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Insight into the Role of Surface
Wettability in Electrocatalytic
'Hydrogen Evolution Reactions
s Using Light-Sensitive Nanotubular
s TiO, Supported Pt Electrodes

Chenhui Meng?, Bing Wang?, Ziyue Gao?, Zhaoyue Liu?, Qiangian Zhang? & Jin Zhai®

Surface wettability is of importance for electrochemical reactions. Herein, its role in electrochemical
hydrogen evolution reactions is investigated using light-sensitive nanotubular TiO, supported Pt as
hydrogen evolution electrodes (HEEs). The HEEs are fabricated by photocatalytic deposition of Pt
particles onTiO, nanotubes followed by hydrophobization with vaporized octadecyltrimethoxysilane

: (OTS) molecules. The surface wettability of HEEs is subsequently regulated in situ from hydrophobicity

© to hydrophilicity by photocatalytic decomposition of OTS molecules using ultraviolet light. It is found

. that hydrophilic HEEs demonstrate a larger electrochemical active area of Pt and a lower adhesion force

© toagas bubble when compared with hydrophobic ones. The former allows more protons to react on the

. electrode surface at small overpotential so that a larger current is produced. The latter leads to a quick
release of hydrogen gas bubbles from the electrode surface at large overpotential, which ensures the

© contact between catalysts and electrolyte. These two characteristics make hydrophilic HEEs generate a
much high current density for HERs. Our results imply that the optimization of surface wettability is of
significance for improving the electrocatalytic activity of HEEs.

. Hydrogen, as a clean and portable energy carrier, has been attracting worldwide attention because of its possi-

: bility to replace fossil fuels in the future"? Electrocatalytic water splitting is one of sustainable route to produce

. hydrogen from water by electricity>. In this route, catalytic Pt electrodes are often used as hydrogen evolution

. electrodes (HEEs) to achieve hydrogen evolution reactions (HERs)*®. A complete HER in acidic solution involves

. three procedures of proton migration, proton reduction and hydrogen gas release’. The last two procedures occur

. at solid-liquid (electrode-electrolyte) and solid-gas (electrode-hydrogen) interface respectively, which affect the
electrocatalytic activity of HEEs significantly. Therefore, understanding the role of surface properties of HEEs in
HERs is of significance for improving their electrocatalytic performances.

Surface wettability, as one of fundamental surface properties of an electrode, shows a significant influence on
electrolyte-wetting, redox electron transfer and gas release in electrochemical reactions®-!1. For example, a supe-
rhydrophobic surface can control the precursor-wetting and guide gold nanoparticles to electrochemically grow

* along solid-liquid-gas triphase interface’. A hydrophilic surface enhances the extracellular electron transfer rate

. between microbes and electrode!®. In water electrolysis under microgravity, the oxygen evolution is also affected

. significantly by the wettability of electrode!!. However, to the best of our knowledge, how the surface wettability
of HEEs affects the HERs has not been investigated systematically.

: Recently, lots of progress has been achieved on the wettability regulation of solid surface using responsive

: materials sensitive to external stimuli'?"!%, which makes it possible to regulate the surface wettability of HEEs

© in a wide range. Herein, the surface wettability of HEEs consisting of octadecyltrimethoxysilane-modified
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Figure 1. Flow chart for the fabrication and wettability regulation of nanotubular TiO, supported

Pt electrodes (Pt-TiO,-NTs). Pt catalysts were deposited on the surface of anodized TiO, nanotubes
(TiO,-NTs) by photocatalytic reduction, which was followed by hydrophobization with vaporized
octadecyltrimethoxysilane (OTS) molecules. The wettability of Pt-TiO,-NTs was subsequently regulated in situ
from hydrophobicity to hydrophilicity using ultraviolet (UV) light.

nanotubular TiO, supported Pt electrodes (Pt-TiO,-NTs) was regulated in situ from hydrophobicity to hydro-
philicity using external stimulus of ultraviolet (UV) light and its role in HERs was investigated systematically. It is
found that hydrophilic HEEs generate a much higher current density for HERs when compared with hydrophobic
ones. We conclude that this high electrocatalytic activity is associated with their large electrochemical active area
of Pt and low adhesion force to a gas bubble.

Results and Discussion

Electrochemically anodized TiO, nanotubes (TiO,-NTs) on Ti metals have been used as a substrate to support
electrocatalysts of Pt or MoS, for HERs!”!8. The significant advantage of TiO,-NTs as a substrate is that their pho-
tocatalysis can trigger some special reduction reactions, which result in the direct loading of particulate catalysts
on the surface of TiO,-NTs without the necessity of using additional immobilization procedures. Furthermore,
TiO,-NTs shows a rough surface, which can be used to fabricate hydrophobic surface via chemical modifica-
tion'*%. As shown in Fig. 1, the fabrication and wettability regulation of Pt-TiO,-NTs involves four steps: (1) for-
mation of anatase TiO,-NTs on Ti metals by a combination of electrochemical anodization and high-temperature
calcination?*-%%; (2) deposition of Pt catalysts on TiO,-NTs by photocatalytic reduction of chloroplatinic acid
under UV illumination®; (3) hydrophobization with vaporized octadecyltrimethoxysilane (OTS) molecules!®-%%;
(4) wettability regulation of OTS-modified Pt-TiO,-NTs by photocatalytic decomposition of OTS molecules
using UV light!%202223,

As shown in Fig. 2a, the as-prepared TiO,-NTs show a clean nanopore surface with a pore inner diameter
of ~86nm and a pore wall of ~11 nm. After photocatalytic deposition of Pt (Fig. 2b), only a small quantity of
TiO,-NTs is covered by Pt aggregates with a size of ~230 nm. Most of TiO,-NTs are not covered by Pt aggregates.
The magnified SEM image of TiO,-NTs without covering of Pt aggregates (Inset of Fig. 2b) show that Pt nanopar-
ticles with a size of ~10 nm distribute on the perimeter of nozzles of TiO,-NTs, which indicates that Pt catalysts
distributes throughout the whole surface of TiO,-NTs. Our results are consistent with the findings of Herrmann
et al. that some Pt particles are present as large aggregates after a long-time photocatalytic reaction besides the
small Pt nanoparticles®. Element maps and energy dispersive X-ray microanalysis (EDX) patterns are used to fur-
ther investigate the distribution of Pt catalysts on the surface of TiO,-NTs. Figure 2c and d show the element maps
and EDX of two specific areas with and without covering of Pt aggregates (area I and II in Fig. 2b respectively). In
both areas, the characteristic lines at energy of ~2.05keV for Pt elememts are detected?32, which indicates that
Pt elements distribute throughout the whole surface of TiO,-NTs. The area consisting of large aggregates demon-
strates a higher Pt content when compared with the one without aggregates, which is evidenced by the strong Pt
characteristic lines in Fig. 2c. The composite surface of Pt-TiO,-NTs demonstrates one important characteristic
that the surface of TiO,-NTs is not densely covered by Pt particles. The exposed TiO,-NTs surface is necessary for
wettability regulation using UV light because photocatalytic oxidation ability is available only on TiO, surface.

In order to enable the surface wettability of Pt-TiO,-NTs to be sensitive to UV light, OTS molecules were
deposited on their surface using chemical vapor deposition method (Fig. 1). After OTS modification, as shown
in Fig. 3, the surface of Pt-TiO,-NTs is hydrophobic with a water contact angle (CA) of ~139°. This hydropho-
bicity is ascribed to the synergistic effect of rough nanopore surface and hydrophobic octadecyl carbon chains in
OTS molecules®*-%. It has been known that the surface hydroxyls of TiO,-NTs are important for the silanization
reactions because they can form covalent bonds with OTS molecules®***”. However, in order to immobilize silane
molecules on the surface of Pt, an anodization process to generate oxide surface with hydroxyls is necessary>**.
Therefore, it is reasonably considered that OTS molecules are difficult to covalently bond to the as-prepared
Pt particles (including the large Pt aggregates with a size of ~230 nm and the small Pt nanoparticles with a size
of ~10nm). In order to confirm the distribution of OTS molecules, the silicon EDX patterns of OTS-modified
Pt-TiO,-NTs after UV illumination for 200 min (Figure S1 in Supplementary information) are measured. It has
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Figure 2. (a,b) SEM images of TiO,-NTs (a) before and (b) after photocatalytic deposition of Pt particles. Only
a small quantity of TiO,-NTs is covered by Pt aggregates with a size of ~230 nm. Inset of b: magnified SEM
image of TiO,-NTs without covering of Pt aggregates. Pt nanoparticles with a size of ~10 nm distribute on the
perimeter of nozzles of TiO,-NTs. (¢,d) Element maps and EDX patterns on the specific areas (c) with and (d)
without covering of Pt aggregates as shown in b (area I and II). In both areas, the characteristic lines at energy

of ~2.05keV for Pt elememts are detected. The area with covering of large aggregates demonstrates a high Pt
content.

—
1404 &
120
:\t 100 -l
O 804
60
e
40 l p—
20- \i\i\i %
0_
0 50 100 150 200

Time /min

Figure 3. The evolution of water contact angles (CAs) of OTS modified Pt-TiO,-NTs following in situ UV
illumination. Insets: The corresponding water CAs when the UV illumination time is 0, 15, 50 and 200 min.
The water CAs are sensitive to light, which can be regulated on demand from ~139° to ~13°.
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Figure 4. (a) Polarization curves of OTS-modified Pt-TiO,-NTs after in situ UV illumination for 0, 5, 15, 50,
140 and 200 min in 0.5 M H,SO,. The polarization curves are divided into two regions of I and II by a potential
of —0.08 V. (b) The quantitative correlations between the water contact angles (CAs) of OTS-modified Pt-TiO,-
NTs and the catalytic current density for HERs at an overpotential of 0.08 V and 0.4 V. Following the decrease
of water CA by UV illumination, the enhanced degree of current density in region II is much larger than that in
region L.

been known that after a photocatalytic reaction the carbon chains of OTS molecules will be decomposed and
silicon elements are left*. Figure S1 indicate clearly that Si elements mainly distribute on the surface of TiO,-NTs.
However, on the surface of Pt aggregates, the characteristic line of Si element is very weak. Our results indicated
that OTS molecules can deposit selectively on TiO,-NTs. Following in situ UV illumination, the water CA can
be controlled on demand from ~139° to ~13°, which are determined by the UV illumination time. The decrease
in water CA is ascribed to wettability change of TiO,-NTs, which results from the controllable decomposition of
alkyl chains in OTS molecules by the oxidation ability of TiO, photocatalysis*®4!.

Subsequently, we investigated the role of surface wettability of Pt-TiO,-NTs in HERs. The wettability was
controlled in situ by UV illumination time. Figure 4a shows the polarization curves of Pt-TiO,-NTs with differ-
ent wettability in 0.5 M H,SO, electrolyte. The quantitative correlations between the water CAs of Pt-TiO,-NTs
and the cuerrent density values for HERs at an overpotential of 0.08 V and 0.4 V are summarized in Fig. 4b. The
polarization curves are divided into two regions of I and II by a potential of —0.08 V (vs. SHE). For hydrophobic
Pt-TiO,-NTs with a water CA of ~139°, the characteristics of polarization curve in region I and II are different.
In region I with overpotential smaller than 0.08 V, the increase in the overpotential enhances the current density
for HERs (Fig. 4a and Figure S2 in Supplementary information). In this region, it is considered that the evolved
hydrogen gas can dissolve into the electrolyte because a small current density is not sufficient to supersaturate the
electrolyte*?. Therefore, no hydrogen bubbles form on the surface of Pt-TiO,-NTs. The current density for HERs is
only dependent on the potential. At a typical potential of —0.08 V (vs. SHE), hydrophobic Pt-TiO,-NTs generate
a current density of 5.0 mA/cm? However, in region II with overpotential larger than 0.08 V, the concentration of
hydrogen gas in the electrolyte reaches a critical value, the hydrogen gas bubbles nucleate and grow on the surface
of electrode*?, which will occupy the catalytically active sites of Pt for HERs. Therefore, in region II, although
the overpotential increases from 0.08 to be 0.4V (vs. SHE), the current density increases very slowly from 5.0 to
15.6mA/cm? for hydrogen evolution.

When the water CA of hydrophobic Pt-TiO,-NTs is lowered by UV illumination, the current density of
Pt-TiO,-NTs in region I increases as shown in Fig. 4b and Fig. S2 in supplementary information. Hydrophilic
Pt-TiO,-NTs with a water CA of ~24° obtained by UV illumination for 50 min generate a current density of
11.0mA/cm? at —0.08 V (vs. SHE), which is almost 2.2 times as much as that (5.0 mA/cm?) of hydrophobic ones
with a water CA of ~139°. Further extending the UV illumination time does not enhance the current density in
region I (Fig. 4b). Since no large hydrogen gas bubbles are generated in region I because of the small overpoten-
tial, the enhanced current density is ascribed to the increase in the electrochemical active area of Pt (ECA) by
a hydrophilic surface. During wettability regulation, the ECA of large Pt aggregates remains almost unchanged
because they stay on the surface of TiO,-NTs and can contact the electrolyte. However, the ECA of the small
nanoparticles (~10 nm) on the perimeter of nozzles of TiO,-NTs is related with the surface wettability. For a
hydrophobic surface, Pt nanoparticles cannot be wetted by the electrolyte because of the sealed air in the nano-
tubes, which results in a small ECA. When the surface wettability of Pt-TiO,-NTs is regulated to be hydrophilic,
TiO,-NTs can be wetted by the electrolyte. Pt nanoparticles on the perimeter of nozzles of TiO,-NTs then contact
the electrolyte and show a large ECA.

The ECA of Pt can be estimated based on the adsorption and desorption of hydrogen as electrochemical
adsorbates. The hydrogen adsorption charge is then converted into ECA based on the well-established relation-
ship of 210 uC/cm? for polycrystalline Pt surfaces***. As shown in Fig. 5, hydrophobic Pt-TiO,-NTs with a water
CA of ~139° demonstrate a low ECA of ~4.9 cm?®. After UV illumination for 5 and 50 min, two couples of cur-
rent peaks are observed for hydrogen adsorption and desorption. The calculated ECA of Pt based on hydrogen
adsorption is ~8.7 and ~9.9 cm? respectively. Therefore, hydrophilic Pt-TiO,-NTs allow more protons to react on
the electrode surface, which contributes to the enhancement of current density for HERs in region I of Fig. 4a.
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Figure 5. Cyclic voltammogram curves of hydrophobic OTS-modified Pt-TiO,-NTs in 0.5 M H,SO, after
UV illumination for 0, 5 and 50 min. The scan rate is 50 mV/s. The two couples of current peaks are associated
with the hydrogen adsorption and desorption. The calculated electrochemical active area based on hydrogen
adsorption increases following the increase of UV illumination time.

Figure 6. Formation of hydrogen gas bubbles on the surface of OTS-modified Pt-TiO,-NTs electrode at —0.4 V/
(vs. SHE) after UV illumination for (a) 0, (b) 50 and (c) 200 min. The hydrophilicity reduces the size of
hydrogen gas bubbles sticking on the electrode surface. The scale bar is 250 mm.

However, in region II with large overpotential, the current density is enhanced exceptionally by a hydrophilic
surface. As shown in Fig. 4b, Hydrophilic Pt-TiO,-NTs with a water CA of ~15° obtained by UV illumination
for 140 min generate a current density of 129.8 mA/cm? at —0.4V (vs. SHE), which is almost nine times as much
as that of hydrophobic Pt-TiO,-NTs with a water CA of ~139° (15.6 mA/cm?). The different degree for current
enhancement by a hydrophilic surface at small (0.08 V) and large (0.4 V) overpotential indicates that the surface
wettability is not the only reason for the high catalytic activity of hydrophilic Pt-TiO,-NTs. In region II, a lot of
hydrogen gas bubbles are generated during HERs because of the large overpotential. Therefore, it is considered
that this exceptionally enhanced current density in region II by a hydrophilic surface should be related with its
low adhesion force of electrode surface to a gas bubble. In HERs, when the concentration of hydrogen in elec-
trolyte reaches a critical value, hydrogen gas bubbles will nucleate and grow on the electrode surface, which will
occupy the catalytically active sites. Once the surface adhesive force cannot sustain the hydrogen gas bubbles,
they will detach the electrode surface and releases the occupied active sites for HERs*%. As shown in Fig. 6a,
for hydrophobic Pt-TiO,-NTs with water CA of ~139°, when the potential is scanned to be —0.4V (vs. SHE),
a lot of hydrogen gas bubbles with a size larger than ~80 mm adhere on the electrode surface. The video during
polarization process demonstrates that the small hydrogen bubbles will merge into a large one, which sticks
on the electrode surface strongly (Video S1 in Supplementary information). The smooth polarization curve of
Pt-TiO,-NTs with a water CA of ~139° (Fig. 4a) also imply that the hydrogen gas bubble is difficult to leave the
surface of hydrophobic electrode. These gas bubbles prevent the contact between catalysts and electrolyte, and
consequently reduce the electrocatalytic activity. After the hydrophobic Pt-TiO,-NTs are illuminated by UV light
for 50 min, some large gas bubbles will leave the electrode surface in HERs. The size of the adhered gas bubbles
decreases obviously (Fig. 6b), which reduces the occupation area of gas bubbles and increases the catalytic activ-
ity. The large current shake in Fig. 4a also implies the detachment of gas bubbles from the electrode surface. The
size of adhered bubbles can be further decreased by extending the UV illumination time to be 200 min (Fig. 6¢).
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Figure 7. Adhesive force-distance curves when Pt-TiO,-NTs with a water CA of ~139° (a, hydrophobic)
and ~14° (b, hydrophilic) approach to and retract from an external gas bubble. Insets: The corresponding
underwater gas CAs. A hydrophilic surface shows a low adhesion force and a high underwater gas CA.

In this case, most of small hydrogen bubbles can leave the electrode surface quickly during hydrogen evolution
(Video S2 in Supplementary information), which results in a high electrocatalytic activity*>~*7.

It has been well-known that the adhesion force of a solid surface to a gas bubble is related with its surface wet-
tability***. Herein, a high-sensitivity microelectromechanical balance system is used to measure quantitatively
the adhesion force of Pt-TiO,-NTs with different wettability to a gas bubble in water. Figure 7a shows the adhesive
force-distance curves when Pt-TiO,-NTs with a water CA of ~139° approach to and retract from a gas bubble
with a volume of 5pL. The starting position of Pt-TiO,-NTs is defined to be zero point of distance. As shown in
Fig. 7a, at a distance of ~1.95 mm, Pt-TiO,-NTs contact the gas bubble. Then, Pt-TiO,-NTs start to move away
from the gas bubble. The balance force between Pt-TiO,-NTs and gas bubble gradually increases because of the
adhesion of gas bubble on the surface of Pt-TiO,-NTs, which reaches a maximum at a distance of ~1.26 mm.
When the gas bubble breaks away from Pt-TiO,-NTs at the distance of ~1.26 mm, the force between Pt-TiO,-NTs
and gas bubble disappears. The jump at distance of ~1.26 mm represents the the adhesive force of Pt-TiO,-NTs
to a gas bubble, which is calculated to be ~116 uN. A gas bubble is easy to adhere onto the surface of hydrophobic
Pt-TiO,-NTs (Video S3 in Supplementary information). This large adhesion force is ascribed to the existence of
trapped air pockets in TiO,-NTs by water. When an external gas bubble approach to the surface area of hydro-
phobic Pt-TiO,-NTs, it will coalesce with the air pockets in TiO,-NTs to form fresh gas-liquid-solid three-phase
lines (as evidenced by a relatively low underwater gas CA of ~136° in the inset of Fig. 7a), which results in a
large adhesion force*. After the hydrophobic Pt-TiO,-NTs are converted to be hydrophilic by UV illumination,
as shown in Fig. 7b, the small jump at a distance of 1.57 mm represents a small adhesive force of ~9 pN because
of the complete wetting of TiO,-NTs by water and no air is trapped. The surface therefore demonstrates a high
underwater gas CA of ~157° (inset of Fig. 7b). A gas bubble is very hard to adhere onto the surface of hydrophilic
Pt-TiO,-NTs (Video S4 in Supplementary information). This extremely low adhesion force can drive large hydro-
gen gas bubbles to leave the electrode surface quickly in HERs which ensures the contact between Pt catalytic
active sites and electrolyte, and increases the catalytic activity.

Conclusions

In summary, the role of surface wettability in HERs has been investigated using light-sensitive hydrophobic
Pt-TiO,-NTs as HEEs. The surface wettability of Pt-TiO,-NTs is facilely regulated in situ from hydrophobicity to
hydrophilicity using an irradiation of UV light. The measurements of polarization curves indicate that the elec-
trocatalytic activity of Pt-TiO,-NTs for HERs is enhanced by a hydrophilic surface. At alow overpotential without
formation of large hydrogen bubbles, this enhancement of current density mainly results from the increased
electrochemical active area. However, at a high overpotential, the exceptionally enhanced current density mainly
results from the low adhesion force of a hydrophilic surface for a gas bubble, which can drive large hydrogen gas
bubbles to leave the electrode surface quickly and ensures the contact between Pt catalytic and electrolyte. Our
present work indicates that the optimization of surface wettability of HEEs is important for the improvement of
their electrocatalytic activity for HERs.

Experimental

Fabrication of nanotubular TiO, supported Pt electrodes. TiO, nanotubes (TiO,-NTs) on Ti sub-
strate were prepared by an electrochemical anodization at a constant voltage of 20 V for 20 min in 0.5% HF aque-
ous solution?*-%%. The anatase crystallization was achieved by annealing as-formed TiO,-NTs at 450 °C for 3h. Pt
particles were deposited directly on TiO,-NTs by photocatalytic reduction of chloroplatinic acid (H,PtClg-6H,0)
precursor in H,0O/isopropanol mixed solvent with volume ratio of 9:1%°. The photocatalytic reaction time is
50 min. The light source is 365-nm ultraviolet (UV) light from a high-pressure mercury lamp with an irradiance
of 5mW/cm 2. For convenience, Pt-deposited TiO,-NTs were denoted as Pt-TiO,-NTs.
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In situ Wettability Regulation of Pt-TiO,-NTs Using UV Light. In order to enable the surface wet-
tability of Pt-TiO,-NTs to be sensitive to external UV light, the surface was hydrophobicated with octadecyltri-
methoxysilane (OTS, Aldrich) molecules. Pt-TiO,-NTs were placed in a Teflon-lined stainless autoclave with
100 pg of OTS, which was heated to 130 °C and kept at this temperature for 3h. Then, the surface wettability of
OTS-modified Pt-TiO,-NTs was regulated in situ from hydrophobicity to hydrophilicity gradually using UV illu-
mination!*?*222_ The strong oxidation ability of TiO, photocatalysis under UV illumination decomposed OTS
molecules, which resulted in a wettability change.

Evaluation of Electrocatalytic Activity. The electrocatalytic activities of Pt-TiO,-NTs with differ-
ent wettability for HERs were evaluated by measuring the polarization curves in 0.5M H,SO, solution using a
three-electrode configuration'”. The polarization potential was supplied by a CHI660D potentiostat (Shanghai
Chenhua Apparatus Co., China) with a scanning rate of 5mV/s. The working electrode is Pt-TiO,-NTs with a
geometric area of 1 cm?, and the counter electrode is Pt wire. The electrochemical active area of Pt was calculated
by measuring the cyclic voltammogram curves of Pt-TiO,-NTs electrodes in 0.5 M H,SO, solution using a scan
rate of 50mV/s. An Ag/AgCl electrode in 3.5 M KCl solution was used as a reference electrode. The potential was
calibrated to be against standard hydrogen electrode (SHE) based on an equation of ¢ (V vs. SHE) = (V vs. Ag/
AgCl)+0.205 V.

Characterizations. The morphology of Pt-TiO,-NTs was observed using an environmental scanning elec-
tron microscope (FEI Quanta FEG 250) at 10kV. An OXFORD INCA Energy 250 energy spectrum analyzer
linked on JEOL JSM-7500F field-emission scanning electron microscope was used to detect the surface chemical
elements. The evolution of hydrogen gas bubbles during HERs was imaged in situ by a camera. The water and
underwater gas bubble contact angles (CAs) of the electrode were characterized using an OCA20 contact-angle
system (Dataphysics, Germany). The adhesive force of the electrode surface to a gas bubble was measured using
a high-sensitivity micro-electromechanical balance system (Dataphysics DCAT21, Germany). A gas bubble with
a volume of 5L was suspended on a metal ring, and then Pt-TiO,-NTs began to approach to the gas bubble. The
starting position of Pt-TiO,-NTs is defined to be zero point of distance. Once contacted, Pt-TiO,-NTs started
to move away from the gas bubble. The balance force between Pt-TiO,-NTs and gas bubble would gradually
increase, and reach a maximum when the gas bubble just broke away from Pt-TiO,-NTs. The change of balance
force resulting from the detachment of gas bubble from the surface of Pt-TiO,-NTs was defined as the adhesive
force.
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