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Impact of water on the lubricating properties of
hexadecane at the nanoscale†

Clodomiro Cafolla and Kislon Voïtchovsky *

Fluid lubricants are routinely used to reduce friction in a wide range of applications, from car engines to

machinery and hard-disk drives. However, their efficiency can be significantly influenced by the ambient

conditions they are exposed to, in particular humidity. Our understanding of the molecular mechanisms

responsible for the well-documented impact of water on lubrication remains limited, hindering the

improvement of tribological formulations. Here, we use Atomic Force Microscopy (AFM) and shear force

spectroscopy to investigate the structural and dynamical behaviour of a model lubricant, hexadecane,

confined between an AFM probe and a hydrophilic mica surface at different temperatures and humidities.

We show that both the nanoscale structure and the tribological behaviour of the system are dominated by

the nucleation of water nanodroplets at the interface. The process is favoured at higher temperature and

can be explained with classical nucleation theory whereby the droplets become stable when larger than

20 nm to 50 nm size, depending on the ambient conditions. Below this threshold, a molecularly thin film

of water molecules coats the surface uniformly. Highly localised shear measurements demonstrate a det-

rimental impact of the nanodroplets on shear with a twofold increase in the lubricated friction force.

However, this can be mitigated by the adjunction of an amphiphilic additive, here oleic acid.

Introduction

Friction and wear are ubiquitous in nature.1 Tribological con-
tacts have a fundamental role in a wide range of phenomena,
from the flow of red blood cells in vessels and capilaries2 and
the motion of joints,3 to the function of car brakes4 and wind
turbines.5 Irrespective of length scales considered, the impact
of friction on sustainability and our quality of life is pro-
found.6 It is estimated that about a quarter of all energy con-
sumed worldwide is related to friction7. One of the most
common and effective approaches to reducing friction and
wear is the use of lubricants.8 Lubricants typically create thin
mobile films, often in fluid form, adsorbed at the interface
between moving parts. They allow the parts to slide easily and
smoothly past each other by confining the shearing-induced
molecular rearrangements to the lubricant layer.7,8 The
efficiency of a lubricant depends on many different parameters
such as the lubricant’s molecular structure and intrinsic pro-
perties, the local topography and chemical characteristics of
the sliding surfaces,9 and the operating parameters such as
sliding speed,10,11 contact pressure,12 and environmental
factors such as temperature10 and humidity.9 While many of

these parameters can be kept to a particular operating regime,
certain environmental parameters are significantly harder to
control in real-life applications. The ambient humidity, for
example, has a marked impact on lubricated friction.13,14

Atmospheric humidity can vary considerably and uncontrolla-
bly over short periods of time but its effects are not easily miti-
gated due to the fact that the moving parts in most devices do
not operate in a controlled atmosphere.15,16 Water molecules
can usually enter the lubricant through several sources includ-
ing condensation and adsorption from a humid environment,
leakage from heat exchangers or as a by-product of chemical
reactions.17,18 The effect of water on the properties of lubri-
cants are often detrimental,17,18 especially when preventing
the adsorption of organic lubricant molecules at the relevant
interfaces. The ability of water to displace organic lubricants is
particularly pronounced for interfaces involving a hydrophilic
solid such as the metal oxide surfaces of most industrial
machinery and engines.14,19 Water can impede the formation
of an effective lubricating and protective layer between the
sliding surfaces.17,20–22 Since the thickness of the lubrication
film can be as thin as a few nanometers,23 even trace quan-
tities of water may be detrimental, resulting in increased fric-
tion and damage to the moving parts.

Water can bind to the oxygen groups of both the main
lubricant molecules and additives.17,20–22 Aside from displa-
cing organic compounds,24 water adsorption can lead to the
formation of free-radicals which affect the tribochemistry of
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the interface, in particular for systems involving metal oxides20

lubricated by alkane-based products.14 A broad spectrum of
fluid lubricant formulations are currently based on
alkanes,14,25–29 but a full understanding of the impact of
humidity on lubricated friction is still elusive due to nanoscale
nature of the problem: the adsorption of water molecules and
the subsequent impact on lubrication are processes difficult to
observe in situ, at the molecular level, in a controlled environ-
ment (humidity, temperature), all while tracking the system’s
evolution over relevant periods of time.9,21,30

This is precisely the goal of the present study that combines
nanoscale atomic force microscopy (AFM) experiments with
macroscopic contact angle (CA) measurements all conducted
in controlled atmosphere. To make our results as relevant as
possible while ensuring a clear interpretation, we investigated
the hexadecane-mica model system. Hexadecane is a model
mineral base oil and one of the basic components of most
commercial organic lubricants.14,25–27 Mica is a hydrophilic
aluminosilicate that acts here as a model metal oxide
surface.12 Mica has been extensively used as a model substrate
to study the fundamental aspects of lubricated friction, includ-
ing real-life applications. Studies have explored lubricants as
diverse as commercial additives,31 hydrated metal ions,12 ionic
liquids32 and liquid crystals intended as the new generation of
lubricants.33 Here, using mica has three main advantages.
First, its layered structure makes it easy to obtain clean, atom-
ically flat surfaces. This makes mica ideal to study the mole-
cular-level details of lubrication because chemical variations
across the interface can be clearly differentiated from topogra-
phical or roughness effects such as tribological contacts
between asperities.12,24,30,34 Second, mica being an aluminosi-
licate, it is hydrophilic and contains many of the atoms often
present in typical machinery and engines (Al, Si, O).12 This
allows us to conduct experiments that partly replicate the
hydrophilic surface chemistry of ‘real’ systems while discrimi-
nating between lubricant and topographical effects. Finally,
the fact that mica is a well-established model system for lubri-
cation ensures a more robust interpretation of the experi-
mental results in light of existing literature. Previous experi-
mental studies on mica suggest an orientation of the inter-
facial hexadecane molecules parallel to the substrate.35 This is
also supported by molecular dynamics and Monte Carlo simu-
lations that reveal well-ordered hexadecane structures when
nanoconfined between two mica surfaces.36,37 The existence of
in-plane order and interlayer correlation may result in long-
range correlations in the confined film34 with humidity
adversely affecting the hydrocarbon adsoprtion.38 However, no
study to date has been able to clearly visualise water adsorp-
tion/desorption due to the high mobility of the water
molecules.38,39 Furthermore, it is still unclear how physically
adsorbed water molecules and their distribution on the sliding
surfaces may affect the shear response of the lubricant.30 Most
current experimental techniques average over large regions of
the interface.9,30

Here, we combine in situ high-resolution AFM imaging of
the interfaces as it evolves with nano-rheological shear

measurements at multiple temperature and humidities. This
enables us to quantitatively link the nanoscale organisation of
water and the lubricant at the interface with the resulting
changes in lubricating friction in response to variations of the
environment.

Experimental
Sample preparation

The experiments were conducted on high-quality V1 muscovite
mica discs (SPI supplies, West Chester, PA, USA) with controls
on highly orientated pyrolytic graphite (HOPG) substrates. The
mica and HOPG substrates were glued to steel plates using
silver paint (Ted Pella Inc, Redding, CA) and cured at 75 °C
overnight to ensure optimal thermal conductivity.12,40 The sub-
strates were freshly cleaved before any experiment. High-per-
formance liquid chromatography-grade hexadecane and oleic
acid both with a purity ≥99% were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used without any further
purification.

AFM measurements

The measurements were performed on a Cypher ES AFM
system (Oxford Instruments, Santa Barbara, CA, USA),
equipped with temperature control. The AFM probes used
were Arrow UHF silicon nitride cantilevers (Nanoworld,
Switzerland) and AD-2.8AS diamond coated silicon cantilevers
(Adama Innovations LTD, Dublin, Ireland). The flexural cali-
bration of each cantilever was performed using its thermal
spectrum.41 Arrow cantilevers were found to have a stiffness kf
in the range 1.6–5.0 N m−1, a Q-factor of 3.1 ± 0.3 and a flex-
ural resonance frequency of 1900 ± 1 kHz in hexadecane.42 The
diamond-coated cantilevers had a typical stiffness of kf = 2.2 ±
0.5 N m−1 (in agreement with the nominal value of 2.8 N m−1),
a Q-factor of 3.3 ± 0.5 and a resonance frequency of 255 ± 1
kHz both in hexadecane.42 The torsional resonance frequen-
cies are higher than the flexural resonances, and are hence not
relevant for the shear measurements which are conducted at
1.1 kHz. Calibration of the cantilevers’ inverse optical lever
sensitivity (InvOLS) and torsional spring constant kt was
achieved using the method described elsewhere.42 We found kt
= 230 ± 30 N m −1 for the AD-2.8AS, consistent with the
literature.42

All experiments were conducted at thermal equilibrium.
This was achieved ensuring that the cooling/heating rate of the
temperature control system within the AFM was constant for at
least 15 minutes. Relative humidity was controlled with nitro-
gen flux and monitored with a commercial Fluke 971 Thermo-
hygrometer (Fluka Corporation, Washington, USA) placed
inside the AFM chamber. Within each set of experiments, we
ensured that variations in relative humidty RH < 2%. Each set
of experiments (including imaging and spectroscopy) was
repeated at least three times in order to confirm data reprodu-
cibility. Accurate cleaning procedures were implemented to
avoid any source of contamination (see also ESI section S1†).12
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High-resolution imaging was conducted in amplitude-
modulation with the AFM probe completely immersed in hexa-
decane. The cantilever was acoustically driven at a frequency
close to its resonance due to the limitations of photothermal
excitation in viscous organic solvents. Away from the substrate,
the tip oscillates with a constant amplitude A0. At the interface
the amplitude is reduced due to tip-interface interactions. The
sample is raster-scanned keeping a set point amplitude As < A0
constant using a feedback loop which constantly readjusts the
tip–substrate distance. The topographic image of the interface
is obtained from the feedback corrections. The ratio As/A0 was
set as high as possible for gentle imaging, with A in the range
0.5–2 nm. The phase lag between the driving oscillation and
the tip oscillation varies freely giving information on the
probe-sample interactions. This approach allows for probing
primarily the interfacial liquid with little direct contact
between the tip and the surface of the solid.12,28,40,43

Shear-force spectroscopy was used to gain quantitative
dynamical insights into the behaviour of the lubricant. Thus,
we probed the lubricated friction using an average shearing
velocity of 0.5 µm s−1. The AFM is effectively used as a highly
localised nanoscopic linear shear rheometer with an ampli-
tude of 0.5 nm, and a frequency of 1.1 kHz, below the natural
resonance of the scanner (2 kHz) and of the cantilevers.28 The
method allows probing determined locations of the interface
with nanometer lateral precision and a shear force resolution
in the pN range.12 The cantilever vertical deflection, lateral tor-
sional (or shear) amplitude At and phase lag with the driving
shear are recorded simultaneously from the tip’s motion.12,28

The vertical deflection is used to calculate the confining force
and pressure applied by the tip, here ∼10 MPa for every nN
applied. Given the small torsional amplitudes applied here, we
can quantify the magnitude of the shear force Fs as

FS ¼ Atkt; ð1Þ

The shear phase provides information on the nature of the
tip–sample coupling, with φS = 0° and φS = 90° corresponding
to a perfectly elastic and perfectly viscous behaviour,
respectively.12

For each set of experiments, shear-force measurements
were acquired over at least 5 locations, with at least 20 force
curves per location. The results were then averaged. Data ana-
lysis was conducted using homemade routines developed in
Igor Pro (Wavemetrics, Lake Oswego, OR, USA) and Python.
Representative results of the raw output signals are presented
in ESI section 1 (Fig. S2†). ESI section 2 (Fig. S3†) shows
control experiments to confirm the reliability of the shear
phase to study the viscoelasticity of the confined fluid under
shear.

Contact angle measurements were conducted in a home-
made polycarbonate glove box. The relativity humidity was
controlled with a nitrogen flux and monitored with a thermo-
hygrometer (Fluka Corporation, Washington, USA) placed
within the glove box. The temperature was kept constant using
a hot plate (Thermo Fisher Scientific, Waltham,

Massachusetts, USA) and monitored with the thermo-
hygrometer. Experiments were performed once thermal stabi-
lity was achieved (temperature and RH variations smaller than
0.1 °C and 2% over at least 30 minutes, respectively). The mica
was first cleaved and preconditioned to the desired tempera-
ture and RH. Wettability measurements were then carried out
by placing a drop (5 μl) of hexadecane on the preconditioned
mica while recording its evolution over time in a movie cap-
tured with a portable digital microscope Dino-Lite Edge
camera (AnMo Electronics Corporation, Taiwan). Simultaneous
side-view images of the drop allowed for contact angle quanti-
fication. The experiments were repeated two times. Data ana-
lysis was conducted using the ImageJ/Fiji free software44 with
the Contact Angle plugin.45 Further analysis was performed
with homemade routines developed in Igor Pro (Wavemetrics,
Lake Oswego, OR, USA) and Python.

Results and discussion
Evolution of the mica-hexadecane interface at the nanoscale

We start by exploring the impact of ambient humidity on the
nanoscale evolution of the mica-hexadecane interface using
high-resolution AFM imaging. A cyclic change in temperature
between 25 °C and 95 °C is imposed to the system so as to
mimic the typical working conditions of lubricated mechanical
system. A representative set of AFM images taken at different
temperatures in presented in Fig. 1. As the temperature
increases, small round protrusions begin to appear at the
interface past 35 °C (arrows in Fig. 1) and increase in number,
eventually spreading homogenously across the surface of mica
at 95 °C. Interestingly, a hysteresis behaviour can be observed
when cooling the system back down to temperatures below
35 °C with the different protrusions not disappearing, but
merging instead into larger protrusions tens of nanometres
across (Fig. 1). The mobile nature of the protrusions and their
ability to coalesce suggest liquid nano-droplets nucleating at
the interface. Given the fact that the only two liquids present
are hexadecane and traces of water from the ambient humid-
ity, we interpret the protrusions as interfacial water nanodro-
plets. This interpretation is also consistent with the fact that
the surface of mica initially carries a uniform nanoscopic layer
of water when first immersed into the hexadecane. This is due
to the strong hydrophilicity of the mica surface where a water
layer between 0.4–2 nm thick builds up spontaneously and
almost instantaneously when mica is cleaved in ambient
conditions.38,39,46 To further support this interpretation, the
experiments were repeated at higher (RH > 75%) and lower
(RH < 10%) humidity. The results (ESI Fig. S3†) consistently
demonstrate a significant increase or reduction of the droplets’
size and density. Thorough control experiments and rigorous
cleaning procedure rule out the possibility that the protrusions
originate from other contaminants and emphasise the need of
a hydrophilic surface such as mica for the nanodroplets to
form (ESI Figs S3–6†). In contrast, the chemical characteristics
of the AFM probe do not seem to play a major role with the
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droplets being present on mica regardless of whether a hydro-
philic (Fig. 1) or hydrophobic (Fig. S5†) AFM tip is used. The
fact that the flat interface dominates the observation instead
of the cantilever-liquid interface is also consistent with pre-
vious AFM studies.47–49

Rationalising the effect of temperature

In the proposed interpretation of the AFM observations,
increasing the temperature stimulates the condensation into
nano-droplets of the nanoscopic water film38,39 that initially
covers the mica surface uniformly (Fig. 2a and b). The under-

lying mechanism can be described in terms of a competition
between hexadecane and water molecules for the mica’s
surface. The affinity between both liquids and the mica
surface is best quantified by their respective work of adhesion
W. The water-mica and hexadecane-mica works of adhesion in
ambient conditions and at 25 °C are given by Ww,m ∼ 146 mN
m−1 and Wh,m ∼ 162 mN m−1, respectively (ESI section 7 for
details†). The difference is relatively small, in the order of
10%. Hexadecane furthermore exhibits a spreading coefficient
S almost 5 times larger than water on mica, with Sh,m ∼
100 mN m−1 and Sw,m ∼ 20 mN m−1, respectively (see ESI

Fig. 1 Impact of temperature on the hexadecane-mica interface at ambient humidty. High-resolution amplitude-modulation AFM images of the
hexadecane-mica interface exposed to the ambient atmosphere reveals a smooth and regular interface at 25 °C. As the temperature increases,
hemi-spherical protrusions interpreted as water nanodroplets progressively populate the interface (arrows). These nanodroplets are typically
20–50 nm wide and 1–5 nm tall (profiles) with the highest coverage at 95 °C. Upon subsequently lowering the temperature back down to 25 °C, the
nano-droplets coalesce into fewer, larger droplets. The experiments were performed at RH = 40 ± 2%.
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section 7 for details†). These values indicate that hexadecane
and water are in close competition for the mica surface in
ambient conditions, despite the mica being strongly hydro-
philic. We also note that freshly cleaved mica can react with
atmospheric CO2 and other carbon contaminants,38,50,51

enhancing the affinity of hexadecane.
Under these circumstance, simple free energy calculations

(Fig. 2e and f) show that the growth of interfacial water nano-
droplets from the initial water film is thermodynamically
favoured, provided that the nanodroplets reach a size compar-
able to that observed in Fig. 1 (see ESI section 7 for details†).
This indicates that the water nanodroplets form through a
nucleation process requiring overcoming an initial interfacial
energy barrier. This explanation is also consistent with the

dependence on temperature: nucleation being an activated
process, its probability usually follows an Arrhenius behav-
iour52 and is hence proportional to e−A/kBT where A is the acti-
vation energy and kB the Boltzmann’s constant. Consistently
with classical nucleation theory, once the water nanodroplets
are formed, they are stable and tend only to grow through
ripening. This is visible in the hysteresis behaviour observed
when the temperature is brought back down to 25 °C (Fig. 1)
with fewer, larger droplets being present at the interface.

We also examined the evolution of the van der Waals inter-
actions between water, hexadecane and mica with temperature.
While the interface thermodynamics is the likely driving force
for the nanodroplets nucleation, van der Waals interactions
may play a role here given the high dieletric constant of

Fig. 2 Thermodynamics of hexadecane and water at the mica interface. A cartoon representation of the interface shows the temperature-stimu-
lated transition from a nanoscopic water film covering the mica surface uniformly inside the hexadecane (a) to nanodroplets of water with hexade-
cane partially reaching the mica surface (b). It is possible to compare the total interfacial energy associated with a set area of the interface containing
either a water nanodroplet (c, energy Edrop) or a uniform water film of same volume (d, energy Eflat) (see ESI section 7 for details†). The results (e)
confirm that droplets become the most stable configuration (Edrop < Eflat) in the size-range observed experimentally. The nucleation threshold (Edrop
= Eflat) is shown as a black line. Smaller droplets are unstable, consistent with classical nucleation theory. The ambient humidity affects the thickness
w of the initial water film and hence the nucleation threshold (f ). The temperature dependence of the ratio between the Hamaker constants describ-
ing water-mica interactions in hexadecane Hwhm and hexadecane-mica interactions in water Hhwm (g) supports the idea that a temperature increase
comparatively reinforces the van der Waals interactions between the hexadecane and the mica through the interfacial water.53–59
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mica.60,61 As expected, the Hamaker constant describing the
van der Waals interaction between hexadecane and mica
through water, Hhwm, and that describing the interaction
between water and mica through hexadecane, Hwhm, both
increase with temperature (see ESI section 8 for details†).
However, the increase rate is higher for Hhwm so that the ratio
Hwhm/Hhwm decreases with temperature (Fig. 2g). While the
effect is small, this further supports the idea that a tempera-
ture increase of the system comparatively reinforces the van
der Waals interactions between the hexadecane molecules and
the mica surface through the interfacial water.

The macroscopic equilibrium perspective

While AFM measurements provide nanoscale insights into the
evolution of the interface, the interpretation of the results rely
on macroscopic concepts such as the interfacial energies
between the different materials constituting the system. We
therefore conducted macroscopic measurements of the static
contact angle formed by hexadecane and mica at different rela-
tive humidity (Fig. 3). To allow for comparison, all the experi-
ments are conducted with the same volume of hexadecane,
over a same, freshly cleaved mica surface and at the same
temperature. At RH = 0%, hexadecane spreads rapidly over
mica. The spreading kinetics can be well described with an
exponential convergence to the maximum coverage, yielding a
single timescale of 35 ± 5 s (Fig. 3a). Hexadecane is fully
wetting with a contact angle close to 0° as for pure water on
mica (Fig. 3b). When the relative humidity increases, the hexa-
decane retains its ability to spread rapidly, at least initially. In
all cases, hexadecane strongly wets the interface with a contact
angle <10° (Fig. 3b–d) even at saturated humidity (RH = 100%)
where the water layer initially present on the mica surface is
∼2 nm thick.46 At RH = 100%, hexadecane spreading kinetics
can also be modelled with a single exponential convergence to
the maximum coverage (Fig. 3a), returning a slightly slower
timescale of 55 ± 5 s compared to RH = 0%. The similarity is
not surprising considering the very similar interfacial energies
γ for hexadecane-mica (γh,m = 53.90 mN m−1) and hexadecane-
water (γh,w = 51.30 mN m−1, see Table S1†). This suggests that
the hexadecane uniformly spreads over the unaltered initial
water layer, experiencing a thermodynamic situation almost
identical to that in a completely dry atmosphere. This is also
consistent with thermodynamics considerations whereby the
thick water layer present in saturated conditions46 renders the
nucleation of water nanodroplets less favourable (Fig. 2f and
Fig. S3†). The final coverage reached over the timescale of the
experiment is lower than for RH = 0% simply due to the higher
contact angle. The situation is however different for the inter-
mediate relative humidity (RH = 46%) that does not follow the
trend. First, its maximum coverage is the lowest despite an
intermediate contact angle value. Second, the kinetics is
unusual with an initial rapid expansion comparable to that at
RH = 0% (timescale of 25 ± 5 s) followed by a slow receding of
the hexadecane spread, occurring over hundreds of seconds.
This slow recess, highlighted by the exponential fitting
(Fig. 3a) points to new interfacial effects absent in the other

cases. Given the moderate relative humidity, the water layer
initially covering the mica surface is not as thick as for RH =
100% but typically less than 1 nm.38,39 Occasional water nano-
droplets are therefore likely to nucleate over the course of the
experiment. However, given the relatively low temperature of
the system (25 °C), the nucleation rate is slow and only few
droplets nucleate, progressively growing into large droplets by
absorbing the surrounding water layer. This effect may render
the interface inhomogeneous and hamper even the spreading
of the hexadecane into a uniform layer. The small number of
interfacial water droplets would also explain the fact that none
were observed by AFM in these conditions with their effect
only visible at the macroscale when the whole interface is
considered.

The possibility of air-born water microdroplets bringing
down hydrocarbons from the glove box walls onto the mica
surface cannot be excluded, including species containing
hydrophilic groups.51,62 Such molecules could create a bridge

Fig. 3 Wetting dynamics for hexadecane on mica as a function of the
relative humidity. (a) The time evolution of the hexadecane surface cov-
erage fraction is tracked for dry (RH = 0%), humidity saturated (RH =
100%) and ambient (RH = 46%) conditions. Each set of kinetic data
behaves as a simple exponential convergence to the maximum coverage
achieved (solid lines fit) except for RH = 46% where the hexadecane
recedes past 100 s. Snapshots of the movies tracking the evolution of
the hexadecane drops provide estimate of the contact angle in each
case (b–d) (see ESI† for movies of the drop evolution). The error on the
RH is ±2%. All the experiments were performed at 25 °C with the mica
disc first equilibrated for 30 minutes in the desired conditions before
depositing a 5 μl hexadecane drop and immediately recording its
evolution.
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between the adsorbed water layer on mica and hexadecane,
enhancing the hexadecane spreading at high humidity.
However, the consistency of the nucleation interpretation for
macroscopic and molecular-level AFM results suggest the later
explanation to be the most likely interpretation.

Molecular impact of water on lubricated friction

It is well-known that water can alter the shear response of a
lubricant.24,63 Water can interfere with the hexadecane mole-
cular packing and self-organisation, and thus reduce the
smooth sliding of the AFM probe on the alkane layer.64,65

Additionally, water molecules create surface singularities
where the AFM tip can be subject to pinning.66 Here, our AFM-
based experimental setup allows for precise quantification of
the interface’s lubrication properties with nanometre lateral
resolution. This makes it possible to directly compare areas of
uniform hexadecane-mica interface with regions where water
nanodroplets are present within a same experiment.
Measurements taken directly on nanodroplets exhibit a
twofold increase in shear force for any applied load compared

to a uniform hexadecane interface in identical conditions
(Fig. 4a).

The associated shear phases show the expected viscoelastic
behaviour, but with little difference between both situations
(Fig. 4b), at least for the shear rate used here. This suggests
water to modify primarily the properties of the shearing sur-
faces, with the viscoelastic behaviour of the confined liquid
being dominated by the hexadecane. Indeed, shearing in pure
water tends to induce a very different phase behaviour.12 To
confirm this hypothesis, we conducted shear measurements at
different temperatures. In pure liquids, the shear force usually
decreases with increasing temperature28,66 and the lubricant
tends to become more viscous (shear phase closer to 90°).
Here we expect more nanodroplets to nucleate at the interface
when the temperature is raised, hence inducing an increase in
shear force. Since the AFM measurements are highly localised,
for each temperature probed at least 140 force curves were
acquired, taken over 7 randomly selected locations and sub-
sequently averaged. The results confirm the increase of shear
force with temperature (Fig. 4c and d), reflecting the associated

Fig. 4 Impact of water nanodroplets on lubricated friction. Representative shear spectroscopy measurements (a) conducted either on a water
nanodroplet (b, inset location 1) or a homogenous hexadecane-mica interface (b, inset location 2). Water nanodroplets induce large changes in the
lubricated friction force FS for a given applied load. The associated shear phase φS (b) appears much less sensitive to the location probed. Shear
measurements were also conducted at different temperatures (c-d), averaging results over 7 randomly selected locations for each temperature. FS
increases with temperature due to a larger interface coverage with water nanodroplets (c). The shear phase also tends to increase at higher tempera-
tures (d), reflecting the interfacial liquids becoming more fluid (viscous). For low confining forces (<2 nN), the shear amplitude nears to the experi-
mental noise level and the data is deemed unreliable (semi-transparent region). The temperature in (a and b) is 95 °C. The experiments were per-
formed at RH = 42 ± 2%.
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higher probability to shear over a water nanodroplet. The
effect is non-monotonic with temperature, showing little evol-
ution in shear force and phase between the water and the hex-
adecane below 55 °C (yellow curve in Fig. 4c and d). This
reflects the low probability for the AFM tip to randomly
encounter a water nanodroplet.

The significant but localised impact of water nanodroplets
on lubrication can be reduced using an amphiphilic molecule
to decrease the interfacial energy of the system. Here we use
oleic acid, known for its surfactant properties and its ability to
form supramolecular structure between water and
hexadecane.67,68 The polar head of oleic acid binds to water,
whereas its carbon chain is attracted to hexadecane molecules,
thus effectively preventing the latter from displacing the
former. We examined the impact of oleic acid on both the
nucleation of water droplet at the interface with temperature,
and the resulting changes in lubricated friction forces. The
results are presented in Fig. 5.

The addition of only 0.01% of oleic acid to the hexadecane
(molar concentration) before deposition on the mica surface
already decrease the nucleation of water nanodroplets by more
than 50% at any temperature explored. Further increasing the

molar concentration of the amphiphilic acid to 0.1% results in
a fourfold decrease in water nanodroplets when compared
with pure hexadecane. If we assume a saturated oleic acid layer
standing upright at the interface between the mica surface and
the hexadecane, a 0.1% oleic acid molecular concentration
would approximately represent a hundred-fold excess to the
minimum number of molecules needed to cover the interface
(see ESI section 11†). Considering the fact that the molecules
are not bound at the interface and the system entropy will
inevitably retain some of the oleic acid in the solution, no
oleic acid aggregates are likely to be present within the nano-
confined hexadecane but instead form a regular layer. Such a
layer would also be favoured by the amphiphilic nature of the
acid. In addition, the interaction between oleic acid molecules
is relatively long ranged,69 thus not necessarily requiring a full
coverage of the initial water layer to be effective. Indeed, 0.01%
of acid already has a significant effect on the interface (Fig. 5a
and b). The impact of oleic acid on the structural organisation
of the water/hexadecane interface has crucial consequences on
the shear response of the system. The average lubricated fric-
tion markedly decreases as a function of oleic acid concen-
tration (Fig. 5c). The lubrication process also appears to

Fig. 5 Reducing the impact of water nanodroplets on lubrication. High-resolution amplitude-modulation AFM imaging of hexadecane-mica inter-
face shows the expected presence of water nano-droplets as the temperature rises (0% oleic acid) (a). However, adding small amounts of oleic acid
limits the formation of nanodroplets, with an effect already visible at 0.01 molar percentage. The impact of added oleic acid can be quantified by
measuring the percentage of the interface covered with water nanodroplets using a thresholding approach (b). The reduction in interfacial nanodro-
plets also reduces the shear force and its anomalous behaviour with temperature (c) (see Fig. S9† for the associated phase). All the experiments were
performed at RH = 45 ± 2%.
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change, with a close to linear dependence of the lubricated
friction force on the applied load. This behaviour can be
observed in aqueous solutions12 but is unusual in organic
lubricants.28 This suggests the particular arrangement of the
oleic acid at the interface to play a dominating role in redu-
cing friction, not only by removing the water nanodroplets,
but also by forming a passivation layer protecting the AFM tip
from pinning and playing a lubricating role. Further studies
are needed to test the present findings on systems closer to
real-life applications such as the metal oxides surfaces,14,19

routinely used in engines and machinery. At the nanoscale,
lubricated friction is likely to result from the combined
effects of the molecular arrangement around hydrophilic
nano-domains and at topographical defects66 which may
favour the specific pinning of certain molecules. The impact
of tribological contacts resulting from the larger roughness
inherent to most functioning systems will also need to be
taken into account.

Conclusions

In this study, we have investigated the nanoscale details of the
impact of ambient humidity on lubricated friction in a well-
established model system. The experiments, combining high-
resolution AFM imaging and nano-localised shear-force
measurements, show that increasing the temperature of the
system stimulates the nucleation of water nanodroplets at the
hydrophilic interface. A fine balance of interfacial energies
between mica, water and hexadecane determine the nucleation
threshold, and water nanodroplets become stable for sizes in
the range 20–50 nm, depending on the ambient humidity.
Interestingly the same thermodynamics calculations used to
estimate the nucleation threshold indicate a nucleation
threshold with smaller droplets on the less hydrophilic metal
oxide typical of engines (see ESI section 7†). This would render
the nucleation of water droplets more likely considering the
stochastic nature of the nucleation process. Water nanodro-
plets are highly detrimental to the lubrication properties of the
interface by modifying the wetting properties of the shearing
surfaces and creating local pinning points. The presence of
droplets in engines and machinery that are typically made of
metal are likely to exacerbate this effect. The issues can be
however mitigated through the adjunction of amphiphilic
molecules such as oleic acid to the lubricant, here hexadecane.
With its hydrophilic groups, oleic acid binds to the water layer
adsorbed on mica, whereas its hydrophobic chain has a strong
affinity for the overlying hexadecane fluid. This prevents hexa-
decane from competing and displacing water molecules from
the mica’s surface, considerably reducing the average lubri-
cated friction force. Overall, the present results provide a nano-
scale description of the different processes at play and help
explain the macroscale observations: humidity markedly limits
the efficiency of oil-based lubricants on hydrophilic substrates
such as the metal surfaces often used in car engines and
industrial machinery. The present results may contribute to

the rational design of optimal tribological solutions for tech-
nological applications.
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