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ABSTRACT

Aqueous sodium ion micro-batteries (ANIMBs) hold great promise in smart wearable microelectronics due to the
abundant reserves, low cost and high safety of sodium. However, their applications are substantially hindered by
the narrow electrochemical stability window of aqueous electrolytes within a limited temperature range. Herein,
we report a prototype of high-voltage planar ANIMBs based on symmetric interdigital microelectrodes working
in water-in-salt (WiS) electrolyte (17 M NaClO4) and displaying exceptional performance at low temperature.
This work features nanoflower NasVa(PO4)3 (NVP)-based electrodes with perfectly matched voltage range as
both anode and cathode in the WiS electrolyte operating in a widened electrochemical stability window (2.7 V vs.
Na'/Na) under ultralow freezing point of —50 °C. The resulting ANIMBs with interdigital in-plane geometry
deliver remarkable volumetric capacity of 45 mAh/cm?® and energy density of 77 mWh/cm?, which are superior
to most reported sodium-based micropower sources. Notably, the NVP||NaClO4||NVP micro-batteries exhibit a
high coulombic efficiency of > 99% at room temperature down to —40 °C. Furthermore, the NVP||NaClO4||[NVP
ANIMBs present admirable flexibility and modular integration. We believe that our ANIMBs can potentially enjoy
wide market adoption ranging from domestic appliances to safe intelligent wearable microelectronics, especially
those applications that need to be operated below freezing temperature.

1. Introduction

ion micro-batteries. Although immense progress has been witnessed in
lithium ion micro-batteries over the past decade, their applications are

The ever-increasing consumer demands for wearable and smart
miniaturized integrated electronics, microscale electrochemical energy
storage devices has unleashed a new era of competition for self-powered
microsystems [1-7]. Traditional electrochemical energy storage devices
that are limited by heavy weight, large volume and fixed shape have
failed to fit the specific needs of the smart and integrated electronics
technology when miniaturization and lightweight have become the
priority in system design [8]. Therefore, micro-batteries and
micro-supercapacitors are emerging as potential micropower suppliers
for smart and integrated electronics. @ Among  them,
micro-supercapacitors are lower in energy densities (< 5 mWh/cm3) [9,
10], making them less appealing to certain applications. This perfor-
mance gap can be filled by micro-batteries [11,12], especially lithium

marred by unresolved issues such as the scarcity and high price of
lithium resources along with the use of flammable and toxic organic
electrolytes [13].

Moving towards aqueous Na ion micro-batteries (ANIMBs) could be
the solution to these issues due to the use of safe aqueous electrolyte,
high abundance, low cost of sodium resources and low standard redox
potential (—2.71 V vs. standard hydrogen electrode) [14,15]. However,
the narrow electrochemical stability window of traditional aqueous
electrolyte (up to 1.23 V) has inevitably become the bottleneck in the
selection of electrode materials. Recently, high concentration aqueous
electrolyte was proposed as an effective approach to extend the voltage
window of water-based electrolyte system [16-20], but still preserve the
intrinsic properties of traditional aqueous electrolytes (e.g., low
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Fig. 1. Schematic illustration of the fabrication of the symmetric planar NVP||NaClO4||NVP ANIMBs.

flammability, low solvent activity, high chemical stability that sup-
presses side reactions) [21-24]. When it comes to low temperature
operation, high concentration aqueous electrolytes still show sufficient
ionic conductivity and counteract the freezing problem of most aqueous
electrolytes [25]. Meanwhile, researchers have also been trying to find
the next leap forward in ANIMBs by searching for suitable electrode
materials. So far, numerous electrode materials, including layered
transition metal oxides [26-29], Prussian blue analogs [30],
carbon-based organic materials [31] and polyanionic compounds [32],
have shown promising performance for sodium ion batteries in the
traditional stacked geometry. Among them, NazV2(PO4)3 (NVP) presents
intriguing advantages such as remarkable energy density (400 Wh/kg),
superior sodium diffusion ability, high ionic conductivity, impressive
structural and thermal stability [27,33]. Nevertheless, high-voltage
aqueous planar ANIMBs working at low temperature range have not
yet been reported, due to the lack of electrolyte that is cost-efficient and
can operate at high voltage along with electrochemically active yet
stable electrode materials.

In this work, a prototype of high-voltage aqueous planar interdigital
ANIMBs with high energy density and low-temperature performance
was successfully constructed using high concentration electrolyte (17 M
NaClO4) and nanoflower NVP as both anode and cathode on a single
substrate. Multiple factors work together to realize fast electron and ion
transfer in the electrode: (1) high ionic conductivity of electrolyte; (2)
highly conductive carbon layer coated on NVP; (3) high electronic
conductivity of exfoliated graphene (EG) as current collector. Therefore,
the separator-free ANIMBs possess high voltage window up to 2.3 V,
high capacity of 45 mAh/cm® at 0.03 mA/cm? under room temperature
and excellent capacity retention of 88% after 1000 cycles at room
temperature. Remarkably, at substantially low temperature of — 40 °C,
88% retention of capacity obtained at room-temperature can still be
retained with high coulombic efficiency over multiple cycles. The
exceptional performances could be ascribed to a significant decrease in
the number of free water molecules in the highly concentrated WiS
electrolyte [25]. Furthermore, the as-prepared NVP||NaClO4||NVP
ANIMBs exhibit not only remarkable energy density of 77 mWh/cm® and
power density of 769 W/cm?, but also outstanding flexibility without
capacity degradation under different bending states, and impressive
series and parallel integration to readily boost the capacity and voltage
output.

2. Experiment
2.1. Synthesis of NVP nanoflower

The nanoflower NVP was synthesized by high temperature annealing
according to the previous literature [27]. Firstly, 0.72 g vanadium
pentoxide (V20s) and 1.52 g oxalic acid dehydrate (CoH204-2H,0) were
put into 40 mL de-ionized water (H;O) using 70 °C water bath in
round-bottomed flask and stirring for 1 h. Then, 1.84 g sodium car-
bonate (NaH2PO4-2H50) and 0.4 g glucose (CgH;20¢) were poured into
the above solution and stirred for 10 min. Finally, 100 mL n-propanol
was added to the mixture under continuous stirring for 30 min. After the
mixture dried in 70 °C oven overnight, the NVP was obtained.

2.2. Fabrication of planar NVP||NaClO4||NVP ANIMBs

The construction of planar ANIMBs was based on mask-assisted
filtration we developed [34,35], involving the sequential filtration of
high-quality EG ethanol dispersion (1 mL, 0.1 mg/mL), NVP dispersion
(1 mL, 0.5 mg/mL, 10 wt% EG) on cathode side and NVP dispersion on
anode side (1.5 mL, 0.5 mg/mL, 10 wt% EG). The resulting microelec-
trodes with eight fingers (length of 14 mm, width of 1 mm, interspace of
0.5 mm, active area of 63%, Fig. S1) was successfully constructed on a
nylon membrane (0.22 um, Agela Technologies). After removing the
mask and adding the electrolyte (e.g., 17 M NaClO,), the planar NVP||
NaClO4||NVP ANIMBs were achieved.

2.3. Preparation of highly concentrated electrolytes

17 M NaClO4 was diluted in distilled water to obtain the highly
concentrated electrolyte, and then the silica fumed powder (0.5 g) was
added into the above solution (6 mL). Other aqueous electrolytes (8.4 M
NaTFSI, 1.3 M NaySO4) were prepared using similar approach.

3. Results and discussion

The fabrication process of aqueous symmetric planar NVP||NaClOg||
NVP ANIMB:s is schematically illustrated in Fig. 1. Initially, high-quality
EG nanosheets (Fig. S2) were synthesized by electrochemical exfoliation
[36], and directly filtrated on the nylon membrane to construct highly
conductive network of planar interdigital microelectrodes that are free
of both separator and metal current collector. Then, the symmetric mi-
croelectrodes were constructed by sequential deposition of NVP
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Fig. 2. Morphology of the NVP and characterization of the cathode and anode. a-d) XRD patterns (a), SEM images in different magnifications (b and c¢) and HRTEM
image (d) of NVP. e and f) Cross-sectional SEM images of the cathode (e) and anode (f). g—j) Optical images of the ANIMBs in the flat (g), bending states (h), and label-

like tagged onto the bottle (i) and pen (j).

dispersion (0.5 mg/mL, 10 wt% EG) on each side of the mask for the
assembly of anode and cathode. It is worth noting that the NVP nano-
flowers were prepared by thermal annealing, resulting in not only a
highly crystalline composition of thin nanosheets (34 nm) (Fig. 2a—c)
[27,371, but also a thin carbon layer in about 2.5 nm (Fig. 2d, Fig. S3).
After the successful material synthesis, the interdigital electrode with
thicknesses of 5 and 7.8 um (Fig. 2e—f) were chosen for cathode and
anode respectively after optimization (Fig. S4). Furthermore, the
as-prepared micropatterns (Fig. 2g) demonstrated splendid flexibility
without any delamination from the substrate under different extreme
states, such as curved (Fig. 2h) and label-like tagged onto the bottle or
pen (Fig. 2i—j, Fig. S5). Finally, the planar ANIMBs were sealed after
drop-casting WiS electrolyte (17 M NaClO4 gel) on the electrode.

To attain the high-voltage NVP||NaClO4||NVP ANIMBs, three kinds
of sodium ion-based electrolytes with different anions were exploited,
including sulfate (SOF), trifluoromethanesulfonimide (TFSI") and
perchlorate (ClOgz). According to the Hofmeister series that illustrates
the role of salt anions in the aqueous solvation process and their water
solvation strength [15], the relative capability to destabilize the bulk
water molecules of these representative inorganic ions can be sorted as

follows: SO3~ < TFSI~ < ClOz, which hints that ClO4” salts have a strong
tendency to break the bulk water molecules and change solvation
structures with ion aggregations. It is noteworthy that the 17 M NaClO4
WiS electrolyte possesses a relatively wide electrochemical stable win-
dow of 2.7V, compared with NaTFSI (2.3 V) and NaySO4 (1.5V)
(Fig. 3a) [16], which matches well with NVP that exhibits a pair of stable
redox peaks within this voltage window (Fig. S6). Furthermore, the
water-structure-breaking strength of salts corresponded to the solubility
of inorganic salts [38]. When reaching the solubility limits in water, the
water-breaking anions that contain the high end in the rank order (ie.,
ClO3) were indicated to be capable of forming complex ion networks
with the water molecules, destroying the original hydrogen bonding
networks [38]. Molecular dynamics (MD) simulations further revealed
the structural differences between low and high concentration electro-
lytes theoretically (Fig. 3b). In the less concentrated electrolyte, the
formation of hydrogen bonding network by the free water molecules is
responsible for the broad band as confirmed by Raman spectra.
Comparatively, most of the water molecules are tightly connected with
Na' ions in the highly concentrated electrolyte. As a result, a strong
hydrogen bonding network cannot be formed among the remaining free
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Fig. 3. Electrochemical performance of the symmetric planar NVP||NaClO,4||NVP ANIMBs tested at room temperature. a) Overall electrochemical stability window
of 17 M NaClOy4, 8.4 M NaTFSI and 1.3 M NaySO4 electrolyte on the Pt electrodes at 10 mV/s. (b) 1 M NaClO4 and 17 M NaClOy4 electrolyte during MD simulations.
Atom colors: Na, purple; O, red; H, white; Cl, yellow. c-e) The GCD profiles (c), cyclability (d) and EIS spectra (e) of the ANIMBs tested at different high concentrated
electrolyte systems: 17 M NaClOy4, 8.4 M NaTFSI and 1.3 M NaySOy. f) The GCD profiles of the NVP||NaClO4|[NVP ANIMBs obtained at different current density
ranging from 0.03 to 0.3 mA/cm? (corresponding to 1-10 C). g) Long-term cyclability of the NVP||NaClO,4||NVP ANIMBs measured for 1000 cycles tested at 0.3 mA/
cm? (10 C). h) Ragone plot of the NVP||NaClO4||[NVP ANIMBs compared with other energy storage devices. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

water molecules, contributing to a decrease in the intensity of the water
molecules and broadened voltage window [39]. Furthermore, Raman
spectroscopy (Fig. S7a) distinguished the fingerprints based on the
changes in the solvation structure of the different electrolyte candidates.
For deionized water and NaySO4, the broad band of water clusters
maintain their symmetric (near 3200 cm’l) and asymmetric (near
3400 cm’l) [40] vibration modes in water molecules well, owing to the
appearance of free water in majority. By contrast, it was found that the
hydration characteristics of NaClO4 such as a maximum peak at
3400 cm ! and the disappearance of the shoulder peak at 3200 cm ™! are
obviously different from those of other traditional electrolytes and are
similar to NaTFSI, implying a reduction in water activity and the for-
mation of Na* and ClOz coordinated ions pairs. In addition, the Nyquist
plots showed a higher ionic conductivity of 59 mS/cm for 17 M NaClO4
WiS electrolyte compared with NapSO4 (15 mS/cm) and NaTFSI
(6 mS/cm) (Fig. S7b), validating the contribution of electrolyte anion in
the ionic conductivity of the electrolyte.

To evaluate the effect of the different electrolytes on electrochemical

performance, the planar ANIMBs (denoted as NVP||NaClO4||NVP,
NVP||NaTFSI||NVP and NVP||NazSO4||NVP) were fabricated with
symmetric NVP microelectrodes in the WiS electrolytes of 17 M NaClOy,
8.4 M NaTFSI and 1.3 M NaySOy4 respectively. In the case of NaClO4
electrolyte, the ANIMBs at 0.3 mA/cm? exhibit outstanding volumetric
capacity of 18 mAh/cm?®, which is higher than those of 6 and 3 mAh/
cm?® for NaTFSI and NaySOs,, respectively (Fig. 3c), which is ascribed to
the above-mentioned difference in ionic conductivities. Furthermore,
the NVP||NaClO4||[NVP micro-batteries present superior cyclability of
100% capacity retention after 20 cycles at 0.3 mA/cm? (Fig. 3d), in
comparison with NVP|[NaySO4||NVP (21%) and NVP||NaTFSI||NVP
(13%). This phenomenon could be explained by the enhanced ionic
conductivity and ion diffusion of NaClO4 that shows the steepest slope at
the high frequency region of the electrochemical impedance spectros-
copy (EIS, Fig. 3e, Fig. S8). Benefiting from high ionic conductivity,
NVP||NaClO4||[NVP ANIMBs display excellent rate capability, showing
volumetric capacities of 45, 35, 27 and 18 mAh/cm? at 0.03, 0.09, 0.15
and 0.3 mA/cm?, respectively (Fig. 3f, Figs. S9 and S10). It is worth
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Fig. 4. Kinetics analysis of Na™ ion intercalation of NVP||NaClO4||NVP ANIMBs. a) CV curves of the NVP||NaClO4|[NVP ANIMBs tested at the scan rates from 1 to
10 mV/s. b) The plots of log i vs. log v curves of cathodic and anodic peaks. c¢) Capacitive (yellow part) and diffusion-controlled capacities (void part) at 6 mV/s. d)
Normalized contribution ratios of capacitive (green part) and diffusion-controlled (orange part) capacities at different scan rates. e and f) Ex-situ XRD patterns of the
cycled NVP as cathode (e) and anode (f) in the NVP||NaClO4||NVP ANIMB, implying the transformation of NaV,(PO4)3 and NasV,(PO4)3 in the cathode and anode
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

noting that NVP||NaClO4||NVP ANIMBs show long lifespan and
remarkable capacity retention of 88% after 1000 cycles with average
coulombic efficiency of 96% (Fig. 3g, Fig. S11). Impressively, our NVP||
NaClO4||NVP ANIMBs deliver high energy density of 77 mWh/cm®
(Fig. 3h, based on the whole volume of anode and cathode) and
remarkably high power density of 769 W/cm®, which is much larger
than most reported batteries and supercapacitors (Table S1) [41-43].

Furthermore, the reaction kinetics of the NVP||NaClO4||[NVP was
examined by cyclic voltammetry (CV). As shown in Fig. 4a, CV curves
demonstrated almost overlapped redox peaks at 1.9 V and 1.5 V at scan
rates from 1 to 10 mV/s (Fig. 4a), which is indicative of the sodium ion
insertion and extraction. The surface capacitive and diffusion-controlled
process were evaluated by the equation [44], i = ayb, where i is the
current, v is scan rate, and a and b are adjustable parameters. According
to the slope of the log i vs log v plots, it was calculated that the b values
are 0.91 and 0.99 (Fig. 4b), indicating that the charge storage mecha-
nism is dominated by surface capacitive contribution rather than the
diffusion controlled process in the NVP||NaClO4||NVP. Additionally, the
capacity ratio from capacitive (k;v) and diffusion-controlled (szI/ 2)
process were specified based on the equation i = k;v + kov'/? and i/v'/?
= kv2+k [45]. For example, the yellow part stands for the capacitive
contribution, accounting for 61.7% of the total capacity at the scan rate
of 6 mV/s (Fig. 4c). With increasing scan rates from 1 to 10 mV/s, the
capacitive contribution increases from 50.9% to 71.3% (Fig. 4d).
Therefore, it can be concluded that the high rate capability of the NVP||
NaClO4||NVP is the result of the predominant capacitive-controlled ki-
netics process. The structural evolution was examined by ex-situ X-ray
diffraction (XRD) patterns (Fig. 4e—f), in which a two-electron reaction
that involves the phase transformation between NasVy(PO4)s and
NaVy(PO4)3 in the cathode accompanied by the conversion of
NagVa(PO4)s to NasVy(PO4)s3 in the anode takes place upon charge/di-
scharge and the oxidation and reduction transformation of vanadium
from V3* up to V** and down to V2t [46,47].

To meet the requirements of micropower sources in flexible elec-
tronics, the flexibility, integration and low-temperature performance of
the NVP||NaClO4|[NVP ANIMBs were studied. It was observed that the

NVP||NaClO4||NVP exhibits impressive flexibility without any struc-
tural fracture at the microelectrodes under different bending states
(Fig. 5a). The GCD profiles of the NVP||NaClO4||NVP (Fig. 5b) overlap
satisfactorily under bending angles from 0° to 180°, with nearly 100%
capacity retention at current density of 0.6 mA/cm?. The NVP||
NaClO4||NVP micro-batteries show 93% of its original performance at 0°
bending angle (Fig. 5c). Furthermore, to fulfill the requirements of in-
tegrated circuits, the integrated NVP||NaClO4||[NVP ANIMBs with high
capacity and high voltage were readily prepared by parallel and serial
connection (Fig. 5d). Remarkably, the NVP||NaClO4||[NVP connected in
parallel from one to three cells exhibit an analogical electrochemical
performance and a stepwise increase in capacity from 17, 34-60 mAh/
cm® (Fig. 5e), while the output voltage remains unchanged. Moreover,
the NVP||NaClO4||NVP connected in series exhibits a stepwise increase
in average discharging voltage from 1.5 V for one cell to 3 V for two cells
and 4.5 V for three cells (Fig. 5f), which is demonstrative of its excep-
tional performance uniformity. These results are in good agreement with
the decreased ESR from 20 Q to 11 Q and 9 Q by increasing the number
of parallel devices (Fig. S12a), while the increased ESR from 20 Q to
37 Q and 50 Q by increasing the number of serial devices (Fig. S12b).
Impressively, the two serially connected devices could easily light up a
display screen of our institute “DICP” logo (Fig. S13a) and power a light-
emitting diode (LED) under severe deformation (Fig. S13b), which is
demonstrative of the great potential of integrated ANIMBs for micro-
power sources.

Because of the freezing of the hydrogel electrolyte at subzero tem-
peratures, conventional aqueous electrolytes would inevitably
contribute to the deterioration of performance and elasticity [48].
Differently, with an increase in the electrolyte concentration, our 17 M
NaClO4 is endowed with better anti-freezing property at extremely low
temperature, where superior electrochemical performance and high ion
conductivity of 17 mS/cm can be achieved under —40 °C (Fig. 5g,
Fig. S14). In order to validate the feasibility of 17 M NaClO4 electrolyte
under low temperature, the freezing point of the electrolyte was deter-
mined by differential scanning calorimetry (DSC, Fig. S15), proving a
low freezing point of —50 °C. The low freezing point is ascribed to the
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decreased H-bonds amount in the highly soluble NaClO4 where the O
atoms in the water molecules are confined by the metal ions through
hydration, and the high concentration in the low temperature [49].
Impressively, the NVP||NaClO4||NVP displays a high capacity of
16 mAh/cm® with a high retention of 88% under —40 °C (Fig. 5h). It is
noteworthy that the NVP||NaClO4||NVP shows obvious redox peaks
under —15 °C (Fig. S16), which is indicative of its superior performance
under low temperature. The NVP||NaClO4||NVP shows a low equivalent
series resistance (ESR) value of 27 Q (Fig. S17) with a high capacity
retention of 91% after 600 cycles (Fig. S18).

4. Conclusions

In conclusion, we have successfully constructed symmetric NVP||
NaClOy4||NVP ANIMBs based on double-duty NVP microelectrodes and

high concentrated WiS electrolyte of 17 M NaClO4. Attributed to the
synergistic effect of the high capacity NVP and the low freezing point of
the highly concentrated NaClO4 electrolyte, the prepared NVP||
NaClOy4||NVP exhibits high voltage window of 2.3 V, high energy den-
sity of 77 mWh/cm® and extraordinary stable performance at —40 °C. In
particular, the development of planar sodium ion micro-batteries with
highly concentrated electrolyte not only wean us off the dependence on
lithium resources, but also provides a new avenue to improve the ca-
pacity and output voltage and simplify the electrode manufacturing
process through the design of symmetric microelectrode. Therefore, this
work provides new insights from several aspects. Specifically, the full
utilization of low-cost high concentrated WiS is beneficial for obtaining
high-performance sodium ion micro-batteries with enhanced safety
features under low temperature, which holds great potential to be
applied safely in wearable microelectronics even in harsh environments.
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