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Abstract 

The use of protective barriers to isolate a metal surface from an aggressive environment is a 

common way to inhibit its degradation. We used ambient pressure x-ray photoelectron 

spectroscopy to assess in real time the evolution of the copper surface and the contextual 

protective action of 2D material coatings (graphene and hexagonal boron nitride) towards 

copper oxidation. In an isobaric experiment with 2 mbar of oxygen, the bare copper oxidizes 

near room temperature, while both 2D materials can retard the onset temperature for the first 

oxidation of copper by more than 120 °C. However, their protection mechanism is different: 

boron nitride behaves more straightforwardly, forming an effective barrier to copper 

oxidation until it is etched away at high temperatures, leading to a rapid oxidation to cuprous 

and then cupric oxide. On the other hand, graphene reveals to be a more interesting 

playground underneath oxygen intercalates and begins a slower undercover oxidation of 
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copper. The coexistence between graphene and cuprous oxide, not observed in boron nitride, 

protects the copper from further oxidation to cupric oxide.  

 

Keywords: ambient pressure XPS, corrosion, protective coatings. 

 

1. Introduction 

The prevention of metal corrosion is of extreme technological and economic importance. 

Two-dimensional (2D) materials, being impermeable to liquids and gases and inert to most 

chemicals, are widely studied as anticorrosive coatings for metals having the advantage of not 

affecting the morphology of the coated surface [1–10]. Graphene effectively protects copper 

from oxidation in ambient air at different relative humidity over a long time [6,11] as well as 

in reactive environments such as during heat treatments in air, or hydrogen peroxide 

treatment [2,12] . Yet, graphene’s role as a corrosion inhibitor is questioned because of its 

metallic character with high conductivity: it can facilitate localized electrochemical corrosion 

from defects when oxygen atoms are trapped between graphene and copper acting as the 

cathode of the reaction by transporting electrons to oxygen atoms [10]. Recently, it has been 

showed that, even though the oxidation of copper towards Cu2O could be faster in the 

presence of graphene, the graphene itself then significantly slows down the further evolution 

towards CuO in the long term with respect of bare copper surface [13]. To intrinsically 

exclude the possibility of galvanic corrosion, another candidate is hexagonal boron nitride (h-

BN) which is an insulator and can, therefore, ensure longer corrosion protection of copper 

with respect to graphene [10,14,15]. 

Oxidation of copper is not necessarily a negative aspect. Cuprous oxide or cuprite (Cu2O) and 

cupric oxide (CuO) are both p-type semiconductors with different chemical, physical and 

electronic properties. They are used in a wide range of applications, as in photovoltaics, 

batteries, photocatalysis and gas sensing [16,17]. Therefore, the controlled formation of 

copper oxide structures at different temperatures and oxygen pressures is also technologically 

relevant. On the other hand, metallicity of copper must be preserved in many other fields, for 

example, in silicon integrated circuits where copper is used as an interconnect to reduce 

propagation delays and power consumption [18,19]. Barriers are required to prevent Cu 

diffusion into the silicon as well as to protect copper from oxidation due to moisture or high 
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temperature environments. Since the size of the microchips continuously is scaled down, the 

same will be the case for the interconnects, and therefore, ultra-thin barriers are needed [20]. 

Graphene and hBN protect the underlying copper from oxidation while keeping its 

conductivity high, or even enhancing it [21], without deteriorating the Shockley surface state 

[22]. The Shockley surface state is very sensitive to any modification of the surface and 

readily disappears in the presence of defects or oxygen adsorption. The latter phenomenon 

creates trap states at the interface causing a decrease in thermal and electrical conductivity of 

the metal, hence affecting its interconnection capabilities [23]. Therefore, the study of the 

interface between the metal and the environment is of critical importance in order to evaluate 

the first stage of degradation and how to retard it. 

Photoelectron spectroscopy in ultra-high vacuum has been a valid support to study the 

protection mechanism of 2D materials towards copper oxidation as well, but only as an ex-

situ characterization technique [15,24–28] , due to obvious pressure limitations. Ambient 

pressure photoelectron spectroscopy (APXPS) is now emerging as a powerful technique that 

extends the use of UHV-XPS to more realistic sample environments, mimicking working 

conditions. This paves the way to full new classes of studies and interfaces which might 

otherwise be impossible to study with UHV-XPS, for example in heterogeneous catalysis, 

atomic layer deposition, solid oxide fuel cells in solid-gas interfaces [29–31] electrochemistry 

and batteries in solid-liquid interfaces [32,33]; aerosol and liquid composition in liquid-gas 

interfaces [34]. There can be find several reports on the oxidation of copper studied by means 

of APXPS [35–38]. Studies of 2D materials with APXPS are also starting to emerge covering 

many aspects. A field where high pressure is necessary is the study of the growth mechanism 

on different metals, as graphene on Cu [39] and Ni [40], or hBN on Cu [3]. The possibility to 

dope transition metal dichalcogenides via defect substitution has also been investigated by 

APXPS [41]. It is also worth to mention the use of graphene in APXPS studies, not as an 

object of study but as a tool: a membrane, able to hold several order of magnitude of pressure 

difference and study liquid interfaces [42–44]. An aspect that truly expands the previous 

studies performed with UHV-XPS is the room temperature intercalation of molecules, such 

as H2 or CO, beneath 2D materials and their substrate, as for example in the case of strong 

graphene-metal interaction as on ruthenium [45–47]. In particular, the study of O2 

intercalation is strictly related to the surface protection ability of 2D materials towards the 

substrate oxidation: there are reports of graphene on polycrystalline Cu [48] or on Ru(0001) 

[49], and of hBN on Ru(0001) [50] and on Pt(111) [51] . However, all these works focused 
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their attention mostly only to the intercalation process and they did not investigated deeply 

the protection mechanism. In our previous work [2], we addressed this topic and we could 

follow in real time, by means of near ambient pressure x-ray photoemission 

spectromicroscopy, from the initial stage of oxidation of copper protected by graphene 

towards the etching of the coating layer. At a constant pressure of 0.1 mbar O2, we could see 

the intercalation of oxygen beneath graphene starting at about 320 °C from the borders of the 

flakes and from defects in the basal plane. The intercalated oxygen had the double role of 

decoupling the graphene from the metallic substrate and starting the oxidation of Cu towards 

Cu2O. At temperatures higher than 360 °C, the monolayer graphene flakes start to be slowly 

etched away beginning from the regions where oxygen intercalated. The copper substrate also 

undergoes to a stronger oxidation with a change in the morphology showing protrusions of 

Cu2O from the remaining graphene layer [2].  

The examples presented so far show that the field of 2D materials / solid interfaces is really 

promising to study by means of APXPS. Yet, the topic of 2D materials as thin corrosion 

protective coatings for metals is surprisingly not yet addressed by this technique. In the 

present study we will exploit the unprecedent brilliance of MAX IV synchrotron [52,53] and 

the unique possibilities of the HIPPIE-beamline ambient pressure cell to perform a dynamic 

study in 2 mbar of oxygen gas of the protecting action of graphene and hBN towards the 

oxidation of copper. At higher pressure, the kinetics of the reaction is faster; we aim to assess 

it by following in real time the surface evolution of both the copper and the protective 

coating. 

2. Experimental methods 

HIPPIE is a soft x-ray beamline on the 3 GeV synchrotron ring in MAX IV Laboratory (Lund 

University, Sweden). It is equipped with a HiPP-3 electron analyser from ScientaOmicron 

and an ambient pressure cell to perform APXPS experiments up to 30 mbar with a 0.3 µm 

pinhole aperture. The photoelectrons are collected at normal emission and the photon beam is 

impinging with an angle of 35° with respect to the sample plane. The sample is mounted on a 

stainless steel (304L) sample holder with a build-in thermocouple and heated from the back 

with fiber-coupled IR laser. During the experiment the AP cell was first filled with 2 mbar of 

O2 gas (read from a baratron gauge), then the heating was performed with a constant 

temperature ramp of 0.1 °C/s. The gas flow was set in order to have a continuous exchange of 

gas while maintaining the pressure constant. Prior to the experiment, all the samples were 
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degassed in UHV overnight up to 400 °C. Bare Cu foil was electropolished (as for hBN 

growth) and it was introduced in the vacuum chamber, the cleanliness of the sample was 

assessed by UHV XPS after prolonged annealing at high temperature. The photon energy 

used was 1070 eV and 650 eV. Spectra are calibrated with the Fermi edge.  

The graphene flakes were synthesized by catalytic chemical vapor deposition (CCVD) on 

copper foil (gr/Cu) at atmospheric pressure. Before the synthesis, the copper foil pieces 

(99.9% purity; 50 µm thick) were first sonicated in acetone for 15 min, then in isopropanol 

for 15 min, and finally gently blown dry with nitrogen. Then, the superficial copper oxide 

was removed by a treatment with acetic acid (99.5% purity) at room temperature and the 

copper piece is blown dry with nitrogen without prior rinsing. Immediately afterwards, the 

sample was deposited over a quartz plate introduced into a horizontal quartz reactor at room 

temperature. The reactor can be inserted/extracted into/from the furnace’s hot zone rapidly. 

After sealing the reactor, ultrapure Ar (99.9999% purity) flows for 15 min with a rate of 2000 

sccm at atmospheric pressure was used to flush out the air contained in the reactor. Next, the 

quartz tube was inserted into the furnace (kept at 700 °C), the Ar flow was lowered to 500 

sccm, 20 sccm of H2 (99.9% purity) were added, the temperature was raised to 1050 °C, and 

the copper piece was annealed under this condition for 1 h. Graphene was then grown by 

introducing 0.8 sccm of CH4 (99.5% purity) for 1 h. Finally, the cooling was performed by 

rapidly extracting the quartz reactor from the furnace. With this recipe a full coverage of the 

copper foil with graphene flakes of the order of 20 µm size was obtained [54,55]. 

The h-BN films were synthesized by CCVD on copper foil at atmospheric pressure with 

borazine (Fluorochem, >97% purity in bubbler, stored at -17°C) as the source. Before the 

synthesis, the copper foil (5 cm*10 cm, Alfa Aesar, 99.8%, no. 13382) was electropolished 

using 5V/10A DC power supply in electrolyte containing 330 mL DI water, 167 mL ortho-

phosphoric acid, 167 mL ethanol, 33 mL isopropyl alcohol, and 3.3 g urea for 30 seconds. 

After polishing, the foil was thoroughly cleaned with DI water and blown dry with nitrogen. 

After loading the foil into the tube furnace (MTI, OTF-1200X), the system was pumped 

down to 2E-2 Torr and filled with argon (99.9999% purity, AGA) to atmospheric pressure 

twice to remove water and oxygen trapped in the system. Later the system was raised to 1060 

°C in 70 min in 300 sccm Ar and 30 sccm H2 (99.99% purity, AGA). After annealing for 30 

min, Ar and H2 was switched to 500 sccm and 50 sccm, respectively, and then 0.20 sccm 

borazine was introduced into the system by argon flowing through the bubbler as the carrier 

gas for 15 min to sustain the h-BN growth. The growth time should be well-controlled in 
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order to obtain single layer film. After growth, the system was rapidly cooled to room 

temperature with all the gas flowing unchanged. With this recipe, a full coverage of the 

copper foil with hBN flakes of the order of 15 µm size was obtained. 

The peak fitting procedure is described in the Supplementary Information (Figures S5-S9). 

 

3. Results 

3.1 Cu foil. Oxidation of copper is a well-known process and proceeds in three steps [56,57]: 

1) the dissociative adsorption of O2; 2) the formation of a Cu2O layer; 3) the formation of 

highly corrugated CuO islands.  

In our experiment, the starting Cu foil is metallic, as proven by the Cu LMM Auger (Figure 

1a,c) and Cu 2p core level (Figure S1). The Auger lineshape is the best fingerprint to 

distinguish the different oxide states of copper, that are characterized by distinct spectra 

[35,58]. On the contrary, from the Cu 2p core level it is not possible to discriminate between 

metallic copper and Cu2O, since they both show a narrow peak at 932.4 eV. After 

characterising, the metallic Cu sample it was exposed to a constant pressure of 2 mbar O2 and 

annealed at a linear rate up to 400 °C. The surface was monitored in real time by following 

simultaneously the evolution of Cu LMM Auger and O 1s core level peak while increasing 

the temperature. The resulting 2D intensity plots are reported in Figure 1, alongside 

individual spectra at three different stages.  
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Figure 1. Cu foil. a) Cu LMM and b) O 1s 2D intensity plots as a function of temperature. c) 

Individual spectra of the Cu LMM and d) O 1s at three different temperatures, marked with 

the colour coded dotted lines in panel a (red: 70 °C; blue: 160 °C; black: 320 °C). The 

spectra are recorded in 2 mbar O2, with a photon energy of 1070 eV. The intensity is 

normalized to the background at lower binding energy with respect to the peak.The main 

peak in the LMM Auger spectrum of metallic Cu is located at 918.3 eV (red spectrum). A 

new peak starts to emerge at 916.6 eV when the temperature reaches 100 °C, indicating the 

formation of Cu2O. This feature is fully developed at 160 °C (blue spectrum), at the expense 

of metallic Cu. By further increasing the temperature, there is a broadening of the lineshape 

that leads to the formation of CuO at 917.9 eV. CuO is dominating for temperatures beyond 

250 °C. The formation of CuO is also evident from the Cu 2p core level (Figure S1), with the 
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broadening of the main peak and the development of the CuO satellites at higher binding 

energy (BE). 

From the O 1s core level intensity plot evolution (Figure 1b,d), a clear a one-to-one 

correspondence with the Cu LMM Auger is observed. Starting from the metallic Cu surface 

in O2 atmosphere, a small and broad O 1s signal is detected at BE higher than 530 eV, mostly 

due to residual impurities on the surface [35] and to subsurface species [59]. The doublet at 

537-539 eV is the O 1s gas phase. The Cu2O phase is characterized by a main O 1s peak 

centred at 529.9 eV, while the CuO peak is located at a 1.0 eV lower BE, in agreement with 

the literature [35,60,61]. It can be easily seen that the temperature onset for the formation of 

both oxides are the same in both Cu LMM and O 1s 2D intensity plots. Therefore, given the 

perfect correspondence, verified also in the other systems studied in this work, only the O 1s 

intensity plots will be shown in the rest of the paper. The Cu LMM 2D intensity plots are 

available in the Supplementary Information (Figure S2). 

3.2 hBN and graphene protected Cu foils. The same parameters used for the copper foil 

(pressure and temperature ramp) were used for Cu foils coated with hBN and graphene 

(investigated separately). From the intensity plots in Figure 2, it is evident that both 2D 

layers retard the oxidation of the copper surface to much higher temperature. The Cu LMM 

Auger maps for hBN and graphene are reported in Figure S2, while individual spectra of Cu 

LMM and O 1s are reported in Figure S3. From a first qualitative analysis, the metallic Cu 

surface is protected against oxidation as long as the film is intact on the surface and oxidation 

first sets in when etching starts between 250 °C and 300 °C, for both materials. From the fit 

analysis performed on each individual spectrum comprising the maps in Figure 2, the O 1s 

spectrum is composed of two main peaks plus the O 1s gas phase doublet at 537-539 eV, as 

reported in Figure 1d. The Cu2O peak at 529.9 eV is present on both samples though with a 

different relative intensity and with a slightly different temperature onset, as we will discuss 

later. Afterwards, the development of the CuO peak occurs at lower BE (-1 eV), as reported 

for the uncoated copper foil. The broad peak at a BE higher than 530.5 eV, only visible on 

hBN, can be assigned to residual impurities on the surface, as in the case of the Cu foil.  

 

 

Jo
urn

al 
Pre-

pro
of



 

Figure 2. hBN and graphene protected Cu foils. a,b) O 1s, c,d) N 1s and C 1s 2D intensity 

plots as a function of temperature for hBN/Cu (a,c) and graphene/Cu (b,d). The spectra are 

recorded in 2 mbar O2, with a photon energy of 1070 eV. The intensity is normalized to the 

background at lower binding energy with respect to the peak. 

 

4. Discussion 

From the data presented, it is clear that the oxidation of the uncoated copper foil proceeds as 

described in the literature, while the coating with either graphene or hBN have an evident and 

apparently similar retarding effect, pushing the oxidation to higher temperatures. At a first 

glance, the retarding effect looks similar and oxidation first sets in once the 2D film start to 
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be etched away between 250 °C and 300 °C, but a more careful analysis reveals clear 

differences between the coating materials. 

In Figure 3 the evolution of the Cu2O, CuO and the removal of the clean Cu surface or the 

protective coating is followed as a function of the temperature for the three different samples: 

Cu foil (top, red), hBN protected Cu foil (middle, blue) and graphene protected Cu foil 

(bottom, black). The dotted lines are the intensity of the metallic Cu (from Cu LMM), the N 

1s and C 1s core levels, in the respective samples. The profile of the shadowed areas is the 

Cu2O intensity and the solid lines plots the formation of the CuO, both extrapolated from the 

O 1s core levels (the peak at higher BE is due to Cu2O, while the one at -1 eV difference is 

the CuO).  

 

Figure 3. Normalized intensity plots as a function of temperature for Cu (top, red), hBN 

(middle, blue) and graphene (bottom, black). The dotted lines follow the evolution of the 

metallic copper (for Cu, extracted from Cu LMM Auger maps) and the main core level of the 

coating material (N 1s for hBN and C 1s for graphene); the shadowed areas follow the Cu2O 

intensity; the solid lines follow the formation of CuO. The oxides intensities are obtained 

from peak fitting of the O 1s 2D intensity plots. The peak fitting procedure is described in the 

Supplementary Information (Figures S5-S9). 
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To define the temperature at which the oxidation or the etching occur in a unequivocal way, 

all the curves (2D material etching and metallic Cu removal, Cu2O formation and removal, 

CuO formation) have been fitted with logistic functions. The fit results are reported in Table 

1.  

SAMPLE Cu met,  

2D layer 

Cu2O 

formation 

Cu2O 

removal 

CuO 

formation 

 Th [°C] R [°C] Th [°C] R [°C] Th [°C] R [°C] Th [°C] R [°C] 

Cu 95 17 104 15 220 25 215 38 

Graphene 311 22 223 20 290 9 306 21 

hBN 293 22 286 16 352 9 339 15 

 

Table 1. Fitting results of the curves reported in Figure 3 fitted with logistic functions 

I=1/{1+e^[-(T-Th)/R]}, where I is the intensity of the peak, T is the temperature, Th is the 

center of the function and R is the reciprocal of the growth rate ±5 °C error bar is estimated. 

Cu shows a fast loss of metallic character followed by an extended Cu2O phase and a slow 

transformation of Cu2O into CuO. On the contrary, graphene and hBN shift the oxidation 

thresholds to higher temperatures. On one hand, the hBN coating on Cu is etched away at 293 

°C concurrently with the formation of the Cu2O and followed (+46 °C) by the formation of 

CuO, following the accepted picture from the literature. On the other hand, graphene resists 

to a slightly higher temperature (311 °C) than hBN, but the formation of Cu2O happens 

already at 223 °C, that is 88 °C before the etching, while CuO is formed 33 °C before on 

graphene/Cu than on hBN/Cu. So, both the oxide phases in graphene/Cu are formed before 

the etching of the coating layer, while the opposite is true for hBN protected surfaces. 

Therefore, the hypothesis that the 2D layers protect copper from oxidation until they are 

etched away, thus leaving an uncovered metallic Cu surface at high temperature in an 

oxidising environment, is true only in the case of hBN, while graphene coexists with Cu2O 

and, to a smaller extent, with CuO. This is also reflected in a slower rate of growth of the 

Cu2O under graphene because, in contrast to unprotected copper and hBN protected Cu, in 

the case of graphene it happens beneath the layer and therefore the reservoir of available O2 is 
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limited by the presence of the overlying graphene. On the other hand, the formation of CuO 

on hBN/Cu is much faster due to the high starting temperature. Indeed, the temperature 

difference between the formation of Cu2O and CuO is 111 °C, 83 °C and 53 °C in Cu, 

Graphene/Cu and hBN/Cu, respectively.  

The slower oxidation under graphene is also reflected by the formation of CuO. This happens 

at a higher temperature than the onset for the removal of Cu2O (306 and 290 °C, 

respectively), even though the temperature is considerably higher than the one needed to form 

CuO on the uncoated copper foil. On the contrary, in both the unprotected copper and 

hBN/Cu, the formation of CuO happens before the onset of removal of Cu2O. This is in 

agreement with a recent observation by Lee et al., who showed that the graphene/Cu2O 

hybrid structure significantly slow down further oxidation towards CuO [13].  

Further evidence for the different mechanism of oxidation of copper when protected by hBN 

or graphene comes from the BE shift of the main O2 gas phase component, reported in 

Figure 4. The shift of the gas phase peaks reflects the change in the work function of the 

material [62]: a change in the surface, due to adsorption/desorption of material and/or change 

in the oxidation state, will result in a modification of the surface potential. This is typically 

performed with inert gases because the adsorption of reactive gases (such as oxygen) will 

induce work function changes on the metal surface due to electron donation and surface 

morphology change. Therefore, the analysis reported here is only qualitative. The bare copper 

shows a two-step change, related to the well-defined and separated Cu2O and CuO phases, 

with a total shift (from metallic to CuO phase) of about 1 eV, in agreement with the literature 

[63]. Instead, hBN shows an instantaneous shift that can be explained by the complete 

etching of hBN, which then causes a fast oxidation of the bare copper substrate, in agreement 

with the very small temperature difference in the formation of Cu2O and CuO. Graphene, on 

the other hand, shows a smoother change, which matches the decay of the C 1s intensity. 
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Figure 4. Binding energy trend of the main O2 gas phase peak as a function of temperature. 

The data are fitted from the maps reported in Figure 1b (Cu, red open squares) and Figure 

2a,b (graphene, black open circles, and hBN, blue filled circles). On the y axis are reported 

the ticks corresponding to temperature peak of Cu2O (triangles) and CuO (rectangles) as 

reported in Table 1.  

While the behaviour of hBN fits well to a scenario where complete etching of the hBN layer 

is followed by the rapid oxidation of the exposed Cu surface (Cu2O and then CuO), graphene 

protected Cu is attacked by oxygen in another way. To get more insight into the how Cu is 

oxidised once covered by graphene, we repeated the experiment but followed the surface 

changes with 650 eV photon energy, which increases the surface sensitivity and allows us to 

resolve more features. The results are summarized in Figure 5. Here, we report the intensities 

of the C 1s, the different O 1s components relative to Cu2O and CuO and the C 1s BE as 

obtained after performing a peak fitting of all spectra composing the intensity plots in Figure 

S4. Overall, the result presented in Figure 5 are in agreement with Figure 3: the formation of 
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both copper oxides happens before the etching of the protecting graphene layer, and the 

intensity of the Cu2O phase is strongly reduced if compared to the unprotected Cu or hBN 

coated Cu, confirming that the reaction happens undercover. Additionally, the C 1s shows 

two clear steps towards lower BE which are simultaneous to the formation of Cu2O and CuO: 

this is a clear indication of oxygen intercalation beneath graphene which decouples it from 

the metallic substrates, reducing their electronic interaction [2,13,64,65]. 

 

Figure 5. a) Fitting results for graphene/Cu in 2 mbar O2 recorded with a photon energy of 

650 eV. Continue black line represents the total C 1s intensity, the grey shadowed area 

represents the Cu2O, the dotted black line follows the formation of CuO and the red open 

circles are the binding energy of the C1s peak (right y axis). b) C 1s core levels at different 

temperatures; the intensity is normalized to the maximum.   

At 305 °C, even if the total intensity of carbon is strongly reduced and CuO already present, 

the lineshape of the C 1s (Figure 5b) is not broadened as one should expect for a defective 

carbon layer, but it is narrow and asymmetric, typical of pristine graphene. Therefore, even if 

most of the graphene has been already etched, the small remaining patches have a very good 

spectroscopic signature and are lying on a CuO layer. So, the Cu2O phase of copper oxidation 

(and partially CuO as well) happens undercover.. This also explains both the smoother shift 

in the gas phase binding energy (Figure 4) and the low relative intensity of the Cu2O peak 

area of the graphene samples observed in Figure 3 and 5.  

No undercover oxidation is observed with hBN where Cu2O and hBN do not coexist at the 

same extent as in graphene. Since the activation barrier for oxygen diffusion through hBN 

and graphene is similar [10] and both samples are formed by similar-sized flakes, the 
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different behaviour should not be ascribed to the absence of oxygen intercalation beneath 

hBN, rather to the absence of galvanic corrosion due to its electrically insulating nature. 

Therefore, the formation of small patches of Cu2O blocks the transport of electrons to oxygen 

atoms through Cu. On the other hand, the highly conductive graphene provides a path for the 

galvanic reaction acting as the cathode in the electrochemical circuit which results in an 

increasing of the Cu2O area [10,15]. 

5. Conclusions 

In conclusion, this APXPS study showed in real time that in the short-term both graphene and 

hBN can protect the copper from oxidation up to temperatures appreciably higher than the 

ones needed to oxidise an unprotected Cu surface: the first oxidation to Cu2O is retarded by 

more than 120 °C.  However, the kinetics of this protection are very different at the two 

interfaces. The case of hBN/Cu is more straightforward: the hot copper surface is screened 

from oxygen very well and, even if some oxygen intercalates from wrinkles or boundary 

region, the insulating nature of hBN prevents a fast oxidation of copper. The protection is 

effective until the coating layer is completely and rapidly etched away (that is, up to 300 °C), 

after that, as the exposed Cu surface is hot, the oxidation proceeds very fast and in a short 

temperature range the metallic Cu transforms to Cu2O and then to CuO. In the case of 

graphene/Cu, instead, even though the protective layer is etched at a slighter higher 

temperature than the hBN, oxygen starts to intercalate beneath the graphene flakes and a 

slower copper oxidation to Cu2O begins as an undercover reaction at around 220 °C. This is a 

galvanic reaction facilitated by the highly conducting graphene layer which allow the electron 

transfer from Cu to the oxygen atoms. However, the graphene/Cu2O hybrid structure slows 

down a further oxidation of copper to CuO because of the less availability of oxygen 

feedstock due to the undercover nature of the reaction. This is an important result as it gives a 

new pathway to force the formation of a specific surface oxide and avoid further oxidation, 

which is also a way to stabilize the Cu2O phase at high temperature when otherwise would 

already be transformed into CuO. When temperature goes higher, the formation of CuO and 

the etching of graphene happen contextually. The coexistence between graphene and Cu2O 

(and to a smaller extent with CuO, too), not observed for hBN, can be important since many 

efforts are put into the realization of CuO- and Cu2O-graphene hybrid materials to obtain 

high electrochemical performance thanks to synergistic effect [66,67]. The study presented in 

this paper, showed how ambient pressure photoemission spectroscopy is a powerful tool to 

investigate the field of 2D materials/metallic interfaces. In particular, we investigated the use 
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of graphene and hexagonal boron nitride as thin corrosion protective coatings for copper, in a 

high temperature and in an oxidizing gas environment. This topic is of extreme technological 

importance and it is surprisingly not yet properly addressed using APXPS so far. At the same 

time, we showed the possibility to perform undercover reaction, such as the oxidation of 

copper to Cu2O in the confined space between graphene and the metal surface, leading to a 

different reaction pathway with respect to the oxidation of unprotected copper and hBN/Cu. 

This experiment clearly highlights the benefit of APXPS for the study of the interfaces 

between real materials in realistic environments mimicking true working conditions. 
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