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ABSTRACT

The influence of a grain orientation and textured surfaces on the droplet

evaporation and the graphene coating wettability is investigated. The study of

the behavior of water droplets on graphene-coated substrates is important for

the development of highly sensitive sensor technologies. The coating of the

graphene layer with water leads to changes in charge concentration and elec-

trical conductivity. To date, there are very few studies on the effect of substrate

textures and wall heating on water droplets evaporation on a heated graphene

coating. The contact angle depends on the ratio of several factors: textures, grain

orientation and grain size. In the final stage of evaporation of a water droplet on

a hot textured substrate with graphene, a jump in the contact line of the water

droplet is observed. The contact angle abruptly increases almost two times.

Molecular-dynamic modeling has shown that the wettability depends on the

grains orientation and the annealing duration. The measured experimental

value of the copper contact angle of 74–76� after annealing corresponds to the

simulation results considering the direct proportionality between the contact

angle and the amplitude of the first maximum of the density distributions of

water molecules in the vicinity of a smooth copper surface.

Introduction

Much attention to graphene is caused by its unique

electrical, mechanical and thermophysical properties

[1]. Graphene can be effectively used in optoelec-

tronics due to its high transparency and high

conductivity [2]. Graphene-based sensors have a very

high sensitivity, which allows registering gases and

impurities with a very low concentration [3–5]. Gra-

phene-based membrane technologies can have the

following applications: the gas separation, the filtra-

tion technologies, the water purification and
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desalination technology [6–9]. The use of graphene

oxide membranes is discussed in Ref. [10].

Graphene, unlike many metals, retains greater

stability of properties over time. However, the

adsorption of water on the graphene surface and the

formation of droplets or a film of water lead to a

change in the electrical properties and affect the

parameters of sensitive sensors. When the graphene

monolayer is covered by a water film, an energy gap

of 20–30 meV is realized [11]. The hysteresis behavior

of the contact angle of a water droplet on graphene

coatings has been investigated in Refs. [12, 13]. The

wettability properties of graphene change with the

time when the material is exposed to the open air,

which is associated with the adsorption of aromatic

hydrocarbons [14, 15].

The graphene layer wetting transparency changes

on substrates made of different materials [16].

Depending on the substrate material, the graphene

coating can have both hydrophilic and hydrophobic

properties [17]. The wettability (contact angle of the

drop) changes with an increase in graphene layers

synthesized on the substrate [18, 19]. With an

increase in the number of defects, the graphene sur-

face energy is increased, which leads to an increase in

hydrophilicity [20].

Wall texturing influences the wettability and the

droplet evaporation modes [21, 22]. Molecular mod-

eling of wettability is presented in [16, 23–25].

The simulation is performed for small sizes (usu-

ally tens of nanometers), which does not allow

assessing the role of important factors in the evapo-

ration of a drop: free convection in the liquid and gas

phases, the influence of the Stefan flow and the

thermal inertia of the substrate. In nanoscale droplets,

the effect of Rayleigh and Marangoni convection on

evaporation is excluded. Therefore, experimental

studies on the evaporation of large droplets on

heated graphene coatings are necessary. The influ-

ence of the Marangoni flow on the droplet evapora-

tion has been studied by Hu H. and Larson R.G. [26].

Textures on the substrate surface lead to increased

heat and mass transfer and increase the evaporation

rate on heated surfaces [27]. The influence of the

thermal conductivity of the substrate on the direction

of the surface flow of the liquid has been shown by

Ristenpart W.D. [28]. Free convection in the drop

increases the heat exchange in the drop and increases

evaporation [29–32].

The simulation of the sessile droplet evaporation is

given in [33, 34]. The evaporation behavior of aque-

ous solutions differs from the water evaporation. The

evaporation rate of solution droplets changes with

time [35–37].

A high degree of hydrophobicity can be achieved

both by applying a hydrophobic film with low sur-

face energy of the metal surface [38] and by nano-

micro texturing the surface [39–41]. The superhy-

drophobic surfaces with extremely low contact angle

hysteresis (hCAH\ 4�), which exhibits excellent self-

cleaning behavior by the zinc oxide nanorods, were

investigated by Banik M. [42]. Hydrophobic coatings

have a wide technical application. The durability of

these surfaces is extremely important in practice.

However, prolonged contact with water and with

various aggressive media leads to defects in coatings

and to a change in wettability [43]. The use of gra-

phene will increase the durability of the coating and

the constancy of wettability over time.

An analysis of the literature has shown that there

are very few studies on the simultaneous influence of

several factors (the nature of the substrate grains, the

influence of wall textures and heat transfer) on the

wettability and evaporation of a water drop on a

graphene-coated copper substrate. These studies are

of interest for a wide range of both scientific prob-

lems and for technical applications of graphene-

coated substrates.

Molecular-dynamic modeling of the effect
of roughness and crystalline grains
on the wettability of the graphene-coated
copper

The paper studied the structuring of water molecules

in the vicinity of surfaces of smooth and textured

copper plates. The crystallographic orientation of the

atoms of the copper plates was chosen to be equal to

100. Further, the influence of grain orientation chan-

ges on wettability was investigated. The length,

width and thickness of the copper plates were equal:

forty, forty and ten angstroms, respectively. The

thickness of the layer of water molecules was equal to

twenty angstroms. An illustration of a textured cop-

per plate and a water layer is shown in Fig. 1.

To establish the qualitative effect of texturing, the

surface of the original copper plate was modified,

namely three identical solid bands were cut on the
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surface of the copper plate. The width and depth of

the bands were equal to five and a half angstroms.

The length of the bands coincided with the length of

the plate and was equal to forty angstroms. Figure 1

is built in the VMD program [44].

Molecular-dynamic modeling of the system under

study was performed using the CHARMM software

package [45]. The water environment was considered

explicitly. At that, the TIP3P water model was used.

The system was studied at a temperature of 300 K in

the approximation of the canonical ensemble. To

determine the degree of hydrophilicity of the surfaces

of copper plates, the structuring of water molecules

in the vicinity of these plates was studied. For this

purpose, the density profiles of water molecules were

calculated depending on the distance to the centers of

atoms of the surface layer of copper plates. The

density was calculated directly using the UCSF Chi-

mera program [46]. In addition, the density was

normalized to the average density of water molecules

in the accessible volume. The density distributions of

water molecules near smooth and textured copper

surfaces are shown in Fig. 2.

The distribution of water molecules is directly

related to the hydrophilicity of the surface: the

greater the hydrophilicity of the surface is, the closer

the maxima of the density distribution are located

and the greater their amplitude is. Surface texturing

leads to the water density redistribution. Thus, some

part of the water molecules gets to the bands cut on

the surface (Figs. 1 and 2). The distance d is calcu-

lated from the centers of the atoms of the surface

layer of copper. In addition, changes in the position

and amplitude of the main density maximum are

observed. On the one hand, this maximum shifts

closer to the surface, which should correspond to an

increase in hydrophilicity, and on the other hand, its

amplitude decreases, which should correspond to a

weakening of hydrophilicity. To determine the

degree of hydrophilicity, we calculate the value of m

as an integral (Eq. (1)). The integration is carried out

by the distance d* and by the surface area of copper S.

m ¼
Zd�

0

ZS

0

qdSdl: ð1Þ

The value m is the mass of water molecules con-

tained in the selected layer dl. Integration is per-

formed from the centers of the surface layer of

copper, i.e., 0 to the distance d*, chosen equal to four

angstroms. This value is chosen for the main maxi-

mum of the density to fall entirely into the integration

region. In addition, at this distance, the values of the

distribution densities near the textured and smooth

plate practically coincide. As a result, the value of

m in the vicinity of the textured surface is about

twenty percent higher than the corresponding value

for a smooth surface. The surface area of copper due

to grooves is about 11% larger than the area of the

horizontal surface of the plate (without texturing).

Thus, the increase in hydrophilicity (by about 20%) is

almost two times as large as the increase in the sur-

face area. The increase in hydrophilicity is not pro-

portional to the increase in the surface area, i.e., it is

impossible to increase the intermolecular force and

calculate the adhesion (water–solid) only due to the

additional growth of the side surfaces of textures.

This is because the interaction with the wall increases
Figure 1 Water molecules in the vicinity of a textured copper

plate.

Figure 2 Water density distributions near smooth (solid line) and

textured (dotted line) copper surfaces.
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in the corners of the grooves. In addition, the mole-

cule inside the groove is affected not only by the

interaction with the horizontal wall, but also by the

interaction with the two side walls in the groove. The

mobility of water molecules can also decrease inside

the groove.

Thus, the textured copper surface attracts water

more efficiently and, thus, is more hydrophilic. When

varying the degree of texturing, we should expect a

corresponding change in hydrophilicity, i.e., textur-

ing the surface is potentially one of the possibilities

for controlling lyophilicity.

The experimental data presented below show that

long-term high-temperature annealing strongly

changes the crystal orientation of the grains on the

copper surface. Therefore, it is important to consider

not only the modeling of molecular interaction on

smooth and textured surfaces, but also the influence

of grain orientation. The results of modeling the

distribution of the density of water molecules (near a

copper surface with a single graphene layer)

depending on the orientation of the grains are shown

in Fig. 3. The blue curve corresponds to orientation of

the atoms (111); the green curve corresponds to ori-

entation (110). Figure 3 also shows color images for

orientations obtained for smooth and textured sur-

faces covered with a graphene layer.

In accordance with the simulation, the maximum

hydrophilicity corresponds to a smooth copper wall

with orientation of atoms (111). The wall textures

(after annealing of the substrate) lead to a shift of

copper orientation (100) to orientation (110). On the

basis of Fig. 4, a copper surface with orientations

(110) will have significantly less hydrophilicity than a

surface with orientations (111).

Assume a direct proportionality between the con-

tact angle and the amplitude of the first maximum

(amplitude estimate). Considering the amplitudes

(Am) of the first maxima of the density distribution

for the crystallographic orientation (111) and orien-

tation (100) (Fig. 4), we establish that the contact

angle of a-copper after annealing (the orientation

(111)) should be about 74�. The measured contact

angle on a-copper without annealing (the orientation

(100)) is 82–84�. Amplitude ratio Am(111)/Am(100))-

= 1.1 (Fig. 4). Then, the static contact angle after

annealing (the orientation (111)) is 84�/1.1 = 76�. The
measured experimental value is 74–76�, which cor-

responds to the simulation results. The result

obtained confirms the validity of the specified linear

relationship. A close value of the contact angle (76�)
after the copper annealing with the crystallographic

orientation (111) was obtained by Belyaeva [47].

Experimental data and analysis

Experimental methods

The chemical deposition method from the gas phase

was used for the synthesis of graphene on a copper

substrate. A more detailed description of the method

and scheme of the experimental setup for graphene

synthesis is given in [48]. The quartz tube furnace

was used for the graphene synthesis. This setup was

also used for high-temperature annealing of copper

in a furnace. Controller maintained the working fur-

nace temperatures with an accuracy of about 1 K. The

chromel–alumel thermocouples were used to mea-

sure temperatures into the quartz tube. The temper-

ature in the working zone of the reactor during the

synthesis of graphene was 1357 K. A mixture of gases

of the required concentration was created using a

block, which included three flow meters—the bron-

khorst regulators. For the graphene synthesis, a pol-

ished copper foil (Alfa Aesar 10,950) with the wall

thickness of 20 lm was used. The copper composi-

tion corresponded to about 99.999%. The copper foil

was washed in an aqueous alcohol solution (40%)

with the sodium laureth sulfate. The copper foil was

washed in distillate, acetone and again in distilled

water by the ultrasonic bath. The textures on the foil

were created by mechanical processing (pressing).

Experimental studies were performed with polished

(smooth) copper (Fig. 5a) and with the textured

Figure 3 Density distributions of water molecules in the vicinity

of a smooth copper surface coated with graphene: the blue curve

corresponds to crystallographic orientation of the atoms (111); the

green curve corresponds to crystallographic orientation (110).
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copper wall (Fig. 5b). The cavity diameter was

dc = 0.2–0.3 mm.

The furnace working chamber was heated to the

annealing temperature of about 1343 K. Copper

substrates were placed in the quartz tube and then

vacuumized up to a gas pressure of about 10–2 mbar.

After setting the pressure, necessary for the synthesis,

the furnace was filled with hydrogen using the

hydrogen flow of 5 sccm. Further, the copper sub-

strates were moved to the hot area of the working

chamber of the furnace. The hot annealing of copper

substrates was carried out in a hydrogen atmosphere.

After the hot annealing, temperatures and compo-

sitions of the gas mixture were established for the

graphene synthesis using gas composition CH4/Ar/

H2 (0.22/74/20). The synthesis duration was 10 min

after annealing. After the graphene synthesis, the

working chamber with graphene samples was

removed from the furnace. Then, the obtained sam-

ples were cooled with the set rate with a continuous

flow of the reaction mixture.

The graphene layer was analyzed by the optical

and Raman spectroscopy: Olympus–BX 51 M and

LabRam-HR Evolution Raman Spectrometer-JOBIN

YVON Technology HORIBA-Scientific. The crys-

talline grains were analyzed by EBSD method using

the Hitachi S 3400 N scanning electron microscope.

The measurements have shown that the entire copper

surface was covered with 1–2 layers of graphene for

both smooth surface and textured copper. The low

values of the maxima ratio ID/IG\ 0.17 indicated a

good quality of the graphene layer (low defectiveness

of the graphene coating was realized) for a smooth

and structured surface.

The measuring scheme of the droplet contact angle

is shown in Fig. 5c. Degassed distillate was used as a

liquid. Droplet was placed on a horizontal copper

surface. The average value of the droplet static con-

tact angle was determined from three repeated

measurements. The droplet contact angle h0 was

measured by the tangential method. The electronic

dispenser Novus-Thermo Scientific was used to cre-

ate a drop. The dispenser was located perpendicular

Figure 4 Density distributions of water molecules in the vicinity

of a smooth copper surface (without graphene): the blue curve

corresponds to crystallographic orientation of the atoms (111); the

green curve corresponds to crystallographic orientation (110); the

red curve corresponds to the orientation (100).

Figure 5 (a) Photograph of the smooth surface of copper; (b) the

textured copper (cavity diameter dc = 0.2–0.3 mm); (c) the

measuring scheme of droplet geometric parameters: 1—video

camera; 2—source of plane-parallel light; 3—camera (Nikon

D-750); 4—water droplet; 5—thermocouple.
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to the wall at a distance of 4–5 mm from the wall

surface to exclude the droplet breakup after its fall.

The process of water squeezing was realized at a

constant speed. The repeated measurements demon-

strated a match between droplet diameters and dro-

plet contact angles of about 3–4%. Optical system

with the plane-parallel lights was used to provide

shadow images of a water droplet. The following

equipment was used: Source MI-150; Telecentric

backlight illuminator 62–760 (Edmund Optics); Glass

fiber optics cable-BX4 type Dolan-Jenner; Video

camera–FastVideo-500 (Macro lens-Sigma, 105 mm,

f/2.8, G IF-ED AF-S 9. The relative measurement

error of the droplet contact angle did not exceed 1–2�.

The influence of the hot annealing and wall
textures on wettability

The hot annealing is used not only to change the

parameters of the crystal grains of the substrate, but

also to improve the quality of the graphene coating.

The combination of the hot annealing and the

mechanical action contributes to an increase in the

material strength. However, texturing of the copper

substrate can lead to an increase in the graphene

defectiveness during its synthesis. It was indicated

above (according to the measurement data of the

Raman spectroscopy) that the wall textures did not

lead to a noticeable increase in the defectiveness of

the graphene layer. The kinetics of graphene forma-

tion on a copper substrate was shown to depend on

the crystal orientation of the grains [48].

The grains crystallographic orientation was con-

trolled by the thermal annealing of copper [49]. The

growth rate of graphene layer with grains orientation

(1 0 0) was shown to be lower than with orientation

(1 1 1). Different rates of graphene growth were

associated with different diffusion rates of carbon

atoms on crystalline faces [50].

In paragraph 2, the simulation proved that the

textures on the wall surface increase the wettability

for copper after annealing. Hydrophilicity increases

for well-wetted surfaces (Eq. 2),

cos h1 ¼ f cos h ð2Þ

where the angle h refers to a smooth (polished) wall,

and the angle h1 corresponds to a rough or textured

wall. The parameter f takes into account the influence

of increased roughness, and f is defined as the ratio of

the actual area of the wall surface to the normally

projected area. On the other hand, the shift of the

grain orientation from (111) to (110) and (100) leads to

a noticeable decrease in wettability. Thus, these fac-

tors have an inverse (competing) effect on wettability.

Depending on the geometry of the textures, the grain

size and their orientation (the ratio of the number of

grains of different orientations), the use of texturing

and high-temperature annealing can lead to both an

increase and a drop in the value of the static contact

angle of the drop.

Figure 6 presents images of the grain orientation

by the EBSD method.

Smooth copper without graphene and without

annealing has grain orientation (100). After annealing

and synthesis of graphene, the smooth surface shows

orientation (111). According to the simulation results,

the shift from (100) to (111) leads to an increase in

wettability and a decrease in the contact angle of the

drop. The textured copper foil after annealing and

graphene synthesis has many orientations. The sim-

ulation shows that the shift from (100) to (110) leads

to a decrease in wettability (an increase in the contact

angle). In addition, the contact angle on the graphene

coating is determined not only by copper, but also by

graphene. Graphene has a neutral wettability (contact

angle of 91–92�). It is important to note the following

feature of the simultaneous influence of several fac-

tors. For smooth copper with orientation (100) or

(111), an increase in roughness should lead to an

increase in wettability. After the synthesis of gra-

phene on a textured surface with grain orientation

(110), the sample can become hydrophobic. In this

case, the increase in roughness enhances the

hydrophobic properties and increases the droplet

contact angle.

The smooth surface roughness was measured with

a scanning NanoScan-3D nanohardometer using the

atomic force microscopy (AFM) method. Processing

data on roughness was carried out using the Gwyd-

dion program. Scanning of the sample surface was

performed in semi-contact mode using a diamond tip

of the ‘‘cube angle’’ type, which had the following

parameters: image size of 94.44 9 108.31 lm; number

of scanning points 512 9 512; scanning speed of

10 lm/s with a step of 184.45 nm over X and with a

step of 211.54 nm over Y.

High-temperature annealing affects the surface

roughness of the substrate and the crystal orientation

of the grains, as well as the quality of the synthesized

graphene. With an increase in the annealing duration,
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the values of Ra and Rq decrease, which leads to the

more uniform graphene coverage [51]. The concen-

tration of hydrogen during annealing and synthesis

of graphene also affects the surface roughness. With

an increase in the hydrogen concentration from 0 to

50%, the Rq values decrease several times. At a lower

initial roughness (before annealing), the effect of

hydrogen concentration on the Rq values increases

[52]. Defects on the substrate surface act on the

nucleation behavior during the graphene synthesis

[53, 54]. The defects reduce the nucleation barrier for

graphene growth.

The 2D AFM images and the roughness profiles of

copper foil, as well as images of graphene films are

shown in Fig. 7. The roughness of the roughness

profiles is obtained without taking into account

periodic spatial changes in height (waviness), which

are not associated with annealing. Experimental data

show that when annealing the foil, the values of Ra

and Rq decrease. Graphene synthesis leads to a cer-

tain increase in the values of Ra and Rq due to the

local defectiveness of the graphene layer (Table 1).

Literature contains experimental data on both the

reduction of the surface roughness of copper and its

growth after high-temperature annealing [55], which

is probably related to a specific method of foil man-

ufacturing, the method of processing the material

before annealing, as well as the duration of anneal-

ing. Annealing is also affected by the composition of

gases and temperature. It should be noted that the

annealing of the foil in the presented work (as

opposed to Ref. [51]) was carried out completely in

the atmosphere of H2 (100% H2). In addition, long-

term high-temperature annealing (2 h) was used.

Experimental data on the effect of the thermal

annealing duration on the initial contact angle of a

water drop are shown in Fig. 8a. The annealing

temperature corresponded to 1357 K. All the samples

were kept in the air atmosphere for several weeks

after annealing. Therefore, the surface of all samples

was covered with a layer of adsorbed hydrocarbon

impurities. It may be assumed that the influence of

the layer of adsorbed hydrocarbons had a qualita-

tively identical character, i.e., all curves were shifted

toward higher values of the contact angle.

As it was mentioned above, changes in the grain

orientation for smooth copper lead to a noticeable

decrease in the contact angle. Graphene coating and

prolonged annealing lead to a shift of Curve 1 toward

higher values of the contact angle (Curve 2). A

noticeable excess of h0 for curve 2 compared to Curve

1 (for long annealing times) may be explained by

various effects of hydrocarbon impurities. For copper

coated with graphene and a layer of hydrocarbons,

the distance d2 (between the layer of water and cop-

per molecules) is noticeably greater than the distance

d1 between water and copper (Fig. 8b). Obviously,

due to the strong power dependence of the inter-

molecular interaction on the distance d, the wetta-

bility for Curve 2 should be worse than for Curve 1.

Curve 3 corresponds to the hydrophobic state of the

surfaces at any annealing duration. To date, there are

no correct models that would take into account the

influence of the CHn layer on the total intermolecular

interaction. In addition, it is extremely difficult to get

rid of the formation of this layer. The easiest way to

eliminate the CHn layer is to place sensitive sensors

in the atmosphere of purified gases. However, it is

difficult to realize selective air purification from

hydrocarbon impurities, while maintaining a low

concentration of gases (or particles) that a graphene-

based sensor should register. The presence of the

CHn layer can ensure the constancy of the electrical

properties in time, but at that hydrocarbons lead to a

decrease in the sensitivity of the sensor and, accord-

ingly, to an increase in the measurement error.

Evaporation of a drop on a heated wall

If we consider small droplets and slow evaporation

(when the influence of steam buoyancy, the Stefan

flow and free convection can be neglected), then four

Figure 6 EBSD images:

(a) smooth copper without

graphene; (b) smooth copper

with graphene; (c) textured

copper with graphene.
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characteristic modes of the liquid droplet evaporation

are realized: (1) the contact droplet radius (CCR,

R = const, h = var), when the contact droplet angle h
decreases with time; (2) the constant droplet contact

angle (CCA, R = var, h = const), when the droplet

diameter decreases with time; (3) both the droplet

contact angle and the droplet radius continuously

decrease with time (R = var, h = const); (4) short-

term changes are imposed on the CCA or CCR mode:

the droplet radius and the droplet contact angle

decrease abruptly.

The second mode (the CCA evaporation mode)

corresponds to Eq. (3) [33].

dV=dt ¼ k Vð Þ1=3; V=V0ð Þ2=3¼ 1� k1t ð3Þ

where k is the coefficient, which depends on the

vapor–air diffusion and on the difference between the

equilibrium partial vapor pressure on the droplet

surface and the vapor pressure of the external air at a

distance from water droplet.

The droplet evaporation in the CCR mode is

implemented in accordance with Eq. (4) [34],

Figure 7 Morphology of the

sample surface; (a, c and e)

2D AFM image; (b, d and f)

roughness profiles along

0L (a): (a, b) copper foil

without annealing; (c, d)

copper foil with annealing 2 h;

(e, f) copper foil with

annealing for 2 h and with the

graphene synthesis within

10 min.

Table 1 Average values of the

roughness profiles along

0L (the roughness average,

Ra); the root mean square

roughness, Rq)

(nm) Cooper foil

Without annealing Annealing (2 h) Annealing (2 h) ? graphene synthesis (10 min)

Ra 4.9 3.1 8.5

Rq 6.2 4.5 14.2
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j ¼ MVql=Mt ¼ �rDfðhÞqlMq ð4Þ

where the difference in partial pressures of water

vapor Dq = qs - qa, qs is the equilibrium water vapor

density for droplet free surface, qa is the water vapor

density in external air, ql is water density, and D is

the diffusion coefficient (water vapor–air). During

evaporation in the CCR mode, the droplet volume

and the contact angle decrease quasi-linearly with

time (Eq. (5).

h=h0 � 1�k1t
n;V=V0 � 1�k2t

n n ¼ 1ð Þ ð5Þ

If a droplet evaporating in the CCA mode, the

droplet volume is replaced with the radius, and then

we get the ratio in the form of Eq. (6),

r=r0 � 1�k3tð Þn; n ¼ 0:5ð Þ ð6Þ

The peculiarity of this droplet evaporation is that

in the initial time period, the droplet contact radius

decreases more slowly than for the large time values.

When the third droplet evaporation mode is real-

ized (both the droplet radius and the droplet contact

angle change with t), the change in r/r0 and h/h0 is

realized according to Eq. (6) (at 0.5\ n\ 1). Thus, a

change in the droplet evaporation mode must also be

accompanied by modification of the law of changes in

volume, radius and contact angle over time.

Figure 9a shows the experimental data of the dro-

plet volume change with time for smooth and struc-

tured walls of the copper foil at a constant wall

temperature Tw = 30 �C. At t\ 500 s, a higher dro-

plet evaporation rate (the average evaporation rate

for the specified period of time) corresponds to a

smooth wall (the volume curve is located below). At

t[ 500 s, the droplet evaporation is higher on the

textured wall.

The roughness of the textured wall has led to a

more stable behavior for the contact line of the drop

(Curve 2 in Fig. 9b). With the exception of the initial

time section, Curve 2 has a quasi-linear character. For

a smooth wall (Curve 1), there are two evaporation

modes. For the first mode, there is a quasi-attached

contact line of a drop. After t = 500 s (the second

mode), the drop radius decreases slightly with time.

As a result, the evaporation rate decreases and the

slope of the curve h decreases.

Figure 10 presents the experimental data of chan-

ges in the droplet volume, the droplet radius and the

droplet contact angle on a copper substrate with a

single graphene layer. Curve 1 corresponds to a

smooth copper surface with graphene. Curve 2 cor-

responds to a textured copper with graphene. The

initial droplet contact angle is higher for the struc-

tured sample (almost by 10�) compared to the smooth

sample.

In accordance with Eq. (4), the droplet evaporation

rate (j) in the CCR mode is proportional to the droplet

radius. The higher the droplet radius r is, the higher

the evaporation rate is. Therefore, the evaporation

rate for the smooth sample (Curve 1) should be

higher than for the textured sample (Curve 2), which

corresponds to Fig. 10a. The CCR mode is imple-

mented on a smooth wall in mode 1 (Fig. 10b, c). In

mode 2, the contact line partially loses stability. The

droplet radius decreases in the CCA mode. Further,

in mode 3, evaporation is realized in the mode of

constant radius of the drop base (CCR mode). The

textured wall increases the stability of the contact line

of the drop (Curve 2). The diameter of the drop is

Figure 8 (a) Changes in the initial contact angle of the drop

depending on duration of the thermal annealing: 1—smooth

copper without graphene; 2—smooth copper with graphene; 3—

textured copper with graphene; (b) multilayer scheme (Cu—

copper, G—graphene, CHn—hydrocarbon impurities, H2O—

water).

(a) (b)

Figure 9 Changes in the droplet parameters with time for copper

without graphene coating (surface temperature Tw = 30 �C;
annealing time of 2 h; 1—the smooth copper; 2—the textured

copper: (a) changes in the droplet volume; (b) changes in the

droplet contact angle.
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quasi-constant in the given time interval

0\ t\ 600 s (Fig. 10b).

The behavior of the contact angle for the textured

sample has a quasi-linear character (Fig. 10c). Despite

the fact that the textured surface has a greater

hydrophobicity (the droplet contact angle h0 (for

t = 0 s) for sample 2 is 96�, and for the smooth sample

h0 = 86�), the droplet evaporation on the textured

surface is realized in the CCR mode.

Figure 11 shows graphs of the drop evaporation at

a constant wall temperature Tw = 70 �C. Curve 1

corresponds to a smooth surface of copper without

graphene. Curve 2 is given for structured copper

coated with graphene. A higher wettability for

smooth copper contributes to a higher evaporation

rate (Fig. 11a). In mode 2, the contact line of the drop

loses stability. For a structured surface, a strong

abrupt increase in the contact angle is observed

(Fig. 11c). After the loss of stability, h increases

almost two times and a new state of equilibrium is

established (Fig. 11c shows photographs of the

abrupt change in the drop profile). Such a strong

change in the contact angle may be associated with

dynamic and thermal factors. Since the size of the

cavity significantly exceeds the height of the precur-

sor film of the drop, there is a liquid film inside the

cavity (Fig. 11d). When the drop evaporates, the

contact angle decreases. Due to the difference in the

curvature of R1 and R2, the shape of the drop may

change. Due to the difference in temperatures Tw1

and Tw2 and due to the gradient of the surface tension

of water, the movement of the liquid is realized. The

thermocapillary force dramatically reduces the sta-

bility of the contact line. In mode 1, the wall textures

increase the stability of the contact line (CCR mode),

and in mode 2 a jump-like transition to a new equi-

librium state is realized.

Conclusions

The combined use of high-temperature annealing, the

copper foil surface texturing and the synthesis of

graphene allows controlling the wettability of the

graphene coating.

The texturing of copper without graphene and the

use of annealing significantly increase the

hydrophilicity (at long-term annealing, the angle

corresponds to 73–76�). The texturing of copper with

(a) (b)

(c)

Figure 10 Changes in the parameters of the droplet with time for

copper with graphene (the surface temperature Tw = 30 �C; the
hot annealing time—2 h; 1—the smooth copper; 2—the textured

copper: (a) the droplet volume; (b) the droplet diameter; (c) the

droplet contact angle.

(a) (b)

(d)(c)

Figure 11 Droplet evaporation over time (the wall temperature

Tw = 70 �C; the annealing time—2 h; 1—smooth copper without

graphene; 2—structured copper with graphene: (a) changes in the

drop volume; (b) changes in the diameter of the droplet base;

(c) changes in the droplet contact angle; (d) photographs of a

sharp change in the shape of a drop and a diagram of the driving

forces near the cavity.
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graphene leads to the hydrophobicity of the substrate

(the contact angle increases to 99–101�). The pro-

longed annealing decreases the angle to 94–96�.
The long-term hot annealing of the smooth copper

with graphene leads to the shift of crystal grain ori-

entation (100) to orientation (111). When texturing

copper, several grain orientations are formed.

Molecular-dynamic modeling has shown that the

wettability depends both on the textures and on the

orientation of the grains and the duration of anneal-

ing. These factors can both increase and decrease

wettability. As a result, copper substrates with gra-

phene can be both hydrophilic and hydrophobic.

The measured experimental value of the contact

angle of 74–76� corresponds to the simulation results

considering the direct proportionality between the

contact angle and the amplitude of the first maximum

of the density distributions of water molecules in the

vicinity of a smooth copper surface.

The textured surface of the copper foil shows an

abrupt increase in the contact angle of the drop in the

final stage of evaporation. After the loss of stability of

the contact line of the drop, the contact angle sharply

increases almost two times and a new state of equi-

librium is established for the contact line.

Combining the surface textures, the graphene

coating and the hot annealing allow changing the

droplet evaporation modes and controlling the dro-

plet evaporation rate.
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