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Abstract 

N-doped carbon nanomaterials have received increased attention from electrochemists due to 

their applications in the metal-free electrocatalysis of important redox processes. In this work, a 

series of graphitized undoped and nitrogen-doped carbon electrodes prepared by thermal 

annealing of sputtered amorphous carbon films were prepared and characterized using a 

combination of X-ray photoelectron spectroscopy and Raman spectroscopy. Adsorption of the 

surface-sensitive redox probe dopamine at each electrode surface was then studied using cyclic 

voltammetry and the results correlated to the physico-chemical characterisation. Results indicate 

that dopamine adsorption is influenced by both the nitrogen surface chemistry and the degree of 

graphitization of the carbon scaffold. N-doping, with predominantly graphitic-N sites, was found 

to increase adsorption of dopamine more than 6 fold on carbon surfaces when the introduction of 

N atoms did not result in substantial alterations to the sp
2
 network. However, when an identical 

type and level of N-doping is accompanied by a significant increase in disorder in the carbon 

scaffold, adsorption is limited to levels comparable to those of nitrogen-free carbon. Density 

functional theory studies of dopamine adsorption on graphene and N-doped graphene model 

surfaces showed that dopamine interacts via π-stacking at the graphene surface. The Gibbs free 

energy of adsorption on N-doped graphenes were estimated at 12-13 kcal mol
-1

, and found to be 

approximately twice that of undoped graphenes. Results suggest that chemical changes resulting 

from N-doping enhance adsorption; however, high coverage values depend on the availability of 

sites for π-stacking. Therefore, the structurally disruptive effects of N-incorporation can 

significantly depress the dopamine response by limiting the availability of basal sites, ultimately 

dominating the overall electrochemical response of the carbon electrode.  
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1. Introduction 

Nitrogenated carbon materials have received much attention in recent years, in large part due 

to the discovery of their activity in the metal-free electrocatalysis of important reactions 

including the oxygen reduction reaction (ORR)
1-2

  and oxygen evolution reaction (OER).
3-4

 The 

synthesis of nitrogenated carbons is facile, versatile and can be carried out using low cost 

reactants, with nitrogen having been successfully incorporated into a variety of different 

nanocarbons including amorphous carbon,
5-7

 graphene,
8-11

 and carbon nanotubes.
4, 12

 The 

literature has been reviewed recently.
13-14

  

Most nitrogenation protocols result in different nitrogen sites incorporated into the material. 

Nitrogen may be substitutionally incorporated into the carbon scaffold as a so-called graphitic-N 

site, resulting in the N-doping of the carbon scaffold, or in other chemical forms such as 

pyridinic-N and pyrrolic-N, both of which are necessarily associated with the formation of 

vacancies and edge sites within the carbon matrix.
15

 

The existence of different N-sites poses a challenge to researchers carrying out structure-

activity studies for electrocatalytic applications. A good example is the extensive work done on 

the ORR at nitrogenated carbon surfaces, which has focused on elucidating active sites for 

oxygen adsorption or attempting to correlate electrochemical activity to the presence of one or 

more N-moieties (most commonly pyridinic-N and graphitic-N) in the carbon matrix.
6, 16

 By 

contrast, factors such as the degree of graphitization, the size and packing of graphitic clusters 

and the number of defect sites present at the surface have not been considered in great detail, 

which may be attributed to the lack of a convenient electrochemical means of probing carbon 

nanostructures. 
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The electrochemistry of catechols such as dopamine (DA) is notable for its high degree of 

sensitivity to the surface chemistry of electrodes. The work by McCreery and co-workers
17-18

 on 

glassy carbon electrodes shows that catechol adsorption on electrode surfaces may have a 

dramatic effect on the charge transfer kinetics, due to the self-catalysis of one or more of the 

steps in the ‘scheme of squares’ mechanism often used to describe the 2-electron/2-proton 

process of catechol oxidation.
19-20

 Recently, catechol has been shown to adsorb on graphene 

nanoplatelets
21

 and the adsorption of DA on graphene, in particular, has been investigated by 

means of theoretical calculations.
22-23

 Due to its biological relevance as an important 

neurotransmitter, DA has also been intensely studied in the context of electroanalysis and 

simultaneous detection in the presence of co-analytes such as ascorbic acid.
24-26

 DA also has 

relevance to the nitrogenated amorphous carbon literature in this context,
26-28

 because these 

carbons may be engineered to have low background currents and wide potential windows.
29

 

Interestingly, despite intense focus on tailoring carbon electrode composition and preparation for 

electroanalytical determinations of DA, comparatively less work has been devoted to 

investigating the potential application of DA as a probe of surface nanostructuring for N-doped 

carbons.  

In this work we prepared carbon model systems based on topographically smooth graphitized 

amorphous carbon with and without incorporated nitrogen, and characterized them using a 

combination of cyclic voltammetry, X-ray photoelectron spectroscopy (XPS) and Raman 

spectroscopy. We report what we believe to be the first use of DA as a probe for the surface 

structure of a disordered nitrogenated carbon material. Results indicate that DA adsorbs on both 

nitrogenated and nitrogen-free graphitized carbon surfaces, with both the surface chemistry and 

carbon nanostructure influencing the DA coverage. These results were corroborated by 
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computational studies of DA adsorption on model graphitic clusters via density functional theory 

(DFT).  Our results are expected to have relevance to both the electrochemical detection of DA 

at nitrogenated carbon surfaces, and the structure-activity characterization of carbon based 

materials for surface-catalysed processes such as the ORR. 

2. Experimental Methods 

Chemicals and Materials. Dopamine hydrochloride (98%, Aldrich), Sulfuric Acid (≥95%, 

Ultratrace) Hexane (analytical standard) and Methanol (semiconductor grade) were used without 

further purification.  

Substrate Preparation. Glassy carbon (GC) disks (HTW Sigradur radius 0.25 ± 0.05 cm) 

were prepared by polishing with progressively finer grades of alumina slurry (Buehler), 

sonicating and rinsing with copious Millipore water as reported previously.
4 

Clean disks were 

either used immediately for electrochemical measurements or, in the case of amorphous carbon 

and nitrogenated amorphous carbon depositions, mounted in a custom-made Teflon holder and 

placed in the vacuum chamber for coating via magnetron sputtering prior to characterization, as 

previously described.
5
 In the case of substrates for Raman and XPS measurements, B-doped 

silicon wafers (MicroChemicals; resistivity 5–10 Ω-cm) were prepared via previously reported 

protocols.
5
 

Preparation of Carbon Electrodes. Undoped and N-doped amorphous carbon thin film 

electrodes were prepared by magnetron sputtering followed by a thermal annealing treatment. 

Briefly, the films were deposited via DC magnetron sputtering in a chamber (Torr International 

Inc.) with a base pressure ≤ 2 × 10
-6

 mbar and a deposition pressure in the range (2–7) × 10
-3

 

mbar using a graphite target (99.999%, Lesker) as reported previously.
5
  Annealed amorphous 

carbon films with no N-doping, which will be denoted an-C, were deposited using an Ar plasma; 
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N-doped films, denoted as an-C:N, were prepared using two different fluxes of N2 gas in the 

deposition chamber: anC:N1 was prepared using 2% N2 gas in a total flux of 50 sccm Ar/N2 

during the deposition, whilst 10% N2/Ar was used for an-C:N2. After deposition, the resulting 

films were transported directly to a tube furnace and annealed under N2 atmosphere for 1 h at 

900 °C.  

Characterization. Electrochemical measurements were carried out using a Metrohm Autolab 

AUT50324 potentiostat using a 3-electrode setup. A static disk holder (Pine Instruments) 

enclosing the GC disk with the carbon thin film was used as the working electrode as reported 

previously.
5
 A Hydroflex hydrogen electrode (Gaskatel) and graphite rod were used as reference 

and counter electrodes, respectively. The electrochemical cell was a five-necked jacketed cell 

(Pine Instruments) which had its temperature held constant at 25 °C using a recirculator. Prior to 

experiments, the cell was cleaned using Piranha solution (3:1 H2SO4:H2O2 CAUTION: Piranha 

solution is a strong oxidant which may react explosively with organic solvents and must always 

be used in a fumehood) followed by rinsing with copious amounts of Millipore water. The cell 

was then rinsed three times with the electrolyte solution used during the experiment immediately 

prior to the analysis. Cyclic voltammograms (CVs) were acquired in a potential window of 

0.48-1.2 V vs RHE in deaerated solutions of 0.1 M H2SO4 with and without DA in 

concentrations ranging from 25 μM to 1 mM. All voltammograms were taken with iR 

compensation using commercial software (NOVA) with the uncompensated resistance of 18 ± 1 

Ω determined prior to each experiment using Electrochemical Impedance Spectroscopy (EIS). 

X-ray photoelectron spectroscopy (XPS) characterization was performed at 1 × 10
-10

 mbar 

base pressure in an ultrahigh-vacuum system (Omicron). The X-ray source was a 

monochromatized Al Kα source (1486.6 eV). Spectra were recorded at 45° takeoff angle with an 
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analyser resolution of 0.5 eV. Spectra were baseline corrected using a Shirley background and 

fitted with Voigt functions using commercial software (CasaXPS); atomic percent compositions 

were determined by calculating peak area ratios after correction by relative sensitivity factors (C 

1s = 1.0, N 1s = 1.8, O 1s = 2.93). 

Raman spectra were measured in backscattering configuration using a Renishaw 1000 micro-

Raman system equipped with an Ar+ laser for 488 nm excitation. The incident beam was focused 

by a Leica microscope with a 50× magnification objective and short-focus working distance; 

incident power was kept <2 mW to avoid sample damage. Spectra were baseline corrected using 

commercial software prior to analysis (OriginPro 9.1). 

Computational Studies. Density functional theory (DFT) calculations reported in this work 

were carried out using the dispersion corrected hybrid functional ωB97X-D developed by Head-

Gordon and Chai,
30

 implemented in the Gaussian09 software package.
31

 The choice of this level 

of theory is based on the satisfactory results obtained in previous theoretical studies for 

thermochemistry and for the description of non-covalent interactions.
32

 H atoms were described 

using the double-ζ basis set 6-31G(d,p), whereas the same basis set plus diffuse functions was 

employed to describe the more electronegative O and N atoms. Geometry optimizations were 

performed without imposing any constraints and the nature of all the stationary points was 

further verified through vibrational frequency analysis. The reported adsorption Gibbs energies 

(∆Gads) were calculated at the experimental temperature of 298 K and pressure of 1 atm, 

according to the following equation: 

∆Gads = Gsurf+DA – Gsurf – GDA  (1) 

where Gsurf+DA, Gsurf, and GDA correspond to the adsorbed DA on the graphene cluster, the clean 

graphene cluster, and the DA molecule in the gas phase, respectively.   
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3. Results and Discussion 

Chemical and structural characterization of nitrogen-free and nitrogenated electrodes 

Carbon electrodes with and without the presence of nitrogen were prepared via the DC 

magnetron sputtering protocol described in a previous publication;
5
 briefly, sputtering using a 

N2/Ar mixture was used to deposit topographically smooth carbon thin films of thickness 

<120 nm and the total nitrogen content was varied by changing the proportion of N2 in the gas 

mixture. These carbon thin films were prepared as precursor materials for the annealing 

treatment and contained two different nitrogen concentrations with approximately 15% and 35% 

N/C at.% ratio, as previously described.
5
 The sputtered films were then annealed for 1 h under 

nitrogen at 900 °C. The nitrogen-free carbon films prepared via this method are referred to as 

anC throughout this work, whereas the two nitrogenated systems studied are referred to as 

anC:N1 and anC:N2, which originated from precursors with the lower and higher N-contents, 

respectively.  

The composition of the three different carbon materials was investigated via XPS. Figure 1a 

shows survey scans for the carbon electrode materials indicating the presence of C 1s (ca. 284 

eV) and O 1s (ca. 532 eV) peaks. The absence of nitrogen peaks from the an-C surface is evident 

in the survey and in high resolution scans of the N 1s region between 395 and 405 eV shown in 

the inset in Figure 1a, thus confirming that an-C is a nitrogen-free material. Both an-C:N 

electrodes possess a small peak in the 400 eV region, which can be attributed to the presence of 

nitrogen
33-35

 (also shown in the inset).  
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High resolution scans of the C 1s region are shown in Figure 1b. The asymmetric envelope 

indicates that these carbon materials are predominantly based on sp
2
-bonded carbon, as expected 

for graphitized carbon surfaces. This was further explored by deconvoluting the C 1s envelopes, 

as shown in Figure 1c for the an-C surface, and in Figure S1 in the supporting information for 

anC:N materials. The peaks at ca. 284.5 and ca. 285.5 eV (C1 and C2 in Figure 1c) are 

commonly assigned to sp
2
 and sp

3
 carbon centres, respectively,

36
 leading to an estimated sp

3 
% of 

12 ± 1% (see Table 1).  

 

Figure 1. (a) Survey scans of anC, anC:N1 and anC:N2 electrodes. Insets correspond to high 

resolution scans of the N 1s regions. (b) High resolution C 1s scans of anC and anC:N electrodes. 

(c) Deconvolution of the C 1s envelope of anC; the raw data and envelope are offset relative to the 

components for clarity.  
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Nitrogenation of the carbon scaffold has the effect of increasing the full-width at half 

maximum (FWHM) of the C 1s (Table 1) in anC:N samples, which is indicative of the presence 

of a greater amount of disorder in the carbon sp
2
-network.

37
 Nitrogen incorporation complicates 

the determination of the sp
3
/sp

2
 ratio, as the region above ca. 285.5 eV includes contributions 

from both sp
3
-C and sp

2
-C bonded to nitrogen.

33, 35
 Therefore, we limit the analysis of the sp

3 
% 

determined via XPS to the nitrogen-free anC materials. The peaks at binding energies above ca. 

286 eV (C3 and C4 in Figure 1c) may be assigned to C-O (ca. 286.5 eV) and C=O (ca. 288 eV) 

in the case of nitrogen-free anC; however, the introduction of nitrogen precludes an 

unambiguous assignment between C-O and C-N bonds due to spectral overlap.
38

 

The amount of oxygen and nitrogen present in the films was determined from area ratios 

AO1s/AC1s and AN1s/AC1s, respectively, after correction by sensitivity factors, with the resulting 

O/C and N/C at.% values reported in Table 1. Analysis of variance (ANOVA) on these data 

indicate that there is no statistically significant difference in O/C at.% among the three carbon 

materials (23 DF, F = 1.70, p = 0.20). Additionally, both anC:N1 and anC:N2 possess 

statistically identical N/C at.% (18 DF, t = 1.85, p = 0.083).  

 

Table 1. C 1s FWHM, sp
3
/sp

2
 and chemical composition of anC and anC:N materials obtained 

from XPS deconvolutions. Errors reported are 95% confidence intervals. 

Sample C1s FWHM sp
3
% O/C % N/C % NG/NT% NP/NT% 

anC 1.00 ± 0.05 12 ± 1  3 ± 2 - - - 

anC:N1 1.7 ± 0.4 - 4 ± 1 1.8 ± 0.3 75 ± 5 25 ± 5 

anC:N2 2.1 ± 0.6 - 2.6 ± 0.7 2.4 ± 0.6 74 ± 8 26 ± 8 
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High resolution N 1s spectra for the anC:N surfaces are shown along with their deconvolution 

in Figure 2. For both anC:N films, a deconvolution into two major components yielded the best 

fits. There is a dominant contribution to the envelope at ca. 401 eV which is associated with the 

presence of graphitic nitrogen (NG), as well as a smaller shoulder at ca. 398 eV, which is 

commonly assigned to pyridinic-N (NP).
33,34

 The ratio of NP/NG is approximately 25:75 for both 

anC:N1 and anC:N2 (Table 1), indicating that both systems possess similar nitrogen site 

distribution.  

In summary, XPS measurements of anC, anC:N1 and anC:N2 indicate that carbon deposition 

followed by thermal annealing results in graphitized carbon materials with and without nitrogen 

incorporation. All three carbon materials possess comparable levels of oxygen, whilst the 

nitrogenated systems have comparable total nitrogen content and similar distribution of surface 

N-sites. Despite these similarities, the carbon scaffolds differ significantly as evidenced by the 

differences observed in C 1s FWHM.  

 

Figure 2. High resolution N 1s scans of (a) anC:N1, and (b) anC:N2, showing their 

deconvolution into two contributions; raw data and envelope are offset relative to the 

components for clarity.  
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To probe the differences in the carbon scaffolds of anC and anC:N carbon materials, Raman 

spectroscopy measurements were carried out at an excitation wavelength of 488 nm. Figure 3a 

shows background-subtracted Raman spectra for the anC and anC:N films. All spectra show two 

maxima at ca. 1590 cm
-1

 and 1380 cm
-1

, assigned to the G and D peaks of sp
2
-C centers, 

respectively.
37, 39-40 

The G peak is associated with an in-plane stretching mode of sp
2
-C centres 

present in the carbon scaffold, whereas the D peak is a breathing mode of sp
2
-C sites in six-

membered rings;
39

 the D peak is normally forbidden in perfectly crystalline graphite but is active 

in the presence of disorder/defects.  

  

 

Figure 3. (a) Raman spectra of anC and anC-N carbons; spectra are background corrected and 

offset for clarity. (b) Deconvolution of anC, anC:N1 and anC:N2 spectra. 
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The best fits for the anC and anC:N spectra were obtained using a 3 peak Gaussian 

deconvolution involving the aforementioned G and D peaks as well as a third smaller peak close 

to 1500 cm
-1 

(Figure 3b). The latter is commonly referred to as the A peak and is associated with 

C-C stretching vibrations in an amorphous carbon network, where both three- and four-

coordinated carbon atoms exist in the regions connecting graphitic crystallites.
41

 The small peak 

close to 1000 cm
-1

 observed in some spectra is associated with the Si substrate on which the 

films were deposited for Raman characterization.
42

 Spectral parameters derived from the fits are 

reported in Table 2.  

 

Table 2. Raman spectral parameters for anC and anC:N carbon materials. 

 

On the basis of the three-stage model of Ferrari and Robertson for amorphous carbons with 

and without nitrogen,
37, 39

 all three carbon materials have properties that are closer to 

nanocrystalline graphite than to amorphous carbon. This is evidenced by a G-peak position at ca. 

1600 cm
-1

 for all three model systems and a FWHM that suggests a cluster size <10 nm.
37

 For 

anC:N1 and anC:N2, the G FWHM increases relative to nitrogen-free anC, with anC:N2 having 

the widest FWHM and therefore the greatest disorder. Further insights on the carbon 

microstructure emerge from an analysis of ID/IG  and IA/IG ratios, also shown in Table 2, which 

are diagnostic of the degree of order/disorder. The anC:N1 has slightly smaller ID/IG and slightly 

Sample ID/IG IA/IG G position / 

cm
-1 

G FWHM / 

cm
-1 

D position / 

cm
-1

 

D FWHM / 

cm
-1 

anC 0.74 0.23 1598 85 1379 274 

anC:N1 0.73 0.26 1600 91 1379 260 

anC:N2 0.84 0.16 1603 104 1385 279 
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larger IA/IG ratios relative to unmodified carbon, although the differences are relatively small and 

do not suggest significant differences between anC and anC:N1 in terms of the organization of 

the carbon scaffold and the density of defects/boundaries. In the case of anC:N2, however, the 

ID/IG is significantly larger than anC:N1, which is strongly suggestive of a smaller average 

crystallite size for the graphitic clusters. This is consistent with anC:N2, which shows the 

smallest IA/IG ratio, indicating that graphitized regions of the scaffold are more closely packed, 

thus reducing the prevalence of interstitial C-C contributions. 

Overall, Raman data indicate that anC:N1 and anC:N2 display significant differences in the 

organization of their carbon scaffolds, despite these materials possessing identical N/C at.% and 

comparable concentration of NG and NP sites. The fact that NP remains constant between anC:N1 

and anC:N2 is intriguing, since NP necessarily exists at edge or vacancy sites in the carbon 

scaffold. The increase in disorder for anC:N2 can therefore only be explained on the basis of 

differences in the organization of the carbon framework around these N-sites, rather than on the 

basis of NG and NP concentration changes. We believe that dissimilarities in carbon scaffold 

structuring likely arise from the use of precursor sputtered materials that possess different initial 

N/C contents (15 and 35 at.%), as previously mentioned. It is well known that annealing of 

nitrogenated carbon systems at temperatures above 800 °C selects for the most thermally stable 

NG sites.
8
 This explains the evolution of both an-C:N materials towards almost identical N-site 

composition and concentration, i.e. the majority of the initial nitrogen content is “annealed-out” 

resulting in a final concentration <2.5 at.% of predominantly NG-sites. However, the initial 

concentration of edges, defects and N-sites determines the level of clustering present prior to 

annealing, which limits the ability to “anneal-out” carbon defects. Hence, disorder in the 
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precursor carbon seems to influence the final concentration of residual vacancies and the degree 

of graphitic clustering/ordering achieved post-annealing.  

Voltammetric Studies of anC and anC:N 

Based on XPS and Raman results, anC and anC:N1 possess similar degrees of graphitization in 

their carbon scaffold but differ in that anC:N1 displays NG/NP functionalities on its surface. On 

the other hand, anC:N1 and anC:N2 possess indistinguishable NG/NP composition but display 

differences in the nanostructuring of their graphitic clusters. Despite the presence of numerous 

structure-activity studies on nitrogenated carbons, there has been a disproportionate amount of 

attention paid to identifying particular N-sites and correlating activities to their presence or 

absence,
6, 16

 with less emphasis placed on how the local environment of these sites may be 

organized. The materials discussed in the previous section offer an opportunity to investigate the 

effect of graphitic cluster organization on the response of a solid carbon electrode with controlled 

N-functional group type and concentration, while allowing to discriminate contributions arising 

from the presence of N-functionalities at the surface. In this context, redox couples have been 

used as probes of carbon electrode properties by our group and others in the literature.
5, 43-44

 To 

probe the effect of surface nanostructuring on the electrochemical response of nitrogenated 

graphitic carbons, we selected a catechol species as a redox probe, as these are known to be 

surface-sensitive and adsorb onto carbon electrodes.
17-18, 44

 

Catechols display redox chemistry that is highly sensitive to surface preparations, ranging from 

polishing and cleaning protocols to modification with adlayers.
45-46

 In particular, recent work by 

Patel et al.
47

 using dopamine demonstrated a strong dependence of the redox response on carbon 

electrode edge/plane exposure, while work by Gai et al. and Sheng et al. on nitrogenated carbons 

showed a range of redox behaviour that suggests high sensitivity to chemical and structural 
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changes.
25-26

 These observations led us to speculate that DA redox reactions might be facilitated 

by -stacking interactions at amorphous/disordered carbon surfaces, which could in principle be 

used as a probe for the degree of clustering and organization of the carbon scaffold surrounding 

N-sites. 

Figure 4a shows representative CVs in 1.0 mM DA solutions in 0.1 M H2SO4 for anC, anC:N1 

and anC:N2 electrodes at a scan rate (ν) of 5 mV s
-1

. For comparison, the voltammogram of a 

polished glassy carbon (GC) disk is also presented. The oxidation of DA involves a net transfer 

of two protons and two electrons (n = 2) via a complex ‘scheme of squares’ mechanism.
17

 
48

 The 

CVs in Figure 4a have the characteristics of a reversible 2e
-
 process, with ∆E values close to the 

Figure 4. (a) CVs of GC, anC and anC:N films in solutions of 1.0 mM DA/0.1 M H2SO4 at 5 

mV s
-1

. (b) Peak current densities (top) and ∆E values (bottom) derived from voltammetric 

measurements at 5 mV s
-1

 on all annealed electrodes studied. 
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Nernstian value of 
59

2
 mV

49
  and almost identical anodic and cathodic peak current densities 

(Figure 4b). By contrast, the DA voltammogram on the GC disk shows a large peak-to-peak 

separation of 240 ± 60 mV which is consistent with irreversible charge transfer kinetics.
50

 

anC and anC:N electrodes show indistinguishable behaviour towards DA close to the 

reversible charge transfer limit, at low scan rates. However, significant differences emerge 

among the three materials as the scan rate is increased from 50 to 1000 mV s
-1

 (Figures 5a-c). 

The shape of the voltammetric waves is markedly different from that observed at low scan rates 

in Figure 4a, becoming more symmetric in shape, a feature indicative of the presence of an 

Figure 5. CVs of 1.0 mM DA in 0.1 M H2SO4 for (a) anC, (b) anC:N1, (c) anC:N2 and (d) GC 

electrodes; ν = 50-1000 mV s
-1

. Insets in (a)-(c) are plots of peak current density (jp) vs. ν, 

showing a linear relationship. The inset in (d) corresponds to a plot of jp vs. ν
1/2

. 
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adsorbed redox species at the surface.
46, 50

 ∆E values in Figures 5a-c are in the range of 10-20 

mV, characteristic of an adsorption-controlled process, for which peak-to-peak potential values 

are expected to approach zero. A direct comparison of the current functions at low and high scan 

rate presented in Figure S2 (see Supporting Information) clearly shows these waveform changes. 

Plots of anodic peak current density, jp, vs. ν in the insets of Figures 5a-c show that jp varies 

linearly in the range of 50-1000 mV s
-1

, which is consistent with a surface-adsorbed redox probe. 

For the bare GC (Figure 5d), we found that there is no evidence of a narrowing of ∆E or an 

enhancement of jp, which increases linearly vs. ν
1/2

, as expected for a diffusive process which is 

uncomplicated by the presence of  adsorbed reactant. 

Changes in waveform and peak separation indicate that both solution-phase and surface-bound 

DA are redox active, with adsorbed DA contributing more to the overall peak current as the scan 

rate increases.
51 

This is clearly evident from a logarithmic plot of anodic peak current (ip,a) vs. 

scan rate for the an-C and an-C:N electrodes presented in Figure 6a, which shows a slope of m = 

0.5 at scan rates of 5-20 mV s
-1

. This suggests that oxidation of DA in solution dominates the 

Faradaic current in this range as described by equation (1),
52

 where A is the electrode area, D is 

the diffusion coefficient, and c is the concentration of DA. For higher scan rates, there is an 

enhancement of ip above the value expected for a Nernstian process such that each of the plots 

diverges from m = 0.5 and approaches a slope m = 1. This suggests that the response in this scan 

range is better described by equation (2)
53

 and its logarithmic form in equation (3), where the 

Faradaic current is assumed to originate from a redox species bound at the electrode with a 

surface coverage .  
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ln(𝑖𝑝) = 0.5 ln(𝑣) + ln(2.69.105𝑛
3

2𝐴𝐷
1

2𝑐)   (1) 

𝑖𝑝 =
𝑛2𝐹2 𝜈𝐴𝛤

4𝑅𝑇
     (2) 

ln(𝑖𝑝) = ln(𝑣) + ln (
𝑛2𝐹2AΓ

4𝑅𝑇
)        (3)  

Using the slopes obtained from the plots in the insets of Figure 5, along with equation (2) with 

T = 298 K and the electrode geometric area A = 0.1963 cm
2
, the DA coverages (DA) at each 

electrode surface were obtained and are summarized in Figure 6b. From this figure, it is evident 

that there are significant differences in DA among the three carbon electrodes, which were found 

Figure 6. (a) Logarithmic plot of the anodic peak current, ip,a, vs. ν, for anC and anC:N 

electrodes in a solution of 1.0 mM DA in 0.1 M H2SO4. The dashed lines represent theoretical 

slopes of m = 1 and m = 0.5 and are present to guide the eye. (b) Coverage values, Γ, of DA on 

the electrode surfaces calculated using equation (2) in the text. 
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to be in a ratio of 1.0:6.0:1.9 for anC : anC:N1 : anC:N2. From the voltammograms it is also 

possible to estimate the effects of lateral interactions between adsorbed DA by examining the 

full-width at half maximum (FWHM) of the peaks.
54

 The results of this analysis are reported in 

Table S1 and suggest the presence of only weak lateral interactions.   

The differences in  cannot be explained based on changes to the electrochemical surface area 

(ESA) among the three electrodes. This was confirmed based on measurements of specific 

capacitance in supporting electrolyte solution, which did not afford statistically significant 

differences in capacitance among the three electrodes (see Supporting Information). This 

suggests that differences in the ESA cannot explain the trend in Figure 6b, and that specific DA-

surface interactions vary among anC, anC:N1 and anC:N2, thus giving rise to marked differences 

in adsorption yields.  

It is interesting to examine DA results in the light of chemical and structural information 

obtained via XPS and Raman. Nitrogen incorporation into the anC:N electrodes in the form of 

NG/NP functional groups results in enhanced DA relative to anC, which likely stems from a 

combination of chemical and physical effects on DA adsorption at the carbon surface. The 

similarities between anC:N1 and anC:N2 in terms of N/C and O/C content and proportion of 

NP/NG functionalities (see Table 1) suggest that fundamental physical/structural differences, 

rather than differences in chemical functionality, might better explain the 3-fold enhancement of 

DA for anC:N1 relative to anC:N2. Furthermore, the more modest 2-fold enhancement of DA in 

anC:N2 compared to anC suggests that physical/structural effects can have a stronger effect on 

DA adsorption than the presence of NG/NP surface functional groups. This conclusion is 

supported by our Raman results, which indicate that anC and anC:N1 are similar in their 

organization of the carbon scaffold and their degree of graphitization, while anC:N2 displays the 
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most disordered carbon structure and likely the smallest crystallite size among the three graphitic 

materials. The introduction of NG/NP groups without a significant disruption of the graphitic 

scaffold results in an enhancement of DA when going from anC to anC:N1. However, this 

chemical enhancement effect is essentially lost when the degree of graphitization is reduced in 

anC:N2 materials, i.e. due to changes in the carbon nanostructure. 

Computational studies of DA adsorption on graphene models 

Electrochemical results suggest that DA adsorption can track changes in the surface chemistry 

and nanostructure of graphitic carbon electrodes. Given the similarities in the degree of 

graphitization between anC and anC:N1, it appears that probe adsorption is enhanced by the 

incorporation of N-sites, so long as the disruptive effect of nitrogenation does not result in a high 

concentration of defects in the annealed structure. Probe adsorption at the carbon surface reflects 

differences in (bulk) defect density between anC:N1 and anC:N2 as observed via Raman 

spectroscopy, thus suggesting that increased defects in the nitrogenated scaffold can result in 

reduced probe adsorption. Hence, the combination of spectroscopic and voltammetric results led 

us to hypothesise that DA adsorption may serve as an indicator of the degree of graphitization at 

the electroactive interface in nitrogenated carbons.  

With the aim of providing a better understanding of the interaction between DA and the 

different graphitic surfaces, we carried out a computational investigation at the DFT-wb97xd 

level (see details in SI) using the model graphene structures presented in Figure 7. While 

graphene and N-graphene with vacancies have been studied theoretically,
22-23

 to our knowledge 

this is the first time that DFT calculations have been used to evaluate the interaction of DA with 

graphitic edges, and the first to take into account the entropic contributions to the adsorption by 

computing the Gibbs free energy of adsorption, Gads. 
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Figure 7. Ball and stick representation of the DFT-modelled structures: (a) DA, (b) graphene, (c) 

graphene with a single carbon vacancy, (d) N-graphene with a graphitic centre site, (e) N-

graphene with a graphitic valley site, and (f) N-graphene with a pyridinic vacancy.  

 

We started our computational analysis by optimising the structures of the isolated DA 

molecule and the graphitic model surfaces shown in Figure 7, followed by the adsorption of DA 

on the different surfaces taking into account all the possible orientations and adsorption sites. 

The lowest ∆Gads values obtained and the corresponding structures are summarized in Figure 8. 

All the modelled structures showing a less favourable adsorption energy are illustrated in detail 

in the Supporting Information, Figures S4-S11.  
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Figure 8. Calculated adsorption Gibbs energies (∆Gads), in kcal mol
-1

 for DA. Top views of the 

optimized structures for the different adsorption modes and their corresponding ∆Gads values on 

graphene (a-c) and N-doped graphene (d-f) model systems. 

 

For the interaction of DA with the basal plane of pristine graphene (DA-BP), we found that the 

most favourable orientation of the molecule at the surface is close to parallel, with a ring-surface 
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distance of 3.2-3.6 Å (Figure 8a). This range of bond distances are typical of non-covalent 

interactions and are in line with those reported in previous theoretical studies for DA adsorption 

on graphene.
23

 In this adsorption mode, the ethylamine chain is oriented away from the benzene 

ring, giving a distance of around 4.6 Å between the N-atom of the amine and the surface. The 

interaction of DA with the lone pair of the amine pointing to a hydrogenated graphene edge and 

the aromatic ring facing away from the surface was also considered (DA-E). According to our 

calculations, this adsorption mode is not stable and the DA molecule evolves to an orientation 

parallel to the basal plane as for DA-BP (Figure 8b). However, unlike DA-BP, the ethylamine 

group in DA-E is placed in an almost parallel disposition to the surface close to a hydrogenated 

edge atom, with a N-surface distance of 3.3 Å. While this might be indicative of a weak 

interaction between the edge site and the lone pair of the amine, the computed ∆Gads for DA-E is 

almost identical to DA-BP (–5.4 and –5.5 kcal/mol, respectively). Hence, for hydrogenated 

edges, we conclude that there is no clear preference in the orientation of the amine when the -

system of DA interacts with the basal plane. Likewise, the DA molecule adsorbed on a carbon 

vacancy (DA-V) is also oriented parallel to the graphene surface, but in this case the H atoms 

from the hydroxyl groups point into the vacancy (Figure 8c). The ∆Gads value obtained for DA-V 

is approximately 2 kcal mol
-1

 lower than DA-BP and DA-E, which may be explained by the 

favourable interactions arising from the hydrogen bonding between the hydroxyl groups and the 

unsaturated carbon atoms adjacent to the vacancy.  

When moving to the N-doped graphene surfaces (Figures 8d-f), we found that ∆Gads becomes 

significantly more negative compared to the aforementioned non-nitrogenated surfaces. In the 

case of DA-NG,C, the orientation of DA is almost identical to that of non-nitrogenated DA-BP, 

with the -system of DA sitting on top of the graphitic nitrogen (NG) and with a N-surface 



 25 

distance of 4.66 Å (Figure 8d). Interestingly, the calculated ∆Gads for DA-NG,C is more than 

double the value of the DA-BP interaction (–11.7 vs. –5.5 kcal mol
-1

), thus suggesting that the 

substitutional N-site enhances adsorption of the DA molecule. The most negative ∆Gads value, 

however, was obtained for DA-NG,V, where DA sits parallel to the surface over the NG,V site with 

the amine pointing away from the surface (Figure 8e). A similar adsorption energy was obtained 

even when the molecule was oriented with the amine pointing at the nitrogenated edge (Figure 

S10). Finally, for the interaction of DA with the carbon surface containing a pyridinic vacancy 

(DA-NP), we found that the aromatic ring of DA sits on top of the pyridinic nitrogen site (NP) 

with the amine group almost parallel to the surface (Figure 8f). The calculated ∆Gads for this 

structure is only slightly more positive than for DA-NG,V, which indicates that DA adsorption at 

a pyridinic vacancy is also highly favourable. 

Overall, the above DFT results are in good agreement with the voltammetric experiments for 

both anC and anC:N surfaces, which are strongly suggestive of a weak adsorption at the carbon 

surface. This is based on the fact that, for a strong adsorption (∆Gads in the absence of an applied 

field, |∆G°ads| > ~10 kcal mol
-1

), ‘pre-peaks’ and/or ‘post-peaks’ are expected to appear in the 

voltammogram due to the strong interaction of the reactant and/or products with the surface.
51

 

Our DFT-calculated values of ∆Gads for DA-BP, DA-E and DA-V, are either comparable to this 

threshold value or lower. On the other hand, our DFT results predict the adsorption at 

nitrogenated sites to be stronger, although these sites make up a very small proportion of the 

available binding sites at the surface, as shown in the XPS measurements. Therefore, the absence 

of any pre- or post-peaks in the voltammograms of anC:N1 and anC:N2 may thus be explained 

by the low concentration of these sites at the surface.  
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The more negative values of ∆Gads at nitrogen sites may partially explain why DA coverages 

are higher for the anC:N surfaces compared to anC, since adsorption at nitrogen sites is 

thermodynamically more favourable in N-doped surfaces. However, N-sites alone do not control 

DA adsorption in general, since anC:N2 has a DA coverage which is far lower than for anC:N1, 

despite having an identical N/C at.% and N surface chemistry. This suggests that the mere 

presence of nitrogen sites is not sufficient to induce DA adsorption and that the organization of 

the carbon scaffold induced by the annealing is the most important factor. As anC:N1 and 

anC:N2 show different coverages despite their similar N/C at.% and NG/NP concentration, we 

conclude that differences in graphitic clustering, or more specifically average lateral graphitic 

cluster size between the two surfaces, are the origin of these variations. This suggests that DA 

adsorption experiments may be used as an effective probe of the interfacial carbon nanostructure 

that is relevant to the electroactive surface thus complementing information on defect density 

derived from bulk methods such as Raman spectroscopy.  

4. Conclusions 

In this work we have prepared graphitic carbon model systems with and without the presence 

of nitrogen heteroatoms and characterized their surface chemistry and carbon nanostructure 

using a combination of XPS, Raman spectroscopy, and DFT calculations. We have shown that 

these graphitic carbon systems exhibit adsorption of dopamine with results suggesting that the 

coverage of this probe is influenced both by the presence of N-sites and by the degree of the 

graphitization of the carbon surface. Theoretical studies suggest that the adsorption at the surface 

is controlled by -stacking interactions between graphitic clusters at the surface and the aryl 

moiety.  
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The incorporation of nitrogen sites into the carbon scaffold may enhance adsorption, 

particularly at graphitic valley sites, but the data do not support the notion that DA adsorption is 

controlled primarily by particular N sites, since two model systems with identical N/C % and 

nitrogen surface chemistry have highly different coverages of both molecules. It is clear that the 

chemical effects of N-doping can be counteracted almost entirely by its structurally disruptive 

effects. Our results indicate that the effect of carbon nanostructuring and organization on the 

adsorption and redox response of DA should be regarded as of greater significance than the 

presence of specific N-functional groups. Therefore, it appears important to further explore this 

interplay between N-functional groups and carbon nanostructuring in their local environment to 

better understand electrocatalysis at nitrogenated carbon electrodes in general.  

Nitrogenated carbons have been used by the electroanalytical community in general for many 

years and have been used in dopamine detection in particular by many groups. We expect that 

other aryl systems, such as other catechols and molecules with biological relevance, may display 

similar behaviour. Indeed, work is currently underway in our group to explore the interactions of 

other aryl systems with model carbon systems. These interactions may be explored not only in 

the context of designing biosensors based on graphitic carbons, but also in the use of graphitic 

amorphous carbon model systems as platforms for the study of structural organization of 

disordered carbons. Finally, it is likely that the organization of the carbon scaffold has relevance 

to other inner-sphere redox processes such as oxygen reduction, for which heteroatom doped 

carbons are frequently employed. Work is currently underway in our group to understand the 

effects of modifying carbon nanostructure of different carbon model systems on the ORR.    
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anC – Amorphous Carbon annealed at 900 °C 

anC:N – Nitrogenated Amorphous Carbon annealed at 900 °C 
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