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Effects of Temperature on the Tribovoltaic Effect

at Liquid-Solid Interfaces

Mingli Zheng, Shiquan Lin, Laipan Zhu, Zhen Tang, and Zhong Lin Wang*

Energy harvesters based on tribovoltaic effect are interesting due to their
direct current output characteristic that matches most commercial electronic
devices. However, their mechanism remains to be further investigated,
especially for liquid-solid cases. Here, the effect of temperature on the
tribovoltaic effect at liquid-solid interfaces is studied. The results show
that the increasing of temperature will lead to the increase of the tribo-
voltage and tribo-current at the water/Si and water/metal interfaces during
sliding. Moreover, the coupling effect of the pH value of the liquid and

the temperature on the tribovoltaic effect is demonstrated, and an energy
band model is proposed for understanding the received data, in which the
energy released (“bindington”) by contacting the liquid and the solid with
the formation of chemical bonds is considered to be responsible for the

generation of tribovoltaic effect.

1. Introduction

Energy harvesters based on tribovoltaic effect have attracted
wide attention due to their direct current output characteristic
which can match most commercial devices.'¥l The tribovoltaic
effect exists in the process of sliding between semiconductor
and semiconductor (liquid or metal), in which the direct cur-
rent generation is essentially different from that in traditional
DC output triboelectric nanogenerator (TENG) with circuit
management>3] or special structure.] However, the mecha-
nisms of tribovoltaic effect are still under debate,!®24 especially
for liquid-solid cases.?*?¥l In our previous studies, a concept
of “bindington,” which denotes the energy released due to the
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formation of the bonds at the interfaces
during contact or sliding, has been first
proposed.? The “bindington” further
excites the electron-hole pairs, leading to
the generation of tribo-current. Though
the concept of “bindington” successfully
explains the tribovoltaic effect, it is still
necessary to find more experimental evi-
dences to support this proposal.

The temperature significantly changes
the energy band structure and surface
characteristics of semiconductors, which
has been extensively explored in the
studies related to photovoltaicl?>?% and
the catalysis.””?®! Tt has been demon-
strated that the Seebeck effect increase
the tribo-current and tribo-voltage of the
tribovoltaic effect for the semiconductor/
semiconductor case.?”) On the other hand, it's well known
that the chemical reaction rate at the liquid-solid interface is
highly dependent on the temperature, which implies that the
temperature is an important factor affecting the bonding rate
at the interface.?% According to the concept of “bindington,”
an expected result is that temperature will have an important
influence on the rate of “bindington” formation and further
affect the output of tribo-voltage and tribo-current at liquid-
semiconductor interface. Therefore, a thorough study of the
effect of temperature on the tribovoltaic effect at liquid/semi-
conductor is helpful to clarify the mechanism of tribovoltaic
effect and verify the concept of “bindington.”

Here, the effect of temperature on the tribovoltaic effect at
the liquid and semiconductor has been demonstrated. The
results show that the direct tribo-current and tribo-voltage are
generated at the water/Si and water/metal interfaces during
sliding, and the increasing of temperature will lead to the
increase of the tribo-voltage and tribo-current. The coupling
effect of the pH value of liquid and temperature on the tribo-
voltaic effect was investigated, and an energy band model was
proposed, in which the energy released (“bindington”) gener-
ated at the liquid-solid interface during in forming chemical
bonds is responsible for the generation of tribovoltaic effect.
Moreover, the findings may have implications in the field of
low-grade heat energy conversion and solid-liquid triboelectric
nanogenerator.

2. Results and Discussion

The effects of the temperature on the tribo-current and tirbo-
voltage at the deionized water (DI water) and the Si wafer

© 2021 Wiley-VCH GmbH
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Figure 1. The experiment setup and the tribovoltaic effect at the DI water and the Si interface. a) The setup of the experiments. b) A schematic diagram
of the generation of tribo-current. c) The relative position and velocity between the Si wafer and the DI water droplet. d) The change of contact angle
between Si (N-type 0.1 Q cm) and water with temperature rising. The e) tribo-voltage and the f) tribo-current when a DI water droplet slides on the

P-type Si (0.1 Q cm) surface at 90 °C.

interface were investigated. The Si wafer was placed in an
immobile heating platform and a quartz tube with a Cu elec-
trode was mounted on a mobile holder, as shown in Figure 1a.
In order to eliminate the noise generated by the heating table
during the test, the heating table was first raised to 95 °C, and
the output of tribo-current was tested under different tempera-
ture during the cooling process after the power was turned off.
The temperature of Si/DI water interface was determined by
an infrared camera. In the experiment, the Cu wire contacted
with the DI water. The tribo-current and the tribo-voltage (or
called as the open-circuit voltage and the short-circuit cur-
rent) were measured by using electrometer (Keithley 6514).
The external tribo-voltage and tribo-current from the Si wafer
side to the DI water droplet side are defined as positive.
Figure 1b gives the schematic diagram of tribo-current genera-
tion induced by the tribovoltaic effect. When a water molecule
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collides with the atoms belonging to the Si surface, the energy
will be released due to the formed bond at the interface, named
as “bindington.” Then, an electrons-hole pair will be excited
by a “bindington” and separated by the built-in electric field at
the DI water and Si interface. The electrons and holes transfer
to the N-type Si side and water side, respectively. Here, a hole
may be shared by several water molecules or clusters, instead
of belonging to one molecule.%3? Figure 1c gives the velocity
and displacement curve of the water droplet sliding on the
Si wafer. The contact angle of water and N type Si wafer (the
resistivity: 0.1 Q cm) at different temperatures was demon-
strated in Figure 1d. It clearly illustrates that the contact angle
decreased from 86.72° to 60.36° with the temperature rising
from 30 to 90 °C. During the DI water sliding on the Si sur-
face at different temperature, the temperature in the interface
of water droplet and Si wafer was not different in the infrared
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camera picture as shown in Figure S1 (Supporting Informa-
tion), which excludes the Seebeck effect on the experiments.?”!
The I-V curve of different Si wafer with aluminum electrode
vapor deposited on the back was shown in Figure S2 (Sup-
porting Information), revealing that the resistivity of the Si
wafer hardly changes with the temperature rising in the range
of 30-90 °C. It should be noted that there is a Schottky bar-
rier between the N-type Si wafer (resistivity: 0.01 and 0.1 Q cm)
and the aluminum electrode, but the height of the Schottky
barrier does not change with temperature implies that little
impact on subsequent experimental results. In the experiment,
a water column about 1.0 cm length is sealed under the bal-
ance of gravity and capillary action in the tube which one end
closed by silica gel. This structure has the ability to replenish
the evaporated water in time resulting a stable output during
the DI water droplet sliding on the Si wafer surface at high
temperature, as shown in Movie S1 (Supporting Information).
We excluded the water evaporation contribute to electricity
generation because that the external circuit is connected in dif-
ferent ways between the hydrovoltaic effect and the tribovol-
taic effect, where in the hydrovoltaic effect two electrodes are
connected to the solid surface,**3* while one electrode is con-
nected to the liquid side and the other electrode is connected
to the solid side for collecting tribovoltaic current. Figure le,f
gives the tribo-voltage and tribo-current of the tribovoltaic
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effect between P type Si (resistivity: 0.01 Q cm) and DI water at
90 °C, which are stable in 9 output cycles and achieve to 0.15 V
and 70 nA, respectively.

The effects of temperature on the tribovoltaic effect at the
N-type Si and the DI water interface have been investigated.
The I-V curves of the N-type Si wafers with different resistivity
and the DI water are shown in Figure S2 (Supporting Infor-
mation). With the increasing of the Si resistivity and the tem-
perature, the reverse current of the I-V curve increases, indi-
cating that there is a depletion region at the interface of the
water droplet/Si and the width of the depletion region and the
intensity of the built-in electric field are closely related to
the resistivity of N-type Si and the temperature. Figure 2 gives
the tribo-voltage and tribo-current of DI water droplet sliding
at the surface of N-type Si wafer with different resistivity. The
direction of the tribo-current and tribo-voltage in the external
circuit is from the water droplet side to the N-type Si wafer side.
The results are consistent with that of the tribovoltaic effect, in
which the external tribo-current is considered to be depended
on the direction of built-in electric field. For high resistivity
Si (1 Q cm), the tribo-voltage increases with the temperature
rising, as shown in Figure 2a. The tribo-voltage increases from
0.1 to about 0.4 V increasing about 0.3 V, when the temperature
rises from 30 to 90 °C. This result is contrary to the change of
open-circuit voltage with temperature rising in the photovoltaic
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Figure 2. Effect of temperature on the tribovoltaic effect at N-type Si and DI water interfaces. a,c, €) The tribo-voltage and b,d,f) the tribo-current when
a DI water droplet slides on N-type Si (1, 0.1, and 0.1 Q cm) surface at different temperature.
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effect, in which the open-circuit voltage decreases with the
rising of temperature mainly because of the temperature
increasing the intrinsic carrier concentration of Si, reducing the
strength of the inner built electric field.?>2¢ It should be noted
that the changed amount of the tribo-voltage decreases with
temperature rising for low resistivity Si. For example, the tribo-
voltage between the DI water and the N-type Si with 0.01 Q cm
increases from 0.35 V at 30 °C to about 0.5 V at 90 °C, which
increase about 0.15 V less than that of the DI water and the
N-type Si with 1 Q cm, as shown in Figure 2e. This result
should be closely related to the band structure of the Si with
different resistivity and the water interface because of a loga-
rithmic relationship between carrier concentration and Fermi
level. For the tribo-current (or the short-circuit current), there
is a dark current about 0.1 HA among the three kinds resis-
tivity of Si and water at 90 °C, as shown in Figure 2b,d,f. The
reason should be that the electron-hole pairs excited by the high
temperature and separated in the built-in electric field at the
interface of Si and DI water forming a thermal current, which
once again verifies the correctness of the tribovoltaic effect.
The tribo-current of the three kinds resistivity of N-type Si also
increases with temperature rising. The change of the tribo-
current with the temperature rising is unlikely to be caused
only by the change of resistivity of the Si or the water with
temperature. The equivalent ohmic resistance at -3 V bias is
regarded as the resistance of water and Si, which is considered
as internal resistance in the tribo-voltaic effect. The resistivity of
equivalent ohmic resistance changes at 30 and 90 °C less than
twice while the tribo-current increases about fourfold in sliding
process for N-type Si with 0.01 Q cm and DI water case. There-
fore, the tribo-current should be closely related to the concen-
tration of excited carriers. In the tribovoltaic effect, the charge
carriers are mainly excited by the “bindingtons” and separated
by the built-in electric field at the interface of Si/DI water.3>3¢]
The experimental results suggest that the generating rate of
“bindington” increasing as the temperature rising should be
the mainly reason of the increasing tribo-current.

The outputs of the tribo-current and tribo-voltage at the
P-type Si and the DI water interface are also studied. The I-V
curves of P-type Si/water/Cu are shown in Figure S4a—c (Sup-
porting Information). The I-V curves of high resistivity Si show
a good rectification characteristic at room temperature (30 °C),
shown as Figure S4a,b (Supporting Information), indicating
that there is a depletion zone at the interface of the P-type Si
and the DI water. Figure S4c (Supporting Information) gives
that the I-V curve is nonlinear showing back-to-back Schottky
barrier transport characteristics at room temperature. The cur-
rent under positive and negative bias is closely related to the Si/
water and water/Cu interface barrier.l] Figure S4d (Supporting
Information) gives the energy band structure of P-type Si/
water/copper. The tribo-current and tribo-voltage at the inter-
face between the water droplet and the P-type Si are shown
in Figure 3. The external circuit direction of tribo-voltage and
tribo-current is from the P-type Si wafer side to the water
droplet side, since that the direction of the built-in electric field
at the interface is pointing from the water side to the P-type Si
side. The tribo-voltage of tribovoltaic effect between the P-type
Si with the resistivity of 0.01 Q cm and the DI water increased
from 0.1 V at 30 °C to 0.16 V at 90 °C as shown in Figure 3e.
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When water slides on the N-type Si wafer (0.01 Q c¢m) in the
experiment, very small water droplets will remain on the Si
surface, which will be no output of tribo-voltage between these
residual water droplets and water, leading a combination spike.
The tribo-current increases from 30 nA at 30 °C to 75 nA at
90 °C as shown in Figure 3f. It should be noted that the dark
current of the P-type Si and water interface is very small at high
temperature (90 °C) compared with the dark current of N-type
Si and water interface. It should be related to the effective mass
of carriers in different type Si wafer, where the effective mass
of hole is much higher than electron resulting in a smaller
mobility.

The I-V curves of P-type Si/water/copper in Figure S3 (Sup-
porting Information) indicate that there is depletion region at
the metal/water interface, so that it is highly suspected that tri-
bovoltaic effect may also exist at the metal and water interface.
The tribovoltaic effect at the Au/water and the Pt/water inter-
faces has been studied because of the stable chemical property
of Au and Pt without oxide layer on the surface. The I-V curves
are not linear as shown in Figure S5 (Supporting Information),
indicating that there is a depletion region at the Au or Pt and
water interface. During water sliding on the Au or Pt surface,
the direction of tribo-voltage and tribo-current in the external
circuit is positive, which is from the metal side to the droplet
water, as shown in Figure 4. The tribo-voltage at the interface of
Au/water and Pt/water are only about 20 mV at room tempera-
ture (30 °C) as shown in Figures 4a,c, which may be the reason
why the tribovoltaic effect of metal and water interface has
been neglected for a long time. With the temperature rising,
the tribo-voltage of tribovoltaic effect between two metals and
water increases to 58 mV and 68 mV at 90 °C, respectively.
These results are consistent with the effects of temperature on
the tribo-voltage at Si and water interface. The tribo-current of
Au/water and Pt/water increases with the temperature rising
as same as that of Si and water. It should be pay attention to
that the dark current of Pt/water is as high as 120 nA in the
quiescent state, which is related to the decomposition of water
molecules catalyzed by Pt It should be pointed out that
the change of metal resistivity is very limited in the range of
30-90 °C. Meanwhile, the relevant literatures show that the
changes of water resistivity and water clusters are also very little
in this temperature range.?*#% Therefore, the increase of tribo-
current is not only caused by the change in resistivity of water
and metal, but mainly related to the change of carrier concen-
tration excited by the “bindington” with the temperature rising.
The foreseeable reason that the changes of open-circuit voltage
with temperature rising in the tribovoltaic effect at Si (or metal)
and water inconsistent with that of in photovoltaic effect should
be closely related to the change of carrier concentration excited
by the “bindington.”

One needs to notice is that the variation of tribo-voltage
between NaOH and Si wafer with temperature is closely related
to the pH value. Here, the resistivity of N-type Si is 0.01 Q cm.
For the weak alkaline solution with pH value of 9, the tribo-
voltage of tribovoltaic effect also increases with the tempera-
ture rising, from 0.25 V at 30 °C to 0.35 V at 90 °C, as shown
in Figure 5a. The tribo-current increases with the temperature
rising as same as that of DI water/Si (or metal), and the dark
current at 90 °C is about 180 nA, as shown in Figure 5b. When

© 2021 Wiley-VCH GmbH
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Figure 3. Effect of temperature on the tribovoltaic effect at P-type Si and DI water interfaces. a,c,e) The tribo-voltage and b,d,f) the tribo-current when
a DI water droplet slides on P-type Si (1, 0.1, and 0.1 Q cm) surface at different temperature.
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Figure 5. Effect of temperature on the tribovoltaic effect at N-type Si and NaOH solution interfaces. a,c,e) The tribo-voltage and b,d,f) the tribo-current
when a NaOH solution droplet (pH =9, 11, and 13) slides on P-type Si (0.1 Q cm) surface at different temperature.

the pH value is 11, the tribo-voltage of tribovoltaic effect does
almost not change with temperature rising shown in Figure 5c.
The tribo-current still increases with temperature rising and the
dark current at 90 °C are about 200 nA, as shown in Figure 5d.
However, when the pH value is 13, the change of the open-circuit
voltage of the tribovoltaic effect with the temperature is similar
to that of the photovoltaic effect, which decrease from 0.25 to
0.20 V with the temperature rising from 30 to 90 °C shown in
Figure 5e. It should be noted that when the pH value is 13, the
dark current and the tribo-current are as high as about 2 and
8.5 HA at 90 °C respectively as shown in Figure 5f. This indi-
cates that the redox reaction of NaOH solution and Si appar-
ently increases the concentration of excited carriers including
the intrinsic carrier. In the photovoltaic effect, the intrinsic car-
rier concentration increases exponentially with the temperature
rising, which reduces the open-circuit voltage of the photovoltaic
effect. So that these results should not be caused by the increase
of intrinsic carrier concentration excited by the redox reaction of
NaOH solution and Si. The “bindington” is defined as the energy
released by the bond formation at the interface.” Hence, the
energy released by redox reactions between NaOH solution and
Si interface should be also classified as the “bindington.” Higher
concentration of OH~ and higher temperature aggravate the
generation rate of “bindington” and released a larger amount of
thermal energy in the process of redox reaction increasing the
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intrinsic carrier concentration. Consequently, the effect of tem-
perature on the open-circuit voltage of tribovoltaic effect is con-
sistent with that of the photovoltaic effect.

Based on the experimental data, we propose a model to
explain temperature effects on the tribovoltaic effect between
semiconductor (or metal) and water, in which the “bindington”
plays an important role. The band structure of the N-type Si
and the DI water before sliding is shown in Figure 6a. When a
DI water droplet contacts the surface of N-type Si, the electrons
will diffuse from Si side to DI water side and the built-in elec-
tric field will be established, as shown in Figure 6b. Meanwhile,
a “bindington” will be released at the DI water and the Si inter-
face and excite an electron-hole pair at the sliding process, as
shown in Figure 6¢. At low temperature, the electron-hole pairs
excited by the “bindington” are separated by the built-in elec-
tric field, and the electrons transfer into the N-type Si, which
raises the Fermi level and produces an open-circuit voltage
V as shown in Figure 6d, forming a stable DC output in the
external circuit. The resistivity of Si (shown in Figure S2, Sup-
porting Information) and the change of molecule clusters or
ionization product constant of water® can be ignored in the
temperature range of 30-90 °C. With the temperature rising,
the increase of tribo-current indicates that the excited carrier
concentration is increased significantly, implied that the change
of the excited carrier concentration is closely related to the rate

© 2021 Wiley-VCH GmbH
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Figure 6. Energy band diagram of the effect of temperature on the tribovoltaic effect. Energy band diagram of the N-type Si and the DI water a) before
sliding, b) contact and sliding, at c) low temperature and d) sliding at low temperature, and e) high temperature f) sliding at high temperature. A
schematic diagram of the generation of “bindington”. (E. is the bottom of the conduction band, E¢is the Fermi level of the N-type Si, E; is the “Fermi
level” of the DI water and E, is the top of the valence band. V is the tribo-voltage).

of “bindington” generation. The momentum and the collision
number of water molecules should be significantly increased as
the temperature rising!**? at the interface of the DI water/Si.
The electron clouds of the atoms belonging to the DI water and
the Si become more likely to overlap with each other at a higher
temperature, resulting in the increasing of the “bindington”
generation rate, as shown in Figure 6e. Therefore, a mass of
excited electron-hole pairs is separated by the built-in electric
field, and then electrons transfer into N-type Si side, raising
the Fermi level of Si and forming a larger open-circuit voltage
V, as shown in Figure 6f. Because the tribovoltaic effect is
analogous to the photovoltaic effect, here the formula of open-
circuit voltage in the photovoltaic effect is applied to explain the
increasing of the tribo-voltaic with increasing temperaturel?’:

3

where Jsc is the tribo-current, [ w is the current of reverse saturated
non ideal diode, T is the temperature, and K is the Boltzmann
constant. The open-circuit voltage will increase with temperature
rising. The energy band diagram of P-type Si contacting with DI
water is also given in Figure S6 (Supporting Information).

Voc = mKT In

Jsc

¥

o )

m

3. Conclusions

In conclusion, the effects of temperature on the tribovoltaic
effect at the liquid and semiconductor (or metal) interfaces
have been demonstrated. It is revealed that the tribo-voltage
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and tribo-current of the tribovoltaic effect at water/Si and
water/metal increase with temperature rising, in which the
influence of temperature on the open-circuit voltage is opposite
to that of the photovoltaic effect. Moreover, based on the experi-
ment results, an energy band model was proposed to explain
the effect of temperature on the tribovoltaic effect at liquid and
semiconductor interface, in which a higher temperature leads
to a higher “bindington” generation rate. A higher “bindington”
generation rate excites more electron-hole pairs and then
increase the excited carrier concentration, which affects the
electrical output of tribovoltaic effect. Our findings support the
concept of “bindington” in the tribovoltaic effect and also pro-
vide a novel idea for improving the output performance of the
energy harvesters based on the tribovoltaic effect.

4. Experimental Section

Sample Preparation: The P-type Si is boron-doped and the N-type Si
is phosphorus-doped resistivity. The aluminum electrode was grown
on the back of Si wafer through magnetron sputtering and annealed
in a nitrogen atmosphere at 500 °C. The DI water was produced by a
deionizer (Hitech, China), and the resistivity of the DI water used here
was 18.2 MQ cm. The Au and Pt were grown on SiO, substrate by
magnetron sputtering with a thickness of 100 nm.

Current-Voltage Measurements: The current-voltage curves were
measured by an electrochemical workstation (CHI600E, China). The
scan rate was set to be 0.1V s, the sample interval was 0.001 V.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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