Tribology Letters (2025) 73:8
https://doi.org/10.1007/511249-024-01946-1

ORIGINAL PAPER q

Check for
updates

Effect of Humidity on the Wear Behavior of Graphene Under Current
Carrying Conditions

Qian Tang' - Yuehua Huang?® - Deen Sun' - Qunyang Li3*

Received: 10 October 2024 / Accepted: 15 November 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract

Wear problem has become an important issue limiting the functionality and lifetime of sliding electrical contact compo-
nents. Adding conductive solid lubricants is a potential means of improving the tribological performance of these devices.
Graphene, a two-dimensional material with excellent electrical conductivity and lubrication property, has been proposed to
be a promising candidate for such applications. However, the tribological performance graphene has been demonstrated to
be very susceptible to humidity even under non-current-carrying conditions. In this work, we study the effect of humidity
on the wear behavior of graphene in the sliding electrical contact interfaces. The tribological behaviors of graphene under
10%, 30%, 60%, and 90% relative humidity conditions and 1 A current are investigated. The results show that the humidity
can effectively slow down the wear of graphene in the sliding electrical contact interface by two key mechanisms. Firstly, as
revealed by the infrared temperature measurements, higher humidity can significantly reduce the Joule heating. Secondly,
X-ray photoelectron spectroscopy shows that with the existence of the electric current, at high humidity water molecules can
passivate the graphene carbon dangling bonds more readily thereby reducing oxidation and slowing down the wear process.
At low humidity, Joule heating not only caused graphene to oxidize but also accelerated the evaporation of water molecules,
which was not conducive to its passivation, resulting in severe wear of the graphene.
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1 Introduction

Sliding electrical contact components are extensively used in
the areas of transport, electronics, machinery, and aerospace
[1-4]. Various sliding electrical contact materials, such
as precious metals, alloys, and composite materials, have
good electrical conductivity, but their lifetime is short due
to high friction and wear [5-8]. Wear problem has become
an important issue limiting the functionality and lifetime of
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sliding electrical contact components. Adding conductive
solid lubricants is a potential means of improving the tribo-
logical performance of these devices. Some materials such
as graphite [9, 10], carbon fiber [11, 12], and molybdenum
disulfide [13, 14] are effective in reducing friction and wear
on the contact interface, but increase the contact resistance
of the interface. Molybdenum disulfide can be only used in
vacuum or dry conditions [15]. Thus, it is urgent to develop
new conductive solid lubricants with excellent lubrication
property and good conductivity for the friction interface.
Graphene, with excellent lubrication [16-20] and elec-
trical properties [21-23], has been proposed to be a prom-
ising candidate for such applications. Diana Berman et al.
investigate the feasibility of graphene as a conductive solid
lubricant [24]. Graphene is sprayed on a gold-plated sili-
con substrate in the form of sporadic nanosheets, and the
results show that graphene is effective in reducing fric-
tion and wear at current lower than 25 pA. Cao Z et al.
investigate the sliding friction and current-carrying fret-
ting behaviors of Ag/graphene composite coating in detail
and Ag/graphene coating exhibits low friction coefficient
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and wear [25]. Our recent work demonstrates that gra-
phene provides stable lubrication and conductivity on
brass/copper in various test methods and test parameters
[26]. Apparently, graphene is feasible as a conductive solid
lubricant.

It is well known that the lubrication property of graph-
ite is environmentally sensitive [27, 28]. Graphene, the
basic unit of graphite, is also very sensitive to the environ-
ment humidity [29, 30]. Over the past few years, research-
ers have demonstrated that humidity has a significant effect
on the wear behavior of graphene [31-34]. Bhowmick
et al. find that the friction coefficient of graphene in dry
nitrogen atmosphere is about 0.52 and reduces to 0.17 in
10% relative humidity (RH), which further decreases with
increasing humidity [32]. The wear degree of graphene
also decreases with the increase of humidity. The authors
attribute the phenomenon to the passivation of carbon dan-
gling bonds at the graphene defects by H and OH, which
are decomposed by water molecules. Li et al. demonstrate
the durability of graphene at 90% RH is longer than that
in the nitrogen atmosphere and they also attribute the phe-
nomenon to the passivation of graphene by water [33].
Previous research in our group also confirms that humidity
significantly slows down the wear of monolayer graphene
[34]. However, the effect of humidity on the wear behav-
ior of graphene under current carrying conditions has not
been investigated.

Recently, we demonstrate that graphene has good lubrica-
tion properties and good electrical conductivity on copper/
brass [26]. Our previous work also proves that humidity can
significantly slow down the wear of graphene under non-cur-
rent conditions [34]. In this work, we further study the influ-
ence of humidity on the wear behavior of graphene under
current carrying conditions and the underlying mechanism.
The results demonstrates that the humidity significantly
slows down the wear of graphene under current carrying
conditions. We combine temperature measurement by infra-
red imager and X-ray photoelectron spectroscopy to explore
the underlying mechanism. Firstly, sliding experiments show
that the wear of graphene and brass substrate is more serious
when there is a current in the sliding contact interface. We
think this is mainly due to that the Joule heating promotes
the oxidation of graphene and brass substrate. The tempera-
ture of sliding counterparts and the contact resistance of the
sliding interface under relative high humidity environment
are both lower than those in lower humidity environment,
which demonstrate the humidity slows down the wear of
graphene by reducing the Joule heating. Secondly, the X-ray
photoelectron spectroscopy results of the graphene debris in
the wear tracks indicate that water molecules can passivate
graphene carbon dangling bonds under current carrying con-
ditions, thus significantly reduce the oxidation of graphene
and thereby slow down its wear.
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2 Material and Methods

The graphene aqueous solution was purchased from Bei-
jing Dk Nanotechnology (Beijing, China), and it is pre-
pared by a modified Hummers method. 5 mg/mL gra-
phene solution was uniformly applied to the brass surface
(15 mm*15 mm) and dried at 30 °C. A current-carrying tri-
bometer (MS-M9000, Lanzhou Huahui Instrument Tech-
nology Co., Ltd, China) was used, and 6 mm steel balls
were used as the friction pair. The normal load was 1N,
the sliding frequency was 2 Hz, the reciprocating sliding
distance was 5 mm and the testing cycle was 3000 cycles.
The current was between 0.1 A and 2 A. The humidity
of the test environments was 10%, 30%, 60%, and 90%,
respectively. The humidity control methods were as fol-
lows: firstly, the dry nitrogen (N,) was divided into two
parts, one part through the water to become wet nitrogen,
the other part is not treated. Then regulated the wet N,
and dry N, ratios to control the test chamber's humidity,
as shown in Fig. S1. The hygrometer (Rotronic, HygroLog
HL-NT?3) was placed in the test atmosphere chamber next
to the friction counterpart to monitor the humidity of the
test chamber, as shown in Fig. S1.

The temperature of the sliding counterparts was meas-
ured by an infrared thermal imager (FLUKE, TiX875).
The wear tracks were analyzed by optical microscopy
(LEICA, DM2700M), Raman spectra (HORIBA, XploRA
PLUS010410), X-ray photoelectron spectra (XPS,
PHI Quantera II) and a probe surface profiler (Bruker,
DektakXT).

3 Results and Discussion

The friction measurement schematic diagram is exhibits in
Fig. la. The device inputs a constant current while meas-
uring the voltage drop to obtain the contact resistance of
the friction interface. The device simultaneously collects
the friction force and the electrical signal of the sliding
electrical contact interface. Graphene is evenly distributed
on the brass substrate before test, as shown in Fig. 1b.
Figure 1c shows the Raman spectrum of graphene at the
red spot in (b). The D, G, and 2D peaks of graphene can be
observed. The D peak at 1350 cm™! indicates the defect of
graphene as well as the degree of disorder. The G peak at
1580 cm™! indicates the integrity of graphene. The inten-
sity of the G peak is much higher than that of the D peak,
indicating the integrity of the graphene is high.

The tribological behaviors of graphene with 1 A under
10% RH, 30% RH, 60% RH, and 90% RH are investigated,
as exhibited in Fig. 2. The friction coefficient of graphene
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Fig. 1 a The schematic diagram with different humidity for the graphene film/steel ball friction interface; b Optical microscope images of gra-
phene deposited on the brass; ¢ Raman spectrum of the red spot in (b)
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at different humidity before failure is about 0.1, which rap-
idly increases to 0.6—0.8 and remains stable after destruc-
tion or removal of the graphene film during reciprocating
sliding (The friction coefficient without graphene is about
0.7, as shown in Fig. S2(a)). The presence of gas mol-
ecules on the surface of graphene can affect the friction
coefficient at high humidity conditions. The friction coef-
ficients of graphene before failure under different humid-
ity conditions are basically the same. Thus, we speculate
that there are no liquid water molecules on the graphene
surface at high humidity. The low friction duration under
different humidity conditions is different. The low friction
lasts for 170 cycles, 1420 cycles and 2300 cycles when
the humidity is 10%, 30% and 60%, respectively. When
the humidity further increases to 90%, the low friction
coefficient is maintained during the whole sliding test.
Moreover, the friction coefficient before graphene failure
under different humidity conditions is different. Figure 2b
shows the corresponding contact resistance during slid-
ing, which is relatively stable during sliding, basically
at 3—4 Q. Based on the results in Fig. 2a, b, we believe
there is no necessary connection between the coefficient
of friction and the contact resistance. As shown in Fig. S3,
the friction coefficient of the Steel/Brass friction interface
is high without graphene and is low with graphene. Due
to the good conductivity of graphene, the contact resist-
ance of the Steel/Brass friction interface is both low with
and without graphene. After the friction, we test the wear
tracks at 3000 cycles. The optical microscopy images of
the wear tracks under different humidity conditions are
displayed in Fig. 2c. The width of the corresponding wear
tracks is 734 pm, 695 pm and 586 pm when the humidity
is 10%, 30% and 60%, respectively. In addition, there is
almost no graphene in the wear tracks. While the humid-
ity is 90%, the width of the wear track is 348 pm. Mean-
while, there is some graphene debris in the wear track (the
enlarged image is shown in Fig. S4). With the increase
of humidity, the wear track width gradually increases.
Figure 3d exhibits the height profiles of wear tracks cor-
responding to the white line in Fig. 3c. The wear tracks
depth is 26 pm, 15 pm, 8 pm, 4 pm when the humidity is
10%, 30%,60% and 90%, respectively. Figure 2e) shows
the Raman spectra at the white spot in the wear track in
(c). There are no obvious peaks in the Raman spectra of
spots under 10% RH, 30% RH and 60% RH, demonstrat-
ing that graphene failure. This is consistent with the fric-
tion coefficient variation in Fig. 2a. When the humidity
increases to 90%, the characteristic peaks of graphene D,
G, and 2D peaks are observed in the Raman spectrum,
demonstrating the presence of graphene in the wear track
and continues to have a lubricating effect. This is consist-
ent with the friction coefficient variation in Fig. 2a. The
D peak appears, indicating the increase of disorder and
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defects in the graphene during the electrical sliding test.
In the case of current, increasing humidity can effectively
slow down the wear of graphene.

Figure 3 shows the friction test with O A and 1 A in ambi-
ent environment and the temperature variations of the slid-
ing contact interfaces are simultaneously recorded using an
infrared thermographic camera. The coefficient of friction
evolution curves at 0 A and 1 A in ambient environment are
exhibited in Fig. 3a. The coefficient of friction is approxi-
mately 0.05 at 0 A and remains stable during the sliding
test. The coefficient of friction under 1 A remains stable at
0.1 around and increases to 0.55 at 1700 cycles. Figure 3b
exhibits the optical microscopic image of the wear tracks and
their corresponding height profile. The width of the wear
track without current is 383 pm. Meanwhile, the graphene
debris can be seen in the wear track (the enlarged image is
shown in Fig. S5). From the height profile, the depth of the
wear track without current is 6 pm. In contrast, the width
and depth of the wear track under 1 A is 620 pm and 15 pm,
respectively. The wear track under 1 A is obviously wider
and deeper. The Raman spectra of the white spots in the
wear tracks in (b) are shown in Fig. 3c. When there is no cur-
rent, only the G peak appears in graphene, and the integrity
of graphene is close to that of the original graphene. There
is no obvious peak under 1 A, indicating that graphene is
severely destroyed or removed during the test. The Raman
results further demonstrate that the wear is serious when
the current is present. Figure 3d exhibits the temperature
variation of a spot on the friction pair marked by the white
spot in Fig. 3e during the friction test under O A and 1 A.
The temperature of the spot on the friction pair before slid-
ing test is 16 °C. In the case of non-current, the temperature
of the spot on the friction pair has no obvious variation and
maintains at about 16 °C. However, the temperature of the
spot on the friction pair under 1 A increases rapidly from 16
to 20 °C. Thereafter, it slowly increases to 22 °C and remains
stable. At 1700 cycles, the temperature slowly decreases to
about 20 °C until the end of the test and it is consistent with
the decrease of friction coefficient at 1700 cycles in Fig. 3a,
both of which are due to the failure of the graphene and the
exposure of the brass substrate. Under 1 A conditions, the
temperature decreases at 1700 cycles due to the exposure
of the brass substrate, which accelerates heat dissipation.
Figure 3e exhibits the infrared images during the friction
test in the Oth, 600th, 1200th, 2400th and 3000th cycles.
The temperature scale for each infrared image is different.
In order to better show the temperature variation of the steel/
brass interface, we put a local enlarged image of the contact
interface. It can be generally observed that the temperature
of the friction pair remains basically stable when there is no
current. However, when 1 A current is inputted, the tem-
perature of friction pair first increases, then decreases and
remains stable at last. The whole temperature change process
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Fig.3 Influence of electric current on the tribological behavior of
graphene. a Friction coefficients under 0 A and 1 A in ambient envi-
ronment; b The optical microscope images of wear tracks and the
corresponding height profiles as labeled with white lines; ¢ Raman

under 0 A and 1 A conditions is shown in Movie S1 and
Movie S2, respectively. Figure 3 demonstrates that the Joule
heating generated by the current is significantly higher than
the frictional heat. Microscopic experiments have confirmed
that Joule heating caused by electric current will reduce the
mechanical strength of graphene and cause its destruction
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spectra of the white spots in the wear track in (b); d The temperature
variation of the spot on the friction pair marked by the white point in
(e); e The corresponding infrared images of the sliding electrical con-
tact interfaces at different cycles with 0 A and 1 A in (a)

[35]. Joule heating can cause serious oxidation and wear of
copper and its alloys [36, 37]. Therefore, we think the Joule
heating generated by the current promotes the oxidation of
graphene and brass substrate, resulting in more severe wear
of graphene.

@ Springer



8 Page 6 of 9

Tribology Letters (2025) 73:8
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Figure 4 investigates the influence of humidity on the
Joule heating by recording the temperature variation of the
steel/graphene contact interface in 10% RH and 90% RH
environments under 1 A current with the increase of time
by the infrared thermographic camera. Figure 4a displays
the infrared images of the contact interface in the Oth, 5th,
10th, 20th and 25th minutes and the whole temperature
change process under 10% RH and 90% RH environments
is shown in Movie S3 and Movie S4, respectively. It can be
observed that the temperature of the steel ball under 1 A at
10% RH is obviously higher than that at 90% RH. To make
a more accurate comparison, the temperature variations of
the white spot on the steel ball in Fig. 4a in 10% RH and
90% RH environments under 1 A current with the increase
of time are plotted in Fig. 4b. Under 10% RH, the tempera-
ture of the spot on steel ball abruptly increases from 30.5 to
35 °C during the first two seconds, and gradually increases
to 45.5 C in the tenth minute, and then remains stable at
around 45.5 C at the end of the test. Under 90% RH, the
temperature of the spot on steel ball increases rapidly from
28.8 to 35 °C in the first two seconds and then gradually
increases to 37 °C in the fourth minute. In the fifth minute,
it drops to 32.7 'C and then fluctuates between 32 and 35 °C.
It demonstrates that the temperature rise of the friction pair
in a dry condition is higher than that of the friction pair in a
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wet condition. The contact resistances are tested simultane-
ously, as exhibited in Fig. 4c. The contact resistance of the
steel/graphene contact interface is about 4 Q under 90% RH
conditions and about 5 Q under 10% RH conditions. For the
same current and duration, according to Q = I2Rt, more Joule
heating is produced by the current in a dry environment,
which is consistent with the result of Fig. 4b. In summary,
at humidity environment, water molecules can effectively
reduce the Joule heating.

Based on the results in Figs. 3 and 4, we believe that the
Joule heating caused by the current accelerates the oxida-
tion of graphene and copper substrate and thus speeds up
the wear of graphene. While the high humidity can obvi-
ously reduce the Joule heating and slow down the wear of
graphene.

In addition to the infrared temperature measurement,
which reveals that the humidity reduces Joule heating and
thus slows down the wear of graphene, we further ana-
lyze the molecular structure and chemical bonds of gra-
phene debris at the wear scars at sliding electrical interface
by XPS. For comparison, graphene debris at wear tracks
in 90% RH and 10% RH in 1 A are selected as analysis
objects. Since there is no graphene debris in the wear track
in 10% RH, 1 A condition, as shown in the Raman spectrum
in Fig. 2e, we test graphene debris at the wear track under
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10% RH, 0.1 A as an alternative comparison, whose Raman
spectrum is shown in Fig. S6. XPS spectra of the graphene
debris in the wear tracks with 10% RH, 0.1 A, and 90%
RH, 1 A are shown in Fig. 5a. The oxygen atom fraction
is obtained by comparing the peak area of Cls and Ols.
The fraction of oxygen atoms is around 18.16% at 10% RH,
0.1 A and around 8.48% at 90% RH, 1 A, indicating that the
oxidation degree of graphene in 90% RH is less than that
in 10% RH. This is consistent with the result of the friction

536 535 534 533 532 531 530 529 52
Binding energy (ev)

(e)

test in Fig. 2a and the Raman result in Fig. 2e. The Cls
and Ols spectra of graphene debris in the wear tracks are
further analyzed. The raw and fitted C1s and Ols spectra of
graphene at 10% RH, 0.1 A are shown in Fig. 5b, c, respec-
tively. Figure 5d, e present the raw and fitted Cls and Ols
spectra at 90% RH, 1 A, respectively. The binding energy
of the sp?> C—C bonding (red) is assigned at 284.6 eV and
286.3 eV (blue) is assigned for C-OH/C-0O-C [32, 33, 38].
The binding energy of the C—O—-C bonding (blue) is assigned
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at 531.8 eV and 533.6 eV (green) is assigned for C-OH
[38, 39]. In Cls spectra in Fig. 5b, d, peak corresponding
to C-OH/C-0O-C (blue) can be clearly identified, indicat-
ing the oxidation or passivation of graphene. The spectra
of Cls are basically the same in both conditions. However,
there are significant differences in the spectra of Ols in dif-
ferent RH conditions. In the spectrum with 10% RH, 0.1 A,
only the Ols peak appears at a binding energy of 531.8 eV,
which is attributed to O—C—O. While peaks corresponding
to O—C-0 (531.8 eV, blue) and C—OH (533.6 eV, green) can
be clearly identified in the O1s spectrum with 90% RH,1 A.
This C-OH peak with 90% RH, 1 A condition indicates the
passivating effect of water on carbon dangling bonds. The
XPS results confirm that at high humidity, water molecules
passivate carbon dangling bonds in graphene at sliding elec-
trical contact interfaces, thus effectively reducing the oxida-
tion of graphene and thereby slowing down wear. Whereas
at low humidity, there is no significant passivation effect,
which may be due to joule heating causing water molecules
to evaporate rapidly.

4 Conclusions

In this work, we studied the influence of humidity on the
wear behavior of graphene under current carrying condi-
tions. Experiments demonstrated that water molecules can
significantly slow down the wear of graphene under current
carrying conditions. We used infrared temperature measure-
ment and XPS component analysis to explore the under-
lying mechanism. Firstly, the current would accelerate the
wear of graphene, which we believed was due to that the
Joule heating accelerated the oxidation of graphene and the
brass substrate. While infrared experiments confirmed that
water molecules could reduce the Joule heating, resulting
in slowing down the wear of graphene. Secondly, the XPS
results indicated that even in the existence of current, water
molecules could passivate the carbon dangling bond on the
surface of graphene. At high humidity, the passivation effect
of water molecules was significant, which could effectively
inhibit the oxidation of graphene, thereby slowing down gra-
phene wear. At low humidity, Joule heating led to significant
wear of the graphene since it not only oxidized the material
but also hastened the evaporation of water molecules, which
was detrimental to its passivation. Our study revealed the
influence and mechanism of humidity on the wear behavior
of graphene under current carrying conditions and provided
a reference for related research and practical application of
graphene under current carrying conditions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11249-024-01946-1.
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