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Quadrupling the stored charge
by extending the accessible density of states

Mengyu Yan,1,2,7 Peiyao Wang,1,3,7 Xuelei Pan,1,7 Qiulong Wei,1 Chunhua Han,1 Jefferson Zhe Liu,3

Yunlong Zhao,1 Kangning Zhao,1 Bruce Dunn,4 Jihui Yang,2 and Liqiang Mai1,5,6,8,*
The bigger picture

Nanosized energy-storage

devices play an essential role in

maintenance-free

microprocessors and nanoscale

energy-harvesting/sensing

technologies. In this study, we

proved that the field-effect

transistor, which is the core

component in microprocessors,

can also serve as an amplifier for

the nanosized energy-storage

devices. A 3-fold-enhanced

stored charge is achieved under

the field effect, paving the way for

the high-performance nanosized

self-power system.
SUMMARY

Nanosized energy storage, energy harvesting, and functional de-
vices are the three key components for integrated self-power sys-
tems. Here, we report on nanoscale electrochemical devices with a
nearly 3-fold-enhanced stored charge under the field effect. We
demonstrated the field-effect transistor can not only work as a func-
tional component in nanodevices but also serve as an amplifier for
the nanosized energy-storage blocks. This unusual increase in en-
ergy storage is attributed to having a wide range of accessible elec-
tronic density of states (EDOS), and, hence, redox reactions are
occurring within the nanowire and not being confined to the surface.
Initial results with MoS2 suggest that this field-effect-modulated en-
ergy-storage mechanismmay also apply to many other redox-active
materials. Our work demonstrates the novel application of the field
effect in energy-storage devices as a universal strategy to improve
ion diffusion, which can greatly enhance the charge storage ability
of nanoscale devices.
INTRODUCTION

Nanoscale devices, such as intracellular recording sensors, electron devices, solar

cells, thermoelectric conversion devices, and nanogenerators,1,2 show promise as

fundamental building blocks in maintenance-free implantable biosensors.3–5 Tradi-

tionally, an integrated device contains three key components: energy-harvesting,

energy-storage, and functional components (e.g., sensors, data transmitters, and

data controllers). An energy-storage device can store discrete energy resources har-

vested by a solar cell, nanogenerator, or thermoelectric conversion device and then

power the sensor and electronic device continuously. Thus, the development of

nanoscale energy-storage devices is meaningful and important as an indispensable

component in integrated maintenance-free devices.

Field effects are widely used for nanoscale electronic devices, such as in transistors

for logic circuits and amplifiers,6–10 in field-induced electronic phase transitions11,12

and in the modulation of the liquid/solid interface for liquid-gated interfacial super-

conductivity.13,14 Although the use of magnetic field in conjunction with electro-

chemical energy-storage devices has shown some intriguing effects, it necessities

magnetic constituents in the devices, hence, limiting its application.15–17 To the

best of our knowledge, the electrical field effects have not been integrated into

any electrochemical energy-storage device. Although electrochemical energy-stor-

age devices involve a change in electrical properties when charge transfer oc-

curs,18,19 it is highly interesting to explore whether modulation of the electronic

density of states (EDOS) is able to influence the energy-storage processes via the
Chem 8, 1–9, September 8, 2022 ª 2022 Elsevier Inc. 1



Figure 1. Configuration of the field-effect energy-storage device (FE-ESD)

(A and B) A three-dimensional view and a cross section of the FE-ESD based on a single a-MnO2 nanowire.

(C) Optical image for the FE-ESD showing the a-MnO2 nanowire in contact with two gold electrodes. SU-8 is used to cover the gold electrodes to

prevent current leakage.
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induced gate voltages. Thus, the overarching objective of the present paper is to

determine whether such electric field effects can be used to influence and perhaps

enhance the energy-storage properties of an electrochemical device.

To explore the question of whether EDOS influences energy storage, we have de-

signed a nanowire-based, field-effect energy-storage device (FE-ESD; Figure 1A).

The device is based on using a single manganese dioxide (a-MnO2) nanowire of

30 nm in diameter and �20 mm in length. The detailed fabrication procedure is

shown in Figure S1. From the electrochemical point of view, the a-MnO2 nanowire

functions as the cathode while the large gold pad as the anode, with an electrolyte

of 6 mol/L KOH (potassium hydroxide). The configuration of our energy-storage de-

vice is similar to the on-chip electrochemical nanodevices reported previously, which

has been demonstrated as a powerful tool in understanding the insight of electro-

chemical processes.20–24 In the ‘‘field-effect’’ part of the FE-ESD, an additional elec-

trical potential (gate voltage) is induced via Si versus the ground. The highly doped

Si substrate and the 300 nm SiO2 layer serve as the back gate and dielectric layer,

respectively (Figure 1B). The a-MnO2 nanowire acts as a semiconductor channel in

which the gate electrode is expected to influence the flow of charge. Thus, the

FE-ESD integrates an electrochemical device structure with a gate electrode config-

uration, whereas the a-MnO2 nanowire serves as both the cathode electrochemically

and as a conductive channel ‘‘field-effect’’ wise. With this configuration, we are able

to determine how the gate voltage influences the electrode/electrolyte interface

and the resulting energy-storage behavior. The optical image (Figure 1C) shows

that the a-MnO2 nanowire is anchored by Au electrodes and that these electrodes

are fully covered by an SU-8 passivation layer to avoid current leakage. We have

tested the leakage currents of these nanowire devices from two sources, from the

SiO2 dielectric layer and from the current collector with the SU-8 passivation layer

to the electrolyte. The first one was determined to be less than 0.15 nA under 1 V

(Figure S2C). The second was characterized (Figure S2D) using a 3-electrode cell

in which the a-MnO2 was charged to 0.4 V versus saturated calomel electrode

(SCE), and the self-discharge properties were measured. A leakage current of

5 pA was obtained.

RESULTS AND DISCUSSION

We have investigated the electrochemical performance of the FE-ESD at different

gate voltages by using a probe station, an electrochemical workstation, and a semi-

conductor device analyzer. Cyclic voltammetry (CV) was used to characterize the
2 Chem 8, 1–9, September 8, 2022
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Figure 2. Electrochemical performance of the a-MnO2 single-nanowire FE-ESD

(A) CV curves at 100 mV/s with the gate voltages of 0, 1, 2, and 3 V.

(B) The stored charge as a function of scan rate (30–500 mV/s).

(C) The stored charge as a function of the gate voltage (0–7 V).

(D) The stored charge for thirty-one devices as a function of the gate voltage at a scan rate of

50 mV/s. The highest and lowest horizontal lines in the boxes represent the upper and lower

quartiles, respectively, whereas the middle line represents the mean.
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energy-storage properties of devices. By comparing the CV of FE-ESDs with and

without the a-MnO2 (current flow through the a-MnO2 and electrolyte, respectively),

we are able to determine how much stored charge is attributable to the a-MnO2

nanowire and the background. As shown in Figures S3 and S9, at a scan rate of

100 mV/s, the stored charge of the a-MnO2 single-nanowire FE-ESD is almost 105

times greater than that of the background. We subsequently applied the gate

voltage to the a-MnO2 FE-ESD to determine its influence on energy storage.

Upon increasing the gate voltage from 0 to 3 V, the area under the CV curve at

100 mV/s is nearly tripled (Figure 2A). Specifically, the stored charge increases

monotonically from �100 mC/cm2 at 0 V to 277 mC/cm2 with a gate voltage of

3 V. The scan rate dependence of the stored charge as a function of the gate voltage

is shown in Figure 2B. Even at a relatively high scan rate of 500 mV/s, the stored

charge (120 mC/cm2) at 3 V is still 2.5 times greater. When further increasing the

gate voltage from 3 to 4 V, the stored charge shows a moderate growth. Increasing

the gate voltage beyond 4 V does not provide any additional benefit as the stored

charge remains constant in the range between 4 and 7 V (Figures 2C and S4A).

We carried out two other series of experiments to verify the reproducibility of these

gate-voltage results. In one case, 31 a-MnO2 FE-ESDs were fabricated and tested at

a scan rate of 50 mV/s. The data shown in Figure 2D indicate that although there are

device-to-device variations, the stored charge at a gate voltage of 3 V is, on average,

two times greater than that at 0 V. The stored charge variation among the devices is

attributed to the different diameter, Fermi-level position, and carrier density of the

MnO2 nanowires. Specifically, a higher diameter of MnO2 will lead to a higher stored

charge per area. We also carried out electrochemical three-electrodemeasurements
Chem 8, 1–9, September 8, 2022 3



Figure 3. Kinetics of the a-MnO2 single-nanowire FE-ESD electrochemical behavior

(A) A plot of log(i) versus log(v) for scan rates from 50 to 200 mV/s to determinate b in Equation 1.

(B) Bar chart showing the contributions of stored charge from capacitance and diffusion at a scan

rate of 50 mV/s.
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as a reference electrode (SCE) was integrated into the device structure shown in Fig-

ure 1. As shown in Figures S4B–S4D, a conclusion similar to that from the two-elec-

trode experiment can be drawn with respect to the gate voltage and scan rate de-

pendences. The three-electrode experiment (Figure S4B) also shows that

oxidation and reduction peak occur at 0.18 and 0.02 V versus SCE, respectively.

These peaks are attributed to the equilibrium potential of the Mn4+/Mn3+

redox.25–27

Accompanying the stored charge increase with gate voltage is the increased voltage

offset between oxidation and reduction peaks (Figure S5). Usually, an increase in po-

larization indicates a decrease in the ion/electron diffusion rate and poor electro-

chemical performance. In our study, however, the stored charge increases as the

voltage separation increases. To discern the influence of the gate voltage, we stud-

ied the charge storage mechanism of the FE-ESD in greater detail. We assumed that

the peak current (i) of the CV obeys a power-law relationship with the scan rate v

i = avb; (Equation 1)

where a and b are adjustable values.28–30 The value of b provides an insight into the

charge storage mechanism as to whether the currents are limited by semi-infinite

diffusion (b = 0.5) or surface controlled (b = 1). Figure 3A shows a plot of log (i) of

the cathodic peak versus log (v) at different gate voltages. For scan rates between

50 and 200 mV/s, b is 0.91 at a gate voltage of 0 V, indicating that the kinetics are

surface controlled. This behavior is expected because of the a-MnO2 nanowire ge-

ometry. As the gate voltage increases to 3 V, b decreases continuously from 0.91 to

0.67. This suggests that the redox reaction is not only occurring at the surface of the

nanowire but, because of a greater diffusion contribution, also extending further into

the nanowire.31 Thus, upon increasing the gate voltage, there is a greater amount of

energy storage as the redox reactions are not confined to the surface but penetrate

the 30 nm diameter wire.

We also use the CV results to quantify the stored charge associated with diffusion-

and surface-controlled mechanisms. In this case, we use the relation

iðVÞ = a1v + a2v
1=2 ; (Equation 2)

where the current response (i) at a potential (V) can be described as a combination of

two mechanisms, surface-controlled charge storage (a1v) and diffusion-controlled

one (a2v
1/2).32,33 We then calculate the values of a1 and a2 over the potential range
4 Chem 8, 1–9, September 8, 2022
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(0–0.8 V) to obtain the amount of charge storage for each mechanism. At 50 mV/s,

we find that the amount of stored charge associated with diffusion-controlled pro-

cesses increases substantially from 0.076 C/cm2 at 0 V to 0.242 C/cm2 at 3 V. The

increase in the surface-controlled contribution exhibits only a modest increase

from 0.052 to 0.097 C/cm2. This analysis shows that the surface-controlled currents

remain relatively constant with the application of the gate voltage but that the diffu-

sion-controlled currents are largely responsible for the energy-storage increase.

We further employed the open-circuit potential (OCP) to reveal the gate-voltage-

dependent Fermi level of a-MnO2 in the electrolyte. These Fermi-level positions,

subsequently, were applied to the electronic band structures to understand the ef-

fects of the gate voltage on the energy-storage device performance. As shown in

Figure 4A, the OCP of a-MnO2 is �0.25 V versus SCE when the gate voltage is 0 V

(equal to 4.38 eV versus vacuum). When the gate voltage is increased to 3 V, the

electrons are injected into the bottom surface area of a-MnO2 (Figures 4B and

4C3 area), leading to a lower OCP of�1.70 V versus SCE (Figure 4A), corresponding

to a higher Fermi level of 2.98 eV. Meanwhile, the Fermi level in the a-MnO2 upper-

surface area remains unchanged (Figures 4B and 4C1 area).

To fully understand the band bending at the MnO2-electrolyte interface, as well as

how this influences the redox reaction, two parameters are introduced into the

band diagram. (1) The first one is the Fermi level in the 6 M KOH aqueous solution

(EH2O/H+), which is FSHE �0.059 3 pH = 3.57 eV (Figure 4C). When the MnO2-elec-

trolyte interface forms, the Fermi level of the MnO2 is aliened to that of the electro-

lyte. At the C3 area, the Fermi level of MnO2 located at 2.98 eV is smaller than

3.57 eV, resulting in an upward band bending (Figure 4C3). Reversely, a downward

band bending forms at the C1 area due to the larger Fermi level of 4.38 eV (Fig-

ure 4C1). (2) The other is the H+ redox potential in a-MnO2. In the band diagram,

the incorporated ions are treated as the extrinsic impurities, which occupy certain

electronic energy levels within the a-MnO2 band gap. The H+ insertion level, located

at 4.84 eV (in 6 M KOH electrolyte), is calculated according to the study conducted

by 34 and shown in Figure 4C.

In an electrochemical system, its electrochemical reaction should take place while

the scanned potential windows by the electrolytes (eF) pass through the H+ insertion

level as shown in Figure 4C. When there is no gate voltage, the electrochemical re-

action should take place near eF = 4.84 eV. This value is reasonably consistent with

our experimental result shown in Figure S4B, eF = 4.80 eV (0.12 V versus SCE). The

0.04 eV difference contributes to the downward band bending at the a-MnO2-elec-

trolyte interface (Figure 4C1). As indicated in Figure 3A, the redox reactions are

confined to the surface of the a-MnO2 nanowire. Thus, the redox potential is only

slightly influenced by the band bending, decreasing from 4.84 to 4.80 eV. Upon

increasing the gate voltage, the Fermi level of a-MnO2 moves from 4.38 to 2.98

eV, resulting in an upward band bending (Figure 4C3). Therefore, higher redox po-

tential is observed in Figure 2A (Figures S10 and S11).

Besides the higher redox potential, other two interesting phenomena emerged by

applying the back-gate voltages, the broader redox peaks and the greater stored

charge (Figure 2A). These two experimental results are explained in Figures 4D

and 4E. With the gate voltage, the energy state of the a-MnO2 bottom surface is

schematically shown in Figure 4C3, whereas its top surface stays at the original state

(shown in Figure 4C1). Hence, there is a Fermi-level gradient in the a-MnO2 nanowire

along with the electric field direction. In themiddle, there exists a point with no band
Chem 8, 1–9, September 8, 2022 5



Figure 4. Gate-voltage-dependent open-circuit potential and band diagram of a-MnO2 immersed

in a 6 M KOH aqueous solution.

(A) Gate-voltage induced open-circuit potential changes in a 6 M KOH.

(B) (Left) The band structure of the device without back-gate voltage. (Right) The applied 3 V gate

voltage will move the conduction band, valence band, the Fermi level, and H+ energy level

downward before the a-MnO2 nanowire touching the electrolyte.

(C) (C1) The non-gate-controlled area, including the case without gate voltage and the upper area

of a-MnO2 at 3 V back-gate voltage, will bend down. (C2) A specific state in which no band bending

occurs. This phenomenon will likely appear in the middle part of a-MnO2 at 3 V back-gate voltage.

(C3) Opposite to the non-gate-controlled area shown in Figure 4C1, the bottom area of a-MnO2

bends up when in touch with the electrolyte.

(D) The simulated CV curve without back-gate voltage and at 3 V back-gate voltage. The band

bending as shown in Figures 4C1–4C3 leads to different CV curves. The reaction potential at 3 V

back-gate voltage contains all situations shown in Figures 4C1, 4C2, and 4C3, resulting in broader

redox peaks and upper-shift redox potential.

(E) The schematics of H+ insertion potential in MnO2. Under zero back-gate voltage, only the C1

state exists in MnO2. For 3 V back-gate voltage, the higher H+ insertion potential area emerges

(C3), resulting in the higher redox potential.
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bending (Figure 4C2). The Fermi-level gradient increases the accessible EDOS

participating in the reaction. As a result, the CV at 3 V gate voltage contains all of

the three situations in Figures 4C1, 4C2, and 4C3. The reaction potential range (E)

at 3 V gate voltage is broader than that without gate voltage, leading to the

widening of redox peaks (Figures 4C and 4D). The H+ insertion potential in MnO2

is schematically shown in Figure 4E. A red (high potential) region forms after

applying the gate voltage, leading to a higher average redox potential of the

MnO2 and the broadened redox peaks. Furthermore, for a CV experiment, there

is t = E/v in which t is the reaction time for a specific redox reaction, E is the potential

range of the redox reaction, and v is the scan rate. After applying the gate voltage, a
6 Chem 8, 1–9, September 8, 2022
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broader reaction potential range E is obtained. At a specific scan rate v, the reaction

time t will be longer, and thus more ions participate in the reaction.

The interesting back-gate-enhanced charge storage in MnO2 nanowire is not limited

to the liquid electrolyte. A similar phenomenon is observed with a solid electrolyte

and with varying insulating layer thicknesses (Figure S6). In addition to the results for

a-MnO2, comparable experiments carried out using molybdenum disulfide (MoS2)

nanosheets show that the application of a gate voltage leads to enhanced energy

storage (Figure S7). Interestingly, graphite sheets show no improvement in charge

storage, even at a high gate voltage of 10 V (Figure S8). The reason for this is that

the principal charge storage mechanism for graphene sheets, the electrochemical

double-layer capacitance, has a minimal contribution from the redox reactions.

Conclusions

Our study shows that by modifying the configuration of a nanowire electrochemical

cell to include a gate electrode, it is possible to increase the energy-storage prop-

erties of the device. Analysis of the CV experiment shows that without the gate

voltage, redox reactions are confined to the surface of the a-MnO2 nanowire and

that by increasing the gate voltage, redox reactions extend beyond the nanowire

surface and lead to the energy-storage increase. The energy band diagram semi-

quantitatively shows that the proton insertion energy level bending under gate

voltage contributes to the higher redox potential, quadrupled energy storage,

and the broader redox peaks. Finally, the initial results for MoS2 suggest that the

gate-voltage-induced increase in energy storage may be applicable to many other

redox-active materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Liqiang Mai (mlq518@whut.edu.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

The datasets supporting this study are available from the lead contact upon request.

Experimental methods

Synthesis of MnO2 nanowires

The a-MnO2 nanowires were synthesized by a hydrothermal method following a pre-

vious report.35 In a typical synthesis, 2 mmol of KMnO4 and 2 mmol of NH4F can be

dissolved in 80 mL of water and stirred at 25�C for 1 h. The solution is then poured

into a 100 mL autoclave and heated at 180�C for 48 h. After washing and drying, the

a-MnO2 nanowires, which are over 20 mm in length and 20–40 nm in diameter, are

obtained. The large length and small diameter of our synthesize a-MnO2 nanowires

make it possible to fabricate single-nanowire-based energy-storage devices.

Device fabrication and characterization

A Cr/Au (5/50 nm) counter electrode was first deposited onto a silicon wafer with a

300 nm thick layer of SiO2 using the electron-beam lithography followed by physical

vapor deposition and lift off. The a-MnO2 nanowire was immobilized by the Cr/Au

(5/150 nm) contact and a SU-8 passivation layer deposition. Finally, electrolyte
Chem 8, 1–9, September 8, 2022 7
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(6 mol/L KOH) was used to cover the working electrode (a-MnO2 nanowire) and

counter electrode (Cr/Au pad) of the energy-storage device. CV of the field-ef-

fect-modulated energy-storage device and the rate behavior at different gate volt-

ages were measured using a probe station (Lake Shore PPT4), an electrochemical

workstation (Autolab PGSTAT 302N), and a semiconductor device analyzer (Agilent

B1500A).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.

2022.05.004
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