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Facial masks are often used to treat skin problems, and the introduction of microcurrent ion penetration 
technology can improve drug penetration and help facial tissue repair. However, most microcurrent 
stimulation masks contain a direct current power supply and require external power sources, resulting 
in inconvenient portability and use. Herein, we provide a noninvasive self-powered iontophoresis mask 
with a water-driven power supply, which is continuously prepared by self-constructing equipment to 
continually construct a zinc–manganese fiber battery (Zn-Mn@FB) and then seamlessly integrated with 
a nonwoven cellulose-based superabsorbent fiber substrate. The mask can be activated by water and is 
simple and portable to use. Zn-Mn@FB demonstrated a capacitance retention of 65.22% (1,000 cycles) 
and a specific discharge capacity of 27.33 mAh/g (10 cm), which improved with an increase in battery 
length to up to 41 mAh/g (30 cm). The iontophoresis mask exhibited a stable current within the safe 
range of 0.09 to 0.59 mA (within 800 s) after water activation, and the drug penetration area increased by 
102.64%. The platform is expected to become a practical device for enhanced transdermal drug delivery 
in the medical field, with the potential to integrate additional components for expanded functionality and 
productization in the future.

Introduction

   Masks covering the skin are used to noninvasively solve facial 
skin problems, and small-drug molecules provide anti-skin acne, 
whitening, hydration, brightening, and other effects through 
transdermal penetration. Recently, ion penetration technology 
has gained much attention for the improvement of the drug pen-
etration performance of facial masks. By applying a low-intensity 
electric field to the skin, the drug penetrates into the skin tissue 
in the form of ions, thereby improving the efficiency of wound 
healing, keratinocyte migration, muscle movement promotion, 
and skin elasticity restoration [  1 ,  2 ]. Under the stimulation of a 
microcurrent, small-molecular-weight (<500-Da) molecules can 
pass through the cuticle with higher efficiency [  3 ], promote the 
production of more adenosine triphosphate, and enhance col-
lagen density and fibroblast proliferation, thus reducing wrinkles 
[  4 ,  5 ] and increasing skin elasticity [ 1 , 4 ]. At present, there are 
already commercially available direct-current (dc)-powered ion 
electrophoresis beauty devices. However, in most microcurrent 
stimulation products, the assembly of the dc power supply and 
mask relies on a power cord or a traditional internal metal-based 
battery, which requires an external power supply, causing incon-
venient portability and professional guidance to use. To solve 
these problems, the use of an internal power supply to replace 

the external power supply scheme can effectively improve the 
applicability of electrical dressing equipment.

   Among existing internal power supply devices, the self-
powered fiber battery combines a small size, softness, easy weav-
ing, and a high safety factor, which makes it suitable for 
replacing an external power supply. Recently, a variety of self-
powered fiber batteries with high energy storage power supply 
performance, excellent flexibility, and good biocompatibility 
have been widely reported, providing new opportunities for the 
energy supply of electrical dressing equipment [  6 –  9 ]. High-
performance wearable fiber-based batteries can be obtained by 
incorporating polymeric gel electrolytes into the aligned chan-
nels of fiber electrodes and the gaps between fibers [  10 ,  11 ]. They 
have a high power conversion efficiency (7.95%) and high dura-
bility under 5,000 deformation cycles (more than 90%), showing 
excellent application prospects in the field of flexible sensing 
and health protection. Moreover, in related reports of light-
weight and flexible energy storage devices, zinc-ion batteries 
have become a research hotspot because of their advantages of 
low cost, high specific capacity, and high safety. The current 
research on zinc-ion batteries mostly focuses on performance 
improvement and material research and development, and the 
battery length is only about 10 cm [  12 ]. Although the battery 
length can be increased using series batteries, there is a risk of 
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loosening and leakage at the junction between batteries, which 
greatly limits practical applications. Therefore, more efforts are 
needed to develop a continuous and long-fiber battery for elec-
trical dressing equipment.

   Moreover, the safety performance of the electrolyte of a zinc-
ion battery is also important. At present, the electrolytes of 
zinc-ion batteries mostly use polymers such as polyvinyl alco-
hol (PVA), gelatin, polyacrylamide, polyvinyl oxide, and poly-
acrylonitrile [  13 –  16 ]. Polymer gel electrolytes have excellent 
mechanical properties, flexibility, good adhesion to human 
skin, and biocompatibility, which makes them an ideal platform 
for a new generation of wearable sensors. However, polymer 
gel electrolytes have poor water retention, and the battery fails 
after the water evaporates and cannot be reused. It is worth 
mentioning that the strategy of integrating cellulose-based 
superabsorbent fibers (SAFs) with traditional nonwoven fabrics 
(NWFs) is proposed to overcome the above problem. The 
enriched nanopore network in a nonwoven fiber and the frame 
structure on the fiber surface can form interconnected remote 
ion transfer pathways inside and outside the fiber, thus provid-
ing a pathway for ion transport [  17 ,  18 ]. In contrast to the above 
gel electrolytes doped with complex chemicals [  19 ], cellulose 
and SAFs are considered to be safe and nontoxic and have good 
water retention and are proven to be able to produce disposable 
hygiene products, providing an ideal choice for internal power 
sources in electrical dressing equipment [  20 –  22 ]. In addition, 
the human face has complex surface characteristics, including 
a large area, a complex curvature, multiple depressions, and 
protrusions in the eyes, nose, and mouth. Compared with the 
skin on the back, abdomen, and legs of the body, the facial skin 
shows relatively complex features [  23 ]. Because of the particu-
larity of the physical form and size of the fiber, SAFs have a fast 
water absorption speed, a soft feel, easy blending and process-
ing, and easy material shaping without migration, which can 
meet the needs of facial skin fitting [  24 ].

   In this work, we propose a self-powered microcurrent ion-
tophoresis mask using a zinc–manganese fiber battery (Zn-
Mn@FB), which can be easily cut into desirable shapes. Zn-Mn@
FB was constructed using self-built continuous equipment at 
room temperature to prepare long-fiber electrodes, and a mask 
was seamlessly integrated with superabsorbent NWF containing 
SAF interlayers to increase transdermal drug delivery. NWF 
absorbs water quickly, and the hydrogelatinization of the inter-
layer SAFs enables it to act as a battery electrolyte and recover 
when water evaporates, making Zn-Mn@FB water activable 
and recyclable. Zn-Mn@FB had a high specific capacity of 
27.33 mAh/g when the current density was 20 mA/g, and with 
an increase in Zn–Mn battery length, the specific capacity 
increased to 41 mAh/g and then remained unchanged. Add
itionally, Zn-Mn@FB had stable cycling stability of 65.22% after 
1,000 cycles. After activation, the iontophoresis mask main-
tained the current within the safe range of 0.09 to 0.59 mA for 
800 s and the drug penetration area increased by 102.64%. The 
platform has good application potential in facial care.   

Results and Discussion
   The structural design and mechanism of the self-powered ion-
tophoresis mask are schematically illustrated in Fig.  1 . The 
whole mask was sewn using several Zn-Mn@FB units. Zn-Mn@
FB was activated by water and consisted of a zinc-modified 
silver fiber anode (Zn-SF) and a manganese dioxide-modified 

titanium wire cathode (MnO2-Ti). Because of the small ionic 
radius, ion intercalation and deintercalation of Zn2+ could 
occur in the compound with a tunnel/layered structure [  25 ]. 
Zn2+ was released from the negative electrode of the Zn-Mn@
FB battery during discharge, which diffused further into the 
MnO2-Ti positive electrode. Then, it was removed from the 
tunnel of the MnO2-Ti positive electrode during charging and 
finally produced a reflux in the electrical circuit. The continu-
ous low-intensity current delivered by the electrical circuit 
promoted the introduction of the drug into the skin. There was 
a clear color boundary between the surface of the iontophoresis 
sample and the blank sample (Fig.  1 B), and the drug delivery 
efficiency was substantially improved (Fig.  1 C). In addition, 
the current transport effect of Zn-Mn@FB was inseparable 
from the electrolyte. NWF had a gelling state when encounter-
ing water (Fig.  S1 ). The gelation mechanism is illustrated in 
Fig.  1 D. The structure of SAFs consisted of a linear chain of 
cyclic glucose molecules with a repeating unit of 2 dehydrated 
glucose rings bridged by C–O–C covalent bonds. Using SAFs 
as the intermediate layer of NWF, gelation was triggered by the 
core-suction effect. In the gelation process, SAFs could form a 
3-dimensional network of gel fibers through the hydrogen bond 
interaction between nanofibers, which carried the flow of elec-
trons and generated a conductive path.        

   Compared with paper [  26 ,  27 ], film [  28 –  30 ], plastic, etc., 
textile fiber materials have excellent flexibility and strength, and 
their unique textile structure and flexible designability also 
enable them to be seamlessly combined with textile products 
to make wearable electronic products through textile processing 
technology [  31 –  33 ]. The fiber structure of the zinc-ion battery 
gave it higher flexibility, and it was easier to integrate with the 
fabric through the weaving process, which was widely used in 
smart clothing. However, existing studies on flexible zinc-ion 
batteries mainly focused on electrode material modification 
and electrochemical performance improvement, and their 
application was limited to a safe and stable environment. There 
was a lack of research on fiber batteries under mechanical exter-
nal forces (bending, torsion, heavy pressure, etc.). Most of the 
research content was also focused on the length of a few centi-
meters or more than 10 cm, although relatively large progress 
had been made in performance, but the length of the energy 
storage device greatly limited the design of the integrated pro-
cess. Here, we continuously prepared Zn-SF and MnO2-Ti elec-
trodes using self-constructing deposition equipment (Fig.  2 A). 
In the process of electrodeposition, the influence of different 
electroplating voltages on zinc electrodes was discussed. Using 
zinc sulfate (ZnSO4) as the electrolyte, different deposition volt-
ages were set and the morphology of the zinc layer deposited 
on silver-coated yarn (SF) was observed using an ultra-depth-
of-field video microscope (Fig.  S2 ). The results showed that 
when the deposition voltage was 2 V, the zinc layer morphology 
presented the best deposition effect, and the zinc layer was 
dense and evenly wrapped to the yarn, and there was no loose 
zinc material on the surface.        

   The resistance of Zn-SF enlarged slowly with increasing 
length (Fig.  S3 ), while the resistance decreased first and then 
enlarged with increasing deposition voltage (Fig.  S4 ). When the 
deposition voltage was 2 V, the lowest resistance of Zn-SF was 
10.36 Ω, which further proved that the optimal deposition volt-
age of Zn-SF was 2 V. Therefore, 2 V was used as the deposition 
voltage in subsequent experiments. The fiber raw materials 
before deposition were compared with the fiber electrodes after 
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deposition, and the photos and SEM images of SF, the Zn-SF 
electrode, the Ti filament, and the MnO2-Ti electrode were 
obtained (Fig.  2 ). The original SF was silvery gray with a smooth 
surface (Fig.  2 B and F). Along with the fine growth of zinc 
nanoparticles on the SF surface, the surface of the Zn-SF elec-
trode appeared silver-white (Fig.  2 C and G). As exhibited in 
Fig.  2 D and H, the surface of the Ti filament was free of impuri-
ties, and the surface of the MnO2-Ti electrode was uniformly 
loaded with manganese dioxide slurry, and the color was black 
(Fig.  2 E and I). The fine and uniform arrangement of manga-
nese dioxide nanoparticles and zinc nanoparticles provided 
more active sites for the intercalation and deintercalation of 
zinc ions, which was beneficial to improving the electrochemi-
cal performance of zinc-ion batteries. The effective preparation 
of MnO2-Ti (Fig.  2 J) and Zn-SF (Fig.  2 K) were confirmed by 
x-ray diffraction patterns. The full spectrum of the MnO2-Ti 
electrode clearly presented the presence of the C, O, and Mn 
elements (Fig.  2 L and M). Moreover, the energy-dispersive 
x-ray spectroscopy image of the distribution of elements on the 

electrode surface (Fig.  S5 ) also confirmed that Zn and MnO2 
active materials were successfully attached and evenly distrib-
uted on the fiber electrode.

   Zn-SF and MnO2-Ti flexible fiber electrodes were seamlessly 
integrated into NWF to obtain zinc–manganese Zn-Mn@FB 
batteries. The redox peaks during Zn2+ dissociation and embed-
ding of Zn-Mn@FB were observed at a scanning rate of 2 to 
10 mV/s (Fig.  3 A). There was no obvious deformation of the 
curve at different scanning rates, which indicated that Zn-Mn@
FB could withstand fast charging and discharging. According 
to the charge–discharge curve in Fig.  3 B, Zn-Mn@FB presented 
a good energy storage performance with a specific discharge 
capacity of 27.33 mAh/g when the current density was 20 mA/g. 
To verify the activation effect of the electrolyte on Zn-Mn@FB, 
the open-circuit voltage of Zn-Mn@FB with a length of 10 cm 
was measured. When 260 μl/cm2 of deionized water was added 
to the NWF, the open-circuit voltage increased substantially 
and a stable platform was obtained (Fig.  3 C). A low charge 
transfer resistance reduced the transfer resistance of electrons 

Fig. 1. Structural design and mechanism of the self-powered iontophoresis mask. (A) Schematic illustration of the self-powered iontophoresis mask. (B) The effect of the mask 
on promoting drug penetration. (C) Comparison of drug penetration areas before and after mask application. (D) Gelation process of superabsorbent fibers (SAFs). Zn-SF, 
zinc-modified silver fiber anode; MnO2-Ti, manganese dioxide-modified titanium wire cathode.
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and ions during the electrochemical reaction. The electrochem-
ical impedance spectroscopy spectrum in Fig.  3 D exhibited that 
Zn-Mn@FB obtained a low equivalent series resistance of 23.4 
Ω and a charge transfer resistance of 65.3 Ω. The working stabil-
ity of Zn-Mn@FB was further explored by observing the spe-
cific discharge capacity, as shown in Fig.  3 E, when the current 
density was 20, 40, 60, 80, and 100 mA/g. The corresponding 
specific discharge capacities were 28.52, 25.47, 22.83, 20.83, and 
15.56 mAh/g, respectively. In addition, after the above current 
density tests, the specific discharge capacities of Zn-Mn@FB 
under a 20 mA/g current density still reached 25.64 mAh/g. 

This was probably determined by the multidimensional nano-
structure of the active material as well as the stability of the 
electrolyte. According to  Eqs. 2 and 3 , our Zn-Mn@FB achieved 
a maximum energy density of 37.16 mWh/g (30.94 mWh/cm3) 
at a power density of 0.0272 W/g (0.0226 W/cm3). A maximum 
power density of 0.128 W/g (0.106 W/cm3) was achieved at an 
energy density of 20.3 mWh/g (16.9 mWh/cm3) (Fig.  3 F and 
Fig.  S6 ). The comparison of the volume energy and power den-
sity of Zn-Mn@FB with those of other high-performance 
energy storage devices clearly exhibited that our Zn-Mn@FB 
was substantially superior to previously reported devices such 

Fig. 2. Microscopic structure and chemical structure of the electrodes. (A) Schematic diagram of the continuous preparation of the Zn-SF electrode and MnO2-Ti electrode. (B to 
E) Photographs and (F to I) scanning electron microscopy (SEM) images of silver fiber (SF), the Zn-SF electrode, a Ti filament, and the MnO2-Ti electrode. X-ray diffraction (XRD) 
patterns of the (J) MnO2-Ti electrode and (K) Zn-SF electrode. XPS (L) full spectrum and (M) Mn 2p spectrum of the MnO2-Ti electrode. NWF, nonwoven fabric.
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as nitride solid-state batteries [  34 ], zinc batteries [  35 ,  36 ], lith-
ium batteries [  37 ], water–sodium-ion batteries [  38 ], and hybrid 
batteries [  39 ]. In addition, the cyclic stability of Zn-Mn@FB 
showed that the capacitance remained 65.22% after 1,000 cycles 
and the coulombic efficiency was about 100% (Fig.  3 G and Fig. 
 S7 ). Zn-Mn@FB possessed good cycle stability, which provided 
the possibility of its long-term practical application.        

   The length of the energy storage device had a great effect on 
the design of the integration process, and an increase in length 
also affected the internal resistance of Zn-Mn@FB and the cor-
responding electrochemical performance. Flexible fiber batter-
ies of different lengths were prepared, and analyses of their 
charge–discharge performance and impedance were carried out 
in order to investigate the effect of length on Zn-Mn@FB. The 
results showed that compared with a 27.33 mAh/g specific 
discharge capacity at a 10-cm length, the specific discharge 
capacity of Zn-Mn@FB increased to 41 mAh/g when the 

battery length increased to 30 cm, and that of Zn-Mn@FB 
increased to 40.6 mAh/g when the battery length increased to 
50 cm (Fig.  4 A). Moreover, the internal resistance of Zn-Mn@
FB presented a decreasing trend with an increase in the length 
of the fiber battery (Fig.  4 B). When the length of the fiber bat-
tery was 30 cm, the internal resistance was 14 Ω, and the inter-
nal resistance decreased to 12 Ω when the length was increased 
to 50 cm. PVA gel and NWF were used as electrolytes to observe 
the discharge to verify the durability of SAF electrolytes; as 
shown in Fig.  4 C, the 2 kinds of gel electrolyte batteries have 
similar output potentials. Within 60 min, the output voltage of 
NWF was stable at about 1.17 V, while that of PVA gel was stable 
at about 1.15 V. However, after 2 d of standing, the output 
voltage of PVA gel was almost 0 V, and NWF still had an output 
voltage. This was mainly due to the complete loss of water in 
the PVA electrolyte, resulting in battery failure. Although the 
electrolyte of the fiber battery with NWF as the electrolyte also 

Fig. 3. Electrochemical performance of Zn-Mn@FB. (A) Cyclic voltammetry (CV) curve at scanning rates of 2 to 10 mV/s. (B) Constant-current charge–discharge (GCD) curve at 20 
to 100 mA/g current densities. (C) Open-circuit voltage response of Zn-Mn@FB. (D) Electrochemical impedance spectroscopy (EIS) spectrum of Zn-Mn@FB; the inset illustrates 
the equivalent circuit of the device. (E) Rate performance at different current densities. (F) Comparison with other works. (G) Cycle stability and coulombic efficiency of Zn-Mn@
FB; the illustration shows the 1st and 1,000th charge and discharge curves. CPE, constant phase element; rGO, reduced graphene oxide; MWCNT, multiwall carbon nanotube.
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volatilized after 2 d of standing, the output voltage of the fiber 
battery was able to be maintained at about 1.15 V after water 
absorption again.        

   Zn-Mn@FB, as a wearable energy storage device, was sup-
posed to meet the needs of daily wearability, including washable 

resistance, immersion resistance, and air permeability. The elec-
trochemical performance of Zn-Mn@FB was tested under dif-
ferent mechanical deformation, soaking, and washing conditions. 
The mechanical deformation included squeezing, twisting, wave-
form bending, and folding. Zn-Mn@FB was mixed and washed 

Fig. 4. Wearable performance of Zn-Mn@FB. (A) Charge–discharge performance and (B) impedance at different lengths of Zn-Mn@FB. (C) Output voltage retention performance 
of different electrolytes. (D) Open-circuit voltage and (E) charge–discharge performance under washing conditions. (F) Charge–discharge performance and (G) capacitance 
retention under different deformations. (H) Series GCD curve and (I) parallel GCD curve of Zn-Mn@FB. PVA, polyvinyl alcohol.
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for 10 min with water containing 1 wt% detergent, and dried at 
room temperature and activated with deionized water. As shown 
in Fig.  4 D, under the conditions of squeezing, soaking, and wash-
ing, Zn-Mn@FB still provided a relatively stable open-circuit 
voltage under the above conditions. In addition, compared with 
that after squeezing, the specific capacitance of Zn-Mn@FB 
remained 32.92% and 21.32% after soaking and washing, respec-
tively (Fig.  4 E). After gradually complex mechanical deforma-
tions such as twisting, waveform bending, and folding, the 
discharge specific capacity loss of Zn-Mn@FB gradually increased 
(Fig.  4 F), but it still maintained a high capacity retention rate. 
The capacity retention rates of Zn-Mn@FB after twisting, folding, 
and knotting were 97.48%, 95.14%, and 82.24%, respectively, and 
still reached 83.75% after the above various mechanical deforma-
tions (Fig.  4 G). The above experiments displayed that Zn-Mn@
FB maintained good flexibility and could adapt to the deforma-
tion required by daily wearing. In addition, to meet the power 
requirements for daily wearable use, a series–parallel connection 
to Zn-Mn@FB was used to achieve higher output voltage and 
current. The output voltage of 2 Zn-Mn@FB batteries in series 
was twice that of a single battery, and the working time was 
almost the same (Fig.  4 H). Similarly, the output time of 2 parallel 
Zn-Mn@FB batteries was twice that of a single battery, and the 
operating voltage was the same (Fig.  4 I), which fully proved that 
series–parallel connection could achieve the effect of expanding 
voltage and increasing current.

   Based on Zn-Mn@FB good energy storage, magnification 
performance, and wearable performance, we completed the 
design and production of the self-powered iontophoresis mask 
through a simple embroidery process. The graphic design of 
battery on the iontophoresis mask is exhibited in Fig.  5 A. Zn-SF 
and MnO2-Ti fiber electrodes were arranged on the mask base 
cloth in regular shapes and were continuously sewn and inter-
woven to form several Zn-Mn@FB small units to form a closed 
loop. As shown in Fig.  5 B, Zn-Mn@FB distributed at different 
locations on the face could generate a microcurrent when used 
to transport ions in the stratum corneum of the skin and raise 
the permeability of the cell membrane, thus increasing the 
amount and depth of transdermal drug delivery [ 23 ,  40 ,  41 ]. The 
microcurrent was able to promote the transdermal transport 
of small molecular nutrients such as hyaluronic acid. The data 
presented that currents less than 1,000 μA could promote ade-
nosine triphosphate synthesis, and currents in the range of 100 
to 500 μA could stimulate protein synthesis [  42 ,  43 ]. With refer-
ence to the average duration of the application of the mask, a 
current test of the mask with different electrolyte volume frac-
tions was carried out within 800 s (Fig.  5 C). When the NWF 
mask base cloth was not fully wetted, the mask provided a 
microcurrent of 0.038 mA or less, and after being fully wetted, 
the mask provided a microcurrent of up to 0.589 mA, which 
slowly decreased to 0.093 mA over time. In the soaked state, 
the current increase of the mask reached 0.964 mA, but the 
current decline curve was steeper (Fig.  S8 ). This was probably 
due to the increase in ion exchange efficiency caused by elec-
trolyte supersaturation and electrode contact short circuit, 
resulting in an increase in the discharge speed. The iontopho-
resis mask presented a gel state after exposure to water and was 
effectively fitted on human skin (Fig.  5 D). The mechanism of 
the microcurrent promoting penetration is presented in Fig. 
 5 E. Dropping water as an electrolyte activated Zn-Mn@FB to 
release a microcurrent from the mask, thus promoting the 
transdermal diffusion and penetration of drugs. For proof of 

concept in Fig.  5 E, the process of applying a mask on fresh 
pigskin was simulated. The fluorescent dye rhodamine B was 
used to simulate the drug. It was observed that the fluorescence 
intensity of the skin surface of the iontophoresis group was 
higher than that of the noniontophoresis group, and the range 
was substantially expanded (Fig.  5 F). The average fluorescence 
intensity of the iontophoresis group was higher than that of the 
noniontophoresis group as a whole by selecting an equal-diameter 
circle in the center of the sample for gray value analysis. Drugs 
on the skin without microcurrent stimulation mostly remained 
in the epidermis, and the penetration was uneven (Fig.  5 G). 
The fluorescence band width of drugs on the skin stimulated 
by a microcurrent was larger and more uniform (Fig.  5 H), and 
the drug penetration area increased by 102.64%, indicating that 
the iontophoresis group could effectively promote the penetra-
tion and absorption of drugs.           

Conclusion
   In summary, Zn and MnO2 were loaded onto a substrate surface 
using self-constructing continuous chemical deposition equip-
ment, and the obtained fiber electrode was seamlessly integrated 
with the superabsorbent NWF to prepare a noninvasive self-
powered iontophoresis mask that enhanced transdermal drug 
delivery. The Zn-Mn@FB unit on the mask exhibited an ideal 
discharge specific capacity of 41 mAh/g (30 cm), a cycle stability 
of 65.22% (after 1,000 cycles), and an output current in the safe 
range of 0.09 to 0.59 mA (within 800 s), which effectively 
improved the drug delivery efficiency. Our work demonstrated 
that the prepared Zn-ion battery iontophoresis mask has a good 
application potential in enhancing transdermal drug delivery 
and is expected to provide a more practical microcurrent intro-
duction device for medical cosmetology with the possibility of 
functional expansion and industrial production.   

Materials and Methods

Materials
   The silver fiber (SF) was purchased from Lutai Textile Co., LTD. 
The Ti filament was purchased from Kunshan Shengshijingxin 
Material Co., LTD. Anhydrous ethanol was purchased from 
Tianjin Guangfu Fine Chemical Research Institute. Zinc sulfate 
(ZnSO4) was purchased from Shanghai McLean Biochemical 
Technology Co., LTD. PVA was purchased from Sinopharm 
Group Chemical Reagent Co., LTD. Manganese dioxide (MnO2), 
﻿N-methylpyrrolidone (95%), polyvinylidene fluoride (PVDF; 
99%), and acetylene black (99%) were purchased from Qingdao 
Fengruixin Instrument Equipment Co., LTD. Rhodamine B was 
purchased from Qingdao Runhuan Science and Technology 
Engineering Co., LTD. Fresh pigskin was purchased from 
Hedong District Leisen Food trade. Superabsorbent nonwovens 
were purchased from Taian Youxin Materials Co., LTD.   

Preparation of the Zn-SF electrode
   First, SF was immersed in anhydrous ethanol for 10 min by ultra-
sound, cleaned with deionized water, and then placed in the oven 
at 60 °C until completely dry. This was repeated 3 times to remove 
the wax and impurities on the surface of the silver-coated fiber. 
Then, ZnSO4 powder was dissolved in deionized water and pre-
pared into 0.5 M ZnSO4 plating solution, which was fully stirred 
on a magnetic agitator until ZnSO4 was completely dissolved. 
The solution was poured into a plating pool, with the zinc plate 
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as the positive electrode and SF as the negative electrode, and 
electrodeposition was carried out under the voltage applied by 
a regulated dc power supply. Finally, the zinc-modified fiber 
anode was collected by an automatic winding device with a wind-
ing speed of 4 r/s and named Zn-SF.   

Preparation of the MnO2-Ti electrode
   PVDF was poured into a beaker containing an appropriate 
amount of N-methylpyrrolidone solution, thoroughly stirred 
on a magnetic mixer until it was completely dissolved, and then 
poured into MnO2 and conductive acetylene black in turn to 
obtain MnO2 slurry. The weight ratio of MnO2, conductive 
acetylene black, and PVDF was 7:2:1. Next, the surface of the 
titanium wire was coated with MnO2 slurry, dried by hot air at 
60 °C. Finally, the MnO2-modified fiber cathode was collected 

by an automatic winding device with a winding speed of 4 r/s 
and named MnO2-Ti.   

Assembly of the iontophoresis mask
   Zn-SF and MnO2-Ti were stitched into NWF with embroidery 
to obtain a Zn–Mn electrode unit as the test group, named 
Zn-Mn@FB. After that, several Zn-Mn@FB units were arranged 
on the mask base cloth according to the embroidery pattern 
in Fig.  5 A to complete the assembly of the mask.   

Transdermal drug delivery experiment induced by 
the self-powered iontophoresis mask
   The process of applying a mask on fresh pigskin was simulated. 
The observation group was divided into 2 groups, which were 

Fig. 5. Application performance of the self-powered iontophoresis mask. (A) Embroidery design of the mask. (B) Physical picture of the mask; the small picture is that of a 
Zn-Mn@FB unit. (C) Output current images at different electrolyte volumes. (D) Application scenario diagram. (E) The microcurrent promotes the permeability mechanism. 
(F) Mean gray scale of the noniontophoresis group and the iontophoresis group, which was treated with iontophoresis mask for 1 h. SEM photos of the longitudinal section of 
pigskin in the (G) iontophoresis group and (H) noniontophoresis group.
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a blank sample and the iontophoresis mask driven by Zn-Mn@
FB; 3 parallel samples were set for each group. After cleaning, 
fresh pigskin was cut into a circle of equal diameter and placed 
on a plate; 0.6 ml of 1 × 10−3 M rhodamine B was added to the 
center, and the sample size was 10 × 1 cm2. After treatment for 
1 h, the fluorescence intensity between the cathode and anode 
on the surface of pigskin was observed. The surface samples 
were removed, and the pigskin was frozen in liquid nitrogen 
and sliced into 10-μm-thick specimens, which were then 
observed under a fluorescence microscope.   

Characterization
   The physical morphology of Zn-SF electrodes under different 
deposition voltages was analyzed with a DVM6M ultradepth-
of-field video microscope from Leica, Germany. The surface 
morphologies of SF, the Zn-SF electrode, the Ti filament, and 
the MnO2-Ti electrode were analyzed by scanning electron 
microscopy. The surface compositions of MnO2-Ti and Zn-SF 
electrodes were analyzed with a ESCALAB Xi+ x-ray diffrac-
tion photoelectron spectrometer from Thermo Fisher (Czech 
Republic). The crystal structure on the surface of the MnO2-Ti 
electrode was analyzed with a 3-kW SmartLab x-ray photo-
electron spectroscopy instrument. The surface of pigskin was 
observed with a fluorescence electron microscope from Nikon 
Corporation.   

Electrochemical measurements
   Constant-current charge–discharge, cyclic voltammetry, and 
electrochemical impedance spectroscopy tests were performed 
on Zn-Mn@FB with CHI660E and CHI760E electrochemical 
workstations made by Shanghai Chenhua Instrument Co., LTD. 
All tests were carried out at room temperature in the voltage 
range of 0.7 to 2.0 V. The volume specific capacitance ( Csp   ), 
energy density ( E   ), and power density ( P   ) of Zn-Mn@FB were 
calculated from  Eqs. 1 ,  2 , and  3 , respectively [  44 ,  45 ]:
﻿﻿  

﻿﻿  

﻿﻿  

where  I    is the discharge current,  t     is the discharge time,  V     is 
the volume,  i    is the current density,  U(t)    is the voltage at time 
﻿t    , and  dt    is the time differential.    

Acknowledgments
   Funding: This work was supported by the National Key Research 
and Development Program (2022YFB3805802), the National 
Natural Science Foundation of China (52473307, 22208178, 
and 62301290), the Taishan Scholar Program of Shandong 
Province in China (tsqn202211116), the Shandong Provincial 
Universities Youth Innovation Technology Plan Team (2023KJ223), 
the Natural Science Foundation of Shandong Province of China 
(ZR2023YQ037, ZR2020QE074, ZR2023QE043, and ZR20
22 QE174), the Shandong Province Science and Technology Small 

and Medium sized Enterprise Innovation Ability Enhance ment 
Project (2023TSGC0344 and 2023TSGC1006), the Natural 
Science Foundation of Qingdao (23-2-1-249-zyyd-jch and 24-4- 
4-zrjj-56-jch), the Anhui Province Postdoctoral Researcher 
Research Activity Funding Project (2023B706), the Qingdao Key 
Technology Research and Industrialization Demonstration 
Projects (23-1-7-zdfn-2-hz), and the Suqian Key Research and 
Development Plan (H202310).
  Author contributions: Y.W., Y.T., and M.L. conceived the ideas 
and designed the experiments. Y.W. and Y.T. conducted the 
experiments and analyzed the data and designed and drew the 
schematic diagram. T.X., M.L., X.L., D.Z., N.Y., and M.T. pro-
vided comments to improve the paper. M.T. provided the finan-
cial support and directed the research. All authors interpreted 
data and contributed to the writing of the manuscript.
  Competing interests:﻿ The authors declare that they have no 
competing interests.   

Data Availability
  All relevant data supporting the key findings of this study are 
available within the article and its Supplementary Materials file 
or from the corresponding authors upon reasonable request.   

Supplementary Materials
         Figs. S1 to S8    

References

	 1.	 Golberg A, Khan S, Belov V, Quinn KP, Albadawi H,  
Felix Broelsch G, Watkins MT, Georgakoudi I, Papisov M, 
Mihm MC, et al. Skin rejuvenation with non-invasive pulsed 
electric fields. Sci Rep. 2015;5:Article 10187.

	 2.	 Banerjee J, Das Ghatak P, Roy S, Khanna S, Sequin EK, 
Bellman K, Dickinson BC, Suri P, Subramaniam VV,  
Chang CJ, et al. Improvement of human keratinocyte 
migration by a redox active bioelectric dressing. PLOS ONE. 
2014;9(3):Article e89239.

	 3.	 Elmowafy M. Skin penetration/permeation success 
determinants of nanocarriers: Pursuit of a perfect formulation. 
Colloids Surf B Biointerfaces. 2021;203:Article 111748.

	 4.	 Yu C, Xu Z-X, Hao Y-H, Gao YB, Yao BW, Zhang J, Wang B,  
Hu ZQ, Peng RY. A novel microcurrent dressing for 
wound healing in a rat skin defect model. Mil Med Res. 
2019;6(1):Article 22.

	 5.	 Nguyen EB, Wishner J, Slowinska K. The effect of pulsed 
electric field on expression of ECM proteins: Collagen, elastin, 
and MMP1 in human dermal fibroblasts. J Electroanal Chem. 
2018;812:265–272.

	 6.	 Tian Z, Sun Z, Shao Y, Gao L, Huang R, Shao Y, Kaner RB, 
Sun J. Ultrafast rechargeable Zn micro-batteries endowing a 
wearable solar charging system with high overall efficiency. 
Energy Environ Sci. 2021;14(3):1602–1611.

	 7.	 Yang Y, Shao Y, Lu G, Shao Y. Fusing fibre batteries interface 
via biomimetic gel electrolyte. Adv Fiber Mater. 2024;6(4): 
949–951.

	 8.	 El-Kady MF, Shao Y, Kaner RB. Graphene for batteries, 
supercapacitors and beyond. Nat Rev Mater. 2016;10(4):Article 70.

	 9.	 Shao Y, Shen F, Shao Y. Recent advances in aqueous zinc-
ion hybrid capacitors: A minireview. Chem Electro Chem. 
2020;8(3):484–491.

(1)Csp =
It × 1, 000

V × 3, 600

(2)E =
i ∫ U(t)dt

3,600

(3)P =
E × 3,600

t

https://doi.org/10.34133/research.0667


Wang et al. 2025 | https://doi.org/10.34133/research.0667 10

	10.	 Lu C, Jiang H, Cheng X, He J, Long Y, Chang Y, Gong X, 
Zhang K, Li J, Zhu Z, et al. High-performance fibre battery 
with polymer gel electrolyte. Nature. 2024;629(8010):86–91.

	11.	 Kang X, Song J, Liu J, Cao S, Lin Z, Jiang H, Yang Y, Cheng X,  
Ai Y, Sun X, et al. An efficient fiber gel dye-sensitized solar 
cell with stable interlaced interfaces. Adv Funct Mater. 
2024;34(12):Article 2404361.

	12.	 Levitt A, Hegh D, Phillips P, Uzun S, Anayee M, Razal JM, 
Gogotsi Y, Dion G. 3D knitted energy storage textiles using 
MXene-coated yarns. Mater Today. 2020;34:17–29.

	13.	 Zhao B, Wang M, Wang S, Ni T, Wang Q, Ruan L, 
Huang L, Zeng W. A highly flexible and self-healable 
rechargeable fibrous Zn–MnO2 battery. Sustain Energy Fuel. 
2021;5(11):2907–2915.

	14.	 Shim G, Tran MX, Liu G, Byun D, Lee JK. Flexible, fiber-
shaped, quasi-solid-state Zn-polyaniline batteries with 
methanesulfonic acid-doped aqueous gel electrolyte. Energy 
Storage Mater. 2021;35:739–749.

	15.	 Lu S, Yuanqing Y, Lixin D, Jiao M, Ding B, Yu Q, Tang J, Liu B. 
Sustainable and high-performance Zn dual-ion batteries with a 
hydrogel-based water-in-salt electrolyte. Energy Storage Mater. 
2022;47:187–194.

	16.	 Jiang D, Wang H, Wu S, Sun X, Li J. Flexible zinc–air battery 
with high energy efficiency and freezing tolerance enabled 
by DMSO-based organohydrogel electrolyte. Small Methods. 
2021;6:Article 2101043.

	17.	 Wang M, Wang L, Deng N, Wang X, Xiang H, Cheng B,  
Kang W. Electrospun multi-scale nanofiber network: 
Hierarchical proton-conducting channels in Nafion 
composite proton exchange membranes. Cellulose. 
2021;28:6567–6585.

	18.	 Sood R, Giancola S, Donnadio A, Zatoń M, Donzel N,  
Rozière J, Jones DJ, Cavaliere S. Active electrospun nanofibers 
as an effective reinforcement for highly conducting 
and durable proton exchange membranes. J Membr Sci. 
2021;622:Article 119037.

	19.	 Mo F, Chen Z, Liang G, Wang D, Zhao Y, Li H, Dong B,  
Zhi C. Zwitterionic sulfobetaine hydrogel electrolyte building 
separated positive/negative ion migration channels for aqueous 
Zn-MnO2 batteries with superior rate capabilities. Adv Energy 
Mater. 2020;11(17):Article 2100798.

	20.	 Jiajia M, Nan Z, Ying C, Kou X, Niu Y, Jin X, Ke Q, Zhao Y.  
Green fabrication of multifunctional three-dimensional 
superabsorbent nonwovens with thermo-bonding fibers. Adv 
Fiber Mater. 2022;4:293–304.

	21.	 Gray M, Kent D, Ermer-Seltun J, McNichol L. Assessment, 
selection, use, and evaluation of body-worn absorbent 
products for adults with incontinence: A WOCN Society 
consensus conference. J Wound Ostomy Continence Nurs. 
2018;45(3):243–264.

	22.	 Clark-Greuel JN, Helmes CT, Lawrence A, Odio M, White JC.  
Setting the record straight on diaper rash and disposable 
diapers. Clin Pediatr. 2014;59(suppl 9):23S–26S.

	23.	 Xu X, Guo L, Liu H, Zhou Z, Li S, Gu Q, Ding S, Guo H, Yan Y,  
Lan Y, et al. Stretchable electronic facial masks for skin 
electroporation. Adv Funct Mater. 2023;34(9):Article 2311144.

	24.	 Kim GH, Youk JH, Kim YJ, Im JN. Liquid handling properties 
of hollow viscose rayon/super absorbent fibers nonwovens for 
reusable incontinence products. Fibers Polym. 2016;17:1104–1110.

	25.	 Xu C, Li B, Du H, Kang F. Energetic zinc ion chemistry: 
The rechargeable zinc ion battery. Angew Chem Int Ed. 
2011;51(4):933–935.

	26.	 Tian Y, An Y, Wei C, Xi B, Xiong S, Feng J, Qian Y. Flexible 
and free-standing Ti3C2Tx MXene@Zn paper for dendrite-free 
aqueous zinc metal batteries and nonaqueous lithium metal 
batteries. ACS Nano. 2019;13(10):11676–11685.

	27.	 Lee D, Lee H, Gwon O, Kwon O, Young H, Jeong HY, Kim G, 
Lee SY. Monolithic heteronanomat paper air cathodes toward 
origami-foldable/rechargeable Zn–air batteries. J Mater Chem 
A. 2019;7(42):24231–24238.

	28.	 Zeng S, Tong X, Zhou S, Lv B, Qiao J, Song Y, Chen M, Di J,  
Li Q. All-in-one bifunctional oxygen electrode films for flexible 
Zn-air batteries. Small. 2018;14(48):Article 1803409.

	29.	 Zhao Z, Wang R, Peng C, Chen W, Wu T, Hu B, Weng W,  
Yao Y, Zeng J, Chen Z, et al. Horizontally arranged zinc 
platelet electrodeposits modulated by fluorinated covalent 
organic framework film for high-rate and durable aqueous 
zinc ion batteries. Nat. Commun. 2021;12(1):Article 6606.

	30.	 Wang K, Le J-B, Zhang S-J, Ren W, Yuan J, Su T, Chi B,  
Shao CW, Sun RC. A renewable biomass-based lignin film 
as an effective protective layer to stabilize zinc metal anodes 
for high-performance zinc–iodine batteries. J Mater Chem A. 
2022;10(9):4845–4857.

	31.	 Jinzhou F, Hanwei W, Ping X, Zheng C, Sun Q, Li H. A high 
strength, anti-corrosion and sustainable separator for aqueous 
zinc-based battery by natural bamboo cellulose. Energy Storage 
Mater. 2022;48:191–191.f6.

	32.	 Mingxue X, Yang Z, Zili W, Wang H, Yan D, Han B, Zhang S, 
Deng C. Heterostructured hollow fibers stitched together from 
nickel sulfides capped S, N-codoped carbon nanotubes as a 
trifunctional electrode for flexible hybrid Zn batteries. Chem 
Eng J. 2021;431(Part 1):Article 133920.

	33.	 Xue P, Guo C, Wang N, Zhu K, Jing S, Kong S, Zhang X, Li L, 
Li H, Feng Y, et al. Synergistic manipulation of Zn2+ ion flux 
and nucleation induction effect enabled by 3D hollow SiO2/
TiO2/carbon fiber for long-lifespan and dendrite-free Zn–
metal composite anodes. Adv Funct Mater. 2021;31(50): 
Article 2106417.

	34.	 Zhu C, Yang P, Chao D, Wang X, Zhang X, Chen S, Tay BK, 
Huang H, Zhang H, Mai W, et al. All metal nitrides solid-state 
asymmetric supercapacitors. Adv Mater. 2015;27(31): 
4566–4571.

	35.	 Wang G-Y, Li G-X, Tang Y-D, Zhao Z, Yu W, Meng CZ,  
Guo SJ. Flexible and antifreezing fiber-shaped solid-state 
zinc-ion batteries with an integrated bonding structure. J Phys 
Chem Lett. 2023;14(14):3512–3520.

	36.	 Liu C, Li Q, Sun H, Wang Z, Gong W, Cong S, Yao Y, Zhao Z. 
MOF-derived vertically stacked Mn2O3@C flakes for fiber-
shaped zinc-ion batteries. J Mater Chem A. 2020;8:24031–24039.

	37.	 Yu D, Goh K, Wang H, Wei L, Jiang W, Zhang Q, Dai L,  
Chen Y. Author correction: Scalable synthesis of 
hierarchically structured carbon nanotube–graphene 
fibres for capacitive energy storage. Nat Nanotechnol. 
2020;15:Article 811.

	38.	 Tan J, Zhu W, Gui Q, Li Y, Liu J. Weak ionization induced 
interfacial deposition and transformation towards fast-
charging NaTi2(PO4)3 nanowire bundles for advanced aqueous 
sodium-ion capacitors. Adv Funct Mater. 2021;31(23): 
Article 2101027.

	39.	 Sun G, Zhang X, Lin R, Yang J, Zhang H, Chen P. Hybrid 
fibers made of molybdenum disulfide, reduced graphene 
oxide, and multi-walled carbon nanotubes for solid-state, 
flexible, asymmetric Supercapacitors. Angew Chem Int Ed Engl. 
2015;54(15):4651–4656.

https://doi.org/10.34133/research.0667


Wang et al. 2025 | https://doi.org/10.34133/research.0667 11

	40.	 Pliquett UF, Martin GT, Weaver JC. Kinetics of the 
temperature rise within human stratum corneum during 
electroporation and pulsed high-voltage iontophoresis. 
Bioelectrochemistry. 2002;57(1):65–72.

	41.	 Bian J, Ahmad A, Jeongmoon C, Miller J, Issadore DA,  
Busch TM, Cheng Z, Tsourkas A. Enhanced accumulation 
and penetration of magnetic nanoclusters in tumors using an 
8-magnet Halbach Array leads to improved cancer treatment. 
ACS Nano. 2025;19(1):1794–1808.

	42.	 Kwon S-R, Nam SH, Park CY, Baek S, Jang J, Che X, 
Kwak SH, Choi YR, Park NR, Choi JY, et al. Electrodeless 
reverse electrodialysis patches as an ionic power source 

for active transdermal drug delivery. Adv Funct Mater. 
2018;28(15):Article 1705952.

	43.	 Cheng N, Van Hoof H, Bockx E, et al. The effects of electric 
currents on ATP generation, protein synthesis, and membrane 
transport of rat skin. Clin Orthop Relat Res. 1982;(121):264–272.

	44.	 Li M, Li Z, Ye X, He W, Qu L, Tian M. A smart self-powered 
rope for water/fire rescue. Adv Funct Mater. 2022;33(3): 
Article 2210111.

	45.	 Zhao CX, Liu JN, Li BQ, Ren D, Chen X, Yu J, Zhang Q. 
Multiscale construction of bifunctional electrocatalysts for 
long-lifespan rechargeable zinc–air batteries. Adv Funct Mater. 
2020;30(26):Article 2003619.

https://doi.org/10.34133/research.0667

	Noninvasive Self-Powered Iontophoresis Mask Based on a Water-Driven Fiber Battery
	Introduction
	Results and Discussion
	Conclusion
	Materials and Methods
	Materials
	Preparation of the Zn-SF electrode
	Preparation of the MnO2-Ti electrode
	Assembly of the iontophoresis mask
	Transdermal drug delivery experiment induced by the self-powered iontophoresis mask
	Characterization
	Electrochemical measurements

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


