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A B S T R A C T   

In operando techniques have emerged to elucidate the fundamental mechanism of triboelectrification via relevant 
physical quantity measurement during the physical contact of two materials. Here, a correlation between fric-
tional heat and triboelectric charge is reported in a metal-polymer triboelectric nanogenerator through the in 
operando temperature measurement. Fluorine-doped tin oxide (FTO) metal is slid back-and-forth under different 
contact pressures across polydimethylsiloxane (PDMS) polymers having different degrees of crosslinking, i.e., 
mixing ratio. Both the triboelectric charge and temperature variation increase and become saturated with 
different time-constants. Notably, the saturated triboelectric charge increases, while the saturated temperature 
decreases, with increasing mixing ratio. In contrast, both saturated triboelectric charge and temperature increase 
with increasing contact pressure. X-ray photoemission spectroscopy reveals that chemical bonds are modified 
inhomogeneously at the surface, and that charged materials are transferred from PDMS to FTO in accordance 
with the mixing ratio- and sliding time-dependent triboelectric charges. Frictional heat plays a distributive role in 
bond rupture and temperature variation, depending on the activation energy and frictional coefficient of PDMS. 
In operando temperature variation measurement provides important information on the specific bonds for tri-
boelectrification and detailed charge-transfer process during physical contact.   

1. Introduction 

The rapid depletion of fossil fuels and climate change have prompted 
great interest in energy harvesting from the environment [1,2]. Among 
various renewable energy sources, in particular, wasted mechanical vi-
brations with low frequency have been effectively converted into elec-
tricity via recently developed triboelectric nanogenerators (TENGs) [3, 
4]. TENGs are flexible, light-weight, and cost-effective devices and are 

one of the most promising power sources for portable and wearable 
devices in the Internet of Things (IoT) era [5–12]. The performance of 
TENGs strongly depends on the triboelectric charges generated during 
the physical contact between two materials. However, the identity and 
transfer mechanism of triboelectric charge is still unclear and varies 
depending on the contacting materials [13–22]. 

In operando measurement can provide critical hints for tribo-
electrification via real-time and simultaneous investigation of 
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triboelectric charge and relevant physical quantities. There have been 
several important reports on such measurements. Li et al. reported the 
atomic featured photon emission spectra acquired during contact elec-
trification [23]. They provided the evidence of electron transfer at the 
interface of two materials via careful analysis of the atomic spectrum at 
low pressure. Lin et al. reported the triboelectric charge decay behavior 
under ultraviolet illumination [24]. They demonstrated the release of 
electrostatic charges on a dielectric surface via detailed analysis of the 
wavelength and intensity-dependent decay. Bayketin et al. reported the 
evolution of surface charge and surface roughness during contact elec-
trification [25]. They concluded the material-transfer dominated tribo-
electrification in a soft contacting material via X-ray photoelectron 
spectroscopy for the various polymers. However, there have been few 
reports on in operando measurement of frictional heat induced temper-
ature variation during contact electrification. Frictional heat has been 
considered one of the most important parameters for the bond break-
ing/creation model of material-transfer [26] and the thermionic emis-
sion model of electron-transfer [27]. 

In this paper, triboelectric charge and temperature variation are 
simultaneously investigated during the sliding of FTO metal on PDMS 
polymers. Crosslink density and contact pressure are systematically 
varied for triboelectric charge, and a synchronized infrared (IR) camera 
and thermocouple are adopted for temperature variation. Sliding time- 
dependent triboelectric charge and temperature variation as well as 
surface-sensitive X-ray photoemission results reveal that frictional heat 
inhomogeneously modifies and breaks the chemical bonds of PDMS, 
depending on activation energy and contact pressure. The remaining 
frictional heat changes the temperature of FTO and PDMS. Such a 
distributive role of frictional heat results in increased triboelectric 
charge and decreased temperature variation, and vice versa. The tem-
perature variation precedes triboelectric charge during sliding. The 
broken bonds and/or charged materials in PDMS are transferred to FTO 
for triboelectrification due to their large modulus difference. 

2. Experimental section 

2.1. Fabrication and characterization of PDMS 

PDMS films were fabricated using a conventional hot-press method. 
The PDMS precursor and crosslinker (Merck KGaA, Korea) were mixed 
at various weight ratios and then degassed under vacuum for 30 min. A 
small amount of mixture was poured onto a glass substrate and thermal 
curing was performed at 75 ◦C for 6 h with an applied pressure of 30 
MPa. The same processes were applied to all PDMS films to minimize the 
sensitive physical properties on growth conditions [28]. 

Crystallinity, surface morphology, and Young’s modulus of PDMS 
films were characterized by X-ray diffraction (XRD, X′PERT-PRO, 
PANalytical), an atomic force microscopy (AFM, XE-7, PSIA) and scan-
ning electron microscopy (SEM, SU 8010, Hitachi), and a nanoindenter 
(G200, KLA instrument), respectively [29]. The frictional coefficient and 
adhesion force were measured by atomic force microscopy (SPM100, 
RHK Tech.) in an ultra-high vacuum environment (1 × 10–9 Torr) [30, 
31]. The friction coefficient and adhesion force were obtained from the 
frictional force-load force spectrum, as shown in Fig. S1, Supporting 
Information, and by utilizing the value for a thermally grown SiO2 wafer 
[32]. The adhesion force corresponded to the minimum force for the 
pull-off of tip from the surface. Frequency-dependent dielectric constant 
and temperature-dependent weight loss were measured by an LCR meter 
(4284 A, HP) and thermogravimetric analyzer (TGA, TG 209 F3, 
Netzsch), respectively. For the TGA measurement, the heating rate was 
fixed at 10 ◦C/min. Specific heat and thermal diffusivity of PDMS films 
were obtained using a differential scanning calorimeter (DSC 204 F1, 
Netzsch) and a laser flash analysis system (LFA 447, Netzsch), respec-
tively. Thermal conductivity was obtained by multiplying the specific 
heat, density, and thermal diffusivity [33]. A K-type thermocouple and 
commercial IR camera (A35, FLIT) were used to estimate the 

temperature of FTO and PDMS, respectively. Before the temperature 
measurement using the IR camera, the emissivity of PDMS (~0.9) was 
obtained using an emissometer (TSS-5X, Japan Sensor Corp.). The 
chemical bonds of PDMS films were examined using an X-ray photo-
emission spectroscopy system with the option of a micrometer-sized 
X-ray beam (XPS, PHI 5000, Ulvac-Phi). 

2.2. Triboelectric output measurement of FTO-PDMS TENGs 

The triboelectric output performance was characterized using a 
custom sliding system, in which a linear motor was used to move an FTO 
metal (Sigma Aldrich) back-and-forth on PDMS polymers. The metallic 
conduction and mechanical stability of FTO were confirmed by the 
temperature-dependent sheet resistance and current-voltage curve, and 
the absence of scratches after sliding, respectively (Fig. S2, Supporting 
Information). The FTO and PDMS were attached to the top and bottom 
plates of a sliding machine and then slid at a frequency of 1.5 Hz with the 
variation of contact pressure. The electrical outputs of the FTO-PDMS 
TENGs were measured using a digital phosphor oscilloscope 
(DSOX2002A, KEYSIGHT), a programmable electrometer (6517, Keith-
ley), and a low-noise current preamplifier (SR570, Stanford Research 
Systems). 

2.3. Finite-element computer simulations 

COMSOL Multiphysics 5.6 software was used to simulate the tem-
perature variation of PDMS during sliding. A three-dimensional model 
was developed for precise simulation. The same geometry of FTO-PDMS 
TENG was used, i.e., PDMS with a dimension of 0.5 cm × 1 cm × 1 mm 
and FTO/glass with a dimension of 5 cm × 4 cm × 2 mm. A box of air 
(10 cm × 10 cm × 10 cm) was used to model the atmospheric conditions. 
Pulse-type frictional heat (~1.5 mW with 1.5 Hz) was applied to the 
PDMS having specific heat of 1.586 J/gK and thermal conductivity of 
0.175 W/mK. A Heat Transfer in Solids and Fluids were used to compute 
the temperature distribution for a fine mesh number of 611,755. 

3. Results and discussion 

3.1. In operando measurement system for triboelectric charge and 
temperature variation 

Fig. 1a shows a schematic illustration and an optical image of the in 
operando triboelectric charge and temperature measurement system. 
The operation of the system is shown in Movie S1, Supporting Infor-
mation. The FTO metal and PDMS polymer were attached to the top and 
bottom plates, respectively, and the gap between the two plates was 
varied by a micrometer. A single-electrode mode was adopted to obtain 
stable triboelectric outputs. The PDMS film deposited on an electrode for 
the two-electrode mode was found to be peeled off during the sliding of 
FTO. The real-time temperature variation is simultaneously monitored 
for FTO metal using a thermocouple and for PDMS polymer using an IR 
camera. In particular, the operation of the IR camera is synchronized 
with the back-and-forth motion of the sliding machine (Fig. 1b). 
Namely, the IR camera is turned on only when the PDMS surface is 
exposed to air, and the temperature distribution at the surface is aver-
aged for precise estimation of temperature. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107813. 

Fig. 1c shows a schematic diagram of the power generation mecha-
nism and temperature variation of an FTO-PDMS TENG. When the FTO 
and PDMS come into contact, the former and the latter are positively and 
negatively charged, respectively [34]. When the FTO moves backward, 
positive charges in the FTO move to the ground to effectively screen the 
reduced negative charges in the PDMS. Conversely, positive charges 
move from the ground to the FTO, when the FTO moves forward. On the 
other hand, frictional heat is generated only when the FTO moves on the 
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PDMS surface. Heating occurs twice in the FTO-PDMS TENG during one 
cycle of sliding, i.e., pulse-type heat. The frictional heat causes a 
continuous change of temperature, as confirmed by the computer 
simulation (Fig. S3 and Movie S2, Supporting Information). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107813. 

3.2. Mechanical, thermal, morphological, and dielectric properties of 
PDMS polymers 

For the systematic understanding of the correlation between 

triboelectric charge and temperature variation, PDMS polymers were 
synthesized with various mixing ratios. Here, the mixing ratio represents 
the weight ratio of PDMS precursor to crosslinker [35]. Since the PDMS 
precursor has two vinyl end groups to react with a crosslinker, the 
mixing ratio could affect the mechanical, thermal, morphological, and 
dielectric properties of PDMS. 

Fig. 2a shows the mixing ratio-dependent Young’s modulus of the 
PDMS polymers. When the mixing ratio varies from 5:1–30:1, the 
modulus drastically decreases from 4.5 MPa for the former to 1.7 MPa 
for the latter. Such a large modification is attributed to the sharp in-
crease of soft amorphous phase in the polymer, as confirmed by the X- 

Fig. 1. In operando measurement system, and power- and frictional heat-generation mechanism. (a) Schematic illustration and optical image of an in operando 
measurement system for triboelectric charge and temperature during the sliding motion. Real-time temperatures are monitored using a thermocouple for the FTO 
metal and an infrared (IR) camera for the PDMS polymer. The contact pressure is varied by adjusting the gap between the top and bottom plates using a micrometer. 
(b) Synchronized operation of IR camera and sliding machine. The IR camera is operated only when the PDMS surface is exposed. (c) Schematic power generation 
mechanism and frictional heat generation process. Positive free charges (red circles) in the FTO flow back-and-forth to the ground and screen the negative bound 
charges (black circles) in the PDMS. Frictional heat is generated when the FTO slides on the PDMS polymer, as marked by red boxes, and temperature varies during a 
sliding cycle. 
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ray diffraction pattern (Fig. S4, Supporting Information) [36]. Fig. 2b 
shows the mixing ratio-dependent frictional coefficient and adhesion 
force of the PDMS polymers. In contrast to Young’s modulus, both the 
frictional coefficient and adhesion force increase with increasing mixing 
ratio. Such changes are likely to be related to the increased softness and 
stickiness, as evidenced by the significantly increased force-distance 
hysteresis curve for a high mixing ratio PDMS (Fig. S5, Supporting In-
formation). Increased softness causes increased contact area for the 
external force; hence, the lateral frictional coefficient increases 

accordingly. Increased stickiness causes increased force for detachment; 
hence, the adhesion force increases accordingly. 

Fig. 2c shows the mixing ratio-dependent thermal properties of the 
PDMS polymers. While the specific heat is almost constant irrespective 
of the mixing ratio, the thermal diffusivity and conductivity decrease 
with increasing mixing ratio. The decreased thermal diffusivity and 
conductivity are attributed to the decreased density (Fig. S6, Supporting 
Information) and atomic vibrations due to higher amorphous content. 

In contrast to the mechanical and thermal properties, the 

Fig. 2. Mechanical, thermal, morphological, and dielectric properties of PDMS. (a) Young’s modulus, (b) frictional coefficient and adhesion force, (c) specific heat, 
thermal diffusivity, and thermal conductivity, (d) surface morphology, and (e) dielectric constant. Here, the mixing ratio represents the weight ratio of precursor to 
crosslinker. In (b), the distribution of adhesion force (scan size of 1 × 1 µm2) is shown for 5:1 and 30:1 mixing ratios. In (c), the thermal conductivity is obtained by 
multiplying heat capacity, density, and thermal diffusivity. In (d), the root-mean-square value of roughness (Rrms) is shown for each ratio. 
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morphological and dielectric properties of PDMS effectively remains 
constant. As shown in Fig. 2d,e, the surface morphology is quite similar 
with small variation of roughness, and the dielectric constant is almost 
constant over a wide frequency range irrespective of the mixing ratio. 
These findings suggest that PDMS polymers can be an appropriate 
platform to investigate the correlation between frictional heat and 
triboelectric charge by neglecting the effects of surface roughness and 
dielectric constant on triboelectrification [37]. 

3.3. Mixing ratio- and contact pressure-dependent triboelectric charge 
and temperature variation 

Fig. 3a and Fig. S7, Supporting Information, show the mixing ratio- 
dependent open-circuit voltage, short-circuit current, and triboelectric 
charges of FTO-PDMS TENGs. The contact pressure was set to 0.28 N/ 
cm2. Apparently, the triboelectric charges increase and then become 
saturated with increasing sliding time. For each ratio, however, the 
initial increasing behavior and saturated charges are different. For the 
quantitative analysis, the sliding time-dependent triboelectric charge 
[Qtribo(t)] is fitted (solid lines) using a simple exponential decay 

Fig. 3. Mixing ratio- and contact pressure-dependent triboelectric charge and temperature variation. Sliding time-dependent triboelectric charge and temperature 
variation of PDMS for various (a,b) mixing ratios and (c,d) contact pressures. Solid lines represent the fitting curves of a simple exponential decay function. In (b,d), 
the infrared (IR) images are selectively shown. Relationship between (e) saturated triboelectric charge and charge time-constant, and (f) saturated temperature 
variation and temperature time-constant for various mixing ratios (red circles) and contact pressures (blue circles). 
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function, i.e., 

Qtribo(t) = Qtribo(∞)

[

1 − exp
(

−
t

τC

)]

(1)  

where Qtribo(∞) and τC represent the saturated triboelectric charge and 
the charge time-constant, respectively. Note that a simple exponential 
decay function has been predicted in a model of TENG and frequently 
observed for time-dependent charging/discharging in numerous tribo-
electric systems [38]. 

Fig. 3b and Fig. S8, Supporting Information, show the mixing ratio- 
dependent temperature variations of PDMS and FTO, respectively. IR 
camera images are also shown in Fig. 3b and Fig. S9, Supporting In-
formation. Similar to the triboelectric charge, the temperatures increase 
and then become saturated with different initial increasing behavior and 
saturated temperature. Overall, the saturated temperature of FTO is 
lowered than that of PDMS, probably due to the underlying thick glass 
substrate. Intriguingly, the saturated temperature of PDMS is highest for 
the 5:1 mixing ratio, at which the saturated triboelectric charge is 
smallest. The sliding time-dependent temperature [Ttribo(t)] is fitted 
(solid lines) using a simple exponential decay function, i.e., 

Ttribo(t) = Ttribo(∞)

[

1 − exp
(

−
t

τT

)]

(2)  

where Ttribo(∞) and τT represent the saturated temperature and the 
temperature time-constant, respectively. Note that a simple exponential 

decay function has been predicted in a lumped heat capacity model and 
frequently observed for time-dependent heating/cooling in numerous 
heat-transfer systems [39]. 

Fig. 3c,d and Fig. S10,S11, Supporting Information, show the contact 
pressure-dependent triboelectric charge and temperature variation, 
respectively. The mixing ratio was set to 5:1. The triboelectric charges 
and temperatures follow the similar trends as those for mixing ratio. 
Notably, both the saturated charge and temperature are highest at the 
highest pressure of 0.28 N/cm2. The sliding time-dependent triboelec-
tric charge and temperature are reasonably fitted by simple exponential 
decay functions, as denoted by solid lines. 

Fitting parameters for triboelectric charge and temperature variation 
are shown in Fig. 3e,f, respectively, for various mixing ratios (red cir-
cles) and contact pressures (blue circles). The saturated triboelectric 
charges increase with increasing mixing ratio and contact pressure. The 
increased charges result in the decreased charge time-constant, 
accordingly. Note that the largest triboelectric charge and shortest 
charge time-constant occur at the 30:1 mixing ratio, which has the 
smallest Young’s modulus, and largest frictional coefficient and adhe-
sion force. 

In contrast, the saturated temperature variation for PDMS decreases 
with increasing mixing ratio, but increases with increasing contact 
pressure. The increased temperature results in the decreased time- 
constant, accordingly. Note that the highest temperature and shortest 
temperature time-constant occur at the 5:1 mixing ratio, which has the 
largest thermal diffusivity and thermal conductivity. It is intriguing that 

Fig. 4. Close relationship between the rate of bond rupture event and triboelectric charge. (a) Thermogravimetric analysis heating thermogram, (b) fitting curves of 
the Coats and Redfern equation, and (c) activation energy of PDMS polymers. (d) Mixing ratio- and contact pressure-dependent rate of bond rupture events and 
triboelectric charge. For mixing ratio-dependence, the contact pressure is fixed at 0.28 N/cm2. For contact pressure-dependence, the mixing ratio is fixed at 5:1. 
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the triboelectric charge becomes maximized when the temperature 
variation of PDMS is smallest. The temperature time-constant is shorter 
than the charge time-constant for all contact pressures. 

3.4. Effects of activation energy and contact pressure on the rate of bond 
rupture events 

In order to understand the intriguing triboelectric charge behavior, 
mixing ratio-dependent thermogravimetric analysis is performed and 
shown the results in Fig. 4a. All of the PDMS polymers lose weight with 
increasing temperature. The weight losses are 60% and 45% for the 30:1 
and 5:1 mixing ratios, respectively, at 800 ◦C. The thermogravimetric 
results are used to estimate the activation energy (Ea) of thermal 
degradation via the Coats and Redfern equation [40,41], i.e., 

log10

(

− log10

[
(1 − α)

T2

])

= A −
Ea

2.3RT
(3)  

where α, T, A, and R represent the extent of reaction, absolute temper-
ature, proportional constant, and gas constant, respectively. The extent 
of reaction (α) can be written as α = m0 − mt

m0 − m∞
, where m0, mt, and m∞ 

represent the initial mass, mass at time t, and mass at the end of the 
reaction, respectively. The thermogravimetric data are well-fitted by Eq. 
(3) for all of the PDMS polymers (Fig. 4b). Fig. 4c shows that the acti-
vation energy of PDMS decreases from 54 kcal/mol at the 5:1 and 
49 kcal/mol at the 30:1 mixing ratio. 

According to the kinetics of mechanochemistry, the rate of bond 
rupture event (K) occurring in the polymer depends on the activation 
energy (EA) of bond rupture and stress [42], i.e., 

K = K0exp
(

−
EA − βσ

RT

)

(4)  

where K0, β, and σ represent the Arrhenius frequency factor, propor-
tional coefficient, and tensile stress, respectively. Based on the similar 
activation energies for thermal degradation and bond rupture [43,44], 
the mixing ratio- and contact pressure-dependent rate of bond rupture 
events are shown in Fig. 4d. While there is a slight deviation, the rate of 
bond rupture event is proportional to the triboelectric charge, which 
suggests a close relationship between them. 

Fig. 5. X-ray photoemission investigation of bond modification and material-transfer. X-ray photoemission Si 2p intensity of FTO for various (a) mixing ratios and (b) 
sliding times. The sliding time is fixed at 30 s in (a), and the mixing ratio is fixed at 5:1 and 30:1 in (b). (c) Optical microscopy and atomic force microscopy images of 
the 30:1 after sliding. (d) Photoemission Si 2p and O 1s spectra of PDMS at flat and rough areas. For flat area, the spectra are only shown for 5:1. The blue and red 
curves in the Si 2p correspond to Si-O and O-Si-O peaks, respectively. The blue and red curves in the O 1s correspond to Si-O-Si and Si-OH peaks, respectively. (e) 
Atomic ratio of C/Si and O/Si for 5:1, 10:1, 15:1, and 30:1 mixing ratios. 
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3.5. X-ray photoemission investigation of bond modification/rupture and 
material-transfer 

Surface-sensitive X-ray photoemission spectroscopy is investigated 
to elucidate the detailed bond rupture in PDMS. Fig. 5a,b show the Si 2p 
X-ray photoemission spectra of FTO with the variation of mixing ratio 
and sliding time, respectively. Detailed sliding time-dependent Si 2p 
spectra of FTO are shown in Fig. S12, Supporting Information. After 
sliding, the Si 2p peak drastically increases with increasing mixing ratio. 
In addition, the peak increases and becomes saturated with increasing 
sliding time for both the 5:1 and 30:1 mixing ratios. Importantly, the Si 
2p peak intensities of FTO are almost linearly proportional to the cor-
responding triboelectric charge, as confirmed by Fig. S13, Supporting 
Information. Such consistency unambiguously indicates that the broken 
Si bonds (and charged materials) in PDMS are transferred to FTO and is 
participated in triboelectrification, as similarly reported for soft poly-
mers [26,45]. As demonstrated in optical microscopy and scanning 
electron microscopy images (Fig. S14, Supporting Information), the 
PDMS residues are clearly observable in FTO after sliding. 

Fig. 5c and Fig. S15, Supporting Information, show the optical mi-
croscopy and atomic force microscopy images of PDMS after sliding. 
Homogenous PDMS surface changes into inhomogenous for all mixing 
ratios, and such behavior becomes serious for the high mixing ratio. 
Micrometer-sized scanning X-ray photoemission spectroscopy is per-
formed for the detailed investigation of bond modification in PDMS after 
sliding. The scanning is performed along the flat and rough surface, and 
shown the results in Fig. 5d and Fig. S16a,b, Supporting Information. As 
a representative, we showed the spectra at the flat area only for the 5:1 
mixing ratio in Fig. 5d. Apparently, the Si 2p and O 1s spectra are 
different for each area, even for the same mixing ratio. In the Si 2p 
spectra [46], the Si-O peak decreases whereas the O-Si-O peak increases 
at a rough area, as compared with those at a flat area. In the O 1s spectra 
[47], the Si-O-Si peak decreases whereas the Si-OH peak increases at a 
rough area, as compared with those at a flat area. Such modifications are 
significant at the high mixing ratio, as clearly shown in Fig. S16c,d, 
Supporting Information. 

The chemical compositions of PDMS are also changed, along with the 
spectral changes. Fig. 5e shows that the O/Si atomic ratio increases, 
whereas the C/Si decreases, with increasing mixing ratio. These results 
indicate that Si-C and Si-CH3 bonds are inhomogeneously broken and 
desorbed, and Si radicals react with O and OH ions in the atmosphere, as 
similarly reported for plasma-treated PDMS [47,48]. This fact also im-
plies that the bond modification, and hence triboelectric output, should 
depend on the atmosphere during the sliding [49]. 

3.6. Distributive role of frictional heat on bond rupture and temperature 
variation 

Based on the above in operando and X-ray photoemission measure-
ments, Fig. 6a shows a schematic diagram for the distributive role of 
frictional heat on the bond rupture and temperature variation. When the 
FTO slides across the PDMS surface, frictional heat is generated at the 
interface. The frictional heat seems to focus at certain areas due to the 
small thermal diffusivity/conductivity of PDMS. In addition, the acti-
vation energy of PDMS seems to be reduced due to the fast sliding 
induced increased heating rate [50]. A portion of frictional heat is used 
for bond rupture in the PDMS and the remaining portion for temperature 
variation in the PDMS and FTO. When the activation energy is low (such 
as the 30:1), a large amount of heat is used for bond breaking, and a 
small amount for temperature variation, and vice versa for a high acti-
vation energy (such as the 5:1). Therefore, the triboelectric charge for 
the 30:1 is larger than that for the 5:1, and the temperature of PDMS is 
lower for the former than that for the latter, as consistent with Fig. 3a,b. 
Note that the frictional heat itself increases with increasing contact 
pressure and frictional coefficient. Therefore, both the triboelectric 
charge and temperature variation increase with increasing contact 
pressure, as consistent with Fig. 3c,d. In addition, the temperature 
variation of FTO increases with increasing mixing ratio due to the 
increased frictional coefficient, as consistent with Fig. S8, Supporting 
Information. 

The broken bonds and/or charged materials in PDMS are transferred 
to FTO during sliding, as schematically shown in Fig. 6b. The amount of 
charged material-transfer depends on the modulus (e.g., Young’s) dif-
ference between FTO and PDMS [26]. Consistent with Figs. 3a,5a, the 
triboelectric charge of FTO-PDMS TENGs and the Si 2p peak of FTO 
become significant with decreasing Young’s modulus of PDMS (i.e., 
increasing mixing ratio). This result implies that polymers with low 
Young’s modulus, like soft styrene-ethylene/butylene-styrene copol-
ymer, should result in higher triboelectric output in metal-polymer 
TENGs [26]. 

3.7. Advantages of in operando triboelectric charge and temperature 
variation measurements for understanding the triboelectrification 
mechanism 

In operando triboelectric charge and temperature variation mea-
surements can provide important insights into triboelectrification. First, 
the thermal property of contacting materials plays an important role on 
the triboelectric charge, as similarly proposed in a recent theory [51]. 
When thermal diffusivity/conductivity is small, frictional heat is 

Fig. 6. Schematic illustration of distributive role of frictional heat and bond/material-transfer. (a) Bond rupture in PDMS and temperature variation of FTO and 
PDMS with respect to activation energy and (b) broken bond and charged material-transfer from PDMS to FTO with respect to modulus difference. 
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localized at certain areas of surface; which causes the significant and 
local bond rupture event. This claim explains the inverse proportion of 
triboelectric charge and temperature variation with respect to mixing 
ratio, local bond modification at the rough area, and the large fluctua-
tion of local temperatures at high mixing ratio (Fig. S17, Supporting 
Information). In addition, this result implies that polymers with small 
thermal conductivity, like polyimide, should result in higher triboelec-
tric output in metal-polymer TENGs [52]. Second, the temperature 
variation of two contacting materials can be used for quantifying the 
frictional heat. As well-documented [26], the frictional heat plays a 
critical role on bond rupture in polymers for the charged 
material-transfer induced triboelectrification. Since each chemical bond 
has a certain binding energy, a quantitative estimation of frictional heat 
can specify the bonds involved in triboelectrification. Third, the 
real-time and in operando temperature variation of two contacting ma-
terials can provide helpful information for the temperature difference 
induced charge-transfer model [27]. According to this model, the elec-
trons are thermally excited and transferred from a hotter surface to a 
cooler one. Simultaneously obtained time-constants for triboelectric 
charge and temperature provide a detailed charge-transfer process after 
physical contact. Fourth, a similar in operando system can also be 
applicable to the physical contact of two polymers. Considering the 
variety of polymers with different triboelectric series, thermal conduc-
tivity, electrical conductivity, and mechanical modulus, the 
polymer-polymer contact would provide a significant forward step for 
the fundamental understanding of triboelectrification phenomena and 
the technological guideline for high power generation of TENGs. 

4. Conclusions 

In summary, in operando temperature variation measurement is re-
ported to elucidate the correlation between frictional heat and tribo-
electric charge during the physical contact of FTO metal and PDMS 
polymer. Thermocouple and synchronized IR camera are used for 
simultaneous temperature measurement, and the mixing ratio and 
contact pressure are varied for systematic triboelectric charge mea-
surement. In contrast to surface morphology and dielectric constant, the 
mechanical and thermal properties of PDMS are varied with mixing 
ratio. Namely, the Young’s modulus of PDMS significantly decreases 
with increasing mixing ratio, whereas the frictional coefficient and 
adhesion force increase. The thermal diffusivity and thermal conduc-
tivity of PDMS decrease with increasing the mixing ratio, whereas the 
specific heat is quite similar. Detailed in operando investigation reveals 
that both triboelectric charge and temperature increase and become 
saturated with increasing sliding time. Intriguingly, the saturated 
triboelectric charge increases with increasing mixing ratio, whereas the 
saturated temperature decreases. On the other hand, both the saturated 
charge and temperature increase with increasing contact pressure. The 
time-constants for charge and temperature are inversely proportional to 
the saturated triboelectric charge and temperature, respectively. 
Intriguingly, the time-constant for temperature is smaller than that for 
triboelectric charge. Surface-sensitive X-ray photoemission spectros-
copy reveals that the inhomogeneous bond modification and charged 
material-transfer increase with increasing mixing ratio and sliding time. 
These results imply that frictional heat plays a distributive role on bond 
rupture and temperature variation, i.e., the increased heat for the former 
causes the decreased heat for the latter, and vice versa. The frictional 
heat becomes increased due to the contact pressure and frictional co-
efficient, which results in the increased bond rupture and temperature 
variation. In operando temperature variation measurement can provide 
insight into triboelectrification by suggesting a localized heat enhanced 
bond rupture event, by identifying chemical bonds in a bond breaking/ 
creation model, and by providing a detailed electron-transfer process in 
a thermionic emission model. 
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