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Abstract The lubricating properties of water have been discussed extensively for 

millennia. Water films can exhibit high friction in the form of cold ice, or act as 

lubricants in skating and skiing when liquid. At the fundamental level, friction is the 

result of a balance between the rate of energy generation by phonon excitation during 

sliding, and drainage of the energy from the interface by coupling with bulk atoms. Using 

atomic force microscopy (AFM) we found that when H2O water intercalates between 

graphene and mica it increases the friction between the tip and the substrate, dependent 

on the thickness of water and graphene layers, while the magnitude of friction increase 

was reduced by D2O water intercalation. With the help of first-principles density-

functional theory calculations we explain this unexpected behavior by the increased 

spectral range of vibration modes of graphene caused by water, and by the better overlap 

of the graphene vibration modes with the mica phonons, which favors more efficient 

dissipation of the energy. The larger increase in friction with H2O vs D2O shows that the 

high-frequency vibration modes of water molecules play a very important role in the 

transfer of the vibrational energy of the graphene to the phonon bath of the substrate. 
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1. Introduction 

Friction phenomena are at the heart of the mechanical engineering field of 

tribology. Fundamental studies of friction are difficult because the interface is difficult to 

access using conventional microscopy and spectroscopy methods. In addition, multiple 

energy dissipation phenomena (e.g., electronic excitation, atomic vibration, chemical 

reactions, and other energy dissipation processes) act simultaneously and ultimately 

transfer the energy to bulk phonon modes[1-5]. 

When two bodies in contact slide past each other friction causes dissipation of 

mechanical energy, normally converted to heat. At the fundamental level the first step is 

the excitation of vibrations of the surface atoms. The energy of these vibrations is then 

transferred to the phonon modes of the substrate[2]. These two processes, excitation and 

transfer, can be influenced by interposed films (the lubricants) that alter their 

effectiveness. Therefore, to gain a fundamental understanding of such complex 

phenomena, it is important to study simplified systems where the contacting surfaces and 

interposed lubricant can be characterized as precisely as possible. 

The role of water in frictional energy dissipation has been debated for decades. 

While films of cold ice exhibit high friction, a layer of liquid water under skis acts as a 

lubricant[6, 7]. To resolve these long-standing issues in tribology, we chose a system 

consisting of graphene deposited on mica. Graphene, which is composed of sp
2
-bonded 

carbon atoms in a honeycomb lattice[8, 9], is an excellent model system for studies of 

intercalated water, as shown recently using atomic force microscopy (AFM) [10-12]. The 

first adsorbed ice-like water adlayer at the interface between graphene and mica is stably 

observed using AFM at room temperature under ambient conditions[10]. This first ice-

like water layer grows with its crystallographic directions aligned with those of the mica 

substrate[13]. The second layer grows by molecular diffusion along the zigzag directions 

of the carbon–carbon bonds in the graphene[14]. The Stranski–Krastanov growth mode 

of water layer between graphene and mica is suggested by AFM experiments and 

molecular dynamics (MD) simulation[15]. In addition, Severin et al. investigated the 

phase separation of adsorbed ethanol and water at the interface of graphene/mica using 



 

scanning force microscopy (SPM) [16]. Cheng et al. demonstrated that the adsorbed ice-

like water layer on mica can play role of a lubricant layer for 3-dimensional water 

nanodroplets between graphene and mica[17]. 

The nanoscale frictional behavior of the mechanical exfoliated graphene on silica 

was described by the puckering effect which is originated from the susceptibility of 

atomically thin layer to out-of-plane elastic deformation[18]. This puckering effect leads 

the graphene layer thickness dependence of friction while the strong adhesive force 

between graphene and mica prevents the friction change. The anisotropy of friction on 

the mechanical exfoliated monolayer graphene on silica substrates was also clearly 

observed using AFM[2, 19]. The electron-phonon coupling affects the friction difference 

between mono- and bilayer graphene on silicon carbide substrate[20]. The nanoscale 

friction of graphene is also easily influenced by the flexibility that was confirmed by the 

chemical modification of graphene surface such as fluorination[21, 22] and 

hydrogenation[23, 24]. Furthermore, the higher effective shear strength on hydrogenated 

than deuterated silicon and diamond surface was revealed under ultrahigh vacuum[3]. 

In this paper, we investigated the effects of adsorbed water molecules between 

graphene and hydrophilic mica on friction of graphene after exposure to moist air using 

friction force microscopy (FFM) at ambient conditions. The friction of monolayer 

graphene on the first ice-like normal and deuterated water adlayer is the ~3 and ~1.5 

times larger than on the directly contacted graphene on mica, respectively. Furthermore, 

we show that the increase of the number of water layer leads the enhancement on friction 

of graphene due to the additional phonon channels by water layer, while the friction 

decreases with the increase of the number of graphene covered layer on water layer. The 

contribution of water vibration modes to energy transfer from the graphene to the mica 

substrate was ascertained by isotopic substitution experiments where H2O is replaced by 

D2O, as described below. 

 

2. Experimental Methods 

The mechanical exfoliation method[25] was used to form the mono-, bi-, and 

multi-layer graphene on SiO2/Si (300 nm for silica thickness) and freshly cleaved 

muscovite mica surface (Grade V5, Ted Pella, Inc) using adhesive tape and kish graphite 



 

(Grade 300, Graphene Supermarket) in air (45 ~ 50 % for relative humidity (RH), 22 ~ 

24  for room temperature). The digitales thermo-hygrometer (klima guard, TFA-

GERMANY) with covering RH of 1 % ~ 99 %  3 % was used for monitoring RH and 

temperature changes. The water layer between graphene and mica is formed in the 

cylindrical glass cell (140 mm for diameter, 150 mm for height) with a beaker of 

deionized water (or deuterium oxide, 99.9 atom% D, Aldrich). The RH increases over 

95 % within a few hours in the cylindrical glass cell at room temperature (~23 ). The 

vacuum annealing of water intercalated graphene on mica sample was performed at 

400 ℃ for 2h under 3.5  10
-3

 Torr. 

Kelvin probe force microscopy (KPFM) and FFM measurements were carried out 

at ambient conditions (46–50% for RH and 23–24 ºC for temperature) using an 

environmental AFM (AFM 5500, Agilent). A Pt/Ir-coated EFM tip (PPP-EFM-50, 

Nanosensor) with the typical resonance frequency of 75 kHz and spring constant of 2.8 

N/m is used for KPFM measurements of water intercalated graphene on mica. Using 

double lock-in techniques, CPD were simultaneously obtained with topographical image 

by using two frequencies (ωmech = 75 kHz, ωelec = 10 kHz) via interleave (lift) mode with 

amplitude modulation. Here, ωmech is the frequency for topographic information through 

the mechanical vibration of cantilever and ωelec is the other frequency for the surface 

potential through the electric modulation. The tip bias Vdc was applied to getting the 

electrostatic interaction between tip and sample. A SiO2/Si AFM tip (PPP-LFMR-50) 

with the typical spring constant of 0.2 N/m is used for FFM measurements on the water 

intercalated graphene on mica. Since the time-dependent behavior of the frictional force 

was not shown during the measurements, FFM experiment was performed in the elastic 

regime. A TGF11 silicon calibration grating sample (MikroMasch) was used for the 

friction calibration[26, 27]. The AFM experiments at low humidity (8%) were performed 

by purging N2 gas inside the environmental glass cell. Raman spectra were measured at 

ambient conditions with a ARAMS micro Raman spectroscope (Horiba Jobin Yvon, 

France) using 1800 lines/mm grating, 10 s acquisition time, 0.5 mW power, and 514.5 

nm laser excitation. 

First-principles density-functional theory (DFT) calculations were performed to 

obtain phonon density of states (DOS) of H2O and D2O intercalated graphene on mica. 



 

We employed ab initio plane-wave methods with the Perdew−Burke−Ernzerhof 

exchange−correlation functional [41], as implemented in the Vienna ab initio simulation 

package (VASP) [42, 43]. A kinetic energy cutoff of 500 eV and all-electron-like 

projector-augmented wave potentials were used [44]. Atomic forces are fully relaxed 

until the maximum Hellmann-Feynman force was less than 0.001 eV/Å. To describe the 

van der Waals interactions, we used the Grimme dispersion-corrected DFT-D2 method 

[45]. To simplify the phonon DOS calculations, we used a (2 × 2) graphene unit cell with 

a fixed grephene lattice constant. The lattice mismatch between graphene and water layer 

(or mica) is ~12 % (or ~5 %). For phonon calculations, we used the finite displacement 

method and phonopy program [46, 47]. 

 

3. Results and Discussion 

The single layer graphene on mica was prepared with the mechanical exfoliation 

method in air and at room temperature. The water molecules are easily confined between 

graphene and mica in air due to the high hydrophilicity of mica surface. This intercalated 

water adlayer was confirmed by FFM with high spatial resolution at ambient conditions 

(relative humidity 45 ~ 50 %, temperature 22 ~ 24 ℃), as shown in Figure 1. The two- 

dimensional (2D) first and second ice-like water adlayer are clearly visible at the upper 

right half of topography in Figure 1a. The topography and friction images show the 

regions of mica, single-graphene (SLG) + zero ice-like water layer (0W), SLG + first ice-

like water layer (1W), and SLG + second ice-like water layer (2W) in Figure 1a and 1b. 

(i.e., the single graphene layer on the first ice-like water layer on mica is denoted by 

SLG+1W on mica to simplify denotation as discussed below.) The bright contrast means 

the higher friction in Figure 1b. The friction images clearly show the friction increase by 

the intercalation of ice-like water layer between graphene and mica. The friction 

depending on the thickness of the intercalated water is precisely observed as shown in 

Figure 1b. The higher friction on SLG+2W is revealed as compared with that on 

SLG+1W. 

In addition, more results exhibiting enhanced friction of SLG and bilayer 

graphene (BLG) by water intercalation are shown in Figure 2. The SLG and BLG on 

mica samples with 1W were prepared at ambient conditions. The shape of the confined 



 

water layer is clearly distinguishable in the topography in Figure 2a. The bright portion of 

the longitudinal stripe is caused by MLG. The friction image was simultaneously 

acquired with the topographical image, clearly showing a higher friction domain in the 

center of the graphene layer caused by water intercalated between the graphene and mica, 

as shown in Figure 2b. Figure 2c and 2d shows magnified topography and friction images 

from the blue box in Figure 2b. Areas a, b, and c in Figure 2c are bare mica, SLG+0W on 

mica, and SLG+1W on mica, respectively. The shape of the 1W domain in the 

topography image is equal to the high-friction domain on the graphene in Figure 2d. The 

height of the SLG on bare mica is ~0.6 nm, which value is comprehensible due to the 

sensitivity of AFM measurements, and that of 1W appears to be ~0.37 nm in Figure 2e. 

We investigated the dependence of friction on graphene thickness and on the 

thickness of the intercalated water. Areas d, e, f, and g in Figure 2c are BLG+1W on 

mica, BLG+0W on mica, SLG+0W on mica, and bare mica, respectively. The BLG is 

~0.94 nm in height and appears as an inverted triangular shape in the upper left corner of 

Figure 2c. The increased friction induced by water intercalation in BLG is less visible 

compared with the friction enhancement in SLG, but is still higher than on the BLG+0W 

on mica, as shown in Figure 2d and 2f. On the other hand, the friction on BLG on mica 

and SLG on mica without water is the same, as was also seen in previous report[18]. In 

here, the friction images from several numbers of graphene layers with intercalated water 

were also acquired. The effect of water on friction decreases as the number of graphene 

layers increases. Figure 2g show a schematic representation of the variation in friction 

over graphene layers with and without intercalated water using a tilted AFM tip; the 

labels a–g match those along the lines in Figure 2c. 

The high resolution KPFM was performed on water-intercalated graphene on 

mica at constant RH and room temperature (~47% and 23 °C), as shown in Figure 3. The 

intercalated water layer between graphene and mica was clearly detected at the upper left 

half of topography in Figure 3a. In addition, the small second and third ice-like water 

adlayer also are observed on the first ice-like water adlayer. The measured height of 

single layer graphene on the fresh bare mica surface is 0.65 nm. The first, second, and 

third ice-like water adlayer show the height of ~0.37 nm. This value is well matched with 

the interlayer distance of a single puckered bilayer in the bulk ice structure[10]. The areas 



 

by labelled I, II, III, IV, and V are SLG+1W, SLG+0W, SLG+3D liquid-like water 

droplet, and multi-graphene (MLG)+0W on mica, and bare mica in Figure 3a, 

respectively. The surface potential image clearly shows the different contrast, depending 

on the sublayer composition, as shown in Figure 3b. The blue to red color means the low 

to high contact potential difference (CPD) in Figure 3b. Figure 3c shows that the cross-

profiles along the yellow solid lines in topography and surface potential images. The 

areas of I and IV show the higher CPD of ~40 mV and ~90 mV than that of II area. If we 

assume that the IV area have the same graphite work function (4.6 eV) [28-30], I and II 

have the work function of 4.65 eV and 4.69 eV, respectively. The III area occupied water 

droplet as ~3 nm in height shows the even lower work function than at I. These 

phenomena are well matched with a previous work, which shows that they were caused 

by reducing the charge transfer between graphene and mica by intercalated water 

molecules, while the mica induce the p-type doping effects in graphene[28]. In addition, 

the Raman spectra at water intercalated graphene on mica was also obtained before and 

after vacuum annealing (400  for 2h under 3.5  10
-3

 Torr) for more evidence of water 

existence and doping effects between graphene and mica, as shown in Figure 4. Figure 4a 

shows the three major peaks such as G, 2D, and OH mode from mica between 1200 ~ 

4000 cm
-1

 Raman shift in both cases. The shaper and higher 2D intensity than that of G 

(i.e., the ratio of I2D/IG is over 2) and absent D peak (~1350 cm
-1

) mean that the 

mechanical exfoliated graphene on mica is monolayer pristine graphene and has less 

defect density[31-34]. However, the ratio of I2D/IG is reduced after vacuum annealing due 

to the higher substrate effects in Figure 4a[35-38]. Figure 4b and 4c show that the G and 

2D band frequencies have the downshifts before vacuum annealing because the 

interfacial charge transfer (p-doping effect from mica substrates) is effectively blocked 

by water adlayer between graphene and mica. The OH mode frequency is dominated by 

mica substrates[10]. 

Figure 5 shows atomic stick–slip behavior in friction for SLG on mica with 0W, 

1W, and 2W intercalated layers. The friction loops with a scan distance of 4 nm, which 

are composed of trace and retrace signals, show the atomic stick–slip behavior at 

SLG+0W, SLG+1W, and SLG+2W in Figure 5a–c. The slope of the friction loops (α, 

marked by the dotted black line), which depends on the magnitude of the slip motion in a 



 

period, represents the so-called “strengthening” effect[18]. In Figure 5a–c, the measured 

friction loop of SLG on a water layer is slightly more tilted than that of SLG+0W because 

the hydrophobic pristine graphene has a weak interaction with the water layer, while the 

water molecules are tightly bound to the surface of hydrophilic mica via hydrogen 

bonding. However, similar slopes are seen for SLG+1W and SLG+2W in Figure 5b and 

5c. This indicates that the puckering effect can only partly explain the increased friction 

by intercalated water, but not explain the enhanced friction by the increased number of 

intercalated water layers. The measured α for SLG+0W, SLG+1W, and SLG+2W are 

shown in Figure 5d. The total lateral stiffness (ktotal) can also be compared by using the 

slope of the atomic stick–slip curves. Figure 5a–c shows the slopes of the atomic stick–

slip curves for SLG+0W, SLG+1W, and SLG+2W, which are marked by the dotted red 

lines. The measured ktotal of SLG+0W, SLG+1W, and SLG+2W have similar values as 

shown in Figure 5d. 

Figure 6 shows topographic and friction images of the graphene on mica after 

intercalation of D2O between the graphene on mica, which was accomplished by 

exposure of the sample to high D2O humidity (99%) for 12 h. The first topography and 

friction images were acquired after graphene deposition in air (45~50% RH). Figure 6a 

and 6b shows a patch of 1W in the central region of a SLG flake exhibiting a 3-fold 

increase in friction over the 1W patch, as discussed in the previous section[39]. After 

D2O intercalation, topographic and friction images (Figure 6c and 6d) were acquired in 

the same sample region at laboratory conditions (RT, 45% RH). In the topography image, 

the dashed line marks the boundary of the 1W patch and shows the expansion of the 

intercalated water region, which is now a mixture of D2O + H2O. We clearly observe a 

substantially smaller increase (by a factor of 1.5) in the friction force over the D2O + H2O 

region (Figure 6d) compared with that of pure H2O. This is shown in the plot of 

normalized friction values in Figure 6e. 

The presence of D2O between graphene and mica is confirmed by Fourier 

transform infrared (FTIR) spectra, which shows the peaks from O–D stretch bonds, as 

shown in Figure 6f [40]. Bare mica surfaces (i.e. with no graphene deposited) after the 

same exposure to D2O (99% RH for 20 h), but analyzed in 45% RH laboratory air, show 

no O–D stretch bond peaks. This indicates that the peaks in Figure 6f are produced only 



 

by the intercalated water. As explained above, intercalated water diffuses very slowly, 

but molecular exchange with the ambient vapor is fast in the open mica areas. We could 

not quantitatively determine the D2O:H2O density ratio because the H-stretch region of 

the FTIR is dominated by H vibrations from OH and H2O in the uncovered mica areas 

and in the bulk mica. 

To understand the increase of friction caused by intercalated water, we examined 

phonon DOS of SLG+0W, SLG+1W, and SLG+2W on mica, obtained from first-

principles density functional theory (DFT) calculations. Figure 7a-c reveal the side views 

of relaxed atomic structures of SLG+0W, SLG+1W, and SLG+2W on mica, respectively. 

Figure 7d shows projected phonon DOS of graphene and water for SLG+0W, SLG+1W, 

and SLG+2W on mica, respectively. The dash and solid line in Figure 7d represents in-

plane and out-of-plane phonon modes, respectively. Phonon DOS of graphene with water 

layers reveal new out-of-plane phonon modes at low frequency regime (< 5 THz) due to 

interaction between graphene and water layer, compared to graphene without water layers. 

Contrary to the out-of-plane phonon modes, in-plane phonon modes of graphene are 

almost not changed. It means that phonon modes of water layers are strongly interacted 

with out-of-plane or flexural phonon of graphene. Note that we only focused on phonon 

frequency between 0 and 16 THz because it is phonon frequency range of Si, which is tip 

material. To find what phonon modes of water layer are interacted with flexural phonon 

of graphene, we examined the phonon DOS of water layer, as shown in Fig. 7d (bottom). 

For SLG+1W on mica, while in-plane phonon modes of water layer is slightly interacted 

with flexural phonon of graphene at 1 THz, out-of-plane phonon modes of water layer is 

strongly interacted with flexural phonon of graphene by generating the new flexural 

phonon modes near 3.5 THz. Thus, frictional energy of SLG+1W could be mostly 

dissipated via flexural phonon interacted with out-of-plane phonon modes of water layer. 

The reason why friction of SLG+2W on mica is higher than that of SLG+1W on mica is 

also associated with flexural phonon interacted with out-of-plane phonon modes of water 

layer. Figure 7d (bottom) shows that out-of-plane phonon modes of water layers for 

SLG+2W on mica are generated near 2.5 THz because of water-water interaction, 

compared to those for SLG+1W on mica. It indicates that SLG+2W on mica has more 

phonon channel to dissipate the frictional energy from graphene surface to mica substrate. 



 

The increased out-of-plane phonon modes of graphene and water provide new 

channels for excitation that can absorb the kinetic energy of moving bodies. Flexural 

deformation of graphene, which manifests in ripples (puckering deformation), has been 

observed before and shown to increase friction by a factor of 2[18]. However, the 

increase observed with intercalated water is even larger, indicating additional effects 

from the water. The additional effects include the presence of low-frequency phonon 

modes of water and the contribution of high-frequency modes of water, such as stretch 

and bending vibration modes involving H or D atoms, as supported by the multilayer 

effect of water and the large isotope effect observed here, as shown in Figure 8. D2O 

intercalation leads the decrease of friction at H2O intercalated graphene on mica due to 

the low vibrational frequency of D2O adsorbate, which means the low rate of frictional 

energy dissipation at the interface as the difference of phonon contribution. The phonon 

DOS of graphene and mica for SLG+1W (H2O) and (D2O) are not changed at the whole 

frequency regime as shown in Figure 8b, while the phonon DOS of D2O show the lower 

vibrational frequency than those of H2O due to the higher mass of D2O molecules in 

Figure 8. For this isotope effect, a similar result was observed by Cannara et al. in their 

study of the friction properties of H- and D-terminated Si and C films[3]. These authors 

conclude that the faster collision rate of H atoms vs D atoms with the substrate increases 

the efficiency of energy transfer, a conclusion that is also supported by the present 

results. 

 

4. Conclusions 

In conclusion, we have found the phononic friction phenomena on H2O and D2O 

intercalated graphene on mica substrates as an isotope and thickness-dependent effects 

using friction force microscopy. The confined water layer composed of H2O molecules 

between graphene and mica induce the enhancement of friction on graphene, and it 

depends on thickness of intercalated ice-like water layer and covered graphene sheet. On 

the other hand, D2O intercalation leads the decrease of friction at H2O intercalated 

graphene on mica due to the low vibrational frequency of D2O adsorbate, representing the 

low rate of frictional kinetic energy dissipation at the interface as the difference of 

phonon contribution. Using the first-principles DFT calculations, the quantitative 



 

approach of friction change along the vibrational frequencies of water molecule 

adsorbates was performed on the interface between graphene and mica. These results 

suggest that the system of graphene/water/mica can be readily treated to understand the 

phonon contribution on frictional energy dissipation. 
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Fig. 1. a 2.0 m × 2.0 m topography and b friction images of water-intercalated 

graphene on mica. 
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Fig. 2. a Topography and b friction images (11 m × 24 m) of water-intercalated 

graphene on mica after mechanical cleavage in air. c Magnified topography and d friction 

images (7 m × 7 m) from the blue box in b measured simultaneously at an applied 

force of 9.6 nN where the labels represent a bare mica, b SLG, c SLG+1W, d BLG+1W, e 

BLG, f SLG, and g bare mica. (e, f) Line profiles of the height and friction along the red 

lines in c and d for a–c and d–g, respectively. (g) Schematic diagram showing the 

variable friction behavior using a tilted AFM tip, depending on the sublayer composition. 

Labels a–g in the tip match areas a–g in c. 
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Fig. 3. a 5.5 m × 5.5 m topography and b surface potential images of the water 

intercalated graphene on mica using KPFM measurement at ambient conditions. c Line 

profiles of the height and CPD along the yellow solid line in a and b. The labels I, II, III, 

IV, and V represent the SLG+1W, SLG+0W, SLG+3D liquid-like water droplet, 

MLG+0W on mica, and bare mica, respectively. 
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Fig. 4. a Raman spectra of water intercalated graphene on mica before (water 

intercalated) and after (annealed) vacuum annealing (400  for 2h under 3.5  10
-3

 Torr). 

b G, c 2D band frequencies, and d mica OH mode. 
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Fig. 5. (a–c) Friction loops with a 4 nm scan width of SLG+0W, SLG+1W, and 

SLG+2W. d The measured slopes of the friction loops (α) and atomic stick–slip curves 

(ktotal). 
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Fig. 6. a Topography and b friction images (6.2 m × 6.8 m) of graphene on mica with 

an applied force of 9.6 nN. A large patch of intercalated H2O-water is present in the 

center. c Topography and d friction images (6.2 m × 6.8 m) of the same area after 

exchanging the H2O with D2O following a 12 h exposure at 99% RH of D2O vapor. The 

images were acquired at ambient laboratory air (45% RH). Only the intercalated water 



 

remained deuterated, while the water layer in the exposed mica regions reverted to back 

H2O following rapid equilibration with the ambient humidity. e Plot showing the 

increased friction on graphene on mica with intercalated H2O and H2O + D2O. The 

friction values were normalized with that on mica (=1). f FTIR spectra showing the O–D 

stretch modes of D2O in the intercalated water. 
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Fig. 7. Optimized atomic structures of a SLG/0W/Mica, b SLG/1W/Mica, and c 

SLG/2W/Mica (gray, C; red, O; orange, Si; purple, Al; and white, H). d Projected phonon 

density of states of graphene (top) and water (bottom) for SLG/0W/Mica (black), 

SLG/1W/Mica (red), and SLG/2W/Mica (blue), respectively. Dash and solid lines 

represent the in-plane and out-of-plane phonon modes, respectively. 
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Fig. 8. a and b Projected phonon density of states of graphene (top), water layers 

(middle), and mica (bottom) for SLG+1W (H2O) (black), and SLG+1W (D2O) (red) at 

low frequency regime (< 6 THz) and full frequency regime, respectively. 

 

 




