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Abstract 5 

Graphene, a single layer of carbon atoms arranged in an aromatic hexagonal lattice, 

has recently drawn attention as a potential coating material due to its 

impermeability, thermodynamic stability, transparency and flexibility. Here the 

effectiveness of a model system; a graphene covered Pt(100) surface, for studying 

the anti-corrosion properties of graphene, has been evaluated. Chemical vapour 10 

deposition techniques were used to cover the single crystal surface with a complete 

layer of high-quality graphene and the surface was characterised after exposure to 

corrosive environments with scanning tunnelling microscopy and Raman 

spectroscopy. Graphene covered Pt samples were exposed to: i) ambient atmosphere 

for 6 months at room temperature and 60 °C for 75 min ii) Milli-Q water for 14 15 

hours at room temperature and 60 °C for 75 min and iii) saltwater (0.513 M NaCl) 

for 75 min. at room temperature and 60 °C. STM provides atomic resolution images 

which show that the graphene layer and the underlying surface reconstruction on the 

Pt(100) surface remain intact over the majority of the surface under all conditions 

except exposure to saltwater when the sample is kept at 60 °C. Raman spectroscopy 20 

shows a broadening of all graphene related peaks due to hybridisation between the 

surface Pt d-orbitals and the graphene π-bands. This hybridisation also survives 

exposure to all environments except saltwater on the hot surface, with the latter 

leading to peaks more representative of a quasi free-standing graphene layer. A 

mechanism explaining the corrosive effect of hot salt water is suggested. Based on 25 

these experiments graphene is proposed to offer protection against corrosion in all 

environments, except saltwater on a hot surface and Raman spectroscopy is 

proposed as a useful method for indirectly assessing the chemical state of the Pt 

surface. 

1 Introduction 30 

Since the first demonstration of the remarkable electronic properties of graphene,1 

research efforts have expanded rapidly to include graphene in a range of 

applications, for example, ultrafast electronics,1 sensors with single molecule 

sensitivity2 or highly efficient solar cells.3, 4 More recently, research has expanded to 

include graphene-based anti-corrosion coatings.5   35 

 

An ideal material for anti-corrosion coatings for metals should possess a range of 

properties including being lightweight, atomically thin, impermeable, inert, wear 

resistant and mechanically strong. Graphene; a one-atom thin layer of carbon atoms 

arranged in a honeycomb lattice, satisfies all of these requirements. 40 

 

Graphene transmits 97 % of irradiated light, across a broad range of the eletro-
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magnetic spectrum. This can be considered an advantage in anti-corrosion coating 

applications where maintaining the surface optical appearance is desirable. 

Graphene exhibit high flexibility,6 which can follow the curvature or roughness of 

the surface of an underlying substrate to a high extent. Flexibility is useful not only 

in coating applications but also for flexible electronics.7, 8 Graphene is also 5 

thermodynamically stable, with stability arising from long range delocalisation of 

the π-electron cloud, giving rise to an extended aromatic network of C=C bonds 

across the entire basal plane. This chemical inertness is one of the strongest drivers 

justifying the use of graphene as an anti-corrosion coating. For example, graphene 

exposed to high pressures of superheated water, a highly corrosive cocktail, has 10 

proven more chemically stable than diamond exposed to the same conditions.9 

Graphene is able to resist reaction, breakage and penetration by superheated water 

when this is encapsulated in highly pressurized nano-bubbles formed at a graphene-

diamond interface. The basal plane is not only chemically inert but is also 

impermeable. Not even He atoms can penetrate a single layer of defect-free 15 

graphene.10   

 

The combination of properties described above has ignited research efforts aimed at 

testing the limits of graphene coatings. A range of metallic substrates has been 

considered and, similarly, a range of methods has been used for producing the 20 

graphene coating. Examples of studies where the graphene is shown to have a 

definite positive effect on the protection of metals from corrosive environments such 

as air, seawater, O2 or CO, include Cu,11-14 Pt,15-17 Ru,18 Ni,12, 19, 20 Fe21 and stainless 

steel 304.22 These investigations have included both graphene grown directly on the 

substrate by CVD and graphene transferred after growth. Consequently graphene 25 

layers of differing quality are often compared in the literature, producing somewhat 

contradictory results regarding the use of “graphene” as an anti-corrosion coating. 

For example, reduced graphene oxide, often considered to be low-quality graphene, 

has been shown to protect Cu from corrosion upon exposure to a saline 

environment.23 Yet, in a separate study, it has been suggested that a defected 30 

graphene coating on Cu can lead to enhanced corrosion of a Cu surface after long 

term exposure to air.24, 25 The authors of the latter study suggested that oxides on an 

uncovered Cu surface block electrical contact between unreacted areas and inhibit 

wet corrosion. The graphene coating, however, acted as a continuous source of 

electrons and provided an electrical contact enabling corrosion of the entire surface. 35 

Furthermore the Cu oxide layer below the coating was stressed, since it developed 

with a non-uniform thickness and this led to cracks, enabling pitting and crevice 

corrosion. In this context it is interesting to know that graphene oxide, an insulator, 

has been shown to protect both Cu26 and mild carbon steel27 from oxidation. This 

may be because graphene oxide, although chemically reactive, opaque and stiff, does 40 

not conduct the electrons responsible for some of the galvanic corrosion, which has 

been observed to occur, in some cases, for conducting graphene coatings.  

 

The majority of the graphene produced for coating applications is produced 

following chemical vapour deposition protocols on metals, since this gives large 45 

area graphene often of high quality, and with good substrate adhesion. Such 

graphene sheets can also be transferred to yield a graphene coating layer on other 

desired surfaces.5, 28, 29 Often, however, the transferring method deteriorates the 

graphene quality by introducing numerous defects. Graphene coatings can be 
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improved by growing or transferring more layers on top of each other to seal the 

defected areas. Thus the possibility of using multilayer graphene as a coating is an 

ongoing area of study.5, 30, 31 Such multilayer systems, however, are not suitable for 

all substrates and it can be difficult to accurately reproduce the same quality of 

graphene coating repeatedly. 5 

 

The synthesis of a high quality graphene coating using conventional chemical 

vapour deposition (CVD) methods requires substrate temperatures > 800 °C. For 

more industrially relevant scenarios, recent studies have shown the synthesis of 

graphene coatings directly on steel and Fe surfaces to be possible.22, 32, 33. The high 10 

growth temperatures are, however, in many cases problematic when dealing with 

alloys and steels, due to phase changes and resulting reductions in mechanical 

properties. Research has therefore focused on finding an optimal low temperature 

growth procedure in order to improve the applicability for commercial applications 

in the coating industry. In the pursuit of a low temperature growth mechanism the 15 

use of large carbon based molecular building blocks, such as coronene or 

naphatelene, has proven to be advantageous.20, 34-37 Nonetheless, controlled direct 

graphene growth on Fe-based substrates is difficult compared to more catalytically 

active transition metals, and often compromises in reproducibility and graphene 

quality have to be made. 20 

 

DFT studies have shown that a pristine, defect-free graphene layer offers an 

impenetrable barrier to oxygen molecules and atoms.38 The authors calculated a 

lower energy barrier for reversibly binding oxygen atoms to graphene than for the 

same atoms to diffuse through the graphene basal plane and reach the metal 25 

substrate below. However, the diffusion barrier through the graphene could be 

significantly lowered by the presence of defects, such as holes or atomic vacancies, 

in the graphene lattice. In line with this experimental studies demonstrates that 

oxygen atoms can intercalate beneath a high quality graphene layer grown on an 

Ir(111)39-42 substrate. The intercalation requires slightly elevated temperatures that 30 

are thought to provide the energy required to overcome the diffusion barrier at 

defect sites and graphene edges allowing the oxygen atoms to diffuse beneath the 

graphene sheet at these areas.  

 

Several studies highlight that the protective properties of a single graphene sheet are 35 

compromised by the presence of wrinkles, grain boundaries and atomic defects.5, 43, 

44 These areas constitute reactive sites where elements or molecules have an 

increased possibility of intercalating, thus reaching the substrate surface. For 

example, it has been shown that oxygen molecules can dissociate and bind to carbon 

atoms at defect sites, if those carbon atoms constitute an incomplete hexagon in the 40 

graphene lattice.38 Once oxygen atoms are bound, the energy barrier preventing the 

oxygen to reach and bind to the surface below the graphene is low, and thereafter 

intercalation proceeds rapidly. Similarly, wrinkles in a graphene sheet stretch the 

carbon-carbon bonds in these regions of high curvature, thus increasing the chemical 

reactivity of the graphene π-bands in these areas. Breaking a C=C bond under strain 45 

is energetically more feasible than reactions on the flat basal plane. The thermal 

expansion coefficient of metallic substrates is larger than that of the graphene and 

wrinkles frequently arise during cooling of a system after the high temperature 

growth typical of chemical vapour deposition techniques. The challenge, therefore, 
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is to prevent the formation of sites facilitating the intercalation of oxidizing species 

since this may lead to reaction with the substrate below and thereby increase the rate 

of corrosion.  

 

While reducing the defect density and/or passivating vacancy sites that act as 5 

intercalation pathways is key to increasing corrosion protection with graphene 

coatings,45 it is not trivial to predict the quality of graphene required. The 

mechanism of protection will differ with the substrate–graphene interaction and with 

environment to which the system is to be exposed.17  

 10 

The challenge, then, is to combine high resolution characterisation methods, such as 

scanning tunnelling microscopy with large scale, higher throughput characterisation 

methods, such as Raman spectroscopy. STM can provide atomic resolution of the 

graphene lattice and at the same time provides a topographic overview of the 

surface, which can be used for assessing physical changes as a function of surface 15 

reactivity. Raman spectroscopy gives data averaged over a larger area, limited in this 

case by the spot size of the laser on the sample. Although Raman spectroscopy from 

metal surfaces is usually not favourable because of the screening from the metal, 

graphene samples on metal substrates are well studied and several graphene-metal 

systems are characterised in the literature. When combined, the three graphene 20 

peaks, the D, G and 2D peaks, provide a chemical fingerprint of the graphene lattice, 

and their position and intensities are strongly correlated to the chemical environment 

of the graphene sheet. In some cases, when the graphene sheet strongly interacts 

with the underlying metal surface, such as graphene on Ir, the Raman signal is 

completely annihilated because the Raman active graphene modes hybridise too 25 

strongly with the transition metal surface d-orbitals.46 In cases where this 

hybridisation is not as strong, such as graphene on Cu, Raman spectroscopy can be 

used to determine the quality of a graphene layer. The graphene-Pt(100) system 

exhibit fairly strong hybridization and Raman peaks from graphene modes, although 

visible, appear strongly attenuated and blue-shifted. In this article we propose to use 30 

this effect to establish the chemical state of the Pt(100) surface beneath a graphene 

layer. Since lifting of the Pt(100) reconstruction is associated with the formation of 

surface oxides, this lifting will simultaneously reduce hybridisation between the Pt 

surface d-orbitals and the graphene π-band. Hence, graphene becomes more free-

standing and thus the Raman peaks will be red-shifted.  35 

 

Previous work from our group has investigated the interaction between the Pt(100) 

surface and graphene with scanning tunnelling microscopy, and shown the system to 

be useful for investigating the anti-corrosion properties of graphene on an atomic 

level.16, 17 This is facilitated by the distinct striped surface reconstruction which 40 

serves as a fingerprint of the most stable form of a clean unreacted Pt(100) surface.47 

Upon oxidation of the surface the reconstruction is lifted and the excess Pt atoms 

form clusters lying on top of a truncated bulk (100) arrangement of the remaining 

surface atoms. The surface reconstruction and its lifting can be followed by scanning 

tunnelling microscopy (STM), even when covered by a graphene layer.16, 17, 48 45 

Previous STM studies on this system has demonstrated that graphene acts as an 

effective anti-corrosion coating against O2 and H2S, while CO was shown to 

intercalate at the graphene-Pt(100) interface for pressures above 10-6 mbar.16, 17 Here 

we test the stability of the graphene-Pt(100) system towards air, water and saltwater 
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while keeping the sample at either room temperature or at 60 °C. For the first time, 

we also relate the lifting of the Pt(100) surface reconstruction, following the 

oxidation of the Pt surface, to changes in peak positions and intensities in Raman 

spectroscopy. The graphene coating was observed to be effective in protecting the Pt 

surface from reactions with air and water, while it was observed to fail under salt 5 

water at 60 °C, where a lifting of the Pt(100) surface reconstruction was observed by 

STM and via a shift in Raman peak intensity and position.   

2 Experimental Methods 

Graphene samples were prepared in an ultra-high vacuum chamber with a base 

pressure of 5x10-10 mbar. Pt(100) single crystal samples were cleaned by several 10 

cycles of argon sputtering followed by flash annealing to 900 °C. For graphene 

growth the sample was maintained at 700 °C and exposed to ethylene gas at a partial 

pressure of 5x10-7 mbar for 40 min. The sample was subsequently annealed to 800 

°C in UHV for 5 min. Low-energy electron diffraction (LEED) (Omicron 

Nanotechnology GmbH) was performed to check the quality of the prepared 15 

graphene. Scanning tunnelling microscopy was performed in air using an Aarhus-

type STM49 with a cut Pt/Ir tip. The distances measured by STM are accurate to 

within 10% of the quoted values. These uncertainties are due to piezo creep and/or 

thermal drift.  

 Raman spectra were obtained using a Renishaw Invia Reflex Raman Spectroscopy 20 

System. All spectra were obtained using a 457 nm Ar-ion laser with a 10 s 

acquisition time and 50 accumulations per spectrum through a 100x objective. 

Spectra were taken at several points for each sample and the spectra shown here are 

representative thereof.    

 To test the stability of graphene as an anti-corrosion coating, the samples were 25 

exposed to: (i) ambient conditions (22 ˚C in air), (ii) ultra-pure water (type 1, Milli-

Q grade), and (iii) a seawater analogue prepared by dissolving pure NaCl in Milli-Q 

water (0.513 M NaCl).  Where samples were heated to 60 ˚C a hot plate was used. A 

k-type thermocouple mounted on the back of a dummy sample of the same 

thickness, also placed on the hot plate, was used to measure the temperature.  30 

For short term exposures to solutions, i.e < 75 min., the solutions were continuously 

added to maintain a full surface coverage. For longer term exposures to Milli-Q 

water, i.e.14 hour, a humidity chamber was built and used to reduce the rate of water 

evaporation during the experiment. 

 35 

3 Results 
 
A graphene layer was grown on a clean Pt(100) surface following the recipe 

described in the Experimental section. This pristine graphene-Pt system was 

characterised and the results are shown in fig. 1. Fig. 1a shows a low-energy 40 

electron diffraction (LEED) pattern collected immediately after growth under ultra-

high vacuum conditions. Fig. 1b shows a representative scanning tunnelling 

microscope image and fig. 1c a Raman spectrum, both collected under ambient 

conditions. In the LEED pattern in fig. 1a both the striped pattern resulting from 

Hex-R0.7° reconstruction of the Pt(100) surface and a ring arising from the graphene  45 
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Fig. 1.: Characterization of a pristine graphene-Pt(100) sample. a) LEED pattern (E0 = 75 eV) 

for a graphene covered Pt(100) surface recorded under UHV. Points representing the striped 

Hex-R0.7° reconstruction are marked with arrows. The dark circle representing graphene 

domains is also marked with an arrow. b) An STM image recorded under ambient conditions 

showing the Pt(100) surface reconstruction depicted as lines running almost vertically. A 5 

graphene grain boundary is marked by an arrow. It = 0.640 nA, Vt = 275.3 mV. The inset 

shows an atomic resolution image of the graphene covering the reconstructed Pt surface. It = 

1.080 nA, Vt = 59.2 mV. c) A Raman spectrum of the pristine graphene-Pt(100) sample. The 

spectrum shows three peaks relevant for the graphene: D, G and 2D, and one peak originating 

from O2 present in the air. The peak positions are 1375 cm-1, 1596 cm-1, 2753 cm-1 and 1556 10 

cm-1 respectively. 

 

layer are visible. The weak interaction between graphene and the reconstructed 

Pt(100) surface does not drive a preferred angular orientation between different 

graphene domains, resulting in the circular diffraction pattern visible in LEED 15 

experiments.50 The STM image in fig. 1b also depicts the Pt surface reconstruction 

and the graphene layer, the later visible with atomic resolution in the inset image. 

The Pt surface reconstruction appears as row of atoms running from top to bottom in 

the larger scale image. This is also visible to some extent in the inset. The visibility 

of the reconstruction under ambient conditions demonstrates that the graphene layer 20 

protects the underlying Pt surface from immediate reactions with the ambient 

environment. Raman spectroscopy, taken of the same sample under the same 

conditions reveals four distinct peaks, fig. 1c. Three of these peaks are related to the  
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Fig. 2: STM images of graphene-Pt(100) following air exposure at room temperature a)-d) and 

at 60 °C e)-f).  a) After 8 days It = 0.960 nA, Vt = 4.0 mV b) after 34 days It = 0.350 nA, Vt = 

55.8 mV c-d) after 6 months. c) It = -0.570 nA, Vt = - 630.0, d) shows an atomic resolution 

image in an area of lifted reconstruction. It = -1.080 nA, Vt = - 374.1 mV. e) After 75 min. air 5 

exposure at 60 °C showing intact reconstruction running as vertical lines on the Pt 

terraces. It = 0.280 nA, Vt = 131.8 mV. f) Atomic resolution of the graphene coating 

covering the Pt(100) reconstruction. It = 0.750 nA, Vt = 24.4 mV. 
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Fig. 3.: STM images of graphene-Pt(100) exposed to water for a) 14 hours at room 

temperature. It = 0.260 nA, Vt = 18.6 mV. Noise has been filtered from this image to reveal the 

Pt(100) reconstruction. A fast fourier transform of the image is depicted in the inset (upper 

right corner) with arrows marking the points corresponding to the reconstruction. b) 75 min. at 5 

60 °C showing the intact reconstruction running as vertical lines on the Pt terraces in the 

image. It = -0.260 nA, Vt = -1277.1 mV. Inset shows atomic resolution of the graphene coating 

covering the intact Pt reconstruction. It = 0.680 nA, Vt = 220.9 mV.   

 

graphene layer: i) a low intensity D peak at 1376 cm-1; ii) a G peak at 1596 cm-1 and 10 

iii) a 2D peak at 2753 cm-1. The last peak at 1556 cm-1 can be attributed to O2 from 

the air. These peaks have been assigned on the basis of calculations performed on 

graphene on a Pt substrate.46 By fitting the peaks with Lorentzian functions, a D/G 

intensity ratio of 0.32 was measured. Using the empirical relation ��
� ����� �

�1.8 � 0.5� � 10����
����/���

��, where �� is the distance between defects, �� is the 15 

laser wavelength in nm, and ID and IG are the peak intensities of the D and G peaks 

respectively, yields �� � 16	nm.51 The equation is valid assuming a defect distance 

larger than 10 nm, which is supported by analysis of the STM images. 

Following the preparation and characterisation of the pristine graphene-Pt(100) 

system, stability tests were performed in order to test the limits of graphene as an 20 

anti-corrosion protective barrier. Experiments may be divided into three categories 

testing against: i) Air: A 6 month study at room temperature and a 75 min. test at 60 

°C, ii) water: a 14-hour test at room temperature and a 75 min. test at 60 °C, iii) 

saltwater: A 75 min. test at room temperature and a 75-min. test at 60 °C. Scanning 

tunnelling microscopy was performed for all experiments (figs. 2, 3 and 4) and 25 

Raman spectra were obtained from samples exposed to 75 min. tests (fig. 5). The 

coating was deemed successful if the STM images revealed the survival of the 

Pt(100) surface reconstruction over most of the surface and the Raman shift for 

graphene peaks did not move to lower wavenumbers, relative to the shifts measured 

for the pristine graphene-Pt(100) system. As will be shown below, the graphene 30 

coating was successful in all cases aside from the 75 min. 60 °C saltwater test. 

Fig. 2 shows STM results from the stability test against air. A pristine graphene-

Pt(100) system was left in ambient air for a period of 6 months and periodically 

characterised. Fig. 2 includes representative images after a) 8 days, b) 34 days and c)  
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Fig. 4.: a-c) STM results following 75 min. exposure of graphene-Pt(100) to saltwater (0.513 

M) a)-b) at room temperature, a) It = -0.260 nA, Vt = -611.3 mV. b)  Atomic resolution of the 

graphene coating covering the intact Pt reconstruction. It = -0.970 nA, Vt = -2.7 mV. The inset 

shows a zoom on the graphene coating depicting the hexagonal pattern of the graphene. It = -

0.950 nA, Vt = -2.7 mV. c) At 60 °C. It = 0.470 nA, Vt = 1250.0 mV. The image shows a 5 

roughening of the surface consisten with what is expected from a lifted Pt reconstruction.  

and d) 6 months. In fig. 2a-c it is evident that the reconstruction of the Pt(100) 

surface, represented in the images as vertical lines running from top to bottom, 

remains predominantly intact. In figs. 2b and 2c the bright and dark areas represent 

two different terraces, separated by a step edge running from top to bottom, on the 10 

Pt surface. In fig. 2c there are some areas were the Pt reconstruction has begun to 

lift, represented by the bright protrusions in the image. An atomically resolved 

image of an area with lifted reconstruction is shown in fig. 2d. From this image it is 

evident that the graphene carbon lattice remains intact despite the lifting of the 

reconstruction. The larger light and dark areas of contrast in this image reflect the 15 

topography of the underlying Pt surface. The Pt(100) surface increases in roughness 

in response to the lifting of the reconstruction.16 In a separate experiment a 

graphene-Pt(100) sample was heated in ambient air conditions to 60 °C. The STM 

results are shown in figs. 2e&f. In fig. 2e multiple flat terraces on the graphene  
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Fig. 5.: Raman spectra corresponding to samples exposed to: a) 75 min., air, 60 °C, b) 75 min., 

water, 60 °C, c) 75 min., saltwater, room temperature and d) 75 min. saltwater 60 °C. Plotted 

with a a) green square, b) yellow circle, c) red triangle and d) blue cross. Spectra a-c have 

similar peak shapes and positions while in spectrum d the peaks have shifted and increased in 

intensity.   5 

covered Pt(100) surface are shown. The reconstruction is observed to be intact, 

visible as lines running vertically on the terraces. In fig. 2f atomic resolution of the 

graphene covering the intact reconstruction is shown.  

The stability of the graphene coating against water was also tested and STM results 

are presented in fig. 3. Fig. 3a shows a representative STM image following 10 

exposure of a pristine graphene-Pt(100) sample to Milli-Q water for 14 hours at 

room temperature. The image has been filtered to remove background noise. A 

spatial fast fourier transform (FFT) of the (unfiltered) image is included in the inset 

with white arrows pointing out the spots arising from the intact reconstruction. The 

intact reconstruction confirms that the graphene protects the Pt(100) surface from 15 

reaction with water at room temperature for at least 14 hours. In a separate 

experiment, a pristine graphene-Pt(100) sample was exposed to Milli-Q water at 60 

°C, and a representative STM image of the resulting surface is included in fig. 3b. 

The reconstruction remains visible on the surface, indicating efficient coating 

performance under these conditions.  20 

Finally the stability of the graphene coating was tested against saltwater. A saltwater 

solution (0.513 M) was prepared as an analogue to the Northsea (0.56 M). Two 75 

min experiments were performed, figs. 4a&b with the sample at room temperature 

and fig. 4c with the sample at 60 °C. In figs. 4a&b the reconstruction, running as 

vertical lines in the images, remains intact. Fig. 4b shows atomic resolution of the 25 

graphene layer with the intact reconstruction visible beneath. The inset in fig. 4b 

shows a close-up of the graphene honeycomb lattice. The images show that the 

surface remains unperturbed and the graphene coating protects the Pt surface. 

Fig. 4c shows a representative STM image following the second experiment, where 

the sample was heated to 60 °C while exposed to the saltwater solution. The surface 30 
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roughness has increased, this is especially visible in the left side of the image. This 

roughness represents the lifting of the Pt(100) surface reconstruction below the 

graphene layer, suggesting that the graphene coating has failed to protect the Pt 

surface from reaction with hot saltwater. 

 5 

Fig 5 shows Raman spectra collected from samples exposed to a) (green squares) 75 

min in air at 60 °C b) (yellow circles) 75 min in water at 60 °C c) (red triangles) 75 

min in saltwater at room temperature and d) (blue crosses) 75 min in saltwater at 60 

°C. There are four peaks visible in each Raman spectrum and they are labelled as 

they were for the pristine graphene-Pt(100) system in fig. 1c; three peaks 10 

corresponding to the graphene layer (D, G and 2D peaks) and an O2 peak from 

oxygen molecules present in the air. Peak positions and intensities were determined 

by fitting with Lorentzian functions. The Raman spectra can be divided into two 

distinct groups, the first group shows peak positions similar to the pristine graphene-

Pt(100) system shown in fig. 1c. These data relate to the 75 min. ambient saltwater 15 

test, the 75 min. 60 °C air test and the 75 min. 60 °C water test. ID/IG ratios for this 

group yield an average value of 0.20 ± 0.016, giving a defect distance, �� � 20	nm, 

indicating lower defect density than that for the pristine graphene-Pt(100) presented 

in fig. 1c (where �� � 16	nm). This indicates that the defect density may vary 

between different growth cycles and/or may not be homogeneous across the 20 

graphene layer.  

 

The Raman spectrum relating to the 75 min. 60 °C saltwater test is obviously 

different from the spectra in group one; peak positions are red-shifted and the 

relative as well as the absolute intensities of the individual peaks have changed. The 25 

D peak has shifted to 1361 cm-1, the G peak to 1590 cm-1 and the 2D peak to 2715 

cm-1. The ID/IG ratio has increased to 1.1 corresponding to an estimated defect 

distance, �� � 8	nm. It was not possible to obtain STM data with sufficient 

resolution to confirm this ��, which is below the threshold that would allow use of 

the empirical relation between ID/IG and ��.51  30 

4 Discussion 

In this work it has been demonstrated that graphene protects the surface 

reconstruction on the Pt(100) surface from reactions with oxidising species under 

ambient conditions for up to 6 months, from reactions with water for up to 14 hours, 

and from reactions with air and water at 60 °C for at least 75 min. However, during 35 

the long term stability test in air (fig. 2) the Pt surface reconstruction was observed 

to be lifted in some small, confined areas on the surface after 6-months (fig. 2d). It 

is expected that these areas are related to small scale defects such as grain 

boundaries which were already present on the pristine graphene-Pt(100) system 

following the initial graphene growth. As discussed in the introduction, it is 40 

anticipated that it is only at these sites that oxidising species can penetrate the 

graphene coating layer. After this initial penetration, the lifting of the surface 

reconstruction is diffusion limited as impurities intercalate between the graphene 

sheet and the Pt surface. This was illustrated by the atomic scale lattice presented 

over the area of lifted reconstruction in fig. 2d. The graphene lattice remains intact 45 

despite the lifting of the underlying reconstruction. Since the perfect graphene layer 

should be impenetrable for the oxidising species and since no etching of the 
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graphene at this site is observed, the observations indicate that the oxidising species 

arrived at this site by diffusing beneath the graphene layer after intercalating at some 

defect site outside of the imaged area. Interestingly, the diffusion process does not 

seem to be very efficient in this case, since the reconstruction was only observed to 

be lifted in a few small, confined areas on the surface.  5 

 

While STM only give local information on small areas of the surface, Raman 

spectroscopy is a global technique frequently used to assess the quality of a 

graphene layer on a multitude of substrates. Typically the ratio between the 

intensities of the 2D/G peaks is used to assess the number of layers of graphene 10 

which have been produced and the quality of the graphene layer can be assessed by 

the ratio between the intensities of the D/G peaks. The Raman spectrum in fig. 1c, 

representing a pristine graphene-Pt(100) system, shows relatively broad peaks, 

which are low in intensity compared to the background noise level. This is not a 

reflection, however, on the graphene quality, but instead is a by-product of the 15 

presence of the underlying Pt substrate. Raman signals from metals are weak 

because of the metal-screening effect. Even so graphene samples on very weakly 

interacting metallic substrates, like Cu, produce well-resolved Raman spectra. In the 

graphene-Pt(100) system, however, hybridization of the metallic Pt d-states with the 

graphene π-orbitals leads to a large reduction in Raman intensity and a blue-shift in 20 

graphene-related peaks.46 Calculations can be used to compare the change in the 2D 

peak wavenumber and the level of hybridization.46 Thus, for quasi free-standing 

graphene, where overlap between the Pt d-states and the graphene π-orbitals is 

reduced, the 2D peak moves to lower wavenumbers and becomes more narrow. In 

the Raman spectrum in fig. 1c, which represents pristine graphene, and the Raman 25 

spectra in fig. 5a-c corresponding to unreacted graphene-Pt(100) systems, the 2D 

peak occurs at a higher wavenumber, is broad and is reduced in intensity due to 

hybridisation effects. The D and G peaks in these Raman spectra are similarly blue-

shifted and reduced in intensity. Once the Pt substrate has been oxidised following 

exposure to saltwater at 60 °C, the D, 2D and G peaks are red-shifted, and gain in 30 

absolute intensity. The intensity gain is probably caused both by an increased 

separation between the metal surface and the graphene sheet, reducing the metal-

screening effect and by a reduction in hybridisation between the Pt surface d-orbitals 

and the graphene π-band.46 The observed shift in peak position is also expected from 

this change in hybridisation. However a change in graphene strain, caused by the 35 

formation of a rough Pt oxide layer on the surface, has also been suggested to lead to 

a shift in Raman peak positions.52 Hence the Raman data can be used to indirectly 

assess the chemical state of the Pt substrate. That the Raman spectrum recorded 

from high temperature, salt-water exposed graphene-Pt(100) more closely resembles 

free-standing graphene concurs with the conclusion from STM data, namely that the 40 

reconstruction has lifted. This red-shift in the Raman-active graphene modes was 

accompanied by both an absolute and relative change in peak intensities, fig. 5c. An 

attempt was made to extract the defect density from the new ID/IG ratios, but the 

result was inconclusive. Since the intensities of the Raman peaks are influenced by 

the hybridization with the surface, it is unclear if the change in ID/IG ratio resulted 45 

from an increase in defect density or relates to the change in hybridisation of the 

graphene π-band.  

 

The combination of heat and saltwater was observed to lead to large scale coating 
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breakdown and reaction with the Pt surface. Previous DFT calculations have 

examined the edge state of graphene islands on a Pt surface and concluded that in 

the presence of OH- groups an open-edge configuration is favoured.17 This open-

edge configuration sees the OH- groups react with and separate edge-C atoms on the 

graphene sheet from the underlying Pt surface atoms. The resulting open edge 5 

configuration allows atoms and molecules to intercalate beneath the graphene layer 

and facilitates reaction with the Pt surface. A temperature of 60 °C is not sufficient 

to break the bond between graphene C-edge atoms and the underlying Pt atoms, 

without involving edge-reactions with external species. The Na+ and Cl- ions in the 

saltwater may extend the lifetime of transient OH- and H+ groups in solution when 10 

compared to the pure water solution. These charged species may increase the 

possibility for reactions involving edge-C atoms at defects and grain boundaries in 

the graphene sheet. Since no coating breakdown is observed for room temperature 

saltwater, we speculate that the activation energy barrier for these reactions makes 

them inefficient at room temperature. 15 

5 Conclusion 

A continuous single layer of graphene was prepared on a single crystal Pt(100) 

surface. Raman spectroscopy in combination with STM was used to detect the 

conditions under which this coating was compromised. The graphene layer 

successfully protected the Pt surface, as determined by the survival of the Pt(100) 20 

surface reconstruction, from oxidising in air for up to 6 months, water for up to 14 

hours and NaCl solution for up to 75 min. at room temperature. When the sample 

was exposed to salt water at 60 ˚C, the Pt(100) surface reconstruction was observed 

to lift. STM imaging provided high resolution data, and this was combined with 

Raman spectroscopy to study the changes to the surface structure and chemistry. 25 

STM images revealed that the graphene carbon lattice can remain intact, even if the 

underlying Pt surface has been oxidised. This suggests that oxidising species do not 

etch intact areas on the graphene basal plane, but instead diffuse beneath the 

graphene layer having first intercalated at defects in the graphene lattice. Such 

defects probably originate during the original growth procedure, predominantly at 30 

grain boundaries. It is noteworthy, however, that the Pt surface was not oxidised in 

air for an extended period of time. Even after 6 months of exposure the areas where 

the reconstruction was lifted were few and small in size. An uncovered Pt(100) 

surface oxidises in seconds following exposure to air, so the graphene layer offers 

significant protection.  35 

 Atomic resolution in STM experiments was not achieved on samples exposed to a 

combination of heat and salt water. This means that it was not possible to discern 

whether or not the graphene basal plane was compromised under these conditions. 

Certainly the underlying Pt surface changed both structurally as determined from 

STM images, and chemically as determined from Raman spectroscopy. It is 40 

proposed that these changes represent a lifting of the Pt(100) surface reconstruction, 

heralding the oxidation of the Pt metal surface.  
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