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A B S T R A C T   

Carbons and nanocarbons are important electrode materials for vanadium redox flow battery applications, 
however, the kinetics of vanadium species are often sluggish at these surfaces, thus prompting interest in 
functionalization strategies to improve performance. Herein, we investigate the effect of N-functionalities on the 
VO2+/VO2

+ redox process at carbon electrodes. We fabricate thin film carbon disk electrodes that are metal-free, 
possess well-defined geometry and display smooth topography, while featuring different N-site distribution, thus 
enabling a mechanistic investigation of the intrinsic surface activity towards VO2+/VO2

+. Voltammetry and 
electrochemical impedance spectroscopy show that N-functionalities improve performance, with pyridinic/ 
pyrrolic-N imparting the most significant improvements in charge transfer rates and reversibility, compared to 
graphitic-N. This was further supported by voltammetry studies on nitrogen-free electrodes modified via aryl
diazonium chemistry with molecular pyridyl adlayers. Computational modeling using an electrochemical- 
chemical mechanism indicates that introduction of surface pyridinic/pyrrolic-N can increase the heteroge
neous rate constants by approximately two orders of magnitude relative to those observed at nitrogen-free 
carbon (k0 = 1.29 × 10− 4 vs 9.34 × 10− 7 cm/s). Simulations also suggest that these N-functionalities play a 
role in affecting reaction rates in the chemical step. Our results indicate that nitrogen incorporation via basic 
functional groups offers an interesting route to the design of advanced carbon electrodes for VRFB devices.   

1. Introduction 

Vanadium redox flow batteries (VRFBs) are an attractive technology 
for applications in energy storage. Since VRFB was proposed by Skyllas- 
Kazacos and co-workers in 1983, the progress of this technology has 
been widely recognized [1–3] as well as its numerous advantages such as 
large energy capacity, long life cycle, deep discharge capabilities, flex
ible capacity, and low environmental impact [1,4–6]. A VRFB is 
composed of two electrolyte tanks with vanadium redox couples, sepa
rated by an ion-exchange membrane; the electrolyte is circulated 
through a cell with porous/high surface area electrodes at which charge 
and discharge reactions involving V(III)/(II) and V(IV)/(V) redox 

processes take place. Nevertheless, control of kinetic barriers to vana
dium redox switching and an understanding of the reaction mechanisms 
at the electrode/electrolyte interface are important for designing 
high-performing VRFB devices. 

Carbons in, for example felt, paper and cloth forms, are among the 
preferred electrode materials for VRFB due to their low cost, high sur
face area, high conductivity, good mechanical and electrochemical 
stability [5,7–13]. However, the kinetics of vanadium species are often 
sluggish at these electrodes thus limiting overall performance; this has 
led to significant work in the literature aimed at optimizing carbon 
electrode properties to reduce resistances to charge transfer for both the 
V(III)/(II) and V(IV)/(V) couples. Surface modifications and 
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pre-treatments, involving particularly oxidation and reactive 
heat-treatments [10,11,14–17] have been extensively explored as a 
route to improving performance. Promising results have also been ob
tained by modifying the carbon structure with other heteroatom func
tionalities including N, B, P and S groups [18–26]. Among these, 
N-doping is especially attractive due to its versatility and potential for 
introducing a range of functional sites to modulate activation barriers, 
while often also leading to enhanced carbon conductivity [24,27–31]. 
Nevertheless, the current understanding of the effects and the mecha
nism by which N-doping alters the electrochemical response of carbons 
towards vanadium species is limited [19,27]. 

Key properties such as carbon hydrophilicity, degree of graphitiza
tion and electrochemically active surface area (ECSA) have been iden
tified to impact cell performance [10,15,32]. The presence of 
heteroatom functional groups is also widely acknowledged to affect the 
charge transfer kinetics [11,14–16,32–35] however, the exact role 
played by such groups in leading to observed changes is often difficult to 
interpret. This is because studies on porous carbon electrodes with 
complex morphologies and high porosity, make it challenging to un
tangle the impact of a specific chemical functionality on the intrinsic 
surface activity of the functional carbon, from the significant changes in 
ECSA that typically result from surface treatments required for such 
modifications. This problem has been eloquently highlighted in recent 
work by several groups [15,32,36,37]. In particular, the interpretation 
of changes in rate constant and faradic current densities for vanadium 
redox processes resulting from functionalization is not straightforward 
at porous electrodes. Changes in wettability/accessibility can affect the 
effective viscosity in the intrafilm volume, leading to dispersion in the 
effective diffusion coefficient of redox species, in addition to changing 
the electrolyte contact area [36]. 

To investigate the intrinsic activity of carbon materials and nano
materials in V(III)/(II) and V(IV)/(V) reactions several groups have 
therefore adopted methodologies aimed at overcoming the above chal
lenges. Tichter et al. have reported methods to accurately account for 
porosity and mass transport effects in carbon networks in the modeling 
of the electrochemical response [38,39]. Kroner et al. [40] carried out 
voltammetry on single carbon fiber microelectrodes extracted from felts 
to correctly account for electrode area in rate constant determinations. 
Goulet et al. [41] designed a flow-through microfluidic cell for the study 
of V(III)/(II) and V(IV)/(V) at porous carbons using transport-corrected 
Tafel analysis. Stimming and co-workers [32,36] have also discussed 
strategies for accounting for ECSA in rate constant determinations. 
Notably, Selva Kumar and Compton [37] recently demonstrated single 
entity nano-catalysis studies of the V(IV)/(V) reaction at carbon nano
tubes to determine their intrinsic surface activity and the mechanism of 
reaction. The above strategies have contributed to improved under
standing of the role of carbon nanostructure, degree of graphitization 
and the effect of hydroxyl/carbonyl groups on charge transfer kinetics 
[32,34,36]. However, the effect of N-functionalities on the carbon 
response is significantly less explored and understood, despite the 
promising results reported for porous N-doped carbon architectures. 

In this work, we investigate the role of N-functionalities on the 
VO2+/VO2

+ redox process at carbon electrodes. To this end we fabricated 
thin film carbon materials in the form of disk electrodes that are metal- 
free and posses well-defined geometry and smooth topography. Using a 
combination of physical deposition methods and post-deposition ther
mal treatments demonstrated in previous work from our group [42,43], 
we are able to control N-content and type/distribution of nitrogen 
functionalities displayed at the carbon surface. The disk electrode ge
ometry allowed for an investigation of the role of N-sites on the intrinsic 
surface activity of carbon electrodes towards the vanadyl oxidation in 
the absence of confounding effects from morphology or metal impu
rities. The use of topographically smooth electrodes has been previously 
applied by our group and others for elucidating the role of nitrogen 
functionalities in the electrocatalysis of the oxygen reduction reaction 
(ORR) [43–47], however to the best of our knowledge it has no 

precedent in studies of vanadyl oxidation. Our results demonstrate that 
N-functionalities enhance intrinsic surface activity, with basic pyrro
lic/pyridinic N-sites resulting in greater improvements in charge trans
fer rates compared to graphitic-N. Using surface modification reactions, 
we show that molecular pyridyl moieties can also deliver improvements 
in charge transfer rates further supporting our findings. Finally, we 
discuss the potential role of basic N-sites with support from digital 
simulations and in the context of reactions proposed for vanadyl 
oxidation in the literature [37,48]. 

2. Experimental 

Materials. Vanadyl sulfate hydrate (99.999 %), sulfuric acid (99.99 
%), 3-aminopyridine (99.99 %), hydrochloric acid (37 %), sodium ni
trite (99 %), methanol (HPCL 99.9 %) were purchased from Sigma 
Aldrich and used as received. Alumina slurries (1, 0.3 and 0.05 µm 
particle size) and polishing cloths (Micro Polishing Cloth and Nylon 
Polishing Ploth) were purchased from Ted Pella and Buehler, respec
tively. Glassy carbon disks with 5 mm o.d. (GC, Sigradur HTW) and Si 
wafers (300 nm thermal oxide) were used as substrate materials. A 2.00 
in. diameter and 0.125 in. thick graphite target (Kurt J. Lesker, 99,999 
%) was used at the sputtering source. 

Fabrication of carbon thin film electrodes:. GC disks and clean Si were 
used as substrates for the fabrication of carbon thin films depending on 
the requirements of specific characterization methods. GC disks were 
polished to a mirror finish as previously reported [28], with alumina 
slurries, with disks being cleaned for 10 min in Millipore water between 
steps to avoid cross contamination. Carbon thin film electrodes were 
fabricated via a combination of physical deposition and post-deposition 
treatments, as recently described [42] and as schematically shown in 
Fig. 1A. Briefly, carbon thin films were first deposited in a 
DC-magnetron sputtering chamber (Torr International, Inc.) at base 
pressure < 2 × 10− 6 mbar and at deposition pressure in the range of 1–2 
× 10− 2 mbar. A graphite target was the carbon source in a 50 sccm total 
flow of either pure Ar or 2 % N2/Ar (by flow), yielding amorphous 
carbon (a-C) and nitrogenated amorphous carbon (a-C:N) thin films, 
respectively. Carbon thin films were subsequently annealed at 900 ◦C 
following conditions described in [42]: a-C and a-C:N were annealed 
under N2 flow for 1 h, yielding films referred to as anC and anC:NG, 
respectively; a-C was also annealed under NH3/N2 yielding film elec
trodes referred to as anC:NP. For a summary of experimental conditions 
see Table S1. 

Carbon functionalization:. Functionalization reactions were carried 
out using 3-aminopyridine as a precursor for diazotization reactions to 
form the corresponding aryldiazonium cation [49] as schematically 
shown in Fig. 1B. A 5 mM solution of 3-aminopyridine was prepared in 
0.625 M HCl containing 2 % CH3OH. The solution was cooled in an ice 
bath for 1 h, then a 50 mM NaNO2 solution was added to it dropwise 
yielding a final concentration of nitrite of 10 mM. After complete 
diazotization all functionalization experiments were carried out using 
the 4.0 mM solution of the diazonium cation thus prepared. Electro
chemically driven functionalization was carried out by using the carbon 
substrate as the working electrode in a 3-electrode cell and applying 
− 0.45 V vs Ag/AgCl for 10 s, yielding samples referred to as anC-EPy; 
cyclic voltammetry was used to confirm that the potential of − 0.45 V 
results in electroreduction of the diazonium cation as in [49]. After 
functionalization all samples were washed in Millipore water and 
CH3OH and dried under N2 flow. 

Characterization:. X-ray Photoelectron spectroscopy (XPS) was per
formed using an Omicron ESCA system with a monochromatic Al K X- 
ray source (1486.7 eV). Carbon samples were prepared on Si wafer 
substrates; survey and high resolution scans were obtained at 50 and 15 
eV pass energy, respectively. Spectra were fitted using commercial 
software (CasaXPS) using a Shirley background and Voigt peak func
tions. Atomic compositions were determined from peak area ratios, after 
correction for relative sensitivity factors (RSF: C1s = 1.0, N1s = 1.8 and 
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O1s = 2.93). Atomic force microscopy was carried in a Park system 
NX10 with 350 GHz Si tips in non-contact mode. Raman spectra were 
measured in backscattering configuration using a Renishaw 1000 micro- 
Raman system with He-Ne laser excitation at 633 nm. Static water 
contact angles were measured using a goniometer (FTA1000). 

Electrochemistry:. Electrochemical measurements were carried out on 
a potentiostat (Metrohm Autolab) using static and rotating electrode 
(Pine Instruments) methods. A 3-electrode cell was used with a graphite 
rod as counter electrode (CE), Ag/AgCl as reference electrode (RE) and 
the GC disks as working electrode (WE). The cell was filled with 100 mL 
of electrolyte, as indicated in each case, and thermostated at 20 ◦C. Prior 
to all measurements, the electrolyte was purged 20 min with Ar. Cyclic 
voltammograms were obtained at different scan rates (0.010–0.050 V 
s− 1), as stated in each case; voltammograms obtained at 1600 rpm 
rotation were obtained at 0.0001 V s− 1. Electrochemical impedance 
spectroscopy (EIS) studies were performed at 1600 rpm; results were 
analysed using commercial software (ZView). Tafel slopes were calcu
lated from the current logarithm plots according to the relation η = a +
blogj, where η = E − Eeq is the overpotential and b is the slope value. 
The transfer coefficient was estimated based on a = RT ln10

bnF [50] where R 
and F are the universal gas constant and Faraday’s constant, respec
tively, temperature T = 293.15 K and number of electrons n = 1 for 
vanadyl oxidation. Results reported after normalization by the electrode 
geometric area were calculated using a mean disk area of 0.196 cm2 

previously determined by Randles Sevcik analysis with outer sphere 
redox couples. Digital simulations of voltammograms were carried out 
using finite element methods (COMSOL Multiphysics v5.3a) and further 
details are provided in Supporting Information. 

3. Results 

3.1. Preparation of N-modified carbon thin films and electrochemical 
studies 

To investigate the effect of heteroatom groups on the electrochemical 
response of the VO2+/VO2

+redox couple at carbon electrode surfaces, we 
carried out the synthesis of thin film carbon electrodes with well-defined 
chemical functionalities and smooth topography. Work from our group 
[42] recently demonstrated that magnetron sputtering deposition fol
lowed by thermal annealing under N2 or NH3/N2 atmosphere (see 
Fig. 1A) can be used to deposit smooth graphitized carbon thin film 
electrodes that are metal-free and display the atomic composition 
summarized in Table 1. Three types of carbon were prepared for our 
studies: anC which contained no nitrogen functionalities (see Supporting 

Information); anC:NG with both bulk and surface N-functionalities of 
which 60 % consisted of graphitic-N (NG) (Fig. 2B); and anC:NP with 
N-functionalities at the surface, exclusively, that consisted of predomi
nantly pyridinic-N (NP) and pyrrolic-N (NPyrr) (Fig. 2A). All carbons 
displayed similarly graphitized networks, as indicated by%-area of the 
trigonally bonded carbon component (Csp2/Ctot) relative to the overall 
C1s carbon peak, which was found to be 68–71 % across all three ma
terials (Table S2). Water contact angles were similar for anC and anC:NG 
surfaces, whereas the value was lower for anC:NP, as expected from the 
presence of hydrophilic pyrrolic/pyridinic N-functionalities. Finally, all 
carbon films were of thickness ca. 65 nm and their intrinsic roughness 
was low, as confirmed by Rq <1.5 nm measured on samples deposited on 
Si wafers (see Fig. S2). 

The electrochemical response of nitrogenated and N-free carbon thin 
film electrodes was investigated in 15 mM VOSO4 in 1.5 M H2SO4. 
Fig. 2C shows cyclic voltammograms (CV) obtained at 20 mV s− 1 for 
anC:NP electrodes in the absence and presence of VO2+ in solution (both 
in dashed lines). The CV obtained in supporting electrolyte alone was 
used to subtract the capacitive background yielding the corrected CV 
shown with a continuous line, which displays well-defined faradaic 
peaks associated with the VO2+/VO2

+ redox response (E◦ = 0.991–1.000 
V) [48,51]. The cathodic limit of 0.2 V vs Ag/AgCl ensures that 
VO2+/V+3 reductions (E◦ = 0.38 V) [48] do not contribute significantly 
to the cathodic response observed. 

The correction for the capacitive background contributions was 
carried out in the same manner for anC and anC:NG (Fig. S3A-3D) and 
Fig. 2D shows a comparison of the corrected CV curves obtained at 20 
mV s− 1 at anC, anC:NG and anC:NP disk electrodes. Results indicate that 
the response is irreversible in the case of nitrogen-free anC materials, 
while minimal reversibility is observed at anC:NG surfaces. For anC, the 

Fig. 1. (A) Main steps in the fabrication of thin film carbon electrodes via sputtering deposition and post-deposition thermal treatments. (B) In situ diazotization 
reaction and electrochemical functionalization of carbon disk electrodes using 3-aminopyridine precursors. 

Table 1 
Composition (atomic-%), thickness and root-mean-square roughness (Rq) of 
carbon thin film electrodes used for electrochemical studies. Details of the 
characterization of anC:NG and anC:NP can be found in [42], while anC results 
are shown in Figs. S1–S2 and Table S2.  

Carbon 
electrode 

Components (at. 
%) 

N 1s (at.%) AFM morphology  

C N O NG NPyrr NP Thickness 
(nm) 

Rq 

(nm) 

anC 96 – 4.0 – – – 65 ± 1 1.3 
anC:NG 91 3.0 6.0 60 6.0 34 65 ± 1 1.3 
anC:NP 94 0.8 5.2 16 31 53 65 ± 1 1.4  
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peak-to-peak separation (ΔEp) is >1.0 V. The introduction of N-func
tionalities leads to a reduction in both ΔEp and the ratio between anodic 
and cathodic peak currents (Jpa/Jpc); however, the presence of pyrrolic-/ 
pyridinic-N sites results in the most significant improvements: ΔEp are 
0.6 and 0.3 V for anC:NG and anC:NP, respectively, whereas Jpa/Jpc de
creases from 3.4 to 1.3 when pyrrolic-/pyridinic-N sites are present. 
Capacitance corrected CV curves obtained at varying scan rates (10–50 
mV s-1) for anC:NP (see Fig. S4) suggest good reversibility of the anC:NP 
response over the scan rates tested, with peak currents varying as ex
pected for a diffusion-controlled process at a disk electrode. This was 
confirmed by a log-log plot of anodic peak current (Ipa) vs scan rate 
which yielded a slope of 0.58 ± 0.01 [52,53] (Fig. S4). The above results 
indicate that nitrogen functional groups at the surface or within the 
carbon network improve charge transfer rates at the carbon electrodes 
and affect reversibility, while pyrrolic-/pyridinic-N sites appear to have 
a particularly beneficial effect. Notably, these effects arise from changes 
in the chemical make-up of the carbon material, rather than nano
structure or specific surface area [34,36,54–56], as all electrodes were 
prepared in the form of graphitized and topographically smooth films. 

The VO2+/VO2
+ oxidation reaction was also evaluated via linear 

polarizations under rotation. Fig. 3A shows linear sweep voltammogram 
(LSV) curves obtained at 1600 rpm and 0.1 mV s-1 for anC, anC:NG and 
anC:NP. The potential at 10 µA cm− 2 was found to shift anodically in the 

order anC:NP < anC:NG < anC (see Table 2), indicating that over
potentials for VO2+ oxidation at a given reaction rate are lower in the 
presence of pyrrolic-/pyridinic-N functionalities. LSVs were collected 
with an anodic limit of 1.3 V to avoid any inadvertent contributions from 
carbon corrosion [57,58]. This, however, prevented observation of mass 
transport-limited current plateaus (expected over 4.1–4.5 mA cm− 2 

based on published diffusion coefficients [37,59]) with the exception of 
anC:NP which shows an inflection in the current density at the anodic 
potential limit. Tafel plots obtained from LSV data are shown in Fig. 3B. 
The Tafel plot for the nitrogen-free anC closely resembles that of 
graphite electrodes reported by Gattrell et al. [48] with visible shoulder 
and curvature at low overpotentials. Slope values were obtained over 
the potential ranges (indicated with thick lines in the figure) of 0.7–0.8 
V, 0.85-0.95 V, and 1.0–1.1 V (vs Ag/AgCl) for anC:NP, anC:NG and anC, 
respectively, yielding values summarised in Table 2. In the case of anC: 
NP the slope is close to 120 mV corresponding to a transfer coefficient α 
= 0.49; within Butler–Volmer’s approximation this is consistent with the 
current density being limited by an electron transfer step. For the other 
two carbon materials the slopes are ca. 150 and 240 mV (α = 0.38 and 
0.24 for anC:NG and anC, respectively) which suggests that the reaction 
kinetics depart from that observed at anCNP. The exchange current 
densities j0 were estimated using the extrapolation method [60] and 
were found to decrease in the order anC:NP > anC:NG > anC (Table 2), as 

Fig. 2. High resolution N 1s XPS spectra and best fit of N-functionalities at (A) anC:NP and (B) anC:NG surfaces, as reported in previous work [42]. (C) CV at anC:NP 
electrodes obtained at 20 mV s− 1 in 1.5 M H2SO4 (dashed black), after addition of 0.015 M VOSO4 (dashed blue) and following subtraction of the capacitive 
background to evidence faradaic peaks (solid blue). (D) Comparison of background-corrected CV of anC:NP (blue), anC:NG (green) and anC (red) electrodes obtained 
at 20 mV s− 1 in 0.015 M VO2+/1.5 M H2SO4. 
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expected based on reversibility trends observed in the CV data. The j0 of 
anC:NP is an order of magnitude larger than that of N-free anC thus 
indicating a significant improvement resulting from the presence of 
N-sites. 

EIS was also carried out to compare charge transfer rates across the 
three materials. Fig. 3C shows Nyquist plots obtained at 0.88 V vs Ag/ 
AgCl at 1600 rpm over the frequency range 10-2–103 Hz. The plots are 
semi-circular, suggesting that the observed response is controlled by the 
kinetics of oxidation of VO2+ [7,40,61,62], and that the resistance to 
charge transfer is lowest for anC:NP given its smallest intercept value on 
the real axis. Data was fitted using an equivalent circuit (see inset) which 
includes a constant phase element CDL to represent the double layer, and 
resistances RΩ and Rct to represent the solution/cell and charge transfer 
resistances, respectively. Best-fit parameters thus obtained are 

summarized in Table 3. The Rct in Fig. 3C were 787 and 507 Ω for anC: 
NG and anC:NP electrodes, respectively, while for anC the value is esti
mated to be >11,200 Ω. Both nitrogen-doped samples had similar 
charge transfer resistances that are more than an order of magnitude 
lower than that of nitrogen-free anC, thus supporting the positive effect 
of N-functionalities on the oxidation rate of vanadyl cations. The charge 
transfer resistance of an anC:NP electrode was also evaluated at pro
gressively increasing potentials yielding EIS results shown in Fig. S5. 
The Rct decreases with increasing overpotential (Table S3) and a log plot 
of the inverse of the Rct vs potential yielded a Tafel slope of 137 mV 
which is in reasonable agreement with the mean value obtained from 
LSV curves. The exchange current density was calculated via extrapo
lation using j0 = RT

nFRct 
[63,64], yielding j0 = 2.92 × 10− 2 mA cm− 2. This 

value is larger than that obtained via LSV, likely due to the conditions 
during EIS measurements more closely approaching the steady-state 

Fig. 3. LSV (A) and Tafel plots (B) obtained at 0.1 mV s− 1 and 1600 rpm in 15 mM VOSO4 in 1.5 M H2SO4. (C) Nyquist plots obtained from EIS studies at 0.88 V vs 
Ag/AgCl, at 1600 rpm over a frequency range 0.01–1000 Hz; the insets show an expanded view of the response from anC:NG and anC:NP and the equivalent circuit 
used to model the EIS response. 

Table 2 
Parameters obtained from LSV of VO2+ oxidation at 1600 rpm and 0.1 mV s − 1 

(Fig. 3): applied potential at 10 µA cm− 2 (E), exchange current density (j0) and 
charge transfer coefficient (α). Values reported are mean and standard deviation 
of three electrodes (N = 3).  

Material E@10 µA cm− 2 j0 α Tafel slope  
(V vs Ag/AgCl) (mA cm− 2)  (mV) 

anC 0.98 (5.83 ± 0.05) × 10− 4 0.24 241 ± 3 
anC:NG 0.79 (2.09 ± 0.04) × 10− 3 0.38 153 ± 2 
anC:NP 0.66 (7.5 ± 0.5) × 10− 3 0.49 118 ± 2  

Table 3 
Comparison of parameters obtained from analysis of EIS at 0.88 V vs Ag/AgCl in 
0.015 M VO2+ and 1.5 M H2SO4 solutions. The equivalent circuit used is shown 
in Fig. 3C with the double layer capacitance simulated by impedance ZCPE =

1/T(iω)
p.  

Material Rs (Ω) Rct (Ω) T (F sp-1) p 

anC 9.2 >11,200 5.4 × 10− 4 0.80 
anC:NG 18 787 1.1 × 10− 4 0.93 
anC:NP 11 507 6.4 × 10− 4 0.84  
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[65]. 
Results obtained via voltammetry and EIS indicate that fast charge 

transfer and reversibility in the V(IV)/V(V) redox process correlate 
positively with the presence of pyridinic-/pyrrolic-N sites. To further 
discriminate the contributions of these functionalities, we fabricated 
anC electrodes modified with well-defined molecular adlayers of pyridyl 
groups using aryldiazonium cation reactions. Carbon substrates were 
functionalized via potential step reduction in aqueous solutions of 
diazotized 3-aminopyridine cations [49], as described in the experi
mental section and shown in Fig. 1B, obtaining electrodes referred to as 
anC-EPy. Fig. 4A shows XPS survey spectra of the anC substrate film 
compared to an anC film after functionalization (anC-EPy). Results show 
that after electrografting of pyridyl moieties a well-defined N 1s peak 
(400 eV) appears in the survey, in addition to the peaks arising from C 1s 
(285 eV) and O 1s (532 eV) emissions. The high-resolution spectrum of 
anC-EPy in the N1s region is shown in Fig. 4B and is in excellent 
agreement with that obtained by Agullo et al. [49] for organic films 
prepared in a similar manner on glassy carbon. The main component 
(399.3 eV, N1) accounts for 65 % of the total signal and can be assigned 
to adsorbed pyridine molecular layers [66,67]; the binding energy 
suggests the presence of residual water which is further supported by an 
enhanced O 1s peak relative to anC, with binding energy consistent with 
that of H-donating water adlayers [67] (see Fig. S6, Table S4). A 

component at 400.5 eV (N2) accounts for 26 % and suggests the presence 
of azo-group cross links, while the component at 401.9 eV (N3) corre
sponds to protonated pyridinium groups [49,66,67]. XPS results there
fore confirmed that molecular pyridyl adlayers are successfully formed 
on anC surfaces via the electrografting protocol used. 

Fig. 4C shows corrected CV obtained at 0.020 V s− 1 at anC-EPy in 
0.015 M VO2+/1.5 M H2SO4 compared to the response of the same 
material prior to functionalization with pyridyl moieties. The response is 
irreversible in the case of bare anC surfaces, as previously discussed, 
however, the pyridyl adlayer enhances both anodic and cathodic fara
daic peaks associated with the VO2+/VO2

+ couple and the response 
displays improved reversibility. In the case of anC-EPy the ΔEp was 
found to be 510 mV, while the Jpa/Jpc also increases to ca. 2.5 upon 
functionalization, which suggests improvements in reversibility even 
relative to anC:NG materials. Fig. 4D shows also a comparison of the CV 
curves at 20 mV s− 1 at anC-EPy and anC:NP; the curves show that the 
molecular films lead to increased reversibility in all cases, but do not 
necessarily result in responses that are as reversible as those observed in 
the case of anC:NP. This suggests that the presence of pyridinic groups 
might not be sufficient to completely explain the performance of anC:NP. 
We propose that this is due to (i) pyrrolic-N groups being also important 
for improving the VO2+/VO2

+ electrochemical response, and/or (ii) 
faster response arising from pyridinic N-functionalities that are 

Fig. 4. (A) XPS survey spectra of anC carbon electrodes as deposited and after electrografting with aryldiazonium cations of 3-aminopyridine (anC-EPy). (B) High- 
resolution N 1s spectraum and best-fits of anC-EPy surfaces showing main components at 399.3, 400.5 and 401.9 eV. (C) Background-corrected CV at 0.020 V s− 1 in 
0.015 M VO2+/1.5 M H2SO4 of: anC (red) vs anC-EPy (black); and (D) anC-EPy vs anC:Np. 
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embedded into the carbon scaffold in the form of condensed rings, rather 
than being wired to the nitrogen-free surface via C—C single bonds (as is 
the case after diazonium grafting). 

3.2. Quantitative analysis of electrode kinetics using simulations 

To compare our results to other reports in the literature, it is useful to 
obtain estimates of intrinsic rate constants that govern the reaction steps 
and to understand the impact of N-functionalities on the V(IV)/V(V) 
reaction mechanism. To this end we carried out simulations of the vol
tammograms obtained with the three different carbon electrodes using 
finite element methods. A range of mechanistic pathways have been 
proposed: Gattrell et al. [48] introduced early on a scheme of squares 
combining electrochemical (E) and chemical (C) steps (see Fig. S7), 
where the chemical steps consisted in protonation/deprotonation of 
aquo complexes. Possible schemes of greater complexity have also been 
discussed involving polynuclear complexes [68], sulfate/bisulfate ad
ducts [48] and surface chemisorption [24]. However, the ECC mecha
nism has been previously found to be a satisfactory approach to 
modeling VO2+ oxidation, particularly at potentials away from the 
equilibrium value [37,48,69]. 

Following a strategy similar to that in [37], we first attempted the 
modeling of the anodic wave as a single E-step. Details of electrode 
geometry and boundary conditions are given in the Supplementary 

Information; briefly, a disk electrode geometry was assumed with 
vanadyl and pervanadyl concentrations of 15 and 0 mM, respectively, at 
time zero and at the bulk solution boundary. Diffusion coefficients 
DVO2+= 2.1 × 10− 6 and DVO+

2
= 2.8 × 10− 6 cm2 s− 1 were taken from 

literature [59,70]; current densities were modeled according to 
Butler-Volmer kinetics and the transfer coefficient was assumed to be 
0.5 [70]. Fig. 5A shows examples of a series of voltammograms gener
ated by varying the heterogeneous rate constant k0 in the range 10− 8 – 
10− 3 cm s− 1. The experimental anodic waves of anC:Np, anC:Ng and anC 
can be compared to all 250 simulated anodic waves generated for 
different k0, as shown in Fig. 5B. The best fit to the 1-electron E mech
anism was obtained by locating the minimum of the sum of square errors 
(SSE) over a potential window preceding the peak potential. Fig. 5C and 
D shows best fit curves and errors, respectively, for the anodic waves of 
anC, anC:NG and anC:NP at 20 mV s− 1 over the potential windows 
relevant to the fit. The simulated curves show good agreement with the 
experimental data yielding estimates of k0 = 1.29 × 10-4, 9.25 × 10-6 

and 9.34 × 10-7 cm s− 1 for anC:NP, anC:NG and anC, respectively. 
Experimental k0 values vary widely in the literature for carbon 

electrodes as a result of methodological differences and the extent to 
which reported results are corrected for electrode nanostructure and 
mass-transport effects, as highlighted by [32,36] and [37]. Nonetheless, 
we note that the k0 thus estimated for anC is in good agreement with 
values reported for graphite [48,71] and GC [37] via methods that 

Fig. 5. (A) Examples of a series of CV curves simulated for an E-mechanism with k0 ranging from 10− 8 to 10− 3 cm s− 1; only a sub-set of the simulated CV curves is 
shown for clarity of presentation. (B) Simulated voltammograms and experimental curve for anC:NP (blue trace) in the anodic region of interest for best fits. (C) Best 
fit of the anodic waves of anC:NP, anC:NG and anC obtained from the minimum of (D) the sum of square errors as a function of k0. 
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account for transport effects. The k0 value of anC:NP is ca. two orders of 
magnitude larger than at these nitrogen-free carbons thus indicating 
that the presence of basic nitrogenated moieties has a large impact on 
charge transfer rates for vanadyl oxidation. An expanded summary of k0 

estimates, including those obtained using porous/nanostructured elec
trodes is presented in Table S8. 

A comparison of simulated vs experimental CV curves (see Fig. S9), 
however, indicates that it is not possible to model the CV using solely an 
E step because of strong discrepancies in position and magnitude of the 
reverse scan. Kaliyaraj and Compton [37] also observed a similar 
discrepancy when utilizing an E-mechanism to model VO2+/VO2

+ at GC 
surfaces. A more complex mechanism is thus required to reproduce the 
irreversible characteristics and peak breath of the cathodic waves. This 
was tackled via addition of a reversible chemical homogeneous step C 
characterised by forward and reverse rate constants kCf and kCr, 
respectively, to allow for an overall EC pathway (see Fig. S8). Fig. 6A 
shows examples of voltammograms simulated by using k0 = 1.29 × 10-4 

cm s− 1 for anC:NP and a series of kCf values in the range 10− 3–1 s− 1 and 
kCf / kCr ratios in the range 0.05–50. The overlapping experimental 

voltammogram in the cathodic region is shown in Fig. 6B. It is evident 
that both the relative magnitude of kCf relative to k0 and the thermo
dynamics of the C-step strongly affect the cathodic waveform. Best fits in 
Fig. 6C were obtained by identifying the minimum SSE as a function of 
both kCf and kCf / kCr ratios over the potential interval shown in the plots. 
A well-defined minimum was found over the ranges explored in all three 
cases, as shown in Fig. 6D. Best fit values obtained via this strategy are 

Fig. 6. (A) Examples of a series of CV curves simulated for an EC-mechanism with k0 = 1.29 × 10− 4 cm s− 1 and a range of rate constants kCf and kCr as shown in the 
legend. (B) Simulated voltammograms and experimental curve for anC:NP (blue trace) in the cathodic region of interest for best fits. (C) Best fits of the anodic waves 
of anC:NP, anC:NG and anC obtained from the minimum of (D) the sum of square errors as a function of kCf and of kCf/kCr ratios. 

Table 4 
Kinetic rate constants obtained from simulations and best fits of CV curves using 
an EC mechanism. Uncertainties are defined by the range of values that results in 
a 10 % increase in the SSE relative to the best fit (see Supporting Information).   

k0 (cm/s) kCf (1/s) kCf /kCr 

anC:NP 1.29 × 10− 4 

(1.25; 1.30) 
10.3 × 10− 2 

(8.30; 15.4) 
0.707 
(0.640; 0.812) 

anC:NG 9.25 × 10− 6 

(8.71; 10.3) 
5.01 × 10− 2 

(4.51; 7.28) 
2.14 
(1.93; 2.20) 

anC 9.34 × 10− 7 

(9.09; 9.97) 
4.87 × 10− 2 

(4.72; 4.99) 
43.3 
(26.1; 105)  
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summarized in Table 4. It was found that best fits are obtained for kCf 
over the narrow range 0.05–0.10 s− 1, with values differing little across 
the three carbon materials studied. A comparison of simulated and 
experimental CV (see Fig. S10) also shows good agreement, indicating 
that an E rate limiting step followed by a C homogenous step better 
describes the overall reaction pathway for the VO2+/VO2

+ reaction. We 
note that these values were obtained under the assumption that a single 
standard potential for the vanadyl/pervanadyl couple is suitable for 
both anodic and cathodic waves, with no explicit dependence on pH 
included in the model [37]. 

4. Discussion 

Overall, results from electrochemical studies on thin film carbon 
electrodes indicate that the presence of N-functionalities enhances rates 
of charge transfer for the VO2+/VO2

+ reaction. Importantly, a compari
son of results for anC:NG and anC:NP, i.e. of two nitrogenated carbons 
with similar degrees of graphitization but differing distributions of N- 
functionalities, further indicates that basic N-sites, namely pyridinic-/ 
pyrrolic-N, might play a beneficial role in improving charge transfer 
resistances and reversibility. This was further supported by the elec
trochemical response of nitrogen-free anC electrodes modified with 
pyridyl adlayers, which suggests that molecular pyridyl moieties at the 
electrolyte interface enhance the reversibility of the VO2+/VO2

+

response, albeit not to the extent observed at anC:NP surfaces. 
Results in Table 4 obtained via simulations of the voltametric waves 

under the assumption of an EC mechanism suggest that the presence of 
basic N-functionalities affects both electrochemical and chemical steps 
required to model the response of carbon materials. The heterogeneous 
rate constant of the electrochemical step increases significantly in the 
order anC < anC:NG < anC:NP with the greatest relative increase 
resulting from the introduction of basic N-functionalities at the carbon 
surface. This is in stark contrast with the effect of O-functionalities, 
which have been shown to negatively affect the intrinsic surface activity 
of carbon electrode materials in vanadyl/pervanadyl redox processes 
[32,34,36,72]. 

Interestingly, our results appear to support hypotheses put forward 
by others, suggesting that surface functionalities play a specific intrinsic 
role in improving charge transfer rates of the VO2+/VO2

+ couple [24,32, 
37]. It is reasonable to suggest that, given the satisfactory modeling of 
results with an EC mechanism, specific interactions between vanadium 
aquo complex/es and N-sites at carbon might be responsible for 
increased heterogeneous rate constants for the anodic reaction [73]. The 
ability of pyridyl groups to form complexes with V(IV) and V(V) centers 
is known in inorganic chemistry [74,75] and supported by recent 
computational work [31]; also, several N–O type ligands have been 
observed to alter oxidation rates and lower the (IV)/(V) half-wave po
tential in homogeneous reactions [75–77]. Hence, we speculate that 
related pyridyl-V interactions could play a role in modulating vanadyl 
oxidation at the carbon/eletrolyte interface, if sufficiently strong to 
displace protons in the acid electrolyte. Further support for this possi
bility might be gathered by observing that the difference in over
potential between materials in Table 2 are much greater than kT/e 
which is suggestive of surface-specific stabilization contributions [73]. 

Results in Table 4 also show that best fits yielded kCf values that are 
relatively independent of the carbon surface chemistry. On the other 
hand the kCf / kCr ratio, appears to strongly depend on the electrode 
material. The nature of the chemical equilibrium in C cannot be estab
lished on the basis of our model alone, however good candidates are 
deprotonation/protonation equilibria as in Fig. S8 [37,48]. The forward 
C step in this case, would be a deprotonation whose rate constant can be 
expected to be independent from electrode surface composition, in 
agreement with the narrow distribution of estimated kCf values. The 
reverse C step would be a pH-dependent protonation reaction (see Fig. 
S7), whose rate would be affected by local pH and, hence, by the pres
ence of acid/base sites. The nitrogenated functionalities at carbon 

surfaces can modify the local pH and therefore could be expected to 
affect the effective/observed equilibrium constant kCf / kCr estimated 
from best fits. Despite chemical steps being modeled as homogeneous 
reactions and while not accounting explicitly for local chemical condi
tions, the model appears to capture general trends in the local envi
ronment experienced by the redox species resulting from changes in 
carbon surface composition. A more accurate model might consider 
contributions arising from both a homogeneous process (Ch) and a 
surface-dependent chemical reaction (Cs) leading to the overall C step. 
For carbon surfaces that do not display N-functionalities the homoge
neous process would be expected to dominate the reaction pathway. The 
surface-dependent process might then play a major role only in the case 
of specific heteroatom functionalities at the electrolyte interface. This 
approach might indeed offer a more detailed (and accurate) physical 
description of the EC mechanism, however it would also increase the 
complexity of the simulations and best-fitting procedure for a correct 
deconvolution of Ch and Cs. This strategy would therefore benefit from 
further support, e.g. from experiments using local pH probes or via 
spectroscopic studies. 

5. Conclusions 

In this work we fabricated thin film carbon materials in the form of 
disk electrodes that are metal-free and that are either N-free or display 
predominantly graphitic-N or predominantly pyrrolic/pyridinic-N. We 
used these materials to study the electrochemical response of the V(IV)/ 
V(V) redox couple as a function of chemical composition. Importantly, 
as the materials are deposited in the form of continuous thin solid films 
with identical thickness and all in intimate electrical contact with their 
glassy carbon disk supports, their response as a function of N-content 
and distribution can be studied without confounding effects arising from 
differences in mass transport or wettability as is often the case when 
studying other nanostructured carbos or drop-cast electrodes. 

Our results obtained via voltammetry and EIS methods indicate that 
the presence of N-functionalities significantly enhances the intrinsic 
activity of carbon electrode surfaces. Both charge transfer rates and 
reversibility of the vanadyl oxidation reaction are improved, which are 
crucial for important applications such vanadium redox flow batteries. 
Voltammetry results could be modeled using an electrochemical- 
chemical (EC) mechanism via finite element simulations. Results indi
cate that the heterogeneous rate constant for the E-step can be increased 
by nearly two orders of magnitude relative to values observed at 
nitrogen-free electrodes by introducing basic pyrrolic-/pyridinic-N 
groups. We speculate that this is the result of specific stabilizing in
teractions at the carbon interface that are likely to modulate the resis
tance to charge transfer. Furthermore, results also suggest that N- 
functionalities might play a role in affecting the chemical step, possibly 
via local pH and/or protonation/deprotonation rates at the interface. 
However, further experimental work is needed to clarify the nature of 
these effects. 

Notably, the effect of N-functionalities on the V(IV)/V(V) response is 
in contrast with the negative impact of O-groups demonstrated in recent 
work on vanadyl redox reactions [32,34,36,72]. This is likely due to the 
fact that N-functionalities, as opposed to O-groups, can be introduced 
into the carbon scaffold without necessarily increasing the insulating 
character of carbons/nanocarbons. In fact, they can improve metallic 
character and density of states at the Fermi level if judiciously incor
porated into the matrix [29,78,79], thus offering an interesting route to 
the effective design of advanced carbon electrodes with high conduc
tivity and chemical active sites for VRFB devices. 
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