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Abstract 

The objective of this paper was to study the electrochemical and electronic behavior of pristine graphene 

used as a catalyst for redox reactions and the charge transport mechanisms that occur in the interface between 

graphene and covalently attached ferrocene. The covalent grafting and chemical modification of epitaxial 

graphene by a ferrocene redox marker was performed through electrochemical oxidation of ethylene diamine 

that provided a low coverage density and a short distance between the ferrocene and graphene. The 

electrochemical activity, as well as, the electronic and structural properties of the nanomaterials were 

characterized by Cyclic Voltammetry, Electrochemical Impedance Spectroscopy, X-ray Photoelectron 

Spectroscopy , RAMAN spectroscopies and Angle-Resolved-Photoelectron Spectroscopy. We show that the 

proposed modification improved the electronic properties of graphene where p-doping was observed and a band 

gap opening of about 60 meV was demonstrated. The electrochemical activity and electron transfer ability was 

inproved. A heterogeneous electron transfer rate of KS=7 s
-1

, was obtained thanks to a low density of immobilzed 

ferrocene and the small spacer provided by ethylene diamine giving a fast tunneling electron transfer. We 

believe promising perspectives for the development of self-organized graphene electrodes with various 

electrochemical properties by tailoring the attached redox functional groups. 
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1. Introduction 

Graphene, a two-dimensional (2D) carbon nanomaterial composed of sp
2
 hybridized carbon atoms with a 

honeycomb lattice structure, exhibits excellent electrical and thermal conductivities associated with a high 

electron mobility[1–7]. Graphene sheets have thus emerged as attractive electrodes for electrochemistry and 

electro-catalysis due to their exceptional transport properties. They have been used as a biosensing platform by 

various groups[5–7] for the detection of several biological samples such as DNA, viruses and proteins.[8] 

Electrochemical sensors with graphene as the transducer [9] are full of promise due to their simplicity and high 

sensitivity of detection[10], often coupled with low-frequency 1/f noise[11] and a low electron transfer 

resistance.[12–14] Understanding the mechanisms of electron transfer in such graphene-based biosensing 

platforms thus appears to be of great importance in this context.  

Various studies of electron transfer and surface functionalization have been performed with carbon materials 

such as glassy carbon electrodes, carbon nanofibers, carbon nanotubes or graphene oxides. Most of these 

materials present defects in their structure due to the presence of sp
3
 structure coming from various levels of 

oxidation and the presence of oxygen bound to the surface leading to an electrochemical behavior.[9] However, 

carbon sp
2
 nanomaterials such as pristine graphene are known to have low electrochemical properties related to 

the basal plane and the electron transfer ability is more or less related to the presence of edges[9,15,16] For 

carbon-based sp
2
 nanomaterials, a functionalization based on covalent grafting of a redox marker can enhance 

electrochemical properties if the redox marker has an electron density at the Fermi level of the nanomaterial.[17] 

Among the different functionalization methods for covalent grafting, electrochemical patterning based on 

diazonium salt reduction[18] or amine oxidation[19] makes it possible to introduce functional groups on the 

graphene surface for further attachment of biomolecules. Since this type of chemistry depends on the Fermi 

energy of graphene and the density of states (DOS) of the reagents, the resulting reaction rate depends on the 

number of graphene layers, defects, and the electrostatic environment. Covalent graphene functionalization can 

thus enhance the chemical reactivity and the electronic properties of graphene via doping and band-gap 

engineering.[20] Fewer studies have investigated electron transfer rates through the covalent bonding of a redox 

marker to graphene-based electrodes. The covalent attachment of ferrocene through click chemistry on a 

prefunctionalized graphene surface by reduction of a diazonium salt has been demonstrated and gives an electron 

transfer rate of 0.4 s
-1

. This low value was attributed to the high density of the polymer layer formed after aryl 

azide immobilization which increased the distance between the graphene surface and the ferrocene.[18] 

For carbon sp
2
/sp

3
 electrodes such as diamond [21] or graphite, electron transfer of attached ferrocene has been 

described as a space tunneling mechanism between the redox-active molecule and the surface. In addition, a 

trade-off between high surface coverage and a fast electron transfer rate exists. In the case of carbon electrodes, 

the kinetics of electron transfer have been found to be related to conditions of functionalization such as the 

coverage density and the spacer effects. Thus, the best functionalization approach for applications should be 

disordered layers with low coverage promoting a high tunneling transfer rate.[21] 
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The goal of this paper was to study the electrochemical behavior of pristine graphene used as a catalyst for redox 

reactions as well as the charge transport mechanisms that occur in the interface between graphene and the 

covalently attached ferrocene.[18][20] We describe that the electrochemical patterning through amine oxidation 

of ethylene diamine at low oxidation potential range allowed the covalent functionalization of epitaxial graphene 

and the formation of aminated surface of graphene for further covalent attachment of ferrocene as a redox 

marker (Figure 1). We demonstrate that this method rendered possible the control of the density of functional 

groups on the surface and then the density of attached redox molecules. With a reversible and intense redox 

signal, ferrocene is an ideal “outer sphere” redox system for which the kinetics of electron transfer can be 

affected by changing the electronic and ionic environments. The graphene/ferrocene heterostructure appears to 

be a model system for understanding the charge transfer and theits (?) effect of the modification upon the 

electronic properties of graphene. 

 

Figure 1. Illustration of the two-step functionalization of the pristine graphene bilayer: a) pristine graphene, b) 

(EDA) on a graphene bilayer, c) ferrocene- (FC-EDA)- on a graphene bilayer. 

The surface coverage of ferrocene (Fc), the kinetic analyses of the charge transfer through the heterogeneous 

electron transfer rate KS, and the electrical properties were studied by electrochemical impedance spectroscopy 

and cyclic volatammetry in order to determine the electrochemical properties of such heterostructures. XPS and 

RAMAN spectroscopies were also used to analyze the nature of the chemical bonds of the grafted EDA/Fc 

molecules, as well as the structural and electronic effects of the functionalized bilayer graphene. ARPES was 

carried out to analyze the electrical properties of graphene and determine how the covalent attachement of the 

redox marker affected the gap opening and the Fermi velocity. 

2.  Experimental section 

2.1. Chemical reagents 

Potassium Ferricyanide(III), Potassium Hexacyanoferrate(II) Trihydrate, Hexaammineruthenium(III) Chloride, 

Ethylene diamine and Lithium Perchlorate were obtained from Sigma Aldrich. The modified ferrocene group 

Fc(NHP)2 was synthesized following a procedure described elsewhere.[22] The phosphate buffer solution of 10 

mM at pH 7.4 was prepared by mixing stock solutions of NaCl, KCl, Na2HPO4, KH2PO4 and MilliQ water 
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(18.25 MΩ.cm). All other chemicals used in the present investigations were commercially available and of 

analytical reagent grade.  

2.2. Preparation of epitaxial graphene 

The graphene bilayer was produced via a two-step process beginning with a starting substrate of un-doped 4H-

SiC(0001). Firstly, the substrate was hydrogen-etched with 100% H2 at 1550 °C to produce well-ordered SiC 

atomic terraces. Subsequently, the SiC sample was heated to 1000°C in a semi-UHV chamber and then further to 

1550°C in an Ar atmosphere during 10 min. The graphitization process resulted in the growth of an electrically 

active graphene layer on top of the buffer layer, covalently bound to the substrate. The sample was then cooled 

to room temperature and transferred ex-situ to perform the various measurements. [23,24]  

 

The morphology of the graphene sample was observed using Atomic Force Microscopy (AFM) which illustrated 

a high uniformity on a large-scale surface with the presence of atomically flat terraces. The step direction and the 

terrace width were fixed by the incidental misorientation of the surface with respect to the crystallographic 

(0001) plane. The average widths of the (0001) terraces were around 2 µm (see Figure S1). 

2.3. Instrumentation 

Raman spectroscopy was performed at room temperature with a Renishaw spectrometer, using a 532-nm argon 

laser focused on the sample with a DMLM Leica microscope with a 100x (NA=0.75) objective. Atomic Force 

Microscopy (AFM) was used to study the surface morphology in tapping mode using a Veeco Nanoman 

Dimension V. 

The photoemission experiments (XPS, ARPES) were carried out using synchrotron radiation at the TEMPO 

beamline of the SOLEIL Synchrotron in France. The XPS measurements of the carbon 1s core level were 

performed at photon energy hν=360 eV and the binding energies were calibrated with respect to the Fermi level. 

The ARPES data were measured at hv=60 eV with a Scienta SES 2002 electron energy analyzer characterized by 

high angle and energy resolutions (Δθ ≈ 0.3° and ΔE ≈ 5 meV at low photon energy). 

Electrochemical experiments were realized using the Autolab 30 system equipped with the Nova software. A 

three-electrode system was used to carry out the electro-chemical studies using epitaxial graphene as the working 

electrode (0.5 cm
2
), bare platinum as the counter electrode and Ag/AgCl as the reference electrode. 

 

2.4. Functionalization of the graphene surface 

As shown in Figure 1, the functionalization of pristine graphene with a ferrocene derivative was performed in 

two steps. The first step consisted in carrying out an optimized functionalization protocol for covalent 

attachment of ethylene diamine (EDA) molecules on the graphene surface as has previously been described in 

the case of carbon nanomaterials.[19,25] The optimization of the electrodeposition was performed to overcome 

the oxidation of graphene and the formation of multiple layers allowing the reaction at a lower potential range. 

This was performed by an electrochemical reaction through cyclic voltammetry (CV) from 0 to 0.75 V (vs. 

Ag/Ag/Cl) at a scan rate of 200 mV·s
-1

 during 8 cycles in 1-M EDA solution containing 0.5 M 

LiClO4/acetonitrile. This electrochemical oxidation reaction produced cationic radicals of ethylene diamine that 

covalently bound to carbon atoms in the graphene lattice. In the second step, the modified redox marker 
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ferrocenyl group bearing an activated ester was covalently linked to the aminated surface of graphene without 

addition of any reagent.[22]  

 

3. Results and Discussion 

3.1. Electrochemical characterization of the “Graphene-EDA-Ferrocene” interface 

After each functionalization step, the electrochemical properties of graphene were studied using two methods, 

namely cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). CV analysis in the 

presence of external redox markers with either inner-sphere or outer-sphere properties was performed to 

underline both surface and electronic properties of the pristine graphene.[26] This was first done with 

[Fe(CN)6]
3-/4- 

as the inner-sphere redox marker where the electron transfer kinetics are dependent not only on the 

density of electronic states (DOS), but also on the surface microstructure[27]. Secondly, the outer-sphere redox 

mediator rhuthenium complex Ru(NH3)6
3+/2+

 was used, which is insensitive to the surface structure/morpohology 

and chemistry, and for which the charge transfer depends only on the DOS.  

In the first case with [Fe(CN)6]
3/4- 

as the inner-sphere marker, the electrochemical behavior of graphene before 

and after functionalization was characterized. A basal plane of graphene with no defects should exhibit poor 

electrochemical behavior with a flat CV response. The recorded CV with [Fe(CN)6]
3-/4- 

(Figure 2a – black curve) 

presented a redox signal with an oxidation and reduction potential at respectively 0.39 and 0.06 V vs. Ag/AgCl 

and a large peak-to-peak potential separation ΔEp of 332 mV demonstrating a slow, heterogeneous electron 

transfer at the graphene surface. This behavior is a signature of pristine sp
2
 graphene with a high percentage of 

basal plane as compared to edge plane. It has been proposed that low surface defects such as doping should 

enhance the electrochemical activity of epitaxial graphene. [28] Thus, the presence of electrochemical activity of 

graphene could be related to n-type low doping, specifically observed for bilayer graphene on SiC(0001), due to 

charge transfer from the SiC substrate. [23,24] This behavior was subsequently confirmed through ARPES 

measurements (see part 3.3).  

After EDA grafting, a significant increase in peak current was observed and associated with a large decrease of 

ΔEp to 127 mV
 
(see SI-2, Fig S2 (b)). This large enhancement of electrochemical activity is characteristic of 

EDA grafting, as the presence of positively charged amine groups enhances electron transfer of the inner-sphere 

redox marker [Fe(CN)6]
3-/4-

. Covalent attachment of ferrocene on the graphene surface underlined a ΔEp of 260 

mV with oxidation and reduction potentials at respectively 0.34 and 0.08 V vs. Ag/AgCl, which could be related 

to the redox couple (attached ferrocene and [Fe(CN)6]
3-/4-

 in solution). This behavior points at the surface 

properties of graphene becoming modified by amine groups undergoing covalent reactions with ferrocene 

through an amide link. The surface properties changed from a positively charged aminated surface to a surface 

modified with ferrocene groups. However, the ΔEp obtained with graphene/ferrocene was lower than the value 

for pristine graphene, which demonstrates the effect of the redox ferrocene on the electron transfer ability of the 

modified graphene sheets.  
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Similarly, the electronic properties of graphene before and after functionalization with EDA and ferrocene were 

also studied when using Ru(NH3)6
3+/2+

as the outer-sphere redox probe. ΔEp was approx. 100 mV for pristine 

graphene (Figure 2b) and remained constant after EDA attachment (see SI-2, Fig S2 (a)). A small increase of 

10mV was obtained after ferrocene attachment. The outer-sphere redox system was primarly sensitive to the 

electronic structure, i.e., to the electronic DOS of the electrode materials. The electronic properties were thus 

slightly modified after ferrocene attachment.  

Figure 2 (c) shows the CV analysis of pristine graphene before and after ferrocene grafting performed in a 

phosphate buffer solution free of redox species (Figure 2 c). The CV of pristine graphene presented no redox 

reaction and low background capacitive currents (Figure 2c – black curve) as generally observed[29]
,
[28]. A 

similar response was obtained with blank tests showing no adsorption of either ferrocene or EDA after the 

graphene surface was dipped in ferrocene solution or in EDA/ferrocene solution without applying a potential 

(see SI.3 Figure SI-3). As expected for the grafted ferrocene redox marker, graphene-EDA-Fc (Figure 2c – red 

curve) exhibited a reversible redox signal of ferrocene with a redox standard potential of 0.26V and high peak 

current values for both the oxidation and reduction peaks observed at respectively 0.28 and 0.24 V vs. Ag/AgCl. 

The 40-mV difference in potential between oxidation and reduction peaks demonstrated a well reversible redox 

signal. The variation of current peaks varied linearly with scan rate demonstrating that the electrochemical 

process was fully controlled by electron transfer rather than diffusion (see SI-4, Fig. S4). 

The ferrocene surface coverage Γ (mol.cm
-2

) was also estimated from the slopes of the linear plots of the current 

versus the scan rate, according to the Randles-Sevcik equation:[30] 

𝐼𝑃 =  
𝑛2𝐹2𝐴𝜐Γ

4𝑅𝑇
 

where n represents the number of electrons involved in the reaction (one electron), A is the surface area of the 

electrode (0.5 cm
2
), T is the temperature (300 K), and Γ (mol.cm

-2
) is the surface coverage. 

 

Γ was determined to be 4.8 ×10
-11

 mol cm
-2

 (~2.9 ×10
13

 molecules cm
-2

). This value was lower than that of a 

CVD graphene sheet modified with ferrocene via diazonium chemistry which was estimated to be 4.9 ×10
-10

 mol 

cm
-2

 [18]. Γ was also lower than the value 4×10
14

 molecules cm
-2

 [31] calculated for a fully packed monolayer of 

ferrocene. This demonstrated that the electrochemical grafting of EDA led to a less significant surface 

modification than conventional electrochemical diazonium chemistry.  
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Figure 2. Cyclic voltammograms of pristine graphene (black curve) and Gr-EDA-Fc (red curve) towards (a) 

Fe(CN)6
3-/4-

,
 
(b) Ru(NH3)6

3+/2+
 and (c) a PBS solution at a scan rate of 50 mVs

-1
. (d) Nyquist plots obtained in the 

frequency range from 10 kHz to 0.1 Hz at 0.25 V vs. Ag/AgCl by applying 10 mV (AC mode) in 10-mM 

[Fe(CN)6]
3/4-

. The symbols correspond to the experimental data, and the solid lines are the fitted curves using the 

equivalent circuit shown to the right. 

 

In order to analyze the kinetics of electron transfer of the attached redox ferrocene to the graphene interface, the 

rate of electron transfer KS was determined following Laviron’s model from the equation: [32] 

1

𝑚
=  

𝑛𝑣𝐹

𝑅𝑇
 

1

𝐾𝑆

 

where n is the number of electrons transferred in the redox reaction (n=1), υ is the scan rate, m is the 

dimensionless rate constant and R, T, F have their usual meanings (see SI-4, inset Fig. S4).  

 

The calculated value of KS was 7 s
-1

. This was higher than previous values reported for ferrocene grafted on 

carbon nanomaterials, where KS=0.4 s
-1 

for a 
 
CVD graphene layer [18], 1 s

-1 
for

 
carbon nanofiber [33], and 1 - 2 
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s
-1 

for
 
carbon nanotubes [25]. Such a high KS obtained here demonstrated a fast electron transfer between Fc 

molecules and graphene and suggests a band-gap opening. Also, KS could be related to two parameters, first a 

low-density coverage of ferrocene and secondly the presence of a small spacer between ferrocene and graphene 

provided by EDA. It has been demonstrated in the case of ferrocene attached to BDD that a high electron 

transfer ability was favored by low coverage of ferrocene thus preventing steric crowding and favoring tunneling 

from the bended ferrocene to diamond surface [21]. Similarly, in this study, a small EDA spacer increased the 

ability of ferrocene to approach the graphene surface and thus enhanced the electron transfer ability. 

Electrochemical impedance spectroscopy (EIS) is a characterization tool widely used to study the charge transfer 

kinetics and to probe the interfacial properties of nanomaterials. The impedance behavior of the graphene 

electrodes was studied in the presence of the [Fe(CN)6]
3−/4−

 redox couples that are known as sensitive redox 

probes to the chemical nature of the carbon electrodes.[34] Figure 2b (black curve) shows the Nyquist plot of a 

pristine graphene electrode as grown before any functionalization. This plot is divided into two regions, a loop at 

high frequency and a very small straight line in the low frequency range that corresponds to Warburg diffusion 

impedance. This very small Warburg component indicates that charge transfer dominates over mass transport 

effects with a limited diffusion at these ranges of frequency. This circuit was made up of the parallel 

combination of the Faradaic impedance and the double layer capacitance CDL.  

The Faradic impedance is related to the electron transfer of a redox marker through the graphene layer and 

underlines the intrinsic properties of graphene as a transducer, whereas the capacitance CDL reflects the 

interfacial properties of the double layer at the graphene/solution interface. This circuit also includes the solution 

resistance element RS (≃100Ω). The semicircle obtained through experimental data was perfectly fitted with the 

Randels equivalent circuit shown in the inset of Fig. 2d. Hence, the value of each component of the system, 

namely RS (the solution resistance), CPE (= CDL that was replaced by a constant phase element CPE known as a 

pseudo-capacitance), Rct (the charge transfer resistance) and W (the Warburg impedance which represents a 

semi-infinite diffusion) can be readily obtained using this circuit model. Table S1 (first line) presents the 

obtained fitted data for graphene (Gr). 

The CPE is defined as the relationship of the complex impedance Z’ to the angular frequency ω and two 

additional real parameters, n and T, via the equation Z’ = 1/T(iω)
n
. The exponent n is a dimensionless number 

related to the porosity of the material and non-homogenous distribution of charge, whereas T is a real number 

that has units defined such that Z’ is in ohms. For n= 1, this equation reduces to the expression for the impedance 

of a perfect capacitor with T equal to the capacitance. In our case, n was about 0.974, a value very close to n= 1 

for ideal capacitive behavior. This small shift from ideal capacity can be attributed to a less-homogeneous charge 

distribution at the “solution/graphene” interface, probably due to the presence of terraces spaced by nanofacets 

(see SI-1, Figure S1).[12] However, the fact that n was close to 1 confirmed the high crystallinity of the pristine 

graphene sheet. In addition, the quasi-ideal semi-circle demonstrated that the kinetics were here mainly 

controlled by charge transfer.[35,36] 
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Figure 2d (red curve) shows how the ferrocene marker modified the EIS behavior of the layer, giving rise to a 

large decrease of the diameter of the semi-circle. If the same semi-circle was observed in the corresponding EIS 

Nyquist plots, the impedance ZRe would decrease after ferrocene immobilization reflecting a decrease of charge 

transfer resistance from 2.17 KΩ to 428 Ω and a large contribution of redox ferrocene attached to graphene to 

enhance the electron transfer ability of the external redox marker. This behavior proves the increase of electron 

transfer ability through the optimized graphene-EDA-Fc electrode. At very high frequency, the Nyquist plot of 

graphene-EDA-Fc revealed an additional small semi-circle which could be related to the interface properties of 

the electrode/graphene-ferrocene and reflects the charge transfer through the graphene/ferrocene layer (Figure 2d 

inset).  

The equivalent circuit in this case was formed by a sequence of two parallel circuits, where the 

phenomenological Rct involved two ways for electron transfer, represented by the charge resistance across the 

graphene and ferrocene-mediated process (Rct1 and Rct2, respectively). Rct comprises a series of sequential steps 

associated with charge transfer from the redox couple [Fe(CN)6]
3-/4-

 to Fc (Rct1 = 428 Ω) followed by charge 

transfer from Fc to graphene (Rct2). The electrical parameters are listed in (Table S1, Line 2). The Rct2 value 

related to charge transfer of ferrocene to the graphene electrode showed a very small value of 100 Ω because the 

charge transfer was entirely channeled through Fc. The apparent heterogenous electron transfer KET of the 

external redox marker can be calculated from the impedance data (See SI-4). After ferrocene attachment, the 

value of KET increased significantly from 147 s
-1

 to 500 s
-1

 proving the enhancement of the electron transfer 

ability by attaching ferrocene to the graphene. 

One can note that this second circuit gave CPE2 the value of n=0.74 that is related to a less homogeneous 

ferrocene distribution in the graphene surface and confirms the results of the CV curve (Figure 2c – red curve) 

where a large half width was obtained. 

To conclude, the electrochemical analysis showed a low coverage Γ of 4.8 ×10
-11

 mol cm
-2

 of EDA/Fc molecules 

that were probably grafted on the nanofacets of the graphene terraces. This coverage was associated to a very 

high value of the heterogeneous charge transfer rate KS (7 s
-1

), suggesting a fast electron transfer between the Fc 

molecules and graphene due to a small band-gap opening.  

 

3.2  Structural analyses of the “Graphene-EDA-Ferrocene” interface using XPS and micro-Raman 

spectroscopies 

Micro-RAMAN spectroscopy was used to depict both structural and electronic properties of the graphene-EDA-

Fc heterostructure and explain electrochemical data. Figure 3a shows the micro-RAMAN spectrum in the 

wavelength range 1200 – 3000 cm
-1

. Three main bands expected for graphene layers can be seen with the D band 

at 1360 cm
-1

, the G band at 1585 cm
-1

 and the 2D band at 2720 cm
-1

. To study the homogeneity of our sample, 

different spectra were acquired in diverse areas of the substrate in order to verify the uniformity of the signal. 

The intensity ratio of the D band represents the density of defects or structural disorder from step edges in 

graphene. All the recorded spectra exhibited a G/D ratio of about 20, indicating a very low density of defects. 
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The 2D band observed at 2705 cm
-1 

exhibited a full width half maximum of 50 cm
-1

 indicating the presence of 

bilayer graphene. In addition, we note the absence of the (G+D) band at 2930 cm
-1

, corresponding to the 

disorder-induced feature that is known to occur in sp
2
 carbon with defects. The low intensity of the D band, as 

well as the absence of the (G+D) band, suggests a high crystallinity of the graphene bilayer and the lowest 

density of defect which confirm the results obtained with electrochemical inner-sphere redox marker [Fe(CN)6]
3-

/4-
.  

The D and 2D bands provided information relevant to the transport properties of the samples before and after the 

functionalization step. Thus, graphene-EDA-Fc (red spectrum in Figure 3a) showed a D band with very low 

intensity compared to the 2D band and no (G+D) bands were observed at 2930 cm
-1

, which was first proof of the 

absence of disorder with a high sp
2
 component of the functionalized layer.  

This result was the consequence of the soft electrochemical functionalization based on the use of ethylene 

diamine (EDA) molecules as a chemical spacer and linker to covalently attach Fc to the graphene layer (step 1 – 

Figure 1). In order to limit the alteration of the electronic properties of graphene during Fc functionalization 

(Step 2 – Figure 1), this reaction was performed using cyclic voltammetry at low voltage up to 0.75 V (vs. 

Ag/Ag/Cl) to produce cationic radicals allowing for covalent binding of low amounts of EDA. The low D band 

of RAMAN spectra confirmed the lowest amount of the EDA molecules, which did not induce disorder in the 

graphene structure. The top graphene-EDA-Fc layer thus exhibited a high sp
2
 component reflecting the soft 

behavior of the electrochemical functionalization that does not alter the structural properties of pristine graphene. 

Similar results have been previously reported by Vagin et al.[37] showing for the first time that an anodization 

process can only induce defects in graphene monolayers, not in bilayers.  

A low downshift of the 2D peak position by 20 cm
-1 

coupled with
 
a decrease in the FWHM (2D) was here 

observed after Fc grafting (Figure 3a). Since the FWHM(2D) has been previously shown to be directly correlated 

to the hole mobility[38]
,
[39], it reflected an increase in carrier mobility due to an electronic interaction between 

Fc molecules and graphene. A similar observation for the G band would confirm this hypothesis, but in our data, 

the G line signal was not strong enough. The graphene-EDA-Fc layer appeared to be doped. This result was in 

agreement with the electrochemical measurment obtained using the outer-sphere redox probe thus proving a 

small DOS variation. 

To investigate the atomic composition as well as the nature of the chemical bonds, XPS measurements were 

carried out for the as-grown pristine graphene and the graphene-EDA-Fc, as shown in Figure 3 (graphs (b)). The 

chemical modification of graphene with EDA introduces aminated-functionalized surface, wherefore it is of 

great importance to verify the nature of these aminated bonds by XPS (see SI-5, Fig. S5). N1s and O1s peaks 

could be clearly detected in each zone of the graphene-EDA-Fc sample as the signature of the EDA molecules 

attached to the graphene (Figure 3b). Subsequently, the redox marker ferrocene was linked covalently to the 

aminated surface of graphene (step 2 – Figure 1) without addition of any reagent.[22] The XPS scan survey also 

exhibited two contributions at 720.8 eV and 708 eV, which can be attributed to Fe
2+

 (Fe 2p 3/2) and Fe
3+

 (Fe 2p 

1/2) respectively, thereby confirming the presence of ferrocene on the surface. Figure 3c shows a direct 
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superposition of C1s core level signatures of as-grown pristine graphene and graphene-EDA-Fc with an upwards 

shift of 0.18 eV. This shift clearly reflects p-doping of the graphene-EDA-Fc due to the presence of Fc. 
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Figure 3. (a) Micro-RAMAN spectra and (b) XPS spectra recorded on the pristine epitaxial graphene on 4H-SiC 

(0001) before (black line) and after (red line) functionalization of the layer, (c), (d) and (e) C1s XPS spectra for 

pristine graphene and graphene-EDA-Fc at h γ = 360 eV (surface sensitive). The spectra were fitted using a 

Shirley-type baseline and Doniach-Sunjic line shape profile, with a Gaussian profile. 

 

To better study the doping effect in graphene, C1s core level signatures were analyzed before (Figure 3d) and 

after functionalization (Figure 3e). Different components were decomposed using a curve-fitting procedure. The 

experimental data points are displayed as dots and the black line corresponds to the envelope of the fitted 

components. The C1s core level spectrum of as-grown pristine graphene (Figure 3d) presents the typical shape of 

a graphene bilayer grown on SiC(0001). Three peaks were used to fit the original spectra of C1s of pristine 

graphene, corresponding to SiC (~ 284.21eV), graphene (G ~ 284.89eV) and an interface layer (IL ~ 285.29eV). 

The intensity of this IL that should decrease with increasing thickness was found to be consistenly close to 

constant. It corresponds to the first carbon layer partially sp
3 

bound to the SiC surface that has no carbon sp
2
 

properties.[40] The C1s of the graphene-EDA-Fc (Fig. 3 (e)) can be decomposed into six peaks at 284.21, 284.98, 

285.28, 285.66, 286.17 and 286.91 eV which can be assigned to SiC, G, IL, C-OH, C-N and O-C=O bonds, 

respectively. These C-OH, C-N and O-C=O bonds confirmed the presence of EDA-Fc covalently grafted to the 

graphene surface.  

 

3.2  Band gap measurements using ARPES spectroscopy 

To gain further insight into the electronic properties of the functionalized graphene layer and confirm a band gap 

opening, the role of EDA-Fc covalently grafted molecules on the graphene was studied using Angle Resolved 

Photoemission Spectroscopy (ARPES) at 60 eV. The band structures of pristine graphene and graphene-EDA-

Fc, collected at the K point along the ΓK direction, at room temperature, are shown in Figures 4 a and d, 

respectively. The band structure was measured before and after deposition of molecules on the bilayer graphene. 

For the as-grown pristine graphene, the π-band split into two bands, due to an interlayer decoupling, proving that 

a graphene bilayer was present at the surface. The two branches of the bilayer bands were clearly visualized with 

the momentum dispersion curves (Figure 4b). Furthermore, the Dirac crossing point of the π band was located 

around 0.3 eV below the Fermi level with a band gap of about 110 meV.[41] This band gap and n-type low-

doping specifically observed for bilayer graphene on SiC(0001) was due to the charge transfer from the SiC 

substrate. More precisely, this charge transfer coming from  the negative charge in the interlayer (IL) occurred 

due to the dangling bonds between SiC substrate and graphene layer. The Fermi velocity, measured via the slope 

of linear dispersion, was found to be 1.097 ×10
6
 ms

-1
, which was in good agreement with the work of.Sprinkle et 

al.[42]. The band gap was also found to increase with the edge plane defects.[43] 

For graphene-EDA, the band structure was preserved and the fitting of the linear dispersion slope (see SI-6, Fig. 

S6) gave a Fermi velocity of about 1.034 ×10
6
 ms

-1
 which was lower than for the pristine graphene (1.097 ×10

6
 

ms
-1

). This confirms previous electrochemistry results on the fact that low quantities of EDA were covalently 
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bonded keeping the crystallographic structure of the graphene surface without altering their band structure. A 

similar behavior of Fermi velocity evolution has been observed, for example, for covalent functionalization of 

graphene by a cycloaddition reaction[44]. This result agreed well with theoritical calculations suggesting that the 

opening band gap in the electronic structure of graphene could be obtained only for 25% of chemical 

functionalization sites.[45] 

 

Figure 4. ARPES at room temperature of (a) pristine graphene/SiC(0001) and (d) graphene-EDA-Fc, energy vs. 

momentum dispersion relation, (b) pristine graphene/SiC(0001) and (c) graphene-EDA-Fc, measured at hν = 60 

eV, through the K point, along the ΓK direction at room temperature. 

 

After Fc functionalization of graphene, a tendency for increasing the gap opening to 170 meV was seen 

compared with the value of pristine graphene which was about 110 meV (Figures 4 c and d). In addition, a Fermi 
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velocity for the graphene-EDA-Fc was at 1.105 ×10
6
 ms

-1
, close to the pristine graphene. ARPES results 

confirmed the band-gap opening of the graphene-EDA-Fc heterostructure which originated from the fast 

tunneling electron transfer from ferrocene molecules to the graphene layer.[21,46] The strategy performed here 

involved a very low amount of Fc molecules covalently grafted on the graphene bilayer which could generate a 

local excess of charge inducing a band-gap opening. This led to a selective organic functionalization of graphene 

without totally disrupting its electronic properties. This should be correlated with the notable properties of 

ferrocene as an organometallic redox promoter[47] coupled to the electronic structure of graphene.[18] 

To evaluate the electronic properties of the samples, the electron density of pristine graphene was also 

determined before and after ferrocene functionalization. From the ARPES measurements, the energy position at 

the K point (Dirac Energy ED) with respect to the Fermi Energy position (EF) was evaluated.[48] The results 

obtained show ED
Pristine  ≈ 0.3 eV for the pristine graphene, which corresponds to an electron density value of 

about 4.6 ×10
12 

cm
-2

. For graphene-EDA-Fc, ED
Graphene−EDA−Fc

 ≈ 0.21 eV, which corresponds to an electron 

density value about 1.9 ×10
12

 cm
-2

, suggesting an effective electron doping of the graphene despite a low amount 

of ferrocene dopants. The difference in electron density between the pristine and Fc-doped graphene estimated to 

be around 2.7 ×10
12

 cm
-2

 was due to the covalent linking of ferrocene molecules to the graphene layer through 

small EDA spacers.  

 

4. Conclusion 

Electrochemical patterning with small EDA spacers for covalent grafting of ferrocene redox markers on a 

graphene surface is an elegant way to simultaneously enhance the electrochemical reactivity and the electronic 

properties of graphene with higher free charge-carrier densities. Experimentally, the electron transfer rate KS of 

about 7 s
-1 

measured here is to the best of our knowledge the highest measured value for ferrocene grafted on 

graphene-based materials. Fast kinetics through the graphene-EDA-Fc interface should also be associated to the 

low surface coverage Γ of 4.8 ×10
-11

 mol cm
-2

 (~2.9 ×10
13

 molecules cm
-2

) which favors both charge transfer and 

band gap-opening as clearly observed by XPS/ARPES and by electrochemical measurements using inner-sphere 

redox markers Ru(NH3)6
3+/2+

. Soft electrochemical functionalization through EDA oxidation appeared to be a 

key parameter, since both structural and electronic properties of graphene seemed not to be altered after 

functionalization with a major sp
2
 component and a Fermi velocity of the charge carriers similar to that of as-

grown pristine graphene. Finally, the work reported here should lead to a better understanding of charge 

transport mechanisms at the interface between graphene and ferrocene. It also opens the way for studying charge 

transfer mechanisms of others markers and biomarkers for further development of graphene-based surfaces with 

various functionalities.  
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