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Abstract

Prussian blue analogs (PBAs) are potential contestants for aqueous Mg-ion bat-
teries (AMIBs) on account of their high discharge voltage and three-
dimensional open frameworks. However, the low capacity arising from single
reaction site severely restricts PBAs' practical applications in high-
energy-density AMIBs. Here, an organic acid co-coordination combined with
etching method is reported to fabricate defect-rich potassium-free copper
hexacyanoferrate with structural water on carbon nanotube fiber (D-
CuHCF@CNTF). Benefiting from the high-valence-state reactive sites, arrayed
structure and defect effect, the well-designed D-CuHCF@CNTF exhibits an
extraordinary reversible capacity of 146.6 mAh g~ ' with two-electron reaction,
nearly close to its theoretical capacity. It is interesting to unlock the reaction
mechanism of the Fe*"/Fe*" and Cu*/Cu®" redox couples via x-ray photoelec-
tron spectroscopy. Furthermore, density functional theory calculations reveal
that Fe and Cu in potassium-free D-CuHCF participate in charge transfer dur-
ing the Mg”" insertion/extraction process. As a proof-of-concept demonstra-
tion, a rocking-chair fiber-shaped AMIBs was constructed via coupling with
the NaTiy(PO,);/CNTF anode, achieving high energy density and impressive
mechanical flexibility. This work provides new possibilities to develop
potassium-free PBAs with dual-active sites as high-capacity cathodes for wear-
able AMIBs.
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1 | INTRODUCTION

The rapid development of wearable electronics has stim-
ulated the demand for safe and efficient energy-storage
technologies.' Aqueous Mg-ion batteries (AMIBs) have
attracted widespread concern owing to their satisfactory
security, low cost, fast charging capability, and abundant
Mg source.”® The significant progress of cathode mate-
rials has brought new insight into AMIBs, including
tunnel- and layered-type transition metal oxides,’"?
polyanionic compounds,'*'> and Prussian blue analogs
(PBAs).'**® Among them, PBAs have been regarded as
the one of the most promising cathodes due to their high
discharge voltage and three-dimensional (3D) open
frameworks. However, only existing redox reaction of
Fe’"/Fe’" in traditional PBAs results in their low capac-
ity and thereby becomes stumbling blocks on the road to
development of high-energy-density AMIBs.*® Therefore,
it is greatly significant and urgent to develop a simple
and cost-efficient approach to constructing high-capacity
PBA cathodes with multiple electron reactions.*' >

The formula for PBAs can be described as AM[R
(CN)sl, - nH,0, in which A stands for alkali metal
(e.g., Na and K), M and R delegate traditional metal (e.-
g., Fe, Mn, Co, Zn, Cu, and Ni).** Particularly, Cu-PBAs
possess a high theoretical capacity over of 150 mAh g~
in aqueous batteries. However, the actual capacity is only
50% of its theoretical capacity which is mainly attributed
to the electrochemical inertness of Cu element in Cu-
PBAs.?>?° Thus, various effective approaches have been
adopted to settle the above issues, such as element
doping,””*®  defect  engineering,”®**  structural
regulation, " and electrolyte design. Mizuno et al.
demonstrated reversible Mg** intercalation/
deintercalation in K,;Cu[Fe(CN)glo.7 - 3.6H,O accompa-
nied with a small amount of Cu and Fe redox reactions,
delivering a capacity of 50 mAh g ' at 0.1 A g~ '.** There-
fore, activating the Cu active site is extremely important
to improve the capacity of Cu-PBAs. In another aspect,
owing to the larger radius of hydrated multivalent ions,
more intense Jahn-Teller distortions and electrostatic
repulsion are induced when performing electrochemical
intercalation behavior, thereby reducing ionic conductiv-
ity and electrochemical stability.**"*> To overcome these
puzzles, vacancy cavities in PBAs could provide an effec-
tive approach for inserting larger ions, thus stabilizing
the crystal structure.** In addition, PBAs with some
defects and structural waters will be beneficial to forming
a hydration shell, which can provide more electrostatic
shielding and enhance the stability of the -crystal
structure.*”* Lou et al. reported that Cu-replaced
MnHCEF as the cathodes for long-life Zn-ion batteries, in
which fractional Cu replacement and generated Mn

38-41

vacancies can suppress the Jahn-Teller distortions of the
Mn-Ng octahedra for a Zn-storage stability.”® Further-
more, Cui et al. synthesized Ko.03Cu[Fe
(CN)glo.ss - 2.6H,O as the host material for the reversible
storage of AI’T, and demonstrated that the shielding
effect from hydration shell between crystal water and
hydrated A" on electrostatic repulsion between Al*"
and Ko ¢3Cu[Fe(CN)glos - 2.6H,0.>" Based on the above
analysis, it is foreseeable that rationally designing the
crystal structure of PBAs can achieve the activation of
dual active sites, suppression of the Jahn-Teller distor-
tions, and construction of electrostatic shielding, which
will be beneficial to fabricate high-capacity and high-
stability PBA cathodes for AMIBs.

In this work, defect-rich potassium-free CuHCF
nanosheet arrays anchored on the surface of a carbon
nanotube fiber (D-CuHCF@CNTF) are fabricated by
organic acid co-coordination and subsequent etching pro-
cess, serving as the cathode for fiber-shaped AMIBs
(FAMIBs).’>* The freestanding D-CuHCF@CNTF with
K-vacancy cavities, Cu defects, and structural water not
only provides dual active sites and increases the contact
area between host materials and electrolyte, but also
accommodates the volume variation during the Mg>"
insertion/extraction process, accordingly offering promi-
nent capacity and cycling stability.>*> In addition, the
K-vacancy cavities afford enough interspace for the inser-
tion of Mg>" in D-CuHCF@CNTF, and the Cu defects
and structural water can also suppress the Jahn-Teller
distortions of Cu-Ng octahedra and provide electrostatic
shielding, thereby achieving the stable crystal structure.
Consequently, the resulting D-CUHCF@CNTF cathode
delivers a remarkable capacity of 146.6 mAh g~ ' at 0.5 A
g '. Matched well with the NaTi,(PO4);@CNTF,® a
rocking-chair  twisted-fiber AMIB is successfully
constructed, achieving high energy density and outstand-
ing flexibility.””*® This work opens a new door to design
high-capacity PBA materials with dual-active sites.

2 | RESULTS AND DISCUSSION

2.1 | Materials synthesis and
characterization

The preparation process of CuHCF@CNTF is diagram-
matically illustrated in Figure 1A. As shown in
Figure S1A,B, CNTF with a diameter of ~100 pm acts as
a flexible current collector, and a layer of Cu
nanoparticles is plated on the CNTF through electro-
chemical deposition (Figures S1C and 1D). After subse-
quent oxidation, CuO nanosheets were obtained
(Figures S1E and 1F). Accordingly, the corresponding
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FIGURE 1 Materials synthesis and characterization. (A) The diagram of the synthesis procedure of CUHCF@CNTF. (B) SEM image of

D-CuHCF@CNTF. (C) SAXS pattern and computational simulation curve of D-CuHCF@CNTF. (D) XPS spectra of K 2p in
D-CuHCF@CNTF, D-K,CuHCF@CNTF, and K,CuHCF@CNTF. (E) Raman spectra, (F) TG, and (G) EPR spectra of D-CuHCF@CNTF,

D-K,CuHCF@CNTF, and K,CuHCF@CNTF.

small-angle x-ray scattering (SAXS) patterns of CNTF,
Cu@CNTF, and CuO@CNTF are shown in Figure S2.
Finally, three different crystal structures of
CuHCF@CNTF (Figure S3) were achieved by the change
of ligand introduction method, which was named
D-CuHCF@CNTF, D-K,CuHCF@CNTF, and
K,CuHCF@CNTF. Scanning electron microscopy (SEM)
image of D-CuHCF@CNTF in Figure 1B exhibits unique
thin nanosheets uniformly grown on the surface of the
CNTF, which was obviously different from the other
blocky-shaped structures in Figure S4. As the transmis-
sion electron microscope (TEM) image in Figure S5, the
D-CuHCF@CNTF nanosheets were clearly visible, and
the energy dispersive x-ray spectroscopy (EDX) patterns
indicate the uniform distribution of the Fe, Cu, C, and N
elements. The significant difference in morphology may

be attributed to the fact that K5[Fe(CN)g] and CoHgOg are
co-coordinated with Cu to form nanosheets structure
with more K-vacancy cavities, Cu defects, and bound
water, which may be favorable for improving the ability
of Mg®>" insertion. The combined characterization of
SAXS and computational simulation
of D-CuHCF@CNTF are shown in Figure 1C, in which
the D-CuHCF@CNTF highly matched with Cu,Fe
(CN)¢ - 7H,O (JCPDS No. 01-0244) and the theoretical
molecular formulas of D-K,CuHCF@CNTF and
K,CuHCF@CNTF can be equated as K,CuFe (CN)y
(Figure S6A). In addition, D-CuHCF@CNTF exhibits
superior acid resistance, thus easily eliminating the inter-
ference of CuO (Figure S6B). Meanwhile, the x-ray pho-
toelectron spectroscopy (XPS) characterization was
measured to verify the difference of D-CuHCF@CNTF,
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FIGURE 2

Comparison of electrochemical properties. The comparison of (A) CV, (B) GCD curves and (C) rate the performances of

D-CuHCF@CNTF, D-K,CuHCF@CNTF, and K,CuHCF@CNTF. (D) CV curves of D-CuHCF@CNTF at first 20 cycles at a scan rate of
5mV s . (E) CV curves of D-CuHCF@CNTF at different scan rates. (F) The capacitive contributions of D-CuHCF@CNTF at various scan
rates. (G) Cycling performance of D-CuHCF@CNTF at 10 A g~ *. (H) Comparison of electrochemical performance between the D-CuHCF

and these previously reported PBAs.

D-K,CuHCF@CNTF, and K,CuHCF@CNTF on chemi-
cal composition, as shown in Figure S7. The high-
resolution K 2p XPS spectra of D-K,CuHCF@CNTF and
K,CuHCF@CNTF (Figure 1D) display two peaks attrib-
uted to K (296.28 and 293.48 eV), while the absence in
D-CuHCF@CNTF further suggests the existence of
K-vacancy cavities, which supply more active sites for
Mgt intercalation. Besides, the Cu 2p and Fe 2p XPS
spectra manifest the coresidency of Cu™ and Cu®*, Fe*"
and Fe’", respectively (Figures SSA,B). Raman spectra
were recorded in Figure 1E, a couple of distinct peaks
located at 2089 and 2130cm ' are noticed in
D-K,CuHCF@CNTF and K,CuHCF@CNTF, which are
defined as —C=N— ligands. In contrast, a visible blue
shift is detected in D-CuHCF@CNTF since K-vacancy
cavities, Cu defects, and bound water increased the elec-
tron cloud intensity. According to the thermogravimetric

(TG) analysis (Figure 1F), the mass loss of
D-CuHCF@CNTF changes rapidly. It could be attributed
to the presence of bound water, containing weakly-
bonded water (10.8%) and coordinated water (9.82%),
corresponding to about 5.3 H,O per D-CuHCF@CNTF
unit, which is also consistent with the O 1s XPS result in
D-CuHCF@CNTF (Figure S9). More importantly, the
bound water forms a hydration shell to reduce the elec-
trostatic repulsion between Mg®* and D-CuHCF@CNTF,
ensuring the crystal structure stability. To further gain
insight in the concentration of Cu defects, the electron
paramagnetic resonance (EPR) spectra were carried out
(Figure 1G). Compared with D-K,CuHCF@CNTF and
K,CuHCF@CNTF, D-CuHCF@CNTF displays much
higher EPR signal intensity and a slight difference in g
value due to the different coordination. Moreover, transi-
tion metal vacancies have been reported to give rise to

85UeD|7 SUOWILLIOD BAesID 3|qedljdde auy Ag peusenob a1e (o fie YO ‘88N JO S9|NJ 1o} Akeiq| 78Ul UO /8|1 UO (SUORIPUOD-PUe-SWS}/L0 A8 | 1M AReIq 1 BUl|UO//SA1Y) SUORIPUOD pUe WS | 8U3 88S *[7202/80/ET] Uo AelgTauluO AB|IM ‘67SZT Z4U1/200T OT/I0p/W0d" A 1M Afe.d 1 |Bu|uoj/Sdny wouy papeojumod ‘9 ‘¥20Z ‘SITELIST



LING ET AL.

charge redistribution and mitigate structural deforma-
tion, thereby restraining the Jahn-Teller distortions of
D-CuHCF@CNTF.

2.2 | Comparison of electrochemical
properties

The Mg-storage performance of D-CuHCF@CNTF,
D-K,CuHCF@CNTF, and K,CuHCF@CNTF was evalu-
ated by a three-electrode system, employing graphite rod,
Ag/AgCl, 1 M MgCl, as the counter electrode, reference
electrode, and electrolyte, respectively. As displayed in
Figure 2A, the cyclic voltammetry (CV) curves of
D-CuHCF@CNTF and D-K,CuHCF@CNTF show three
pairs of redox peaks, corresponding to the redox of Fe’*/
Fe’ and Cu®'/Cu®, respectively. Meanwhile,
K,CuHCF@CNTF achieves a weak current signal due to
the activity limitation, resulting in inconspicuous redox
peaks. Compared with these of D-K,CuHCF@CNTF and
K,CuHCF@CNTF, the CV curve of D-CuHCF@CNTF
possesses much higher current density, indicating its
improved Mg-storage capability. Meanwhile, a series of
precursors (CNTF, CuU@CNTF, and CuO@CNTF) during
the growth process show a near-zero capacity contribu-
tion (Figure S10). A typical galvanostatic charge-
discharge (GCD) curve of D-CuHCF@CNTF at 0.5 A g~
also reveals three discharge platforms (Figure 2B), which
is consistent with the CV result. Moreover, the
D-CuHCF@CNTF delivers a much higher discharge
capacity (146.6 mAh g ') than D-K,CuHCF@CNTF
(41.5 mAh g ") and K,CuHCF@CNTF (16.1 mAh g™ ).
The excellent Mg2+ storage property of
D-CuHCF@CNTF mainly originated from abundant
K-vacancy cavities and Cu defects, supplying convenient
channels for Mg2+ insertion/extraction. Thus, it could
avoid the Jahn-Teller distortions, and improve ion migra-
tion rate and electrode reaction reversibility. In addition,
a portion of crystal water contained in D-CuHCF@CNTF
forms a hydration shell to reduce the electrostatic repul-
sion between Mg*" and D-CuHCF@CNTF. Moreover,
the rate performances of D-CuHCF@CNTF,
D-K,CuHCF@CNTF, and K,CuHCF@CNTF originating
from the GCD curves (Figure S11) are compared in
Figure 2C. The D-CuHCF@CNTF manifests discharge
capacity of 146.6, 135.9, 124.6, 109.7, and 96.1 mAh g '
when measured at the current density of 0.5, 1.0, 2.0, 5.0,
and 10.0 A g *. To gain a deeper understanding of the
Mg>" storage behavior of D-CuHCF@CNTF, the first
20 cycles CV was measured in Figure 2D. The cathodic
peak of the first cycle began at ~0.4 V, implying a certain
amount of Cu®*" in D-CuHCF@CNTF. Then, the two
anodic peaks at around 0.28 and 0.87 V correspond to the
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Cu”" and Fe’", respectively. Furthermore, three pairs of
redox peaks appeared, and the peaks were stable after
multiple cycles due to the electrochemical stability of
Mg*" insertion/extraction. As depicted in Figure 2E, CV
measurements at various scan rates were tested to reveal
the electrochemical kinetics. The equation can be defined
to describe the capacity contributions of the capacitive
and diffusion control process: i = aV?, where the a and b
are regulable. By fitting the plots of log(i) versus log(V),
the b value of oxide peaks (O;, O,, and Os) and reduction
peaks (Ry, Ry, and Rj) are 0.99, 0.78, 0.79, 0.98, 0.73, and
0.95, demonstrating that the electrochemical behavior is
controlled by capacitive (Figure S12A), and the capacitive
contribution attained 77.2% at 5 mV s~ (Figures 2F and
S12B). In comparison, the lower capacitive contributions
of D-K,CuHCF@CNTF (Figures S13 and S14) and
K,CuHCF@CNTF (Figures S15 and S16) indicate the rel-
atively slow kinetics. Besides, the stability testing at 10 A
g ! demonstrates the favorable durability of
D-CuHCF@CNTF (Figure 2G). As shown in Figure 2H,
the relevant electrochemical indicators, including capac-
ity retention, reversible capacity, discharge plateau and
more, are far superior to other previously reported
CuHCF materials, which further demonstrates the supe-
riority of the structure of D-CuHCF@CNTF with dual-
active sites.

2.3 | Mechanism characterization of D-
CuHCF@CNTF

To investigate the energy-storage mechanism of the high-
capacity D-CuHCF@CNTF cathode, ex situ XPS mea-
surements were carried out at its diverse discharge/
charge states (Figure 3A). As shown in Figure 3B, the
ratio of Fe*"/Fe®' preferentially decreased following
the Mg>" insertion from a to c process, indicating the
prior electrochemical activity of Fe*'/Fe?" pair. Then,
the remaining embedded Mg>" react with the activated
Cu®t until all the active sites are fully reacted
(Figure 3C). After the subsequent charging process, the
active sites with reduced low-valence states start to revert
to the high-valence states along with Mg>" extraction,
which is unusual with most Cu-PBAs. Therefore, the gen-
erated high capacity could be attributed to dual-active
sites that two redox-active couples (Fe*"/Fe*" and Cu*"/
Cu™) participate in electron transfer reactions. As com-
parison, the ex situ XPS spectra were also applied to
D-K,CuHCF@CNTF and K,CuHCF@CNTF, as
presented in  Figures S17 and S18. For
D-K,CuHCF@CNTF, the variation of the Cu®*"/Cu™ ratio
during the discharge/charge process demonstrates that a
portion of the Cu involved in electron transfer and
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FIGURE 3 Mechanism characterization of D-CuHCF@CNTF. (A) The charge/discharge curves of the D-CuHCF@CNTF at 0.5 A g’l.
Ex situ XPS spectra of (B) Fe 2p and (C) Cu 2p in D-CuHCF@CNTF with varietal charge/discharge states. (D) Ex situ SAXS patterns and

(E) Raman spectra of D-CuHCF@CNTF at diverse charge/discharge states. Ex situ XPS spectra of (F) Mg 1s in D-CuHCF@CNTF at different
charge/discharge states. TEM images and corresponding EDX elemental mapping of the D-CuHCF at (G) a fully discharged state and (H) a
subsequently fully charged state. (I) Schematic diagram of Mg”" insertion/extraction process in D-CuHCF.

contributed capacity to a certain extent (Figure S17A). most CuHCF reported previously. Based on the above
However, the Cu’'/Cu® ratio in K,CuHCF@CNTF analysis, the presence of defects facilitates the activation
shows zero changes from a to e state (Figure S18B), of Cu active site. To verify the effect of Mg-storage behav-

which is in line with single-electron pair (Fe**/Fe*") of  ior on the crystal structure, ex situ SAXS of
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FIGURE 4 Theoretical calculation simulation. (A) Calculated formation energy of Mg intercalation in to D-CuHCF, D-K,CuHC, and
K,CuHCF. (B) Magnetic moment of Fe and Cu and (C) corresponding structure of K intercalation in to CuHCF. (D) Structure of Mg
intercalation in to D-CuHCF and (E) corresponding magnetic moment of Fe and Cu. (F) Calculated Mg diffusion barrier in CuHCF and
D-CuHCF. Charge density difference section along the (001) plane of (G) D-CuHCF, (H) D-K,CuHCF, and (I) K,CuHCF. The red and blue

represent the electron depletion and accumulation, respectively.

D-CuHCF@CNTF was carried out. No new peaks
emerged during the discharge/charge process (a to g),
indicating a single-phase solid solution reaction without
the change of crystal framework with the insertion and
deintercalation of Mg>" (Figure 3D). In detail, the diffrac-
tion peaks of D-CuHCF@CNTF shift to the larger
diffraction angles during the discharging process, imply-
ing the d-spacing decreases gradually accompanied by
the insertion of Mg”. Then, the characteristic peaks
recover to the pristine states after the subsequent charg-
ing process, indicating its excellent reversibility of Mg-
storage behavior. Compared with other intercalation
compounds, the contrary change in d-spacing is attrib-
uted to the shorter length of Fe'-C bond compared with
Fe'C in PBAs. Another powerful representation

originates from Raman spectra of D-CuHCF@CNTF at
the various discharge/charge states (Figure 3E), in which
the relative intensity of C=N vibration modes at about
2171 cm™ ! varies from weak to strong along with the
Mg”" insertion/extraction.”® In the XPS spectra for Mg 1s
(Figure 3F), the intensity of Mg signal gradually
strengthens/weakens along with the discharge/charge
processes. Besides, TEM images and corresponding EDX
elemental mapping images of D-CuHCF@CNTF at full-
discharge and full-charge states are illustrated in
Figure 3G,H, in which the appearance and disappearance
of Mg further suggests the Mg®" insertion/extraction
mechanism during the charging/discharging process. To
exhibit graphically the process of Mg-storage mechanism
in D-CuHCF@CNTF, we performed a model simulation
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in Figure 3I. Due to the existence of the K-vacancy cavi-
ties, more active sites and transport channels provide a
larger space to store and release Mg®t in
D-CuHCF@CNTF. Different from the K, the Mg*" is
embedded in the face centers of the cubic phases, and a
cell unit of D-CuHCF@CNTF can accommodate 1 Mg*"
to minimize the overall structural energy. According to
the schematic diagram, the process of Mg>" intercalation
could be described as the pair of Fe’>"/Fe*" first partici-
pated in the electron transfer, followed by the Cu**/Cu™,
which demonstrates the dual-active sites (Fe*"/Fe*" and
Cu**/Cu") of D-CuHCF@CNTF and reveals the pivotal
factor for the capacity improvement.

2.4 | Theoretical calculation simulation

Density functional theory (DFT) calculations were
performed to investigate the mechanisms of Mg-ion stor-
age in D-CuHCF, D-K,CuHCF, and K,CuHCF. The theo-
retical capacity of the three samples was studied and
illustrated in Figure 4A. Due to the existence of K, the
Mg-storage capacities of D-K,CuHCF and K,CuHCF are
quite low. For the K,CuHCF, no Mg can be stored and
the defects in D-K,CuHCF allow the sample to store
0.2 Mg (the knee point of the line) at maximum. How-
ever, when the K atoms are completely removed from
K,CuHCF, a model presenting sample A and the Mg-
storage capacity can thus be pronouncedly increased to
1. To reveal the electrochemistry activities of the transi-
tion metals of Cu and Fe, their magnetic moment varia-
tions as a function of the interaction amount of K are
plotted in Figure 4B,C shows the intercalation site of the
1st K in D-CuHCF. Due to the existence of the defect,
the Cu atoms can be divided into two kinds, Cu (1) coor-
dinating with 6 N atoms and Cu (2/3/4) coordinating
with 4 N atoms. At the very beginning of the K intercala-
tion, only the magnetic moment of Fe varies a lot, while
both Cu (1) and Cu (2/3/4) keep their magnetic moments
almost unchanged. With the increasing amount of the
intercalated K, the magnetic moments of Cu (1) and Cu
(2/3/4) decrease. The results suggest that both the Fe and
Cu atoms exhibit their electrochemistry activities during
the storage process of Mg ions into CuHCF, and Fe atom
has higher activity than Cu atom. The similar conclu-
sions can be obtained for the storage of Mg in CuHCF, as
the structure (Figure 4D) and magnetic moment varia-
tions (Figure 4E) show. Since the Mg”" insertion point is
located at the center of the plane, composed of Cu (1/2)
and Fe (2/3), according to the insertion results, only Fe
(2/3) and Cu (1) in the same plane possess reaction activ-
ity in D-CuHCF. There is a little discrepancy in
D-K,CuHCF, in which the Fe (1/2/3) all express activity

due to the existence of K. In general, the dual-active sites
in D-CuHCF and K,CuHCF depend on the difference of
K and the degree of Cu defects. Meanwhile, the existence
of Cu defects is found to be conducive to the diffusion of
Mg in CuHCEF, as shown in Figure 4F, where the results
indicate that the diffusion barrier of Mg in pristine
CuHCF of ~3.3 eV decreases to ~2.3 eV in the defective
CuHCF. Based on the experimental observations, small
amount of K in D-K,CuHCF and K,CuHCF could be de-
intercalated and make Mg intercalate into the CuHCF
during the charge-discharge cycles. To analyze the active
sites, the charge density difference pictures are shown in
Figure 4G-1. For the D-CuHCF, the charge differences
for both Fe and Cu are apparent, indicating that they are
electrochemical active in Figure 4G. The D-K,CuHCF
sample in Figure 4H also confirms that both Fe and Cu
are active although the charge variation are smaller than
the D-CuHCF. For the D-K,CuHCF (Figure 41), only the
Fe atom could be identified as the active site since there
exists no apparent charge difference around the Cu atom.

2.5 | Assembly and electrochemical
characterization of flexible fiber battery
devices

To assemble a “rocking-chair” type FAMIB, a suitable
Mg-ion intercalation-type anode needs to be developed.
NaTi,(PO,); (NTP), as a polyanionic anode with a three-
dimensional polyanionic skeleton, exhibits high ionic
conductivity and structural stability for Li/Na-ion stor-
age. Based on the above advantages, we choose the
NTP@CNTF as an anode material to analyze its Mg-
storage performance. Rugby ball-like NTP was grown on
the surface of CNTF by a hydrothermal method
(Figure S19). The crystal structure and chemical composi-
tion were studied by the XRD (Figure S20) and Raman
(Figure S21). As displayed in the GCD curves
(Figure S22), NTP@CNTF achieves a volumetric capacity
of 101.5mAh cm > at 1 A cm > and it still retains a
high-capacity retention of 52.8 mAh cm > when the cur-
rent density up to 10 A cm >, proving its impressive Mg-
storage capacity and rate performance. Simultaneously,
CV curves at various scan rates from 1 to 5mV s~ were
measured, in which typical redox peaks located in
~1.28V (peak 1) and ~1.05V (peak 2). The
corresponding b values are equal to 0.53 and 0.66, respec-
tively, which represent the electrode reaction mainly
belongs to diffusion control (Figure S23). More impor-
tantly, NTP@CNTF shows extraordinary rate perfor-
mance (Figure S24) and outstanding cycle stability with
negligible degradation after 1000 charge/discharge cycles
at 10 A cm > (Figure S25).
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FIGURE 5 Assembly and electrochemical characterization of flexible fiber battery devices. (A) Schematic diagram of the FAMIB.

(B) CV curves of D-CuHCF@CNTF and NTP@CNTF at 5 mV s}, respectively. (C) CV plots of our FAMIB at various scan rates. (D) GCD
curves and (E) rate performance of FAMIB with different current density from 0.2 to 2.0 A cm . (F) Cycling stability of FAMIB at 2.0 A
cm . (G) Ragone plots. (H) Capacity retention of FAMIB under different bending angles. (I) Photograph of a red LED powered by the two

FAMIBs connected in series.

Given the excellent Mg-storage electrochemical
behavior of D-CuHCF@CNTF cathode and NTP@CNTF
anode, a FAMIB with twisted structure was successfully
constructed by employing polyvinyl alcohol-MgCl, (PVA-
MgCl,) gel electrolyte, as illustrated in Figure S5A.
Figure 5B displays the CV curves of D-CuHCF@CNTF
cathode and NTP@CNTF anode, which is expected to
build a high-voltage FAMIB. As expected, CV curves of
the as-assembled FAMIB with various scan rates from
1to 5 mV s~ ' were measured, in which three pairs of typ-
ical redox peaks were identified (Figure 5C). As presented
in Figure 5D, a high volumetric capacity of 60.2 mAh
cm™? at 0.2 A cm ™ is achieved for our FAMIB. When
the current density recovers to 0.2 A cm >, a reversible
capacity of 59.5mAh cm > can still be maintained
(Figure 5E). Furthermore, the FAMIB delivers superior
cycling stability with 92.7% of the initial capacity after
1000 cycles (Figure 5F). More encouragingly, the FAMIB

yields a remarkable energy density of 66.3 mWh cm > at

a power density of 0.22 mW cm >, outperforming most
recently reported fiber-based aqueous batteries reported
(Figure 5G).°°® More notably, there is a negligible
capacity change under various bending angles
(Figures 5H and S26), proving the superior mechanical
flexibility. Impressively, two FAMIBs connected in series
can light up a red LED light (Figure 5I), which verifies
the feasibility of FAMIBs acting as power sources.

3 | CONCLUSION

In conclusion, we successfully fabricated the freestanding
D-CuHCF with structural water via organic acid co-
coordination and etching strategy, which serves as a
novel cathode for AMIBs. Specifically, Cu*" co-
coordinates with K;[Fe(CN)s] and CoHgOg to form 3D
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D-CuHCF nanosheet arrays. The newly-developed
D-CuHCF@CNTF takes advantage of its dual-active sites
and charge shielding effect to yield a high discharge
capacity of 146.6 mAh g ' (0.5 A g '). Experimental and
computational results reveal the energy-storage mecha-
nism of D-CuHCF, involving the redox reactions of Fe
and Cu during the Mg>" insertion/extraction process. To
highlight, the D-CuHCF/CNTF cathode and
NaTi,(PO,);/CNTF anode can be coupled to construct a
rocking-chair FAMIB, achieving admirable energy den-
sity and exceptional flexibility. This work provides a fea-
sible strategy to explore high-capacity PBA cathode
materials with two-electron reaction for high-
energy-density wearable AMIBs.

4 | EXPERIMENTAL SECTION

4.1 | Synthesis of D-CuHCF@CNTF

CuO nanosheets were prepared by a typical oxidization
process evolved from the aforementioned Cu@CNTF.
The Cu@CNTF was placed into the oxidizing solution,
consisting of 10 mol L™! NaOH, 1 mol L' (NH,),S,0s,
and a certain amount of deionized water. After oxidation
reaction for 24 h, the black sample was washed with
deionized water and ethanol, then dried in air at room
temperature (named CuO@CNTF). The above-
mentioned CuO@CNTF was immersed in deionized
water and ethanol mixed solution with 0.015M
1,3,5-benzenetricarboxylic acid (HsBTC) and 0.05M of
Ks;Fe(CN)g for 24 h. Finally, the product was washed
with deionized water and ethanol, and dried in air at
room temperature (named D-CuHCF@CNTF).

4.2 | Synthesis of NTP@CNTF

Exactly 1 mL TiCl; (30 wt% HCI) was added into 30 mL
ethylene glycol and stirred for 30 min, then 1 mL H3;PO,
was dropped into the above solution. After stirring for
30 min, 1.0 g NaH,PO, - 2H,0 was placed into the above
solution under continuous stirring. After dissolution, the
resulting mixed solution was transferred to a Teflon-lined
stainless-steel autoclave with CNTF current collectors.
The solvothermal reaction was kept at 150°C for 6 h,
then the obtained sample was rinsed with ethanol, dried
in air and named NTP@CNTF.

4.3 | Assembling of the FAMIB

First, 9.5g MgCl, and 10g PVA were dissolved in
100 mL deionized water and heated at 95°C under

stirring for 2 h to form a homogeneous PVA/MgCl, gel
electrolyte. Subsequently, the D-CuHCF@CNTF cathode
and NTP@CNTF anode were dipped in PVA/MgCl, gel
electrolyte and dried at 60°C for 10 min. Finally, the
FAMIBs device was fabricated by twisting the
D-CuHCF@CNTF cathode and NTP@CNTF anode
coated with the PVA/MgCl, gel electrolyte.
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