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The rapid development of microelectronics and microsystems has
stimulated the continuous evolution of high-performance and
cost-effective micro-batteries. Despite their competitiveness with
huge application potential, sodium ion micro-batteries (NIMBs)
are still underdeveloped. Herein, we demonstrate one prototype
of a quasi-solid-state planar ionogel-based NIMB constructed by
separator-free interdigital microelectrodes of sodium titanate
anode and sodium vanadate phosphate cathode, both of which
are embedded into a three-dimensional interconnected graphene
scaffold. Meanwhile, a novel NaBF,-based ionogel electrolyte with
robust ionic conductivity of 8.1 mS cm~ was used. Benefiting from
the synergetic merits from the planar architecture, dominant pseudo-
capacitance contribution, and 3D multi-directional Na-ion diffusion
mechanism, the as-assembled NIMBs exhibit high volumetric capa-
city of 30.7 mA h cm™® at 1C, and high rate performance with
15.7 mA h cm~3 at 30C at room temperature and 13.5 mA h cm > at
100C at a high temperature of 100 °C. Moreover, the quasi-solid-state
NIMBs present outstanding flexibility, tunable voltage and capacity
output, and remarkable areal energy density of 145 pW h cm™2
(55.6 mW h cm™3). Therefore, this work will provide numerous
chances to construct planar NIMBs for microsystems.
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Broader context

With the upcoming booming popularity of flexible and wearable micro-
electronics, the Internet of Things, and self-powered microsystems, it is
urgently required to explore new-concept advanced microelectrochemical
energy storage devices with high-performance and various form factors
beyond currently available stacked micro-battery technologies. Among
the key strategies to realize this purpose, planar micropower sources,
free of separator, have recently garnered extensive attention as a highly
competitive system, with exceptional capability of form factor-free, design
diversity, and outstanding shape/performance compatibility with various
microelectronics, allowing for seamless integration in particular with
complex-shaped electronics. Planar sodium ion micro-batteries (NIMBs)
are considered as a new class of promising micropower sources, but
remain challenging. Herein, we constructed flexible nonaqueous planar
NIMBs based on a sodium titanate anode and sodium vanadate phos-
phate cathode, both of which are encapsulated into a 3D conductive
graphene network, using a novel NaBF,-based ionogel electrolyte with
high ionic conductivity of 8.1 mS cm . The resulting NIMBs show
remarkable areal energy density, robust rate capability, outstanding
flexibility, and tunable voltage and capacity output, owing to the
effective coupling effect with an advanced planar geometry, multi-direc-
tional Na-ion diffusion pathways, and pseudocapacitive contribution.
Moreover, it is proposed that planar microscale energy storage devices
are an ideal in situ characterization model for the charge storage
mechanism.

Introduction

High-performance, flexible and integrated micro-batteries with
sufficient energy and form factors are urgently needed to satisfy
the rapid and continuous development of microelectronics
and microsystems,"” including wireless sensors, implantable
medical devices, radio frequency identification, and portable or
wearable electronics.® " Lithium ion micro-batteries (LIMBs)
with high energy density are currently the most popular micro-
scale power sources.’>*® In particular, planar LIMBs with
interdigital microelectrodes have been extensively investigated.
The ion diffusion pathway is effectively shortened and no
separator is required in such an architecture, which enlarges
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the fraction of electroactive material and increases the energy
density of the micro-battery system. Besides, they can be
seamlessly integrated into microelectronic devices mounted
on a planar integrated circuit, facilitating the miniaturization
of the entire microelectronic system.'*'”'® However, develop-
ment of LIMBs is limited by the scarcity, uneven distribution
and increasing cost of metal lithium.""**°

To address the above issues, extensive efforts have been
dedicated to the exploitation of sodium ion micro-batteries
(NIMBs), because sodium is naturally abundant, low cost, and
shows a similarly low potential (—2.7 V vs. SHE) to lithium.*'™*
Moreover, sodium ions with larger size are inclined to form
weakly solvated ion clusters in aprotic solvent, making them
more conductive than lithium ions and it is thus more feasible
to achieve high-power NIMBs.*®® So far, several electrode
materials, such as Na,Ti;O, nanoarrays,>*° Sb nanorod
arrays,”’ CuzP nanowires,* SnS nanoarrays>® and vertically
aligned MoSe, arrays,®* have been demonstrated for NIMBs
with a conventional stacked geometry. However, reasonable
construction of planar NIMBs with high performance and form
factors is rarely reported due to the challenges of lacking an
effective electron-ion diffusion network and suitable electrolyte.

Herein, we first constructed quasi-solid-state flexible non-
aqueous planar interdigital NIMBs based on an urchin-like
sodium titanate (NTO) anode and flower-like sodium vanadate
phosphate (NVP) cathode with super ionic conductivity, both of
which were encapsulated into a 3D highly conductive network
composed of graphene nanosheets. As a result, the as-fabricated
anode and cathode microelectrodes with a metal-free current
collector exhibited high electrical conductivity of 160 and
180 S cm™ ', respectively. The novel NaBF-based ionogel electrolyte
possessed high ionic conductivity of 8.1 mS ecm ™, comparable to
an aqueous gel electrolyte. The quasi-solid-state NIMBs showed
high volumetric capacity of 30.7 mA h ecm™* at 1C and robust rate
capability with 15.7 mA h em 3 at 30C under an ambient environ-
ment and 13.5 mA h em ™2 at 100C at 100 °C, owing to effectively
coupling with the planar geometry, dominant multi-directional
sodium ion diffusion pathways, and pseudocapacitive contribution.
Moreover, the as-assembled NIMBs displayed not only an ultrahigh
areal energy density of 145 pW h cm 2, but also exceptional
flexibility and seamless modular integration with tunable voltage
and current output.

Results and discussion

The configuration of NIMBs is systematically elucidated in
Fig. 1a—c. Initially, high electrical conducting exfoliated graphene
(EG, 1000 S cm™", Fig. 1a and Fig. S1, ESIf) nanosheets were
prepared by an electrochemical method,*~*® and directly filtrated
on nylon membrane to establish an interdigitated metal-free
current collector. Additionally, EG nanosheets were utilized as
both a 2D conductive additive and flexible support to form
conductive microelectrodes. Subsequently, a NTO anode with
advantages of high capacity, a stable structure with a slight
volume change during the charge/discharge process and low
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potential of Na* ion insertion (<0.5 vs. Na'/Na),***"® was
directly deposited on one side of the interdigital EG micro-
patterns (Fig. 1b). Meanwhile, the NVP cathode possessing a
high and flat operating voltage plateau, exceptional structural
stability and intrinsic high ionic diffusivity,>*™*! was placed on
the other side to form the asymmetric in-plane microelectrodes
(Fig. 1c). It is worth mentioning that the NTO, synthesized from
Ti;C,T, by simultaneous oxidation and alkalization, exhibited
urchin-like morphology of intertwined nanoribbons, and a
large interlayer spacing of 0.9 nm allowing for rapid insertion
and extraction of Na' ions (Fig. 1d and Fig. S2, ESI{). And the
flower-like microsized NVP prepared by thermal annealing
displayed high crystallinity and ultrathin carbon-coating
(Fig. 1e and Fig. S3, ESIY), good for improving electron transfer.
The as-fabricated microelectrodes exhibited a layer-stacked
structure, in which an active material electrode was sandwiched
between the bottom and top EG layers. Moreover, large-lateral-
size EG nanosheets were thoroughly interpenetrated into the
NTO anode or NVP cathode, and well connectedly confined by
the bottom and top EG layers, forming a 3D highly conductive
EG network (Fig. S4, ESIt). With a reasonable optimization, the
as-fabricated microelectrodes showed a typical thickness of
~5 um (Fig. 1f and g), and displayed high electronic conduc-
tivity of 160 S cm ™" for the anode and 180 S cm™ ' for the
cathode (Fig. S5, ESIT). Meanwhile, the interdigital microelec-
trodes displayed outstanding flexibility without any structure
fracture, electrical conductivity change or delamination from
the substrate even after repeated severe bending (Fig. 1h, i and
Fig. S6, S7, ESIY), indicating its exceptional structural stability.
Furthermore, the serially-connected NIMBs also exhibited
remarkable resistance to mechanical deformation without any
fragmentation or damage (Fig. 1j-1). After an ionogel electrolyte
was coated on the microelectrode fingers and solidified, quasi-
solid-state NIMBs were finally achieved.

To build quasi-solid-state high-performance and flexible
NIMBs, we developed two kinds of sodium ion based ionogel
electrolytes with different anions. One is a NaBF, based ionogel
electrolyte (denoted as NaBF,-1E), composed of NaBF,, 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIMBF,) and poly-
(vinylidenedifluoride-co-hexafluoropropylene) (PVDF-HFP) (NaBF,/
EMIMBF,/PVDF-HFP), and the other is a bis(trifluoromethyl-
sulfonyl) imide sodium salt (NaTFSI) based ionogel electrolyte
(denoted as NaTFSI-IE), mixed with NaTFSI, 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl) imide (EMIMTFSI)
and PVDF-HFP (NaTFSI/EMIMTFSI/PVDF-HFP) (see details in
Methods). Remarkably, the ionic conductivity of NaBF,-IE was
as high as 8.1 mS ecm ! at room temperature (25 °C), which was
higher than that of NaTFSI-IE (4.4 mS cm ™', Fig. 2a) and most
reported ionogel electrolytes, e.g., bis(fluorosylsulfonyl) imide
sodium salt (NaFSI)/N-propyl-N-methyl pyrrolidine bis(fluoro-
ssulfonyl) imide (P,3FSI) (3.2 mS cm™").*> When the tempera-
ture increased, the ionic conductivities of NaBF,-IE and
NaTFSI-IE also apparently increased, e.g., showing the values
of 25 and 11 mS em™ ' at 100 °C, respectively. To clarify the
disparity between BF,” and TFSI anions, the Na" ion migration
number was calculated from the plot of current vs. time and the
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Fig. 1 Construction and characterization of planar NIMBs with an interdigital pattern. (a) Schematic showing the preparation of highly conductive EG as
a metal-free current collector. (b) Schematic showing the synthesis of NTO and fabrication of NTO anode. (c) Schematic showing the preparation of NVP
and fabrication of the NVP cathode. (d and e) SEM images of NTO (d) and NVP (e). (f and g) Cross-section SEM images of the anode (f) and cathode (g).
(h and i) Optical images of an individual NIMB in the flat (h) and twisted (i) states. (j—1) Optical images of three serially-connected NIMBs in the twisted (j),

folded (k) and released () states.

impedance spectra.** Obviously, NaBF,-IE disclosed a larger Na*
ion migration number of 0.49 than that of NaTFSI-IE (0.25, Fig. 2b
and Fig. S8, S9, ESIt), owing to the smaller sodium cluster ion in
NaBF,-IE for promoting fast movement in comparison with that
in NaTFSIHE.**™® Moreover, the Debye curve, the imaginary
impedance as a function of frequency, is related to the relaxation
time of ion hopping. The highest frequency at the Debye curve is
the characteristic frequency of conductivity relaxation.”” From
Fig. 2c, it was observed that the characteristic frequency was
218 Hz for NaBF,IE, but only 100 Hz for NaTFSL-IE, further
indicating that NaBF,-IE possessed higher ionic conductivity.

To further elucidate this disparity, we investigated the
electrochemical performance of quasi-solid-state NIMBs with
a thin electrode thickness of 5 um using NaBF,-IE and NaTFSI-IE,
which were marked as NTO|NaBF,IE|[NVP and NTO|NaTFSI-
IE|NVP, respectively. As shown in Fig. 2d and Fig. S10 (ESI}),
the optimized NTO|NaBF,IE|NVP presented slope operating
charge and discharge voltage profiles between 1.2 and 2.4 V
and high specific volumetric capacity of 30.7 mA h cm™® at 1C
(100 mA g "), calculated based on the whole volume of the
electrodes, interspace and ionogel electrolyte. While the working
voltage of NTO|NaTFSIIE|NVP was in the range of 1.7-2.6 V
(Fig. 2e) and the volumetric capacity at 1C was 15.1 mA h em™®
(about 49% of NTO|NaBF,-IE|NVP), implying that anions

This journal is © The Royal Society of Chemistry 2020

complexed with Na* ion have a great influence on the perfor-
mance of NIMBs. The higher capacity of NTO|NaBF,-IE|NVP
should originate from the higher ionic conductivity and larger
transference number of Na' ions in NaBF,-IE. Even at a high
current density of 30C within a short discharge time of around
1 min, NTO|NaBF,-IE|NVP still achieved a high volumetric
capacity of 15.7 mA h cm™® (Fig. 2f), which was 51% of the
initial specific capacity and almost two times higher than that
of NTO|NaTFSI-IE|NVP (6.6 mA h em™®). Accordingly, NTO|-
NaBF,-IE[NVP delivered an areal capacity of 20 pA h cm ™2 at 1C,
evaluated from the footprint area. With increasing the electrode
thickness to 25 pm (denoted as NTO(25)|NaBF,-IE|NVP(25)),
the areal capacity of NTO(25)|NaBF,-IE|NVP(25) was substan-
tially magnified to 81 pA h cm ™2 (Fig. S11, ESI{). After 100 cycles
at 1C, NTO(25)|NaBF,-IE|NVP(25) showed dramatically enhanced
cyclability with high capacity retention of 75% (Fig. S12, ESIf).
Remarkably, NTO|NaBF,-IE|NVP exhibited long-term cycling
stability, and maintained a high volumetric capacity of
10.1 mA h ecm™® after 3000 cycles at a high rate of 20C
(Fig. 2g), corresponding to an average attenuation of only
0.01% per cycle. Note that the capacity contribution of the EG
current collectors to the total cell capacity was negligible
(0.09%, Fig. S13, ESIf). Because of its superiority, subsequent
studies on NIMBs were carried out in NaBF,-IE.
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Fig. 2 Electrochemical properties of ionogel electrolyte and electrochemical performance of NIMBs. (a—c) lonic conductivity (a), Na* ion transference
number (b) and Debye plots (c) of NaBF4-IE and NaTFSI-IE. (d and e) GCD profiles of NTO|NaBF4-1E|NVP (d) and NTO|NaTFSI-IEINVP (e). (f) Rate
performance of NTO|NaBF4-1E|NVP and NTO|NaTFSI-IE|NVP. (g) Long-term cycling performance of NTO|NaBF4-IE[NVP.

2For a better understanding of the excellent rate performance,
Na' ion kinetics in NTO|NaBF,-IE|NVP were analyzed by cyclic
voltammetry (CV), to distinguish the contribution from capacitive
and diffusion-controlled behaviors. As shown in Fig. 3a, CV curves
measured from 1 to 10 mV s~ ' displayed a clear redox couple
between 2 and 2.5 V. The anodic and cathodic currents at a certain
scan rate obey a power-law relationship: i = av’, where a and b are
adjustable constants, i is current and v is scan rate.*®*® Specifi-
cally, a b value of 0.5 indicates a diffusion-controlled faradaic
reaction, and » = 1 implies a surface-controlled pseudocapacitive
reaction. From log(i) vs. log(v) plots (Fig. 3b), the b value was
calculated to be 0.85, suggestive of the dominant surface-
controlled pseudocapacitance contribution. Furthermore, the
separate capacitive (k;v) and diffusion-controlled (k,v*°) contribu-
tion were quantitatively analyzed using the following eqn (1):

I= klv + kz‘l)o.s [1)

where k; and k, are variable constants. By plotting the v°-> vs.
iv®®, the values of k, and k, were determined at a fixed scan
rate and voltage from the slope and intercept of the fitted
lines.*® From the analysis, it was found that the capacitive
current increased with the scan rate and a dominating capaci-
tive contribution of larger than 60% was achieved (Fig. 3c).

Energy Environ. Sci.

For instance, at 8 mV s, the capacitive contribution was
as high as 80.7% (Fig. 3d), indicative of fast kinetics in
NTO|NaBF,-IE|NVP.

The structural evolution of the NTO anode and NVP cathode
during a Na-ion insertion/extraction process were elucidated
from in situ Raman spectra (Fig. 3e, f and Fig. S14, ESIf) and
ex situ X-ray diffraction (XRD) patterns (Fig. S15, ESIt). Before
charging, the main peaks of the NTO anode at 282 and
295 cm~ ' were ascribed to the Na-O-Ti stretching vibration
and the broad peak at 450 cm™' was assigned to Ti-O-Ti
vibration.’*> While no peaks were observed in the NVP
cathode. During the charging process, the intensity of the peak
at 282 cm ' decreased and the peak at 295 em ™' gradually
disappeared, indicative of the sodiation process of NTO anode.
Correspondingly, the characteristic peaks of NVP at 293, 331
and 436 cm ' from the PO, and external lattice vibrations
appeared®® and their intensities suddenly increased, owing to
the reduction in electrical conductivity of NVP resulting from
the formation of the Na,V,(PO,); phase.>* However, the position
of the peaks in NVP kept unchanged, implying the stable structure
of NVP. These results were further demonstrated by the ex situ
XRD patterns (Fig. S15, ESIt). During the charging process, the
diffraction peak of NTO was gradually shifted from 9.7° to 9.3°,

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Na-ion storage mechanism of NTO|NaBF4-1E|NVP. (a) CV curves
tested from 1 to 10 mV s~ (b) Current response vs. scan rate at the anodic
and cathodic peaks. (c) Normalized capacitive ratio of the pseudocapaci-
tive and diffusion-controlled contribution at different scan rates. (d) Total
current (red) and capacitive current (blue) of NTO|NaBF4-1E|NVP at
8 mV s7% (e and f) In situ Raman spectra of the NTO anode (e) and NVP
cathode (f) in a full cell of NTO|NaBF4-1E|NVP.

corresponding to a small expanded d-spacing from 0.90 nm to
0.95 nm, resulting from the Na" ion intercalation. Accordingly, the
peak of NVP at 14.6° increased to 14.8° due to the desodiation
process for the appearance of the Na;V,(PO,); phase, while the
d-spacing of 0.60 nm imperceptibly decreased to 0.59 nm. It was
observed that the Na-rich NazV,(PO,); phase was eventually
converted into the Na-poor Na,V,(PO,); phase at the end of this
process,””° indicative of two Na® ion transfers. During the
discharging process, the characteristic peaks in the Raman
spectra and XRD patterns well returned to the initial positions,
demonstrative of the highly reversible (de)intercalation
reaction for both NTO and NVP. It is emphasized that such
reversible structural evolution with the small change of
d-spacing during charging and discharging could guarantee
the structural integrity of the anode and cathode films, which
is highly favorable for improving long-term cyclability and
flexibility. According to the above results and superiority of
the planar geometry, we consider that planar microscale energy
storage devices are an ideal model for the fundamental
research of the charge storage mechanism using in situ charac-
terization, where the structure evolution and morphology

This journal is © The Royal Society of Chemistry 2020
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change of both the anode and cathode can be simultaneously
in situ studied in a full cell (Fig. S16, ESIT).

It is worth noting that for NIMBs with an in-plane geometry,
the two side surfaces and the upper surface of the microelectrode
fingers were fully exposed within the ionogel electrolyte, which
would greatly accelerate Na' ion transfer from these three
surfaces or directions, thus resulting in enhanced performance.
To demonstrate this uniqueness and importance of in-plane
microelectrodes, a thin and tight EG layer was controllably
deposited on the upper surface of NTO anode or NVP cathode
fingers, respectively, and the corresponding microdevices were
denoted as NTO|NaBF,-IE|NVP-CN (EG cover on negative
microelectrode) or NTO|NaBF,-IE|NVP-CP (EG cover on positive
microelectrode) (Fig. 4a and b) (see details in Methods). From
SEM images (Fig. 4c—f), the NTO anode without an EG cover
layer exposed substantial NTO particles on the upper surface
and abundant porous channels (Fig. 4c), which was conducive
to the infiltration of the ionogel electrolyte. In sharp contrast,
with a compact smooth EG cover, the open channels and NTO
active materials in NTO|NaBF,-IE|NVP-CN were almost com-
pletely shielded (Fig. 4d). Likewise, the same phenomenon
was observed in the NVP cathode of NTO|NaBF,-IE|NVP and
NTO|NaBF,-IE|NVP-CP (Fig. 4e and f). Furthermore, the electro-
chemical performances of NTO|NaBF,-IE|NVP, NTO|NaBF,-
IE[NVP-CN and NTO|NaBF,IE|NVP-CP are compared in
Fig. 4g-i. Apparently, with the presence of the EG cover, the
volumetric capacity and rate capability of both NTO|NaBF,-
IE|NVP-CN and NTO|NaBF,-IE|NVP-CP visibly decreased (Fig. 4g),
especially at high current densities. For instance, the volu-
metric capacity of NTO|NaBF,-IE|[NVP obtained at 10C was
21.9 mA h cm?, which was much higher than those of NTO|-
NaBF,-IE|NVP-CN (17.5 mA h em™?) and NTO|NaBF ,-IE|NVP-CP
(12.0 mA h em™?), accounting for the blocking effect of the tight
EG cover layer that partly inhibited Na' ion transfer from the
upper surface of the anode or cathode fingers. More interest-
ingly, NTO|NaBF,-IE|NVP presented a lower polarization voltage
difference of 0.25 V in comparison with NTO|NaBF,-IE|NVP-CN
(0.34 V) and NTO|NaBF,-IE[NVP-CP (0.37 V) (Fig. 4h). This
result could be further explained by the smaller charge transfer
resistance of 47 Q for NTO|NaBF,-IE|NVP than those of NTO|-
NaBF,-IE|NVP-CN (81 Q) and NTO|NaBF,-IE|NVP-CP (85 Q)
(Fig. 4i and Fig. S17, ESIY), further proving that Na" ion diffusion
would be blocked by the upper EG cover layer on the anodic or
cathodic microelectrode. As shown in the above results, planar
NTO|NaBF,-IE|NVP possesses multi-directional Na* ion diffu-
sion pathways from the two side surfaces and upper surface of
the microelectrodes. It is noted that, at low current densities of
1C and 2C, the decrease of volumetric capacity of NTO|NaBF,-
IE|NVP-CP was less than those of NTO|NaBF,-IE|NVP-CN, and
vice versa at high current densities from 10C to 30C. This was
possibly attributed to the different amount and diffusion rate
of Na' ions from the varying surfaces of the microelectrode.
According to the aforementioned results, there are multi-
directional diffusion pathways for Na' ions in NTO|NaBF,-
IE|NVP. Specifically, if only considering two microelectrode
fingers in the in-plane geometry, there should be four directions
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Limited diffusion

I cover

EINVP. (a and b) Schematic diagram showing NTO|NaBF4-IE|[NVP with EG

diffusion

covering the NTO anodic microelectrode (a) and NVP cathodic microelectrode (b). (c and d) Top-view SEM images of the anodic microelectrode without (c)
and with (d) the EG cover. (e and f) Top-view SEM images of the cathodic microelectrode without (e) and with (f) the EG cover. (g—i) Rate performance (q),

GCD curves (h) and EIS spectra (i) of NTO|NaBF4-1EINVP, NTO|NaBF4-IE|NV
transfer during the discharge process, showing that the cover can inhibit Na* i
diffusion mechanism of the NIMBs.

(Fig. 4j): two from the side surface of one microelectrode to the
side and upper surfaces of the other microelectrode, and the
other two from the upper surface to the side and upper surface.
Once the anode or cathode part was closely coated with EG layer,
Na' ion diffusion pathways are blocked to some extent in two
directions, resulting in the capacity and rate performance
decrease (Fig. 4k and 1). In fact, planar NTO|NaBF,-IE|NVP
generally consists of several to tens of microelectrode fingers,
therefore, the pathways of ion diffusion could be moved from
the anode (cathode) fingers to the nearest adjacent cathode
(anode) fingers or to the second adjacent cathode (anode)
fingers or the far ones, exhibiting a 3D multi-directional ion
diffusion mechanism to achieve high capacity and rate
performance.

To satisfy the pursuit for flexible microelectronics, the electro-
chemical performance of quasi-solid-state planar NTO|NaBF,-
IE|NVP was evaluated at various bending states from 0° to
circling state (>180°, Fig. 5a and b). It was observed that the
shapes of the GCD profiles at 10C almost overlapped, and
the capacity remained unchanged with coulombic efficiency of
100% under various bending states (Fig. 5a and Fig. S18a, ESIT),
indicative of excellent mechanical flexibility of NTO|NaBF,-IE|NVP.

Energy Environ. Sci.

P-CN and NTO|NaBF4-1E|[NVP-CP. (j-1) Schematic illustration of 3D Na™ ion
on transport in the vertical direction, suggestive of a multi-directional Na* ion

When the microdevices were repeatedly bent 1000 times, the
capacity of NTO|NaBF,-IE|NVP exhibited only a slight fluctuation
with 100% coulombic efficiency (Fig. S18b, ESIt). It should be
emphasized that, during the flexibility testing process, there was
no breakage of the microelectrodes or separation between the
microelectrodes and substrate, implying the excellent structural
and electrochemical stability of NTO|NaBF,-IE|NVP. Moreover,
our NTO|NaBF,-IE|NVP was ready to be integrated in series or in
parallel through one by one filtration and simply overlapping
the ends of the microelectrodes for the interconnection of two
adjacent microdevices (Fig. 1j-1). Importantly, the integrated
NTO|NaBF,-IE|NVP connected in series or in parallel showed
similar shapes of the GCD curves, suggesting the same electro-
chemical behaviors. The serially connected NTO|NaBF,-IE|NVP
monotonously increased the plateau voltage with discharge time
unchanged (Fig. 5c¢), and the parallelly connected NTO|NaBF,-
IE|NVP showed a stable average plateau voltage with proportional
increase of the discharge time (Fig. S19, ESIf), demonstrating
consistent and outstanding performance. Moreover, three serially-
connected NTO|NaBF,-IE|NVP could easily light “DICP” letters
consisting of 42 light emitting diodes (LEDs) in severe convex
and concave deformation (Fig. 5d), holding great potential to be

This journal is © The Royal Society of Chemistry 2020
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batteries.

applied as efficient micropower sources for flexible electronic
devices.

Because of the usage of flammable and volatile organic
electrolyte, conventional organic electrolyte based batteries
usually suffer from serious safety issues at increased tempera-
tures (>60 °C).>”° Here, our quasi-solid-state NIMBs demon-
strated high thermal stability within a wide range of operating
temperatures (25-100 °C). The electrochemical performance of
NTO|NaBF,-IE|NVP was investigated at the high temperature of
100 °C (denoted as NTO|NaBF,-IE|NVP-100), considering the
NaBF,-IE can be stable up to 300 °C (Fig. S20, ESIt) and
nonflammability in comparison with the commercial sodium
ion gel electrolyte (Fig. S21, ESIt). As shown in Fig. 5e, the
GCD curves of NTO|NaBF,-IE|NVP-100 measured at various rates
exhibited similar electrochemical behavior to NTO|NaBF,-IE|NVP
at room temperature. Surprisingly, NTO|NaBF,-IE|NVP-100
could be ultrafast discharged and charged at an ultrahigh rate
of 100C within an extremely short time of 15-20 s, delivering a
significant capacity of 13.5 mA h cm? (Fig. 5f), corresponding
to 57.9% of the initial capacity at 5C. The low coulombic
efficiency at high temperature of 100 °C was ascribed to the
side effects, such as oxygen emission and metal dissolution of
NTO and NVP.””*® Such exceptional rate performance mainly
resulted from the remarkably decreased charge transfer resis-
tance (63 Q, Fig. S22, ESIt), owing to the greatly improved
ionic conductivity of NaBF4IE from 8.1 mS ecm™ ' at 25 °C to
25 mS em ™' at 100 °C. In addition, NTO|NaBF,-IE|NVP-100 still
maintained a high volumetric capacity of 10.1 mA h em ™ after

This journal is © The Royal Society of Chemistry 2020

400 cycles at 60C (Fig. S23, ESIt), indicating high temperature
stability.

A Ragone plot compared the areal/volumetric energy density
and power density in volume of NTO|NaBF,-IE|NVP, NTO|-
NaBF,-IE|NVP-100, NTO|NaTFSI-IE|NVP and previous micro-
scale energy storage devices (Fig. 5¢ and Fig. S24, ESIt).
NTO(25)|NaBF,-IE|[NVP(25) displayed high areal energy
density of 145 pW h cm™?, which was much higher than those
reported for lithium/zinc ion MBs, such as Li|LiBON|LiCoO,
(113 pW h em™?),°° NiSn|LiClO4|Li,MnO, (65 pyW h cm™?),'®
Zn|ZnS0,4|MnO, (81.5 pW h cm™?),*! and Zn|ZnSO,|MnO,-PPy
(66 uW h cm ?).%% It was also observed that NTO(25)|NaBF,-
IE|NVP(25) displayed a high areal power density of
1.9 mW cm ™%, which was higher than those lithium and Zn
ion MBs reported (0.1-1 mW cm™>). Notably, it was revealed
that NTO|NaBF,-IE|NVP delivered a volumetric energy density
of 55.6 mW h cm™® (Fig. S24, ESIf), which was higher than
those of NTO|NaBF,-IE|[NVP-CN (47.2 mW h cm™®), NTO|-
NaBF,-IE|NVP-CP (54.5 mW h Cmfs), and NTO|NaTFSI-
IE|NVP (32.6 mW h cm™>), and is well comparable with most
of the reported MBs, for instance, carbon|LiClO,|polypyrrole
(PPy, 20 mW h cm™%),*® Li|LiBON|LiCoO, (83 mW h cm*%)*°
NiSn|LiClO,4|Li,MnO, (65 mW h cm?),’® and Zn|ZnSO4|MnO,
micro-batteries (17.9 mW h cm?).** Moreover, our NTO|-
NaBF,-IE|NVP at room temperature delivered a power density
of 1.5 W em™* and the volumetric power density of NTO|NaBF,-
IE|NVP-100 increased to 4.0 W cm >, higher than those of the
micro-batteries previously reported.®® >
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Conclusions

In summary, we have demonstrated the fabrication of quasi-
solid-state planar ionogel-based NIMBs with interdigital micro-
patterns of an urchin-like NTO anode and a flower-like NVP
cathode, where EG as a 2D additive, soft support and metal-free
current collector endowed the fabricated microelectrodes with
a stable structure, high electrical conductivity and excellent
flexibility. Through the combined benefits from the highly
ionically conductive NaBF,-based ionogel electrolyte and
dominant pseudocapacitance contribution, the as-assembled
NTO|NaBF,-IE|NVP showed high volumetric capacity, enhanced
rate capability, high-temperature stability up to 100 °C, and ultra-
high areal energy density of 145 uW h cm™? (55.6 mW h cm ™).
Moreover, NTO|NaBF,-IE|NVP revealed 3D multi-directional
pathways for sodium ion diffusion, which can provide a uni-
versal guidance to improve the performance of other planar
micro-batteries. Planar miniaturized energy storage devices are
an ideal model to use in situ characterization for fundamental
research on the charge storage mechanism. This study shows
that by fully utilizing a multi-directional ion diffusion mecha-
nism and reasonably designing the conducting compact micro-
electrodes, the energy density and power density of NIMBs or
other micro-batteries can be further improved simultaneously,
holding tremendous potential for many pervasive applications
in microelectronics and microsystems.
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