
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
17

/2
02

5 
6:

28
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effects of therma
aDepartment of Mechanical Engineering, Un

29208, USA. E-mail: li01@cec.sc.edu
bDepartment of Chemical Engineering, Uni

29208, USA

Cite this: RSC Adv., 2021, 11, 36354

Received 31st August 2021
Accepted 31st October 2021

DOI: 10.1039/d1ra06561k

rsc.li/rsc-advances

36354 | RSC Adv., 2021, 11, 36354–3
l treatments on the
hydrophobicity and anticorrosion properties of as-
grown graphene coatings

Wei Chang, a Branko N. Popovb and Chen Li*a

Graphene grown on metal substrates has been reported to provide efficient and robust hydrophobicity

during water vapor condensation on metal surfaces. However, due to the intrinsic negative coefficient of

thermal expansion (CTE) of graphene, the potential thermal stress in real application environments can

cause CTE mismatch and then damage the protective graphene coatings, leading to loss of surface

hydrophobicity and anticorrosion properties. In this study, the effect of thermal treatments on

anticorrosion properties and subsequent hydrophobicity of the graphene surface has been investigated.

The as-grown graphene on nickel (Ni–Gr) is explored in terms of survival under severe thermal cycling

(up to 14.62 �C s�1) and effectively maintains its surface properties. As a comparison, the as-grown

graphene on copper (Cu–Gr) easily peeled off from the metal surface due to the thermal stress and

intercalation of oxides. The thermal treatment at 200 �C under ambient atmosphere can elevate the

corrosion rate 2.2 times and 29 times on the Ni–Gr and Cu–Gr surfaces compared to situations without

thermal treatments, respectively. This study shows that the Ni–Gr surface is significantly more robust

than the Cu–Gr surface as a sustainable hydrophobic surface in a complicated thermal environment.
Introduction

Metal corrosion is a critical problem due to its degradation
effect on metal properties such as electrical and thermal
conductivity under humid conditions. Protective coatings are
essential for the long-term uses of metals as efficient anticor-
rosion barriers.1–3 Graphene has attracted great scientic
interest because of its extraordinary properties such as high
thermal and electrical conductivity.4–6 Graphene is highly
impermeable to gases7,8 and robust against oxidation up to
500 �C,9,10 suggesting that graphene lms could be an effective
anticorrosion barrier over a large working temperature region
and corrosive condition. It has been demonstrated that as-
grown graphene on Cu surfaces can effectively prevent Cu
oxidation under harsh conditions such as thermal treatment in
air in short terms11,12 or electrochemical corrosive condi-
tions.13,14 The anticorrosion property of graphene can be further
improved by healing the local defects and stack structures of
few-layer graphene.15,16 Graphene has also been reported to be
a robust hydrophobic coating during water vapor condensa-
tions17,18 by promoting the condensation heat transfer rates
with ultra-thin thickness. The combination of robust hydro-
phobicity and preferred anticorrosion property with ultra-thin
iversity of South Carolina, Columbia, SC
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6359
thickness indicates a great potential of graphene applications
under more challenging thermal environments.

However, graphene has unusual negative linear thermal
expansion coefficient (CTE) compared to most metals.19–21 The
potential thermal stress during thermal treatment between
graphene and metal substrates could easily break down the
original interfacial coupling, providing additional paths for
corrosion species and deteriorating the hydrophobicity of gra-
phene coatings. The effect of this macro-scale thermal stress on
the sustainability of graphene/metal systems is still elusive. Due
to the huge impact induced by robust hydrophobic and anti-
corrosive surfaces in many industrial applications such as
power generation, water harvesting and desalination, sustain-
able hydrophobicity of the as-grown graphene under chal-
lenging thermal environments should be considered.

In this study, the effect of the thermal cycling up to 200 �C
(steadily heated and circularly heated) on the hydrophobicity
and anticorrosion property of as-grown graphene surfaces was
experimentally investigated. The surface hydrophobicity of gra-
phene grown on both nickel and copper with two typical interfacial
bonds22,23 and reported to be robust during steam condensation17,18

was characterized by water contact angles (WCAs). The surface
corrosion behavior of graphene was also systematically investi-
gated by using electrochemical corrosion techniques. This study
showed that as-grown graphene on Ni (Ni–Gr) can provide
sustainable hydrophobicity and sufficiently protect the under-
neath metal from oxidation in air up to 200 �C even with heating/
cooling rate up to 14.62 �C s�1. As a comparison, as-grown
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 As-grown graphene on Cu and Ni substrates: (a) optical and (b) scanning electronic microscope images (SEM) of Cu–Gr surface. (c)
Optical and (d) SEM images of Ni–Gr surface. Insets were the water contact angle of Cu–Gr and Ni–Gr surfaces, respectively. (e) Representative
Raman spectra on Cu–Gr and Ni–Gr surfaces by using a 488 nm laser.
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graphene on Cu (Cu–Gr) could not prevent the underneath metal
substrates from oxidation under the same steady thermal treat-
ment, losing its surface hydrophobicity. The corrosion rate of the
Ni–Gr surface (4.58 � 10�8 m per year) was only �7.4% of the
corrosion rate of the Cu–Gr surface (6.21 � 10�7 m per year) aer
the same thermal circulating treatment.

Material and methods

Graphene was fabricated via chemical vapor deposition (CVD) on
polycrystalline Cu (Alfa Aesar item no. 13380, thickness 0.127mm)
and Ni (Alfa Aesar item no. 10595, thickness 0.127mm) foils based
on our previous studies.24 To eliminate the potential wet corrosion
caused by condensed water vapor from air, samples were then
exposed to atmospheric air at room temperature for the surface
characterization and thermal treatment within the same day.

The full coverage of graphene coatings on both Cu and Ni
substrates were examined by optical and scanning electron
microscopes (SEM) (Fig. 1a–d). WCAs were commonly used to
indicate the ability of the water to wet the solid surface. The
larger WCA means the solid surface is more hydrophobic to
water.25 Here the WCA was measured to characterize the surface
wetting property by a goniometry. The average WCA was then
determined by ve points on each sample surfaces. Raman
spectrum with a 488 nm laser source was used to characterize
the graphene surface. Predominant single-layer graphene with
full coverage and negligible defect density on Cu substrate was
Fig. 2 Thermal cycling: (a) the surface temperature of samples measure
temperature profile and (c) temperature gradient of samples during one

© 2021 The Author(s). Published by the Royal Society of Chemistry
conrmed through the intensity ratio between G and 2D peaks
(Fig. 1e).26,27 The fresh graphene coated Cu samples were
uniformly colored and shiny. As the carbon solubility in bulk Ni
is much higher than that in the bulk Cu, it was difficult to get
dominant single-layer graphene on Ni.22 Few-layer graphene
with noticeable graphene grain boundaries on Ni substrate was
also conrmed by Raman spectrum and SEM images. As shown
in Fig. 1c, the Ni–Gr surfaces exhibited a nonuniform color due
to a variation of the graphene thickness.

Aer the full coverage of graphene on metal substrates was
conrmed, the graphene samples were heated at 200 �C in air via
two different thermal treatments (Fig. 2a). The same batch of
samples were separated into two sets. The rst set of samples was
heated continuously (steadily heated) at 200 �C for two hours and
then naturally cooled to room temperature at a cooling rate less
than 0.275 �C s�1. The other set of samples were heated continu-
ously at the same temperature for 30min, then fast cooled to room
temperature by taking away from the heating plate for 5 min.
Totally 4 cycles of the thermal treatment (circularly heated) were
conducted to control an equivalent heating time at 200 �C. Due to
the thin thickness and low thermal capacity of all metal sheet
samples, a huge temperature gradient over �14.62 �C s�1 (Fig. 2b
and c) was achieved during heating and cooling process and the
local thermal stress was signicantly amplicated compared to the
steadily heating process.
d during the steadily heated and circularly heated process. (b) Typical
thermal cycle.

RSC Adv., 2021, 11, 36354–36359 | 36355
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Fig. 3 Optical images of Cu–Gr surface after (a) circularly and (b) steadily heated in air. Optical images of Ni–Gr surface after (c) circularly and (d)
steadily heated in air. (e) Representative Raman spectra on both Cu–Gr and Ni–Gr surface by using a 488 nm laser.
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Results and discussion

Fig. 3 illustrated the optical images of both Cu–Gr and Ni–Gr
sample surface aer thermal cycling and steady heating treat-
ments, respectively. On the Cu–Gr surfaces aer the thermal
cycling treatments, graphene coatings torn apart as conrmed
by visible cracks shown in Fig. 3a. A few parts of the surface
maintained the shiny color where the Cu surface was still well
protected by residue graphene coatings. The grey to dark region
indicated partial oxidations of the underneath Cu substrate
which may be caused by the graphene peeling off and subse-
quent air exposure. Further Raman spectrum was used to check
these oxidized regions. Typical peaks for graphene (Fig. 3e) were
not found, indicating the local peel-off of graphene coatings.

As a comparison, aer the steadily heated treatment, the Cu–
Gr did not exhibit obvious peeling off region of graphene
coatings and the area of thermally oxidized region (dark region
in Fig. 3a) was much smaller than that aer the circularly heat
treatment. Typical peaks of Raman spectrum were found on the
sample surfaces (Fig. 3e). However, randomly distributed
wrinkles of graphene were observed, and the underneath Cu
substrates displayed different color compared to the original
Cu–Gr surface. This change of color indicated the graphene
coated Cu succumbed to oxidation even with the existence of
graphene, which could be explained by the migration of oxygen
through defects and detachment of graphene from the
Fig. 4 Scanning electron Microscope (SEM) images of Cu–Gr surface af
analysis, respectively. SEM images of Ni–Gr surface after (d) circularly and

36356 | RSC Adv., 2021, 11, 36354–36359
substrates. In the well-protected regions, no apparent wrinkle
was observed, manifesting a different bonding strength of gra-
phene compared to those wrinkled regions. This result agreed
with recent studies in which graphene-covered polycrystalline
Cu demonstrated a facet-dependent oxidation behavior.28

No distinct differences were observed on the Ni–Gr surfaces
aer the two types of thermal treatments (Fig. 3c and d). Gra-
phene signal from the Raman spectrum indicated the existence
of original graphene coatings. The defects density of Ni–Gr
surfaces represented by the D peak intensity26,29 indicated
negligible difference aer both thermal treatments. However,
compared with the optical images of fresh surfaces as illus-
trated in Fig. 1, the background color of the Ni–Gr surfaces aer
thermal treatment was changed. The enhanced color contrast
between the Ni grain boundaries and its intrinsic region
conrmed a slightly variation of oxidants barrier effects aer
the thermal treatments.

Further detailed studies of graphene surface aer thermal
treatments were performed via scanning electron microscope
(SEM) and WCA measurements. In case of Cu–Gr surfaces,
graphene coatings totally peeled off from the underneath Cu
substrate and oxides were formed by thermal-cycling heat
treatment. As illustrated in Fig. 4a, only a few parts of the gra-
phene were le on the color changed region. The water droplet
that used to measure the WCA was fully spread on this sample
surface which indicated the loss of surface hydrophobicity. As
ter (a) circularly and (b) steadily heated in air for 2 h and their (c) EDAX
(e) steadily heated in air for 2 h and their (f) EDAX analysis, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 X-ray photoelectron spectroscopy analysis of Ni–Gr surfaces after circularly and steadily heated in air for 2 h: (a) XP O 1s core level lines
and (b) Ni 2p core level lines.
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shown in Fig. 4c, the C : O stoichiometry from the energy
dispersive X-ray analysis (EDAX) is revealed to be 30.3 : 69.7
atomic percent, suggesting a remarkably large area of graphene
peeled off. Interestingly, this peel-off phenomenon was not
observed on the graphene surfaces steadily heated. However,
oxides on defects and small cracks of graphene coating were
observed during this thermal treatment process, which esca-
lated the intercalation of oxidizing species below the graphene
coating. Fig. 4b illuminated the intercalation of oxides where
graphene coatings still covered. The WCA became 40 � 3�,
which was 11� smaller compared to the intrinsic Cu–Gr surface.
The C : O stoichiometry of these surfaces revealed an apparent
increase on the atomic percentage ratio (Fig. 4c).

Note that the distinct difference resulting from thermal
treatments exhibited neglectable effects on the structures of the
Ni–Gr surfaces. No obvious cracks or large areas of graphene
peeling-off were observed (Fig. 4d and e). The WCA on these
surfaces (70.3 � 3� and 71 � 3�) were close to that on the
original Ni–Gr surface. Moreover, the difference of CTEs
between single layer graphene (��4.8 � 10�6 K�1)20 on copper
(�14.7 � 10�6 K�1)30 was only 14% higher than that of few-layer
graphene (��2.6 � 10�6 K�1)20 on nickel (�14.5 � 10�6 K�1)30

at the heating temperature of 200 �C. This small difference on
the mismatch of CTEs between these two graphene–metal systems
under the same thermal treatment cannot be used to explain the
huge difference between the Cu–Gr and Ni–Gr systems. The
different interfacial bonding between graphene and metal
substrates where the adhesion energy of graphene on Ni was re-
ported to be 5.6–7 times higher than that of graphene on Cu24,31

could be themain factor. The strong interfacial bonding in the Ni–
Table 1 Mass and atomic percentages of Ni–Gr surfaces after thermal
treatments

Ni O C

Circularly heated Mass conc. % 0.07 2.24 97.69
Atomic conc. % 0.01 1.69 98.29

Steadily heated Mass conc. % 0.10 2.20 97.69
Atomic conc. % 0.02 1.66 98.31

© 2021 The Author(s). Published by the Royal Society of Chemistry
Gr system can survive from thermal cycling heat treatment and
hence, maintain the graphene functionalities on Ni substrates.

Fig. 4d and e demonstrated the point oxides which weremost
likely to appear on the graphene grain boundaries. The intrinsic
defects such as grain boundaries and atomic vacancies in the
graphene opened extra paths for these oxidizing species to reach
the underneath substrate. The intensity of O K peaks on Ni–Gr
sample surfaces was much less than that on Cu–Gr sample
surfaces, agreeing well with the observation on SEM images.

Since the graphene surfaces aer thermal treatments
appeared to be robust and only small oxides were observed
through the SEM images, the X-ray photoelectron spectroscopy
(XPS) of these Ni–Gr surfaces was further investigated to iden-
tify the surface chemical component development. No obvious
peaks of metal oxides were found from O 1s and Ni 2p spec-
trums in Fig. 5a and b, respectively. Ni substrates were covered
by graphene as indicated by Ni 2p signal at the noise level due to
the detect depth of XPS. The atomic percentage ratios of
Ni : O : C were 0.01 : 1.69 : 98.29 and 0.02 : 1.66 : 98.31 for
surfaces treated with thermal cycling and steady heat treat-
ments as shown in Table 1, respectively. Apparently, the
observed oxide sites on Ni–Gr surfaces were rare and these
passivating oxides could sufficiently impede the diffusion
process of oxidized species toward the metal surface below the
graphene coating.23,28 The Ni–Gr surface with strong interfacial
bond can survive from the huge thermal stress during thermal
cycles.

The effect of thermal treatments on the overall corrosion
rates were analyzed via Tafel extrapolation method13,14 to
Fig. 6 Schematic of test setup for Tafel test.

RSC Adv., 2021, 11, 36354–36359 | 36357
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Fig. 7 Tafel plots of (a) Ni–Gr and (b) Cu–Gr samples after different heat treatments. (c) Corrosion rates of Ni–Gr and Cu–Gr surfaces after
different heat treatments extracted from Tafel plots.
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explore the mechanism of the robust Ni–Gr surfaces with
different thermal treatments. A three-electrode at-cell (Fig. 6)
which consisted of an exposed working electrode area of 0.2826
cm2, a saturated Ag/AgCl reference electrode (Gamry Instru-
ments, part no. 930–29) and a platinum wire as the counter-
electrode. Details of Tafel tests and corrosion rate derivation
were described in our previous study.32 The original Cu–Gr and
Ni–Gr samples were used to measure the benchmark of corro-
sion rates of graphene coatings without any thermal treatment.
It was notable that the curves for Ni–Gr surfaces aer thermal
treatments was shied slightly towards to positive potentials
and higher corrosion current density compared to fresh Ni–Gr
surfaces (Fig. 7a), indicating a marginal degradation on the
anticorrosion performance. However, Cu–Gr surfaces exhibited
a huge shi to larger negative potential and a signicantly
higher corrosion current density. As-grown graphene on the Cu
substrate aer steady thermal treatments revealed negligible
protections during the electrochemical reaction, agreeing well
with the observation as shown in Fig. 3 and 4. This could be
explained by the breakdown of continuous graphene coatings
and subsequent local corrosion underneath the graphene
coating.

In Fig. 7c, the corrosion rates on all tested graphene surfaces
were summarized. On the original graphene coated Cu and Ni
samples, the corrosion rates of 1.69 � 10�8 m per year on the
Ni–Gr surface and 2.14� 10�8 m per year on the Cu–Gr surfaces
were achieved. Thermal stress induced by thermal-cycle heat
treatments demonstrated a slightly worse degradation of
corrosion rates of graphene samples compared to those steadily
heated samples. The Ni–Gr surface treated by thermal cycling
exhibited �2.7 times (4.58 � 10�8 m per year) increasement on
the corrosion rate, providing a good tolerance of thermal stress
effect on corrosion. However, this same thermal approach could
elevate the corrosion rate up to 29 times (6.21 � 10�7 m per
year) larger compared with the intrinsic surfaces on Cu–Gr
samples. The huge difference on corrosion rates between the
Ni–Gr and Cu–Gr samples revealed that the wettability and
anticorrosion property of graphene surfaces could be highly
affected by the thermal treatment. The hydrophobicity of Ni–Gr
surface can survive in more challenging thermal environments.
36358 | RSC Adv., 2021, 11, 36354–36359
Conclusions

We experimentally investigated the effect of different thermal
treatments on the hydrophobicity and anticorrosion properties
of two typical graphene–metal systems (Cu–Gr and Ni–Gr surfaces)
by varying the heating and cooling rates. Circularly heating can
easily degrade the quality of graphene coatings due to the negative
CTE of graphene and subsequent intercalations of oxides.
However, the strong interfacial bonding between graphene and
nickel substrates can survive from fast thermal cycles up to
14.62 �C s�1 and hence, impede the oxidizing species intercala-
tions even when local passivating oxides appeared. The original
hydrophobicity of the graphene surface was maintained. This
study advances understandings of graphene coatings on the nickel
substrate as the sustainable hydrophobic surface, which is more
robust than the Cu–Gr system under complicated water vapor
condensation environments.
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