CV plots at 30 mV s~ (a), GCD curves at 1 A g* (b), Ragone
plots (c), and cycling stability (d) of 8%-P//AC LICs at 0-4, 0-4.3,0-4.5
and 0-4.7 V, CV plots at 10 mV s ! (e), GCD curves at 1 A g%, (f)
Ragone plots (g), and cycling stability (h) of 8%-P//AC + LFP LICBs at 0—
4,0-4.3,0-45and 0-4.7 V.

cathode material to construct LICBs to enhance the perfor-
mance of LICs.

The electrochemical performance of the 8*-P//AC + LFP (1 : 1)
LICBs at different working voltages (0-4.0, 4.3, 4.5, and 4.7 V)
was further examined, and the results are shown in Fig. 8e-h,
which behave more like a battery, demonstrating a remarkable
performance in a wide working voltage range of 0-4.7 V (0-4.0 V,
153.26-12.09 Wh kg '/0.58-10.88 kW kg ', and 84%/4000
cycles/10 A g7%; 0-4.3 V, 159.25-27.02 Wh kg™'/0.59-12.16 kW
kg, and 76%/4000 cycles/10 A g~ *; 0-4.5 V, 168.39-41.07 Wh
kg 1/0.59-13.44 kW kg™, and 70%/4000 cycles/10 A g~ *; 0-4.7
V, 184.77-48.53 Wh kg '/0.58-13.44 kW kg ', and 60%/3000
cycles/10 A g™ 1), which are all superior to that of the corre-
sponding 8”-P//AC LICs. More importantly, the performance of
8"-P//AC + LFP (1 : 1) LICBs is superior to that of many reported
state-of-the-art LICs and also LIBs (Table S77) (the CV plots at
10-160 mV s~ ', GCD plots at 0.5-16 A g ', cycling plots and
performance summary of the 8#-P//AC + LFP (1 : 1) LICBs at 0-
4.0, 4.3, 4.5 and 4.7 V with the anode precharged at 0.1 Ag™ ' are
shown in Fig. S18 and Table S671). Based on the above results,
the LICBs with the KNCMF-111 (8") perovskite fluoride elec-
trode materials show very attractive potential for application in
advanced energy storage systems.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, we have demonstrated a new concept of advanced
LICBs with novel trimetallic NiCoMn-111 perovskite fluoride
electrode materials, showing typical pseudocapacitive conver-
sion mechanisms with superior kinetics and capacity. Owing to
the synergistic effect of capacitive, pseudocapacitive and fara-
daic behavior, the designed LICB based on the KNCMF-111 (8"
P) anode and AC + LFP (1:1) cathode exhibits remarkable
energy/power densities and cycling performance. All in all, this
study highlights new insights into exploring advanced Li-ion
supercabatteries and clarifying their charge storage mecha-
nisms based on KNCMF-111 perovskite fluoride electrode
materials, demonstrating a high impact on developing
advanced electrochemical energy storage systems.

Experimental section
Synthesis of KNCMF-111 materials

Analytical/guaranteed reagents (AR/GR) were directly used in
the experiment (Table S17). The synthesis of nine KNCMF-111
materials was carried out under specific experimental condi-
tions (Table S2f). As an example, for the synthesis of the
KNCMF-111 (8%) sample: firstly, 0.66 mmol NiCl,-6H,0, 0.66
mmol CoCl,-6H,0, 0.66 mmol MnCl,-4H,0, 5.94 mmol
KF-2H,0 and 0.2 g PVP-K30 were added into 40 ml mixed
solvents, which were composed of EG and NBA with a volume
ratio of 1:1; next, the mixture was stirred thoroughly and
dispersed by using an ultrasonic bath for 30 minutes before it
was transferred into a 50 ml Teflon-lined stainless steel auto-
clave, which was then placed in an electric oven at 160 °C for 24
h and naturally cooled down to room temperature; finally, the
product was collected by centrifugal filtration along with
washing with absolute alcohol several times, and further dried
at 95 °C overnight. Seven samples for studying the solvents were
also synthesized based on the same route mentioned above
except the specific solvents (EG, NBA, NPA,NBA: EG(3:1,1:1,
and 1: 3), and NPA : EG(1 : 1)), and the fixed reaction temper-
ature and time (180 °C/6 h).

Characterization

The characteristics of the phase properties and crystal structure
were characterized by X-ray diffraction (XRD). The information
of the surface morphology and particle size was obtained by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The deeper crystalline microstructures were
characterized by high-resolution TEM (HRTEM) and selected
area electron diffraction (SAED). The elemental composition
and distribution were resolved by X-ray energy dispersive
spectroscopy (EDS), inductively coupled plasma mass spec-
trometry (ICP-MS) and mapping. The surface chemical
compositions and electronic structures were determined by X-
ray photoelectron spectroscopy (XPS). The specific surface area,
pore volume and pore size distribution were analyzed by
nitrogen isothermal sorption analysis with Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Electrochemical measurements

Electrode preparation. Briefly, the electrodes were prepared
by casting the well-mixed slurry on the current collectors
(copper or carbon-coated aluminum foil for the anode/cathode
respectively), followed by thorough drying at 110 °C for 12 h in
a vacuum, and then punched into disks with a diameter of 12
mm. The mixed slurry was made up of specific active materials
(KNCMF-111, AC, LiFePO, (LFP), and AC + LFP (1 : 1 in weight)),
acetylene black (AB) conductive agent and polyvinylidene fluo-
ride (PVDF) binder in a weight ratio of 7/2/1, which was dis-
solved in N-methyl-2-pyrrolidone (NMP). The active mass
loading of the electrodes was about 1.2 mg cm™ 2, while fabri-
cating the half cell. And when fabricating the full cell device, the
active mass loading of the electrodes was based on the mass
ratio of cathode/anode (m+/m—) (Table S4t), the cathode
loading was about 1.8-3.8 mg cm ™2, and the anode loading was

about 1.2 mg cm ™2,

Assembly of LICs and LICBs

The LICs and LICBs were assembled with untreated KNCMF-
111 (1%, 2%, 4%, 7, 8%) or prelithiated KNCMF-111 (8%) anodes, AC
or AC + LFP cathodes and a glass fiber (GF) separator by using
2032 coin cells. The electrolytes were 1 M LiPF¢ dissolved in the
mixed solvents of ethylene carbonate (EC), ethyl methyl
carbonate (EMC) and dimethyl carbonate (DMC) (1:1:1 in
volume) with 1% vinylene carbonate (VC) additives (LBC-305-01,
CAPCHEM).

Tests and calculations

The electrochemical tests were conducted by cyclic voltammetry
(CV) with CHI660E electrochemical workstations and galvano-
static charge-discharge (GCD) with Neware-CT-4008 testers. A
typical two-electrode device, with the electrode of active mate-
rials and a Li plate as the working electrode (WE) and counter/
reference electrodes (CE/RE), was used for the tests of elec-
trodes, and a typical two-electrode device (above assembled
LICs and LICBs) was used for the tests of full cells. The mass
ratio of cathode/anode (m+/m—), the specific capacity (C,, mAh
g™ ") for electrodes/LICs/LICBs, and energy density (En, Wh
kg™ ")/power density (P, kW kg™') for LICs/LICBs were calcu-
lated based on eqn (6)-(10).

m(+)/m(=) = Cn(=)/Cin(+) (6)
Com = O/3.6m (7)

Em (LICs) = (OnA )2 (8)
Ep (LICBs) = Cp,V/ (9)
P, = 3.6E,/tq (10)

where m, Q, AV, Vand ¢, refer to the mass of active materials (g)
(for single electrodes or half cells, it indicates the mass of the
anode or cathode material; for LICs/LICBs, the mass means the
sum of masses of anode and cathode materials), capacity (C, for
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the cathode/anode, it respectively indicates the discharging/
charging quantity; for full cells, it means the discharging
quantity), voltage window (V), discharging plateau voltage (V),
and discharging time (s), respectively.

The solid diffusion coefficient was calculated based on the
equation as follows:

AEg

pOITT _ 4 mpVu
B 2 2
T (MpS)” (AE,)

(11)

where the duration of the current pulse (s) is represented by ¢, ©
is the relaxation time (s), mjp is the mass of the active substance,
Vi is the molar volume, My is the molar mass, S is the electrode/
electrolyte contact area, AE; means the steady-state potential
change (V) by the current pulse, and AE, is the potential change
(V) during the constant current pulse after eliminating the iR
drop.
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