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A B S T R A C T   

Solid-liquid interfaces are ubiquitous in nature and widely used in various applications such as catalysis, sensing, 
batteries, etc. Recently, we found the existence of electron transfer at the interface in solid-liquid contacting, and 
proposed a “two-step” theory for the formation of solid-liquid electric double layer (EDL). In this work, we found 
that hydroxyl radical (⋅OH) was generated when the droplet contact with the tube inner wall without external 
interference, and the concentration of⋅OH was increased with increasing pH, demonstrating that the⋅OH was 
generated from hydroxide ions (OH-) by electron transfer during contact electrification. This can be further 
supported by the fact that capillaries made of materials with stronger electron-withdrawing ability could 
generate more⋅OH. Interestingly, superoxide anion radical (⋅O2

- ) was not generated at the solid-liquid interface if 
no external energy is provided. However, if ultrasonic was applied,⋅O2

- could be generated at the solid-liquid 
interface, because ultrasonication provides transition energy for the electron to transfer from the solid to O2 
at the interface. Based on the generation of reactive oxygen species (⋅OH and⋅O2

- ), we demonstrated a proof-of- 
concept for degradation of tetracycline pollution. This work provides an excellent strategy to study the solid- 
liquid interface and also provides a new insight into the free radical generation at the interface in solid-liquid 
contacting.   

1. Introduction 

Solid-liquid interfaces are ubiquitous in nature and widely used in 
various applications, such as catalysis [1–3], sensing [4–7], batteries [8, 
9], etc. For instance, in non-homogeneous catalytic reactions, the ac-
tivity of the catalytic reaction and the state of the catalyst can be re-
flected in real time by detecting the chemical currents generated at the 
solid-liquid interface [10]. Apart from that, the properties of solid-liquid 
interface can affect the electrochemical reaction, especially the 

properties of the electric double layer (EDL) [11], which is decisive in 
extending the battery life. Therefore, exploring the intrinsic interfacial 
reactions present in solid-liquid contact can provide new insights into 
these applications. 

Recently, Lee et al. reported that H2O2 could be spontaneously pro-
duced in water microdroplets formed by dropwise condensation of water 
vapor on low temperature solid surfaces, such as Si surface [12]. How-
ever, the H2O2 generation mechanism has not been investigated. In fact, 
there is a continuous solid-liquid contact process during the 
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condensation process. So, we speculate that there is a solid-liquid 
interfacial reaction in the condensation process leads to the generation 
of H2O2. Previously, we reported that electron transfer is the main 
mechanism of contact electrification between solid-solid pairs [13–16]. 
Then we extended this mechanism to the solid-liquid interface and 
proposed a “two-step” theory for the formation of solid-liquid EDL [17], 
that is, electron transfer occurs instantaneously when the liquid comes 
in contact with the original solid surface (step 1), followed by the 
adsorption of counter ions (step 2). This theory was confirmed by the 
decay of contact electrification charges on the solid surfaces after 
liquid-solid contact electrification at different thermal conditions [18]. 
Moreover, the study of contact electrification process between different 
liquids and polytetrafluoroethylene (PTFE) film demonstrated that 
electron transfer plays the dominant role during contact electrification 
between liquids and solids [19]. More recently, we successfully detected 
hydroxyl radical (⋅OH) and superoxide anion radical (⋅O2

- ) using Fluo-
rinated ethylene propylene (FEP) powder with the assistance of ultra-
sonication, confirming that the electron transfer caused by the contact 
electrification of solid-liquid contact can induce a solid-liquid interfacial 
reaction to produce reactive oxygen species (ROS) [20]. However, ul-
trasonic is a high-energy source, the use of ultrasonic may interfere with 
the electron transfer process and the interfacial reactions that generated 
ROS [21,22]. Therefore, there remains a need for directly studying the 
interfacial reactions induced by electron transfer during solid-liquid 
contact. 

Herein, we propose a highly sensitive strategy for investigating the 
electron transfer and free radical generation during solid-liquid contact. 
In this strategy, a small droplet was pushed through a long capillary tube 
by nitrogen gas flow to provide continuative solid-liquid contact, which 
can generate a sufficiently high concentration of free radical in the small 
droplet without the assistance of ultrasonication. Our results demon-
strated that the generated free radical without ultrasonic are⋅OH, which 
is formed from the hydroxide ion (OH-) by losing one electron during 
contact electrification at the solid-liquid interface. Notably,⋅O2

- was not 
detected in the solid-liquid contact process. However,⋅O2

- can be obvi-
ously detected with the introduction of ultrasonic, confirming that the 
use of ultrasonic indeed interfere with the electron transfer process and 
the interfacial reactions. Moreover, the concentration of⋅OH also 
significantly increased with the assistance of ultrasonication. Further-
more, the ultrasonic-assisted free radical generation could be used to 
degrade tetracycline pollution. 

2. Experimental section 

2.1. Chemicals and materials 

O-phenylenediamine (OPD, C6H8N2, Sinopharm Chemical Reagent 
Co., Ltd, ≥98%), 3,3′,5,5′-tetramethylbenzidine (TMB, C16H20N2, Ane-
gis, 98%), terephthalic acid (TA, C8H6O4, Sinopharm Chemical Reagent 
Co., Ltd, 99%), Dihydroethidium (DHE, C21H21N3, Aladdin, 95%), Tert- 
butanol (C4H10O, Maclean, 99.5%), 1,4-Benzoquinone (C6H4O2, 
Aladdin, 99%), methylene blue (C16H18ClN3S, Sinopharm Chemical 
Reagent Co., Ltd, ≥98%). Tetracycline hydrochloride (C22H24N2O8⋅HCl, 
Aladdin, 96%), Polytetrafluoroethylene (PTFE), Food-grade high-tem-
perature silicone rubber (Silicone Rubber) and Cast nylon 6 (Nylon 6) 
were purchased from Shanghai Daoguan Company. All chemical re-
agents used in this study were of analytical grade and could be used 
directly without further purification. The experimental water was 
deionized water (18.2 MΩ cm− 1) purified by Millipore systemin the 
whole process. 

2.2. Characterization 

The absorption spectra were characterized by the Cary series 
ultraviolet-visible absorption spectrometer (Agilent Technologies, USA). 
The tetracycline absorption spectra were characterized by the double- 

beam UV-Vis spectrophotometer (TU-1900, China). The fluorescence 
spectra were measured using the Cary Eclipse fluorescence spectrometer 
(Agilent Technologies, USA). ESR spectra was obtained by the electron 
paramagnetic resonance (EPR) spectrometer (Bruker A300, Germany). 
Degradation of tetracycline at different time intervals was recorded by 
electrospray ionization mass spectrometry (ESI-MS) on an Agilent 
quadrupole time-of-flight high-resolution liquid mass spectrometer (Q- 
TOF LC-MS) with the ion source of the mass spectrometer set to positive 
ion mode (Agilent Technologies, USA). The injection volume was 6 μL, 
the mobile phase consisted of 16% acetonitrile and 84% formic acid 
solution. 

3. Results and discussion 

3.1. Generation of hydroxyl radical induced by contact electrification at 
solid-liquid interface 

The experimental setup is shown in Fig. 1a and b, a small water 
droplet (135 μL) was injected into the capillary tube through a syringe 
(Step 1) and then pushed it through a long capillary tube by nitrogen gas 
flow, and the liquid was collected at the end of the capillary tube for 
subsequent free radical detection (Step 2). This setup has the following 
advantages: (1) it can produce a large solid-liquid contact interface for a 
small volume of water, thereby increasing the free radical concentration 
generated by solid-liquid interface contacting; (2) the free radical con-
centration can be further increased by extending the tube length; (3) the 
nitrogen atmosphere can eliminate oxygen interference. 

According to the reported studies, the contact electrification process 
could be significant affected by the difference in electron-withdrawing 
ability of the two contact materials, that is greater differences can 
drive more electron transfer [23]. In order to investigate the contact 
electrification-induced free radical generation at solid-liquid interface, 
three frictional materials with different electron-withdrawing ability 
were selected as solid layers in our experiments, namely: PTFE, Silicone 
Rubber and Nylon 6. The electron-withdrawing ability order of these 
three materials is: PTFE > Silicone Rubber > Nylon 6 [24]. Here, 1, 
2-diaminobenzene (OPD) was used as a detection probe for⋅OH, the 
detection mechanism is that OPD can be oxidized by⋅OH to produce 
diaminophenothiazine (DAP) with maximum absorption at 424 nm 
(Fig. 1c). Fig. 1d shows the UV–vis absorption spectra of OPD solutions 
treated with PTFE, Silicone Rubber and Nylon 6 under identical condi-
tions (the length is 5 m), respectively. A control group was carried out 
under identical conditions without passing through capillary tube. As 
shown in Fig. 1d, the characteristic absorption spectra corresponding to 
DAP did not appeared in control group, but appeared in the three 
experimental groups, indicating that⋅OH was produced when water 
contact with all these three materials, and the⋅OH concentration is 
consistent with electron-withdrawing ability, that is: [⋅OH](PTFE) 
> [⋅OH](Silicone Rubber) > [⋅OH](Nylon 6). The generation of⋅OH could be 
further confirmed by the 1:2:2:1 characteristic peaks corresponding to 
the DMPO-⋅OH adduct in the electron spin paramagnetic resonance 
(ESR) spectra (Fig. S1). The⋅OH generation in PTFE tube with different 
length (0 m, 1.5 m, 7.5 m and 15 m) show that the⋅OH concentration is 
increased with PTFE tube length, which is attributed to the increased 
solid-liquid contact interface (Fig. 1e and Fig. S2). 

Du et al. reported that⋅OH readily combine to form H2O2 in the 
presence of water [25]. Therefore, the H2O2 level in the water collected 
at the end of the capillary tube was measured to further confirm the⋅OH 
generation. In this experiment, 135 μL of deionized water flowed 
through 15 m PTFE tube, and the H2O2 level of the collected water was 
measured using 3,3′,5,5′-tetramethylbenzidine (TMB), which appeared 
a characteristic absorption peak at 652 nm after oxidized by H2O2. The 
results show that the H2O2 concentration in PTFE tube treated group is 
much higher than that of control group (Fig. 1 f and Fig. S3), further 
confirming the⋅OH generation. Fig. 1 g and Fig. S4 shows the effect of 
ion concentration in solution on⋅OH generation, the amount of⋅OH 
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decreases as the NaCl concentration increases (0 mM, 10 mM, 50 mM, 
100 mM). This phenomenon is attributed to the shielding effect, which 
can hinder the electron transfer process, and ultimately affecting the 
production of⋅OH [19,26]. 

To elucidate the⋅OH generation mechanism, the effect of pH was 
investigated. As shown in Fig. 1 h and i, the⋅OH concentration gradually 
increases as the pH of OPD solution increase from 7 to 13. The ESR re-
sults at different pH conditions also showed the same trend. Based on the 
above results, it can be concluded that⋅OH was generated from hy-
droxide ions (OH-) in water by losing one electron when it contacted 
with solid layer such as PTFE. 

3.2. Generation of⋅OH and⋅O2
- at the solid-liquid interface with ultrasonic 

In our previous work, both⋅OH and⋅O2
- could be produced using FEP 

powder in water with the assistance of ultrasonication. However, the 
above results in this work have confirmed that only⋅OH was generated 
and⋅O2

- was not detected in the solid-liquid contact process, suggesting 
that ultrasonic may affect the free radical production. To examine the 
effect of ultrasonic on free radical production, ultrasonic was applied in 
the following experiments. Here, a 25 cm tube filled with aqueous liquid 
was placed in a ultrasonicator, and then the ultrasonic-treated solution 
was collected for the following measurement. The absorption spectra of 

DAP in Fig. 2a show that the introduction of ultrasonic promoted the⋅OH 
production. This can be further confirmed by the ESR results in Fig. 2b. 
Then, the effect of capillary material, thickness of capillary wall and pH 
of liquid on⋅OH generation was investigated. Terephthalic acid (TA) was 
used as detection reagent for⋅OH, the detection mechanism is that TA 
can be oxidized by⋅OH to produce TA-OH with fluorescence emission at 
425 nm. Fig. 2c shows the fluorescence spectra of TA solutions treated 
with PTFE, Silicone Rubber and Nylon 6, respectively, which shows the 
same trend with the above results obtained without the ultrasonic as 
shown in Fig. 1d. In addition, the effect of thickness of capillary wall was 
investigated. Fig. 2d shows the⋅OH generation in capillary tube with 
three different wall thickness (inner*outer diameter: 1 *1.4 mm, 
1 *2 mm, 1 *3 mm). It is evident from Fig. 2d and Fig. S5 that thinner 
capillary walls are more conducive to the utilization of ultrasonic en-
ergy, correspondingly, produce more⋅OH. Furthermore, the generation 
of⋅OH under different pH was also measured using TA assay. As shown in 
Fig. 2e, the⋅OH concentration gradually increases as the pH of TA so-
lution increases, which is consistent with the above results in Fig. 1 h. 
These results indicated that the⋅OH generation by contact electrification 
at the solid-liquid interface also occurs under ultrasonication, and ul-
trasonic could promote the⋅OH generation. 

To investigate whether⋅O2
- generated under ultrasonication, ESR 

spectra was also performed. Here, methanol was added to quench 

Fig. 1. Generation of⋅OH induced by contact electrification at solid-liquid interface. (a, b) Photographs of the experimental setup. (c)⋅OH detection mechanism of 
OPD. (d) Absorption spectra of OPD solution treated with different capillary tube materials (PTFE, Silicone Rubber, Nylon 6). (e) Maximum absorption of OPD 
solution treated with different PTFE capillary tube lengths. (f) Maximum absorption of TMB solution (10 mg mL-1) treated and untreated with PTFE capillary tube. (g) 
Maximum absorption of PTFE-treated OPD solution with different concentrations of NaCl. (h) Absorption spectra of OPD solution treated with PTFE capillary tube at 
different pH. (i) DMPO-⋅OH electron spin paramagnetic resonance (ESR) spectra of PTFE-treated solution at different pH. Error bars represent standard deviation 
based on three replicate data. 
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the⋅OH radical, increasing the chance of the⋅O2
- reacting with DMPO, as 

illustrated in Fig. 2 h. As shown in Fig. 2i, ESR peaks corresponding 
to⋅O2

- are obviously appeared in the ultrasonic-treated group (red line), 
while no visible peaks of⋅O2

- appeared in the non-sonicated group. In 
addition, Dihydroethidium (DHE), a commonly used fluorescent detec-
tion probe for⋅O2

- was also used to investigate the⋅O2
- generation. DHE 

can dehydrogenates to ethidium bromide with a maximum emission at 
610 nm in the presence of⋅O2

- . Fig. 2 f and 2 g show the effect of capillary 
material and thickness of capillary wall on⋅O2

- generation with the 
assistance of ultrasonication. The results indicated that the most⋅O2

- was 
generated in the PTFE solid layer and more⋅O2

- was generated at a 
thinner capillary wall (Fig. S6). 

The above results suggesting that the use of ultrasonic indeed 
interfere with the electron transfer process and the interfacial reactions 
in solid-liquid contact process, which may provide the energy via 
phonon excitation that assistant the release of the electron from solid 
surface back to the liquid. That is, only⋅OH can be produced without 
ultrasonic, while both⋅OH and⋅O2

- can be produced with the assistance of 

ultrasonication. 

3.3. Mechanism of free radical generation induced by solid-liquid contact 
electrification 

Based on the above results, we propose the mechanism that induces 
the generation of free radical during contact electrification (Fig. 3). 
First, a sufficient solid-liquid contact occurs between the liquid and the 
long capillary wall driven by nitrogen gas. Due to the stronger electro-
negativity of PTFE than water, an electron is transferred from OH- to the 
PTFE surface upon contact, and the PTFE gains an electron to be nega-
tively charged, while OH- in solution loses an electron to generate⋅OH 
radicals. The free hydrogen ions may be partly combined with water 
molecules to form hydrated hydrogen ions, and partly transferred to the 
solid surface due to electrostatic interactions. In addition, the liquid will 
undergo acoustic cavitation under ultrasonic conditions, and vacuum 
bubbles will be formed. The collapse of the vacuum bubble results in 
transient oscillations that further provide more contact points at the 

Fig. 2. Effect of ultrasonic introduction on radical generation during CE. (a) Absorption spectra of PTFE-treated OPD solution with or without ultrasonic. (b) DMPO- 
⋅OH ESR spectra of PTFE-treated solution with or without ultrasonic. (c) Fluorescence spectra of TA solution treated with different capillary tube materials (PTFE, 
Silicone Rubber, Nylon 6). (d) Fluorescence intensity of PTFE-treated TA solution with different tube wall thickness (inner diameter*outer diameter: 1 *3 mm, 
1 *2 mm, 1 *1.4 mm). (e) Fluorescence spectra of TA solution treated with PTFE capillary tube at different pH. (f) Fluorescence spectra of DHE solution treated with 
different capillary tube materials (PTFE, Silicone Rubber, Nylon 6). (g) Fluorescence intensity of PTFE-treated DHE solution with different tube wall thickness (inner 
diameter*outer diameter: 1 *3 mm, 1 *2 mm, 1 *1.4 mm). (h) Schematic diagram of radical capture by DMPO under different conditions. (i) DMPO-⋅O2

- ESR spectra 
of PTFE-treated solution with or without ultrasonic. Error bars represent standard deviation based on three replicate data. 
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solid-liquid interface. It also provides the opportunity for the oxygen 
molecules in the solution to come into contact with PTFE surface. Under 
the action of ultrasonic, oxygen molecules are released, and grabs the 
electron from PTFE layer to be reduced to⋅O2

- . At the same time, PTFE 
returns to its uncharged state, ready for the electron transfer for the next 
solid-liquid contact. In addition, the free water and hydrogen ions may 
react with the superoxide anion radical by a chain reaction under the 
action of ultrasonic to produce additional⋅OH radicals [27]. 

3.4. Tetracycline degradation application 

Tetracycline antibiotics are widely used in clinical and prophylactic 
applications in humans and animals because of their broad-spectrum 
antimicrobial properties and good therapeutic effects [28,29]. Howev-
er, they are so difficult to degrade in the environment that they are 
deposited in large quantities in soil and water environments [30–32]. 
These antibiotic-like substances can accumulate excessively through the 
food chain thus posing a great threat to human public health. In this 
situation, research on simple and effective strategy to reduce tetracy-
cline contamination is necessary. In this work,⋅OH and⋅O2

- radical 
induced by solid-liquid contact electrification process were used to 
degrade tetracycline (as illustrated in Fig. S7). The degradation of 
tetracycline can be measured by the absorption peak located at 357 nm. 
First, the degradation ability of the three frictional electric materials 
used above was evaluated by treating tetracycline (20 μg mL-1) with the 
assistance of ultrasonication for 60 min. As shown in Fig. 4a, the ab-
sorption spectra of all the three materials (PTFE, Silicone Rubber and 
Nylon 6) can degrade tetracycline. Among them, the degradation effi-
ciency of PTFE is the highest, which consistent with the results of free 
radical generation. The effect of thickness of capillary wall on the 
degradation of tetracycline was also studied, and the best degradation 
efficiency was obtained in the group of 1 * 1.4 mm (Fig. 4b), which also 

consistent with the trend of free radical generation in Fig. 2d and g. 
Therefore, a PTFE tube with an inner diameter * outer diameter of 
1 * 1.4 mm was selected for the subsequent degradation experiments. 
Fig. 4c shows the UV absorption spectra of tetracycline treated with 
ultrasonic for different times. The control group used a glass tube with 
the same diameter of PTFE capillary tube. As the reaction time increases, 
the intensity of the characteristic absorption peak of tetracycline at 
357 nm decreases. The results of percentage degradation of tetracycline 
with reaction time show that the degradation of tetracycline increases 
significantly as the reaction time increases, while the tetracycline in the 
control group is little degraded (Fig. 4d). We also investigated the 
degradation of tetracycline with different concentrations (5, 10, 15, 
20 μg mL-1), and tetracycline with the concentration of 5 μg mL-1 was 
degraded completely after treated for 60 min (Fig. 4e). The degradation 
of tetracycline at different pH show that the degradation rate increases 
gradually as the pH increases (Fig. 4 f). To understand the degradation 
mechanism, different free radical scavengers was added to the initial 
tetracycline solution. Tert-butanol, 1,4-Benzoquinone and AgNO3 were 
used as scavenger for hydroxyl radical, superoxide anion radical and 
electron, respectively. As indicated in Fig. 4 g, the removal efficiency of 
tetracycline is about 59% without the addition of the radical scavengers. 
When AgNO3 was added, there was no significant change in tetracycline 
degradation. However, when tert-butanol and 1,4-Benzoquinone are 
used, the degradation processes are significantly inhibited, and the 
corresponding removal efficiencies decrease to about 13% and 38%, 
respectively. Therefore,⋅OH and⋅O2

- are predominant reactive species for 
the oxidative degradation of tetracycline, and the influence order of 
active species is⋅OH > ⋅O2

- . In order to further understand the degrada-
tion mechanism, the product in solutions with different reaction time 
were measured using liquid chromatography-mass spectrometry 
(LC-MS). Fig. 4 h depicts the total ion flow chromatogram for different 
treatment times. The dominant peak at a retention time of 1.6 min with 

Fig. 3. Mechanism of free radical generation by contact electrification process. The electron transfer from liquid to solid is due to the lower energy state in the solid, 
which occurs naturally once the two contacts. The sonic wave excitation may provide the energy required for releasing the transferred electron due to the energy 
provided via phonon. 
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an m/z of 445 corresponds to tetracycline. As the reaction time pro-
longed, the intensity of the main peak gradually decreases with the 
appearance of other peaks. The corresponding possible degradation 
products were presented in the detailed analysis of the mass spectra 
(Fig. S9 and Table S1). Fig. S10 proposes the possible degradation 
pathways of tetracycline. The stability of the degradation system was 
also investigated. As shown in Fig. 4i, the degradation efficiency remains 
the same after five replicate cycles. 

4. Conclusions 

In summary, we developed a highly sensitive strategy based on a long 
capillary tube to investigate the electron transfer and free radical gen-
eration during solid-liquid contact. In this strategy, a small droplet was 

pushed through a long capillary tube by nitrogen gas flow and the 
droplet was collected for the analysis of free radical generation. This 
strategy has the following advantages: (1) it can produce a large solid- 
liquid contact interface for a small volume of water; (2) the free 
radical concentration can be increased by extending the tube length; (3) 
oxygen interference can be eliminated by the nitrogen atmosphere. Base 
on this strategy,⋅OH radicals generated by contact electrification at 
solid-liquid interface without any additional energy assistance (such as 
ultrasonic) are successfully detected. The mechanism investigation 
suggesting that⋅OH was generated from OH- in water by losing one 
electron when it contacted with solid layer such as PTFE. Notably,⋅O2

- 

was not detected in the solid-liquid contact process. When an ultrasonic 
is applied, both⋅OH and⋅O2

- were generated. Furthermore, the generated 
free radicals were applied to degrade tetracycline pollution. This work 

Fig. 4. Degradation of tetracycline. (a) Absorption spectra of 20 μg mL-1 tetracycline solution treated with different capillary tube materials (PTFE, Silicone Rubber, 
Nylon 6). (b) Maximum absorption of PTFE-treated 20 μg mL-1 tetracycline solution treated with different tube wall thickness (inner diameter*outer diameter: 
1 *3 mm, 1 *2 mm, 1 *1.4 mm). (c) Absorption spectra of 20 μg mL-1 tetracycline solution treated with different times. (d) Degradation percentage curve of 20 μg 
mL-1 tetracycline solution treated with PTFE or glass tube with time. (e) Percentage degradation curves with time for different initial concentrations of tetracycline 
solution (f) Maximum absorption of 20 μg mL-1 tetracycline solution treated with PTFE capillary tube at different pH. (g) Maximum absorption of 20 μg mL-1 

tetracycline solution treated with PTFE capillary tube by adding different free radical scavengers. (h) Total ion flow chromatograms of tetracycline solutions after 
treatment for different time periods. (i) Maximum absorption of 20 μg mL-1 tetracycline solution treated with PTFE capillary tube after replicate cycles. Error bars 
represent standard deviation based on three replicate data. 
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provides a new insight of the free radical generation during solid-liquid 
contact. 
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