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ABSTRACT: Temperature effects on the contact electrification (CE) is of great interest. Here, different kinds of substoichiometric
oxide films, such as TiO,_,, A,O;_,, Ta,0;_,, and Cr,0;_,, are deposited and annealed at different temperatures, and the CE
between the films and a Pt-coated tip is performed by using Kelvin probe force microscopy (KPFM). An intriguing finding is that the
polarity on the TiO,_, surface changes from negative to positive with the increase of the sample annealing temperature in air
atmosphere. Such a result is attributed to the fact that annealing under an oxidative atmosphere repairs oxygen vacancies and helps
upgrade the low valency of Ti’" to a stable high valency of Ti*". On the contrary, after annealing occurs in an Ar/H, atmosphere, the
polarity on the TiO,_, surface reverses from positive to negative. This is mainly due to the increase of oxygen vacancies after
annealing in reducing atmosphere. Through the KPEM results of AL,O;_,, Ta,05_,, and Cr,0;_, films, the effect of oxygen vacancies
is further confirmed, that is, the decrease of oxygen vacancies eases the films at capturing positive charges. Based on this, TiO,_,-
based identical material triboelectric nanogenerators (IM-TENGs) are designed and prepared for the first time to control the current
direction. Moreover, a surface state model for explaining the CE mechanism between the metal and annealed dielectric is proposed.
This study is conducive to the development of the IM-TENGs which regulate the current direction or voltage output accurately in
the future and also provides a further understanding of the dominant mechanism of electron transfer in the CE.

KEYWORDS: contact electrification, triboelectrification, nanogenerator, annealing, surface states

1. INTRODUCTION charge density and time at different temperatures."”'> The
results confirmed that the electron transfer was responsible for
the CE between different solid materials, and an “electron
cloud-potential well” model, which was named as the “Wang
transition” model, was proposed. The effect of the surface

Contact electrification (CE), one of the oldest scientific topics,
was first discovered in ancient Greece about 2600 years ago.
Although the CE is a common phenomenon in our daily life,
the physical mechanism behind it is still unresolved and under

debate.'™ As an emerging technology, the triboelectric

nanogenerator (TENG) is invented based on the CE and dommateld6 by electron transfer between two identical
materials.”” Lin et al. used ultraviolet light to excite the surface

curvature on the CE suggested that the charge transfer was also

electrostatic induction effect, which provides a new option for
people to solve the world’s energy problems, and the CE has
also become one of the hotspots in academic community.*~”

charges on the insulator surface, which was generated by
rubbing with an atomic force microscopy (AFM) tip.'” It was

The identity of the charge carriers is one of the core issues in

the CE.'"°™" In recent years, more experimental and Received: May 19, 2021
theoretical evidences have been presented, which support the Accepted: July 14, 2021
fact that electron transfer plays a dominant role during the CE
process. Xu et al. designed a high temperature-resistant TENG,
which realized the real-time quantitative measurement of
surface charges and revealed the relationship between the
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Figure 1. Property change and triboelectric charge evolution of TiO,_, films with 20 sccm O, deposition. (a) Surface topographies of the films. (b)
XRD results of the films. (c) Thickness of the films. XPS spectra of (d) Ti2p and (e) O 1s on the films. (f) Triboelectric charge densities under the
room temperature on the films before and after the samples being annealed at different temperatures in air.

found that the triboelectric charges could be emitted from the
surface by light irradiation, which further suggested that the
triboelectric charges on the surface were electrons. In addition,
by applying tension or pressure on the surface, Sow et al. found
that both the magnitude and polarity of transferred charges on
a poly(tetrafluoroethylene) (PTFE) surface could be modi-
fied.'"® Li et al. used low-energy helium ion irradiation to
change the surface molecular structure of materials through
nuclear energy loss, which improved the triboelectric proper-
ties of Kapton.'” These studies suggest that the surface
properties of materials are crucial to electrification.

Annealing is a common post-treatment method used to
optimize the properties of materials, especially films. For
example, the stoichiometric ratio of the films can be changed
by annealing in different atmospheres.”” Moreover, annealing
at different temperatures enables the valence states of elements
in the films to be controllable.”’ In particular, annealing can
only change the properties of the very shallow surface without
changing the overall characteristics of the films.>* Therefore, if
we altered the molar ratio or the valence state of elements on
the film surface through different annealing methods, it would
be very interesting to explore the specific correlations between
these changes and the CE.

In this study, different kinds of substoichiometric oxide
films, including TiO,_,, AL,O;_,, Ta,05_,, and Cr,0;_,, were
deposited by an electron beam evaporation method and

annealed at different temperatures, the CE of which was
studied. The surface morphologies, microstructures, thickness,
surface composition, and element valence states of the films
were characterized and analyzed, and the relationship between
the triboelectric characteristics of the films and annealing
temperatures was explored by Kelvin probe force microscopy
(KPFM) under the room temperature. Moreover, TiO,_,-
based identical material TENGs (IM-TENGs) were developed
and prepared by a simple annealing treatment, which realized
the effective control of the current direction. Further, a surface
state model of the CE between metal and dielectric annealed at
different temperatures was proposed, and the internal relation-
ship between the surface states and the CE was deeply
discussed.

2. RESULTS

Figure la shows the surface topographies of TiO,_, films
deposited at an oxygen flow rate of 20 sccm and annealed at
different temperatures for 1 h. It can be found that the surface
roughness of the films decreases after annealing, and the root
mean square (RMS) roughness decreases gradually from 1.15
to 0.83 nm. The X-ray diffractometer (XRD) patterns in Figure
1b show that the as-deposited film is amorphous and has no
crystalline phase transition after annealing at 473 K. However,
a weak diffraction peak at 20 = 25.3° corresponding to the
anatase (101) plane is observed after 573 K annealing. It
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Figure 2. Triboelectric charge evolution of TiO,_, films with 80 sccm O, deposition. (a) Triboelectric charge densities under the room
temperature on the films before and after the samples being annealed at different temperatures in air. (b) XPS spectra of Ti 2p on the films. (c)
Thickness of the films. (d) Triboelectric charge densities under the room temperature on the films after treated under different annealing

conditions.

indicates that the amorphous TiO,_, is transformed into
anatase phase. In Figure S1, after annealing at 573 K for 4.5 h,
two diffraction peaks appear, which are the corresponding
anatase (101) Iz)lane of 20 = 25.3° and the anatase (200) plane
of 20 = 48.1°.7** Figure lc shows that the thickness of the
films decreases with the increase of annealing temperature.
Figure 1d,e shows the X-ray photoelectron spectroscopy (XPS)
results of Ti 2p and O 1s on the films, respectively. It can be
seen that Ti 2p presents a representative bimodal structure,
and the binding energies of two Ti 2p;,, after peak fitting are
457.3 and 458.7 eV, respectively. In Figure le, Ti—O at 530.2
eV and —OH at 530.9 eV are observed after the peak split of O
1s. With the increase of annealing temperature, the proportion
of Ti—O gradually increases from 622 to 77.2%. Here,
according to the energy difference, A(O—Ti) = BE(O 1s) —
BE(Ti 2p;5,) = 72.9 €V, the peak of the binding energy at
457.3 €V is Ti’*. The energy difference A(O—Ti) = BE(O 1s)
— BE(Ti 2ps,) = 71.5 eV suggests that the peak of the binding
energy at 458.7 eV is Ti** > After annealing at 573 K, the
Ti*" content increases from 91.3 to 98.3%, while the Ti**
content decreases to 1.7%, which indicates further oxidation of
the film by annealing. The triboelectric charges on the film
surface generated by contact with a Pt coated tip are measured
using peak force tapping mode and KPFM mode. As shown in
Figure 1f, the surface potential on the films before and after the
samples annealing at different temperatures is —12, —5.6, —4,
—4, 0, and 9.3 mV, respectively. The surface charge density is
calculated according to the following equation”’

AVeOz;"TiO2
cC = —
trio, (1)

where & is the vacuum dielectric constant, and er;o, and tr;o,
are the relative dielectric constant and thickness of TiO,,

respectively. The calculated surface charge densities are —85,
—40, —28, 0, and 66 uC/m? respectively, which means that
the charge density decreases gradually with the increase of the
sample annealing temperature and charge direction reverses
from original negative to positive. In addition, Figure S2 shows
that the triboelectric charge densities on TiO,_, films annealed
at 573 K at different times do not change significantly,
indicating that the sample annealing temperature rather than
the annealing time plays a dominant role in the CE.

Figure 2a shows the triboelectric charge densities on TiO,_,
films deposited at an oxygen flow rate of 80 sccm and annealed
at different temperatures, which are —128, —99, —28, and 57
uC/m? respectively. With the increase of the sample annealing
temperature, the polarity of transferred charges on the films
changes from negative to positive, which is consistent with the
results in Figure 1f. Figures 2b and S3 show the XPS spectra of
Ti 2p and O 1s on the films, respectively. It can be seen that
the Ti element mainly exists as Ti*" before annealing, with only
a small amount of Ti’". After annealing at 473 K, Ti’" is
completely oxidized to Ti*". In addition, Table SI shows the
O/Ti molar ratio estimated from the XPS peak areas with their
relative sensitivity factors, which increases to 2.01 after
annealing at 473 K, indicating that the oxygen vacancies
have been basically eliminated and the main composition of
the film is TiO,. Figure 2c shows that the thickness of the films
also decreases gradually with the increase of the annealing
temperature. In order to verify whether the change of
transferred charge polarity on TiO,_, films is really caused
by the reduction of oxygen vacancies, we optimized the
annealing methods, as shown in Figure 2d. The initial
transferred charge density on the as-deposited film is —85
uC/m?. After annealed in air at 573 K for 1 h, the transferred
charge density rises to 66 4C/m> After annealing again in air
at 573 K for 1 h (route 1), the transferred charge density rises

https://doi.org/10.1021/acsami.1c09248
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09248/suppl_file/am1c09248_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09248/suppl_file/am1c09248_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09248/suppl_file/am1c09248_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09248/suppl_file/am1c09248_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09248?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09248?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09248?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09248?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(a) (1) as-deposited (5 sccm)

1T 1

17
(ii1) as-deposited (20 sccm) (iv) 573 K (20 scem)

(ii) 573 K (5 scem)

2

(C) Al 2p (5 sccm) ARt
N\
N

/1N

N 573K

Intensity (a.u.)
\

as-deposited

Binding energy (eV)

(e)

70 72 74 76 78 80

| 5scem

-101 . .

-20
25 mV e |5 mV

as-deposited 373 473 573
Sample annealing temperature (K)

Transferred charge density (UC/m?)

(b)

573 K (20 sccm)

N— Varsidrepositedr (20 sccm)

573 K (5 sccm)

10 20 30 40 50 60 70 80
26 (deg)

Intensity (a.u.)

(d)

Intensity (a.u.)

o]
o

(2]
o

N
o

N
o

o

OmvVeE—/== |10 mV

T

T T T
as-deposited 373 473 573
Sample annealing temperature (K)

Transferred charge density (uC/m?)

Figure 3. Property change and triboelectric charge evolution of Al,O5_, films. (a) Surface topographies of the films. (b) XRD results of the films.
XPS spectra of (c) Al 2p and (d) O 1s on the films surface. (e) Triboelectric charge densities under the room temperature on the films with S sccm
O, deposition. (f) Triboelectric charge densities under the room temperature on the films with 20 sccm O, deposition.

slightly to 78 uC/m? which is consistent with the results in
Figure S2. Interestingly, if the film after annealing at 573 K for
1 h in air is placed in Ar (5% H,) and annealed again at 573 K
for 1 h (route 2), it is found that the transferred charge density
turns into —7 uC/m? It indicates that the polarity of the
triboelectric charges starts to change from positive to negative.
These results further verify the effects of oxygen vacancy on
the CE, that is, annealing in oxidizing atmosphere reduces
oxygen vacancies, and the films become more likely to be
positively charged, while annealing in reducing atmosphere
increases oxygen vacancies, so the films become more likely to
be negatively charged.

Two kinds of Al,O;_, films were deposited at oxygen flow
rates of 5 and 20 sccm and annealed at different temperatures,
respectively. Figure 3a shows the surface topographies of the
films before and after annealing, in which the RMS roughness
of the films with 5 sccm O, deposition decreases from 0.89 to
0.84 nm, and that of the films with 20 sccm O, deposition
decreases from 1.15 to 1.08 nm. Figure 3b shows that even
after 573 K annealing, both two kinds of films are still
amorphous. Figure 3c,d shows the XPS spectra of Al 2p and O
Is on the films with $ sccm O, deposition, respectively. It can
be seen that Al 2p is perfectly fitted by a peak at 74.4 eV, which
indicates that the Al element in the films is AP*.*** In
addition, AlI-O at 531.1 eV and —OH at 532.5 eV are
observed after the peak split of O 1s, respectively.”® After
annealing at 573 K, the Al-O content increases from 66.6 to

72.0%. Table S2 shows that the O/Al molar ratio increases
from 1.21 to 1.38 after annealing. For the films prepared with
20 sccm O, deposition, the same trend is also observed, but
the O/Al molar ratio rises to 1.50 after annealing, indicating
that the composition is close to the ideal stoichiometric ratio.
Figure 3e shows that the triboelectric charge densities on
ALO,_, films with 5§ sccm O, deposition before and after
annealing at different temperatures are —15, —15, —4, and 7.4
uC/m?, respectively. Here, the variation of triboelectric
properties of Al,O,_, films is consistent with that of TiO,_,
films, both of which gradually change from negative to positive
with the increase of the sample annealing temperature.
Interestingly, Figure 3f shows that the triboelectric charge
densities on AL, O,_, films with 20 sccm O, deposition before
and after annealing at different temperatures are 8, 10, 20, and
82 uC/m? respectively. It indicates that it is possible to control
the initial triboelectric properties of the films by varying the
oxygen supply in the deposition process. In addition, although
the triboelectric charge on the as-deposited film with 20 sccm
oxygen deposition is positive, it becomes more and more
positive with the increase of the sample annealing temperature.

Figure 4a shows the XRD patterns of Ta,O;_, films before
and after annealing. It can be seen that after annealing at 573
K, the film is still amorphous and no phase transition has been
found. Figure S4 shows that with the increase of annealing
temperature, the RMS roughness of the films gradually
decreases from 1.01 to 0.93 nm. Figure 4b shows that Ta 4f
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Figure 4. Property change and triboelectric charge evolution of Ta,O5_, films and Cr,0;_, films. (a) XRD results of the as-deposited and annealing
Ta,0;_, films. (b) XPS spectra of Ta 4f on Ta,0_, films before and after annealing. (c) Triboelectric charge densities under the room temperature
on Ta,0_, films. (d) XRD results of Cr,05_, films before and after annealing. (e) XPS spectra of Cr 2p on Cr,05_, films. (f) Triboelectric charge

densities under the room temperature on Cr,O;_, films.

is a representative bimodal structure, and the binding energies
of Ta 4f;), after peak fitting are 22.1, 26.4, and 25.0 eV,
respectively, corresponding to Ta*, Ta¥*/*', and Ta**’>'™*
After annealing, the content of Ta’" increases from 91.5 to
92.7%, indicating that the film is further oxidized. Table S3
shows that the O/Ta molar ratio gradually rises from 1.87 to
2.20 with the increase of annealing temperature, that is, the
higher the temperature, the less the oxygen vacancies become.
As shown in Figure 4c, the triboelectric charge densities on the
films before and after annealing at different temperatures are
—18.4,-9.2,9.2, and 32.2 uC/m?, respectively. Therefore, the
triboelectric properties of the films also change from being
likely to receive negative charges to being likely to receive
positive charges. Figure 4d shows that after annealing at 573 K,
the structure of Cr,O;_, film is still amorphous. In addition,
the RMS roughness of the films decreases slightly from 1.11 to
1.07 nm after annealing (Figure S6). Figure 4e shows that Cr
2p is fitted by a Cr 2p;,, peak at 576.8 eV and Cr 2p, ;, peak at
586.6 eV, which corresponds to the representative bimodal
structure of Cr,O;, indicating the Cr** in the films.”**> The
calculated O/Cr molar ratio rises from 0.92 to 1.06 after
annealing, indicating the decreased oxygen vacancies. Figure 4f

shows that Cr,0O;_, films are more likely to be positively
charged with the increase of the sample annealing temperature.

As mentioned above, annealing changes the amount and
even the polarity of the transferred surface charges on the films
in the subsequent CE process. Therefore, we tried to adopt the
annealing treatment to prepare the TiO,_, based IM-TENGs.
As shown in Figure Sa, one contact layer of the IM-TENG is
the as-deposited TiO,_, film on an FTO conductive glass, and
the other contact pair is the TiO,_, film coated on the FTO
conductive glass annealed at 573 K. In addition, the IM-
TENGs with both sides of as-deposited TiO,_, films and both
sides of annealed TiO,_, films are also prepared, respectively.
Figure Sb,c shows the positive open circuit voltage (Vo¢) and
negative short circuit transfer charge (Qsc) of the IM-TENG
formed by the as-deposited film on the left side and the
annealed film on the right side. It should be noted that the
traditional grounded method was used to determine V¢ in
this study, so the measured value may be slightly smaller than
the actual value.*®*” The results indicates that the as-deposited
film is easier to receive electrons. Here, the TENG composed
of a PTFE film and Cu foil is used as a reference to test the
direction of current. The left PTFE is fixed, and the right Cu
approaches and contacts the PTFE. The results show the
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Figure 5. Performance of the TiO,_, based IM-TENGs. (a) Schematic illustration of the IM-TENGs. (b,c) Typical V¢ and Qsc of the IM-TENG
made from the as-deposited and 573 K annealed TiO,_, films. (d,e) Typical V¢ and Qgc of the IM-TENG made from both the 573 K annealed

TiO,_, films. (f) V¢ of different groups of the IM-TENGs.

positive Vo and negative Qgc. Figure Sd,e shows the typical
Voc and Qs of the IM-TENG consisting of annealed films on
both sides. The results show that the direction of electron flow
is not fixed. Figure 5f shows the multiple measurement results
of different groups of IM-TENGs. Here, group 1 and group 2
are the IM-TENGs with as-deposited films and annealed films
on both sides, respectively. The results show that it is difficult
to confirm which side is more likely to obtain electrons. Group
3 is the IM-TENGs with an as-deposited film on the left side
and the annealed film on the right side. The two contact films
from group 3 are exchanged in group 4. The results show that
the electron flow in both group 3 and group 4 is from the
annealed film to the as-deposited film, indicating that the latter
is easier to capture electrons. It is consistent with the results of
the as-deposited TiO,_, film given in Figures 1 and 2.
Moreover, it also suggests that by a simple annealing
treatment, it is possible to use the identical materials to
prepare the IM-TENGs which can control the current
direction or the voltage output.

3. DISCUSSION

In this study, substoichiometric oxide films were deposited by
electron beam evaporation and post-treated by annealing at
low temperatures. Here, the overall structure of the films is not
drastically changed by such annealing treatment, but slight

regulation of the stoichiometric ratio or the valence state of
elements on the very shallow surface is achieved. The results
show that the triboelectric charges on the films change from
negative to positive gradually with the increase of the sample
annealing temperature. This phenomenon is mainly due to the
existence of oxygen vacancies in the films, which are reduced
after annealing in the air. Here, the defect equation generated
by oxygen vacancy V, can be expressed as

0 =1/20, +V, )

Meanwhile, oxygen vacancy may exist in different ionization
forms, and the defect equations are as follows

Vo=V, + e ()
V" =V e @)
Therefore, the overall defect equation is as follows

0 =1/20, + V" + 2¢~ (s)

According to eq S, the oxygen vacancy eventually carries two
positive charges, which tends to attract negative charges to
neutralize. Therefore, the strong electron-withdrawing charac-
teristics of oxygen vacancy are considered to be the most
important reason for the change in the triboelectrification
results of the films. Based on the abovementioned analysis, we
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propose a surface state model to elaborate CE mechanisms of
metal and dielectric annealed at different temperatures. It is
assumed that the E, of the dielectrics is higher than that
occupied by electrons in the metal. Figure 6a—c schematically
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Figure 6. Surface states model for explaining the CE mechanisms of
metal and dielectric annealed at different temperatures. (a—c) Charge
transfer between metal and dielectric before annealing, (d—f) charge
transfer between metal and dielectric after T, annealing, and (g—i)
charge transfer between metal and dielectric after T, annealing. ®,
metal work function; Ep, Fermi level; Ey,c, vacuum level; E,
conduction band; E,, neutral level of surface states; Ey, valence band;
Eoy, level of oxygen vacancy; T, and T,, temperature; T; < T,.

illustrates electron transfer between metal and dielectric
without annealing before, during and after their contact.
Here, the metal has a work function of ®, and its electron
distribution conforms to the Fermi—Dirac distribution
function. Due to the insufficient oxygen in the process of
film preparation, the film contains many oxygen vacancies. The
electron-withdrawing properties of oxygen vacancy may lead to
the transition of electrons on the dielectric surface to the
vacancy, which makes the actual occupied E, lower than the
energy level occupied by electrons in metal (Figure 6a). When
the two materials are in contact, electrons in the metal will
jump into the dielectric, resulting in an E, that is identical to
the highest energy level occupied by electrons in the metal
(Figure 6b). When the two materials are separated, the metal is
positively charged, while the dielectric is negatively charged,
thereby resulting in CE (Figure 6¢). Figure 6d—f schematically
illustrates electron transfer between metal and dielectric before,
during and after their contact after annealing at temperature
T,. Due to the elimination of some oxygen vacancies in
dielectrics by annealing, only a small number of electrons are
transferred from the dielectric surface to these vacancies. At
this time, the energy level occupied by the electrons in the
dielectric is equal to that occupied by the electrons in the metal
(Figure 6d). Therefore, electron transfer does not occur when

the two materials are in contact with each other (Figure 6e).
When the two materials are separated, neither the metal nor
the dielectric is charged (Figure 6f). If the annealing
temperature increases from T, to T, the oxygen vacancies
on the dielectric surface will be completely eliminated (Figure
6g). Because the E, of the dielectric is higher than the highest
energy level occupied by the electrons in the metal, the
electrons in the dielectric will jump to the metal when the two
materials are in contact, so that E_ is equal to the highest
energy level occupied by the electrons in the metal (Figure
6h). When the two materials are separated, the dielectrics are
positively charged, while the metals are negatively charged
(Figure 6i). Investigation into electrification characteristics of
substoichiometric oxide materials after annealing in this study
is an interesting supplement to related research that looks into
impacts of temperature on the CE.

4. CONCLUSIONS

In conclusion, the CE of a variety of oxide films with oxygen
vacancies or low cation valence states is studied. It is found
that TiO,_, films after annealing in air are more likely to be
positively charged. This is mainly due to the repair of oxygen
vacancies and the promotion of low valence Ti’" to stable Ti**
during annealing because the air is an oxidizing atmosphere.
Likewise, when the films are annealed in Ar/H, reducing
atmosphere, they are more likely to receive negative charges.
By studying the CE between Al,O;_,, Ta,0;_,, Cr,05_, films
and a Pt coated tip, it is further proved that the elimination of
oxygen vacancies is the main reason for the films to be
positively charged. Based on the abovementioned results, the
IM-TENGs are designed and prepared by using TiO,_, films
before and after annealing. Moreover, a surface state model to
elaborate CE mechanisms of metal and dielectric annealed at
different temperatures is proposed. It is revealed that the
oxygen vacancy changes the barrier energy of bound electrons
mainly by affecting the surface states, which leads to electron
transfer and CE. The study provides an interesting method to
prepare the IM-TENGs which can accurately control the
current direction or voltage output by using any kind of
identical materials with different annealing treatment. This will
provide a new direction for the application and development of
the TENGs in the future.

5. METHODS

5.1. Preparation and Characterization of the Films. Ti pellet
(99.9%), Al pellet (99.999%), Ta,O5 powder (99.99%), and Cr pellet
(99.95%) were purchased from ZhongNuo Advanced Material
(Beijing) Technology Co., Limited. All the substoichiometric oxide
films used in this study were deposited by the electron beam
evaporation method. By using Ti pellet as a coating material, two
kinds of TiO,_, films were deposited on high conductive Si substrates
under the base pressure of 1.5 X 107 Pa when the O, flow rate was
20 and 80 sccm, respectively. Two kinds of Al,O;_, films were
deposited on high conductive Si substrates by using Al Pellet under
the base pressure of 1.5 X 107° Pa when the O, flow rate was 5 and 20
sccm, respectively. Ta,O;_, films were deposited on high conductive
Si substrates by using Ta,05 powder under the base pressure of 1.5 X
10° Pa without oxygen supply. Cr,O5_, films were deposited on high
conductive Si substrates by using Cr pellet under the base pressure of
1.5 X 107° Pa and the O, flow rate of 20 sccm. The as-deposited films
were annealed in air at 373, 473, and 573 K for 1 h, respectively. After
annealing, all the samples were stored in a glovebox with nitrogen
atmosphere and relative humidity less than 1%. The microstructure of
the films was determined by a D8 Advance XRD. The thickness of the
films was tested with a surface profiler. The chemical composition of
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the films was analyzed by a thermo ESCALAB 250 X-ray
photoelectron spectroscope.

5.2. AFM Equipment. All the experiments were performed on a
commercial AFM/KPFM equipment Icon (Bruker, USA) under the
room temperature. The conductive tip used here was Multi7SE-G
(BudgetSensors, Bulgaria; Pt-coated; tip radius: 25 nm; spring
constant: 3 N m™'). In the peakforce tapping scanning, the scan
size was set to S ym and the scan rate was 1 Hz. The peakforce was
about 2 nN when the tip was scanning the oxide films. The
triboelectric charges were detected in the KPFM mode, while the
tapping amplitude was set to 350 mV, the lift height was 50 nm, and
the scan size was 10 pum. All the tests were conducted in a nitrogen
atmosphere and relative humidity less than 1%.

5.3. Fabrication and Measurement of the IM-TENGs. FTO
conductive glasses with a size of 40 X 30 X 2.2 mm were used as the
substrates here. TiO,_, films were deposited on the FTO substrates
under the base pressure of 1.5 X 107° Pa and the O, flow rate of 40
sccm. Four kinds of IM-TENGs were prepared with TiO,_, films
before and after annealing. The effective area of all the IM-TENGs
was 9 cm” The short-circuit transfer charge Qsc and open-circuit
voltage Vo of the IM-TENGs were measured by a Keithley 6514
electrometer and collected by LabVIEW software.
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