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A B S T R A C T   

Triboelectric nanogenerator (TENG) has received tremendous attentions for its ability to convert mechanical 
energy into electrical energy. However, the induced current generated by TENG is an alternating-current (AC) 
signal and cannot directly satisfy most electronic devices that require direct-current (DC) supply. As a result, 
there has been a great number of interests in developing DC-TENG. Here, we have successfully developed an 
alternative to rectify TENG for DC output by coupling the electronic displacement current of TENG with ionic 
current, which could be further replenished by photocurrent. For the first time, an opto-iontronic current 
coupling in TENG was achieved under UV irradiation. A photogenerated electric field is triggered to remotely 
manipulate ion migration to complement the dissipation of ion concentration gradient. This permits the ionic 
current to be continually generated to rectify the electronic displacement current from the TENG in the opposite 
direction, while allowing coupling of both ionic and electronic current in the same direction. The opto-iontronic 
DC-TENG could be fabricated into one integrated flexible and thin device and the ionic charge could be remotely 
replenished by UV light. This study introduces a rectification paradigm for TENG and provides an effective 
method for in-situ AC-DC conversion, which could be potentially applied in wearable devices, bioelectronics, and 
self-powered intelligent sensors.   

1. Introduction 

With the development of internet of things supported by numerous 
sensor networks in the era of Big Data [1,2], TENG has attracted 
tremendous attentions as an green energy harvesting technology, due to 
its ability to convert mechanical energy to electrical energy, in addition 
to its low cost, wide choice of materials, and simplicity of fabrication 
[3–6]. However, conventional TENGs are limited by the AC output 
signal and cannot directly satisfy electronic equipment with DC de
mands [7,8]. The AC signals can be generally converted to DC signals by 
an external rectifier bridge or a mechanical brush in TENG, which would 
inevitably cause complexity in the design of the integrated devices and 
limit its applications in many areas such as flexible or wearable elec
tronics [9–13]. DC-TENGs have attracted broad interests in a variety of 
perspective applications [14,15]. The mechanism of conventional 

DC-TENGs could be broadly classified into phase coupling [16,17], 
dielectric breakdown [18], and semiconductor-based tribovoltaic effects 
[19–22], each of which has pros and cons with intrinsic limitations. For 
example, phase coupling requires a specific structural design, usually 
complex and large; dielectric breakdown requires ultra-high breakdown 
voltages; semiconductor-based nanogenerators frequently require the 
employment of sliding friction modes, which unavoidably accelerates 
material deterioration with limited material selection [23]. Types of 
DC-TENG with simple fabrication, low friction on materials and a broad 
selection of materials for perspective applications are desperately 
needed for its application in the ubiquitous internet of things. 

In electronics, the charge carriers are electrons and holes, but the 
information in biological systems is transmitted by a large variety of 
ions, including Na+, K+, Cl-, Ca2+ and so on [24]. Unlike electrons, the 
ionic charge carrier is well protected from electrical or magnetic noises. 
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Moreover, the electron is singular as a carrier, in contrast, ions have 
different valences, sizes, polarizabilities, and other properties that can 
be utilized to create more efficient and diversified iontronics [25], 
which is promising to create biocompatible human-machine interfaces 
[26–28]. Iontronics, as an emerging interdisciplinary concept, focus on 
the science and technology of electronic-ionic coupling properties, 
covering electrochemistry, solid-state physics, electrical engineering, 
and biosciences [29–31]. Iontronics also allow us to achieve new func
tions and properties that are extremely difficult or even impossible in 
conventional electronic devices [32–34]. Based on the nanoconfined 
effect of the 2D nanofluidic material, asymmetric unidirectional trans
port of K+ in the nanofluidic channels can be achieved, resulting in ion 
permeation current based on salinity gradient [35–37]. The unidirec
tional selective conduction of ions within 2D nanofluidic channels can 
be used to mimic the transmembrane transport of ions by cell mem
branes as in the activity of life. More interestingly, the photogenerated 
electric field by light irradiation on 2D nanofluidic materials enables 
active transport of ions across a reverse concentration gradient, which 
satisfies the basic requirements for artificial photosynthesis [38,39]. 

Here, an alternative to rectify TENG for DC output is developed by 
integrating an opto-iontronic unit into a TENG in contact-separation 
mode, rectifying electronic currents through ionic currents. The opto- 
iontronic device is made of 2D nanofluidic material of graphene oxide 
(GO) and reduced graphene oxide (rGO) that was obtained by mild 
reduction of GO by KOH. Under specific humidity conditions, the gen
eration of ionic current is controlled synchronously by the contact and 
separation movement patterns of the TENG. The ionic current generated 
from salinity gradient will decrease with the depletion of the ion con
centration. For a continuous DC output, the electric field generated by 
ultraviolet (UV) irradiation on GO or rGO was found to be able to 
regulate the migration of ions, suggesting that by irradiation we could 
achieve a remote ionic charge replenishment. Furthermore, the remote 
supplementation of the ionic charge by UV light also means that we have 
realized an approach to controllable AC-DC signal conversion approach 
on a single TENG, simplifying the integrated system design. This work 
also presents a strategy for the detection of UV and other radiation by 
the DC-TENGs through the conversion of signal modes. It opens sce
narios in many perspective applications through the electronic-ionic 
coupling interface. 

2. Results and discussion 

Traditional TENG could only generate AC signals, difficult to be 
directly applied to electronics that required DC supply. To the best of our 
knowledge, there are few reports on the TENG rectified by ionic current. 

Photograph of the iontronic DC-TENG was shown in Fig. 1a, in which 
GO film, rGO film and Kapton film all had an effective area of 1 cm2, 
respectively. The electrodes of opto-iontronic DC-TENG were made of 
transparent ITO for UV light to pass through. ITO electrode was flexible 
and thin, so the GO or rGO film prepared on its surface also had a certain 
bending ability, and the bending radius was about 0.35 cm (Fig. S1). The 
rGO-coated ITO electrode and the GO-coated ITO electrode were 
referred to as electrode-I and electrode-II, respectively. By simply 
coating the GO and rGO inks on different sides of the electrode, opto- 
iontronic device could be easily integrated with TENG. rGO (contain
ing K+) and GO films were used to provide ionic current (Ii), and K+ was 
observed to migrate from rGO through 2D nanofluidic channels of GO 
when solid-state GO/rGO junction was formed at ambient humidity 
environment in our previous work [40,41]. The thickness of GO and rGO 
membranes measured by 3D surface profilers was around 4–6 µm 
(Fig. S2). The thickness of the GO and rGO film was increased from 6 µm 
to 12 μm and 18 µm respectively to test the effect of film thickness on 
device performance (Fig. S3). With the increase in the film thickness, the 
Voc changed little, keeping around 1 V. In contrast, the Isc decreased 
significantly from 0.07 μA to 0.02 μA with the increase in film thickness 
from 6 µm to 12 µm. This might be the increase in GO film thickness 

made the resistance larger, resulting in the greatly reduced current. 
When the thickness of the film was further increased to 18 µm, the 
decrease in Isc was not significant. It might be ascribed to the limited 
penetration of humidity on the film. Kapton film attached on the 
electrode-II was chosen as the dielectric material layer to better match 
the impedance between the ionic current source and TENG (Fig. S4). The 
coupling relationship between the electronic current and the 
opto-iontronic modulation of the ions by UV irradiation was illustrated 
in Fig. 1b. TENG could only generate AC electronic current Ie [Fig. 1b 
(i)]. Based on the TENG structure, the unidirectional ionic current Ii 
provided by GO/rGO junction was introduced to realize the rectification 
by counteracting Ie generated by TENG in the opposite direction [Fig. 1b 
(ii)]. Hence, the electronic-ionic coupling presented a DC current in the 
external circuit. However, the gradient balance of K+ would cause Ii to 
decay to a certain threshold (defined as I’i), which could not achieve the 
rectification effect on Ie. At this point, the built-in electric field (Ebulit) 
could be generated by irradiating rGO with UV light source to construct 
a new ion concentration gradient and enhance the ionic current. The 
current generated by the UV was defined as Ibulit, and the opto-iontronic 
strategy could achieve the sustainable rectification of the ionic current 
to the electronic current [Fig. 1b (iii)]. Areal and volumetric peak power 
density of the DC-TENG was respectively obtained as 0.17 mW/m2 and 
1.55 mW/m3 at RH= 60% (Fig. 1c), and maximum transferred charge 
density was calculated to be about 69 µC/m2. When RH≤ 40%, the in
tegrated device generated an AC signal, which indicated that the elec
tronic current generated by TENG dominated (Fig. 1d and e) at lower 
humidity level. This might be due to that low humidity was not sufficient 
enough to trigger efficient K+ migration and therefore could not 
generate matched ionic currents for rectification. Under RH= 60%, K+

could transport efficiently within the 2D nanofluidic channels of GO, 
and the generated ionic current could counteract the electronic 
displacement current of TENG in the opposite direction, thus exhibiting 
DC signal (Fig. 1f). It is noteworthy that the concentration gradient 
would keep for a very long time because the rGO containing large 
amount of K+ was in the solid form and kept almost at the saturated 
state. K+ embedded inside the rGO layer would only be driven through 
the 2D nanofluidic channels of GO when electrode-I and electrode-II 
were in contact under humidity. Thus, the ionic rectification still 
remained after 7000 cycles under RH= 60% (Fig. S5). However, when 
the balance of ion concentration was reached, it might eventually 
exhibit an AC signal. Remote supplementation of ionic charge by UV 
irradiation in this paper was shown as an effective way. The UV irra
diation might draw more K+ cations to the rGO/GO interface to refill the 
concentration gradient. Supplementing charge itself had been tried in 
TENG by modification of triboelectric polymer materials to enhance 
charge density, or by control of environmental influences (temperature, 
vacuum, humidity, etc.), or by ultra-thin dielectric layers and liquid 
lubrication [42–47]. None of them could be realized in-situ or controlled 
remotely. As shown in Fig. 1g, by UV irradiation on the rGO, the peak 
current of the DC-TENG reached a maximum value of about 8 μA from 
about 0.4 μA. More importantly, the conversion of AC signal to DC signal 
was directly observed during the experiment, which demonstrated the 
feasibility of coupling ionic current with electronic current in the 
DC-TENG. 

Such effect of turning AC into DC before and after UV irradiation 
could also be used in UV light detecting sensors. For example, the 
switching of the signal mode could be used to perceive the light irra
diation including UV light in the environment, so as to realize the early 
warning protection function. To realize the transformation of AC-DC 
signal of TENG, it was generally necessary to couple an external recti
fier bridge and design a special power management system [48], or by 
combining an AC-TENG with a DC-TENG [49]. Here, the conversion of 
two different signals could be achieved by remotely replenishing the 
ionic charge with UV irradiation on a single TENG. There was also a 
significant change in the amount of transferred charge before and after 
irradiation, indicating that UV irradiation produced an effective charge 
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Fig. 1. DC-TENG structure and its performance. (a) Photograph of the iontronic DC-TENG. (b) Schematic of the TENG, iontronic DC-TENG and opto-iontronic DC- 
TENG and their mechanisms when electrode-I is approaching electrode-II. (c) Peak current power density as a function of load resistance. Current signal of iontronic 
DC-TENG at different humidity (d) RH= 20%, (e) RH= 40% and (f) RH= 60%, respectively. Photo-rectification effect of opto-iontronic DC-TENG, (g) Current and (h) 
transferred charge, all experiments were performed using a UV lamp with a wavelength of 365 nm and an irradiation power of 350 mW/cm2 for 30 s (i) Comparison 
of current wave patterns of TENG, iontronic DC-TENG before UV irradiation, opto-iontronic DC-TENG under UV and after UV for a period of time, respectively. 
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replenishment (Fig. 1h). Similar effect could also be observed by UV 
irradiation on the GO (Fig. S6). However, in the charge/discharge cycles 
by UV irradiation experiments, the maximum photo-charging voltage 
generated from the GO side decreased with increasing UV irradiation 
times, while the one from rGO did not decrease (Fig. S7). Therefore, UV 
irradiation on the rGO side was considered to be a preferable option. 
Such different phenomenon between GO and rGO might be related to the 
complex photochemical reactions of GO being reduced to defective 
carbon [50,51], which is possibly attributed to the elimination of C––O 
[52,53]. The change in the current wave pattern after UV irradiation was 
showed in Fig. 1i, and the displacement electronic current of TENG 
under the same environmental condition without UV irradiation was 
shown as control. The positive current might be mainly due to the ionic 
current peak, and the negative current might be caused by the electronic 
current. When the salinity gradient was reaching balance, the ionic 
current was weakened to the point that the reverse electronic current 
generated by TENG could not be fully offset, so the overall current 
waveform started to be presented in an AC form (Before UV). Once the 
ionic charge was supplemented by UV irradiation (Under UV), the 
electronic current peak disappeared, and the ionic current peak width 
was broadened, indicating the ionic rectification of the electronic cur
rent. When the UV was off for a while (After UV), the ionic current was 
still dominated to rectify the electronic current to generate the DC 
output. This phenomenon also proved that UV could successfully sup
plemented the ionic charge. 

To further study the rectification effect of ionic current on electronic 
current, TENG, the iontronic unit and the integrated DC-TENG were 
prepared, and their performances were compared. Fig. 2a-d illustrated 
the structure and output performance of the TENG, and the output 
capability decreased with increasing humidity. This fact could be 
ascribed to that hydrophilic Kapton film surface tended to retain water 

layer, which might shield the polymer surface to prevent effective 
charge transfer between the two contacting surfaces, leading to the 
decreased output performance of the TENG [54–56]. As shown in 
Fig. 2e-h, the iontronic unit was a DC ionic current source, and it 
generated greater current output with increased humidity. When the 
iontronic unit was combined with the TENG as shown in Fig. 2i, there 
was a weak AC signal at low humidity conditions, and DC signal would 
appear when the RH reached 60% (Fig. 2j-k). It was especially worth 
noting that when the RH reached 40%, the iontronic unit exhibited a DC 
signal, but the integrated TENG still maintained an AC signal. This 
phenomenon indicated that electronic current produced by TENG still 
dominated and it was difficult for the generated ionic current to rectify 
it, resulting in the coupled output signal as a weak AC signal. Once the 
RH was raised to 60%, the ionic current dominated and a unidirectional 
current was achieved. Interestingly, TENG was a device with high 
voltage and low current characteristics, while iontronic device had low 
voltage and high current characteristics. The voltage of TENG reached 
about 2 V at RH= 60%, while iontronic unit itself was only about 
0.35 V. When the two were coupled, the voltage value was around 1 V, 
and the peak pattern showed a partial superposition of the two. The 
TENG rectified by the ionic current offers synergized benefits of decent 
current and voltage supply. Interestingly, Isc in Fig. 2j was larger than 
that in Fig. 2f, which indicated that the electron displacement current 
might promote the ionic current. Furthermore, the effect of frequency 
variation was studied for a maximum DC frequency of 1 Hz (Fig. S8). 
This was very compatible with the frequency of human motion. With 
higher frequencies (>1 Hz), the rectification effect diminished, which 
could be attributed to the fact that the ions migrated much slower than 
the electrons. 

The use of the iontronic unit to counteract the AC electronic current 
signal in one direction of the TENG was successfully realized by the 

Fig. 2. Performance comparison. (a) the structure of TENG, (b), (c) and (d) refer to the current (I), transferred charge (Q) and voltage (V) of TENG under three 
different RHs of 20%, 40%, 60% respectively. (e) the iontronic unit as the ionic current source, and (f), (g), (h) refer to its I, Q, V under different RH. (i) the iontronic 
DC-TENG, and (j), (k), (l) refer to its I, Q, V under different RH. 
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integrated device, meanwhile, the current in the other direction would 
be reinforced via the coupling of both electronic and ionic current. To 
further investigate the rectification mechanism, the position of the 
dielectric layer (Kapton) located on electrode was altered. The Kapton 
film attached on the electrode-I was defined as Structure-1, and that 
attached on electrode-II was defined as Structure-2, as shown in Fig. 3a 
and b respectively. Interestingly, Structure-1 generated only AC signal, 
in contrast, a significant rectification effect could be observed in 
Structure-2. The position of Kapton played an important role in the 
influence of ionic current, which might be due to the induced potential 
generated by the two electrodes during contact electrification (CE). It 
might have a certain influence on the migration of ions. 

As Kapton film was generally more electronegative, the surface of it 
tended to be negatively charged when in contact with ITO. In Structure- 
1, when the Kapton film fixed on electrode-I gradually approached 
electrode-II with a negatively charged surface [Fig. 3a(ii)], electrons 
flew from electrode-II to electrode-I, forming a negative electronic 
current (Ie1) due to the electrostatic induction effect. The electrons 
migration rate was much quicker than the ions and the increase in the 
positive charge on electrode-II might inhibit the migration rate of K+

from rGO to GO [Fig. 3a(v)]. Therefore, negative Ie1 appeared at first 
and then small ionic current (Ii1) that need to overcome the built-in 
electric field occurred during the contacting process. When Kapton 
was fully contacted with ITO [Fig. 3a(iii)], the peak value of Isc was only 
ca. 0.35 μA shown in [Fig. 3a(vi)], which might also be attributed to the 
inhibition of K+ migration with the increase in positive charge on 
electrode-II. In the process of separating [Fig. 3a(iv)], the electrons 

migrated from electrode-I back to electrode-II forming a positive elec
tronic current (I’e1) and coupled with Ii1. In Structure-2, when 
electrode-I was approaching to electrode-II fixed with Kapton film 
[Fig. 3b(ii)], electrons flew from electrode-I to electrode-II due to elec
trostatic induction effect, forming a positive electronic current (Ie2). 
However, at this time, the increase in the positive charge on electrode-I 
promoted the migration of K+ from rGO to GO. K+ was facilitated to 
migrate from rGO to GO, and positive Ie2 was coupled with positive ionic 
current (Ii2). When fully contacted [Fig. 3b(iii)], it reached a current 
peak around 8μA [Fig. 3b(vi)] due to the promotion of K+ migration by 
the increase in positive charge on electrode-I [Fig. 3b(v)]. In the process 
of separating [Fig. 3b(iv)], electrons flew from electrode-II back to 
electrode-I to form a negative I’e2, which was rectified by the positive Ii2 
to be finally presented as a DC signal. 

The relationship between ionic and photoelectric currents was 
further explored. It was reported that the migration of ions might be 
regulated by the built-in electric field generated by the absorption of UV 
of GO-like materials. The direction of the built-in electric field was the 
same as the pointing direction of the light source [57]. When a finite 
thickness material was fully exposed to light, the carrier concentration 
on the surface was higher than that on the inside. At this time, the dif
ference of carrier concentration in the depth direction drove the diffu
sion of electrons and holes from higher to lower levels, and the 
difference in the diffusion rate of electrons and holes formed the built-in 
electric field, which enabled the migrating of ions [57]. To verify the 
mechanism, a series of experiments were designed by alternating di
rection of the built-in electric field. Firstly, the physical and chemical 

Fig. 3. Diagram of working principle of iontronic TENG with (a) and (b) two different structures and corresponding mechanisms under RH of 60%.  
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properties of GO and rGO and the effect of UV irradiation on them were 
characterized. The XRD results showed that the interplanar spacing of 
GO in this paper was slightly larger than that of rGO. It might be ascribed 
to that the rGO particles might accumulate more compactly during the 
film formation process (Fig. S9). No obvious changes were observed on 
the surface of GO and rGO after different UV treatment times in the SEM, 
indicating that the irradiation power (365 nm, 350 mW/cm2) and irra
diation time (30 s each time) might not cause significant chemical 
changes in the material (Fig. S10). The main difference between the rGO 
and GO in the FTIR was reflected in the disappearance of the C––O peak 
at 1750 cm-1 (Fig. S11), which indicated that many carboxylic groups 
might be washed off by KOH [58]. The GO and rGO solutions under 
different UV irradiation time were also characterized by UV-Vis spec
troscopy (Fig. S12). A strong absorption peak at 229 nm and a shoulder 
peak at 290–340 nm were detected. The former peak was related to 
π-π * transitions of aromatic C––C bonds, and the latter peak was orig
inated from the nπ* - type electron transitions in carbonyl groups [59]. 
With the increase in irradiation time, the peak at 229 nm basically did 
not change significantly, while the peak at 290–340 nm shifted upward, 
which indicated that both GO and rGO, especially rGO might be further 
reduced by UV to some extent [60]. The temperature change under UV 
irradiation was tested using a thermal imager (Fig. S13). The tempera
ture under 30 s irradiation on GO was only 32 ℃, and it basically 
remained at 40 ℃ after 10 min of continuous UV exposure. Although 
some reports indicated that high-temperature reduced GO nanosheets 
were found to be an effective thermoelectric conversion material, such 
experiments were conducted using temperatures up to about 3000 K to 
reduce GO [61]. In contrast, the temperature change in our experiments 
was far below the reported temperature, and the thermal effects on the 
ions migration in our experiments might have negligible influence [62]. 

The photoelectric effect of irradiated GO or rGO was tested under 
different humidity to verify the direction of the photo-generated built-in 
field. As the humidity increased, the short-circuit current (Isc) continued 
to rise. Interestingly, the current direction was opposite for GO and rGO 
film under UV-irradiation (Fig. S14). For GO film, the photoelectric 
current might be due to the reduction, and it was in the pA level (max. 
ca. 140 pA) with positive current direction under RH 60%. As reported 
that the photogenerated built-in electric field was in the same direction 
as the pointing direction of the light source [57]. In case of rGO which 
contained large amount of K+, the photogenerated electric field pro
moted ion migration and ionic current dominated, generating current in 
nA level (max. ca. 2.5 nA much higher than that of GO film) with the 
negative current direction under RH 60%. Similarly, higher charge was 
transferred for rGO than GO (Fig. S15). To verify the formation of the 
built-in electric field and the effect of water, a non-aqueous solvent of 
dimethyl sulfoxide (DMSO) was chosen as solvent. Different concen
trations of ionic liquid of bistrifluoromethanesulfonimide lithium 
(LiTFSI) dissolved in DMSO were coated on the ITO surface of 
electrode-I and then only GO or rGO was sandwiched between the 
LiTFSI-DMSO coated electrode-I and electrode-II (Figs. S16 and S17). 
The experiment results showed that a pronounced current was observed 
when using DMSO, and this might be due to the infiltration of DMSO 
into the 2D nanofluidic channels of GO or rGO resulting in a further 
decrease in the ionic resistance. So, the current in the opto-iontronic 
DC-TENG under UV irradiation might not come from catalysis of 
water, and the formation of the built-in electric field was not affected by 
the type of solvent. When UV irradiation was applied from two different 
directions, the direction of the generated Isc from GO or rGO sandwiched 
between ITO electrodes was completely different. In case of GO film, 
when the UV lamp irradiated either electrode-I or electrode-II, the 
current direction both showed positive, and did not change when 
altering the light source direction. When the light source was pointing to 
electrode-II (Fig. S16a), there was no significant difference in the current 
value between pure DMSO and 0.1 M LiTFSI in DMSO (both ca. 15 nA), 
which might be attributed to the built-in electric field inhibiting the 
salinity-gradient-driven migration of Li+ from LiTFSI on electrode-I. As 

the concentration of LiTFSI solution increased to 1 M, the current 
increased to 25 nA, which might be due to the amplified ion migration 
under increased salinity gradient. However, once the light source was 
pointing to electrode-I (Fig. S16b), the current values from pure DMSO 
(9 nA) and 0.1 M LiTFSI in DMSO (20 nA) were quite different. This 
might be because the built-in electric field accelerated the diffusion of 
Li+ from electrode-I to the electrode-II, forming a positive ionic current, 
which was stronger than the electronic current, hence, the overall cur
rent direction was still positive. As the concentration of LiTFSI was 
increased to 1 M, the detected ionic current did not change much (ca. 
22 nA). However, rGO showed the changes in current direction when 
altering the irradiation direction, which might be attributed to the fact 
that rGO contained a large amount of K+. When the light direction was 
pointing to electrode-II (Fig. S16c), the built-in electric field accelerated 
the diffusion of K+ to the electrode-I. The enhanced diffusion of K+

inhibited the migration of Li+ from electrode-I to electrode-II. So, the 
dominant current direction of ionic current was negative, which was 
further supported by the fact that the magnitude of the negative current 
decreased with increasing the concentration of Li+ (from 40 nA to 12 nA 
and to 4.5 nA, in the order of 0 M LiTFSI in DMSO, 0.1 M LiTFSI in 
DMSO and 1 M LiTFSI in DMSO respectively). When the light direction 
was pointing to electrode-I (Fig. S16d), the built-in electric field 
enhanced the diffusion of Li+ to electrode-II. The built-in electric field 
together with the salinity gradient of K+ strengthened both the migra
tion of Li+ and K+ to the electrode-II, so the dominant current direction 
of ionic current was positive and larger (ca. 30 nA). It was worth noting 
that sharp peaks generated instantaneously under UV irradiation were 
prevalent in the experimental groups containing Li+ relative to the 
control group of pure DMSO solvents, which might be attributed to the 
faster migration rate of Li+ with smaller size. To verify once again the 
orientation of the built-in electric field, both GO and rGO were assem
bled into a junction and the current and charge under irradiated GO and 
rGO respectively were tested directly with a 6514 electrostatic meter 
(Figs. S18 and S19). In the ITO/rGO/GO/ITO device, the current 
magnitude from irradiated rGO (around 150 nA) was much larger than 
that of irradiated GO (around 45 nA) at RH= 60%, which again sup
ported the assumption that the direction of the photogenerated built-in 
electric field coincided with the direction of irradiation and the increase 
in current was due to the synergic effect from salinity gradient from K+

in rGO. 
After investigating the orientation of the photogenerated built-in 

electric field, the relationship between the photoelectric current and 
the ionic current was further characterized by electrochemical methods 
on the opto-iontronic device. The photograph of the opto-iontronic unit 
was showed in Fig. 4a. The Voc and Isc could be obtained by the in
tercepts on the current and voltage axes by applying a sweeping voltage 
from 1.5 V to 0. Voc stayed at around 1 V and did not change signifi
cantly with increasing humidity, but the Isc increased from 0.03 μA to 
0.11 μA (Fig. 4b). This phenomenon could also be attributed to that 
more efficient unipolar ion transport of K+ within 2D nanofluidic 
channels of GO as the RH was increased [41,63]. The Nyquist plot of 
electrochemical impedance spectroscopy (EIS) under different humidity 
was shown in Fig. 4c, and it also showed significant decrease in charge 
transfer resistance (Rct) from 1.96 MΩ to 30.61 KΩ (from RH=20% to 
RH=60%) indicating more efficient ionic transport at higher RH 
(Fig. S20). Fig. 4d showed that the opto-iontronic device had a longer 
discharge time (ca. 420 s) under RH= 60% than RH= 40% (ca. 23 s) 
(Fig. S21) when discharged at a constant current of 10 nA. This could 
also be attributed to that more ions migrated with the increasing of 
humidity. Fig. 4e showed that the significant ion modulation effect upon 
UV irradiation of rGO, and the effect of irradiating GO was shown in 
Fig. S22. The increase in voltage upon UV irradiation of rGO (around 
0.2 V in Fig. 4e) might be attributed to the superposition of the Ebuilt and 
Ei. The UV irradiation effect on both GO and rGO were studied, and the 
I-V curves showed that the irradiated rGO generated a rectification ef
fect under RH= 60% (Fig. 4f). The results in low humidity conditions 
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were shown in the Fig. S23. The mechanism of light-regulated ion 
migration was shown in Fig. 4g. When the GO side was irradiated, the 
direction of the built-in electric field was against the salinity gradient of 
K+. In contrast, the direction of the built-in electric field when the rGO 

side was irradiated coincided with the salinity gradient of K+. The 
former inhibited the diffusion of K+ from the rGO into the GO, while the 
latter facilitated K+ migration. Therefore, the current from the irradi
ated GO side was much smaller than that from the rGO side. We also 

Fig. 4. Electrochemical properties of Opto-iontronic unit, and the application schematic of iontronic DC-TENG as a UV photodetector. (a) Photograph of the opto- 
iontronic device. (b) I-V characteristic and (c) The Nyquist plot of electrochemical impedance spectroscopy (EIS) under different humidity. (d) The 10 nA constant 
current discharge curves at RH= 60%. (e) UV light charge-discharge curves at RH= 60%, with irradiation time of 30 s and irradiation power fixed at 350 mW/cm2. 
(f) I-V curves of UV irradiated GO or rGO, respectively. (g) Schematic diagram of the photo modulation mechanism. (h) The application diagram of iontronic DC- 
TENG as a UV photodetector. 
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tested the EIS when irradiating GO and rGO separately, and the resis
tance when irradiated rGO was smaller than GO (Fig. S24). This might 
be attributed to the stronger absorption of UV by rGO, so more photo
generated carriers made the resistance smaller [64]. The switching of 
the AC into DC could be used to perceive the light irradiation including 
UV light in the environment, so as to realize the early warning protection 
function. After the ion concentration balance, an AC signal would be 
presented, which was set to the ’ Calm ’ state [Fig. 4h(iii)]. When the 
GO/rGO junction irradiated by UV, the current signal transfer from AC 
signal to DC signal. At this time, it becomes an ’ Alarm ’ state and warns 
against UV irradiation [Fig. 4h(iv)]. 

3. Conclusions 

In this work, an alternative to rectify TENG for DC output was suc
cessfully prepared by coupling the opto-iontronic unit with TENG. For 
the first time coupling of ionic current with electronic current for DC 
output was realized, and its rectification mechanism was proposed. In 
opto-iontronic DC-TENG, the ionic current could synergize the elec
tronic current and the photoelectric current in the integrated flexible 
and thin device. The relationship between photoelectric current and 
ionic current had been further investigated. The influence of water on 
the opto-iontronic DC-TENG was studied, and the direction of the built- 
in electric field was verified by the ionic liquid of LiTFSI dissolved in 
DMSO. The formation of the built-in electric field from UV irradiation 
was not affected by the type of solvents. Remote charging of ionic cur
rent was accomplished by UV irradiation to supply charge, which could 
control the conversion of AC-DC signals in-situ, achieving a photo-ionic 
current coupling. This work not only provided a paradigm to adjust 
electronic displace current with ionic current but also presents a strategy 
for the detection of UV and other irradiation by the DC-TENGs through 
the conversion of signal modes. This heralds an alternative to rectify 
TENG for DC output, which had great potential applications in wearable 
devices, bioelectronics, and self-powered intelligent sensors. 

4. Materials and methods 

4.1. Materials 

GO was synthesized by Hummers method, more details could refer to 
our previous work. The rGO solution was prepared by adding KOH 
(0.1 mol/L) into GO (5 mg/mL) solution with a 1:2 (vol/vol) ratio. The 
thickness of Kapton tape was 50 µm. All related reagents, including ITO 
electrodes, were purchased from Sigma-Aldrich, and used as received. 
The light source was an LED UV lamp (wavelength 365 nm) with power 
regulated by distance and fixed at 350 mW/cm2 for all experiments. 

4.2. Fabrication of iontronic DC-TENG 

GO and rGO solutions (200 μL, respectively) were drop-casted onto 
ITO electrode to form the iontronic unit, forming a membrane (1 cm2, 
respectively). Then, a piece of Kapton film tape (effective area of about 
1 cm2) was attached on one side of the ITO electrode to prepare TENG. 

4.3. Characterization and measurements 

All electrochemical properties were carried out by electrochemical 
workstation (Multi Auto-lab M204). Electrochemical impedance spec
troscopy (EIS) was measured in the range of 0.1 MHz to 1 Hz. Electro
chemical experiments related to temperature and relative humidity (RH) 
are performed in an environmental simulation chamber (Vötsch Tech
nik). The surface morphologies of GO and rGO were observed by the 
SEM (SU8020, Hitachi) with the 5.0 kV accelerating voltage. Fourier- 
transform infrared (FTIR) spectra were collected by Bruker VER
TEX80v. Light irradiation temperature was tested by thermal imager 
(UTi120S Thermal Imager). A step motor (Linear Motion 1100) was used 

to provide the input of mechanical motions. TENG signal data was ob
tained by using Keithley electrometer 6514. TENG-related experiments 
were conducted in a homemade humidity chamber controlled by an 
automatic temperature and humidity sensing system. 
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