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A B S T R A C T   

B-N-, Si-N, and S-N-co-doped carbon quantum dots (CQD) were prepared by hydrothermal synthesis from 
inexpensive and non-toxic precursors. They were analysed by Raman, FTIR, and XPS spectroscopies and used as 
oxygen reduction reaction (ORR) electrocatalysts. The electrodes were prepared by drop-casting a slurry con
taining poly(sulfone trimethylammonium) hydroxide (PSU-TMA) to enhance the hydroxide-ion transport near 
the catalytically active centers. Furthermore, polyaniline (PANI), reported to be catalytically active for the ORR, 
was added to some electrodes. A similar trend was observed for the electrode capacitance measured by cyclo
voltammetry in the non-Faradaic region and impedance spectroscopy. The ORR kinetics studied by linear sweep 
voltammetry showed the lowest onset and half-wave potentials and the lowest Tafel slopes for the B-N-co-doped 
samples, although the B concentration is low (0.5%). Data with and without PANI are quite similar. The S-N- and 
Si-N co-doped samples are slightly less efficient. The stability test demonstrated a decrease by about 10% of the 
diffusion-limited current after 500 cycles, indicating a microstructural change impacting the mass transport 
conditions, but the onset potential is not modified. Altogether, the good electrocatalytic activity of B-N-co-doped 
CQD with a low boron concentration in presence of PSU-TMA indicated the high potential of these electrodes. 
The inexpensive synthesis of co-doped CQD from non-toxic precursors is an important advantage of these ma
terials vs other carbon-doped electrocatalysts.   

1. Introduction 

The sluggish kinetics of the oxygen reduction reaction (ORR), more 
than six orders of magnitude slower than the hydrogen oxidation reac
tion in acidic conditions, is a major concern for various energy storage 
and conversion devices, including metal air batteries and fuel cells [1,2]. 
The exceptionally high O––O bond energy (~500 kJ/mol) requires 
generally the use of noble-metal electrocatalysts, including platinum 
and palladium, for the four-electron reduction in acidic conditions 
[3–5], although some alternative non-noble materials were reported [6]. 
Polyaniline (PANI) was proposed as an interesting additive for catalytic 
electrodes [7,8], when the two-electron reduction is acceptable. 

The ORR is however faster in alkaline medium [9] and non-noble 
electrocatalysts are applicable, including doped carbon materials 
[10–12]. The four-electron ORR to hydroxide ions can be written:  

O2 + 4 e– + 2 H2O → 4 HO– E◦ = 0.40 V vs SHE                              (1) 

The two-electron ORR leads to the formation of hydrogenperoxide 
anions:  

O2 + 2 e– + H2O → HO2
– + HO– E◦ = -0.07 V vs SHE                        (2) 

The ratio of four-electron and two-electron reduction can be modi
fied by the choice of the electrocatalyst. PANI was proposed for elec
trocatalytic electrodes in alkaline conditions in conjunction with carbon 
nanotubes or Pd; in the latter case, PANI is reported to prevent Pd 
nanoparticle agglomeration [13,14]. Various heteroatoms were studied 
as dopants in diverse carbonaceous materials, especially substitutional 
nitrogen, with sometimes surprisingly high enhancement of the catalytic 
activity [15–20]. Nanostructured carbons have especially retained the 
attention due to their solubility in organic solvents that make the 
drop-casting procedure available [18,21]. The electroactivity of carbon 
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quantum dots (CQD) for the ORR was demonstrated in 2012 [18]. CQD 
have a core composed of sp2/sp3 carbon atoms and 
oxygen/nitrogen-containing functional groups at the edges. We have 
recently compared the preparation of CQD by three different methods - 
pyrolysis, microwave irradiation and hydrothermal synthesis - and re
ported their respective properties [22]. The hydrothermal method is 
most promising due to the easily controllable composition and structure 
via the optimization of precursors and can produce CQD with uniform 
particle size [12]. We showed especially that the position of nitrogen 
atoms in the nanostructure, for example in graphitic, pyrrolic or pyr
idinic sites, changes significantly the properties of the CQD, including 
solubility, UV-vis absorption and fluorescence emission [22]. 

The incorporation of nitrogen on various sites inside the carbon 
nanostructure also modifies the catalytic properties [18,23]. 
Nitrogen-doped CQD are electrochemically active toward the ORR, but 
electrodes made with small CQD present a low electrical conductivity 
with high percolation threshold [24]. N is more electronegative than C; 
the electron-withdrawing ability of N makes neighbouring C atoms more 
positively charged, which facilitates the chemisorption of O2 molecules. 
Co-doping by other heteroatoms, including B [24–26], Si [27] and S [28, 
29], further enhances the electrocatalytic activity of nitrogen-doped 
carbons for the ORR. However, the sometimes labour-intensive, fastid
ious, and costly synthesis of carbon-based materials makes the 
large-scale implementation difficult [21]. 

In this work, we therefore investigate a simple and easily up-scalable 
synthesis of heteroatom co-doped CQD, using inexpensive starting ma
terials and a fast hydrothermal synthesis procedure, which provides 
uniform CQD size [12]. The CQD are characterized by various tech
niques, including XPS, FTIR, and Raman spectroscopy. 

The overpotential of the ORR contains the activation overpotential 
that can be reduced by the presence of a potent electrocatalyst 
improving the charge transfer kinetics, the Ohmic drop and the diffusion 
overpotential, related to the transport of oxygen gas and of hydroxide 
ions. Whereas the oxygen diffusion can be facilitated by the micro
structure of the electrode, the hydroxide ion transport is enhanced by 
the presence of an anion exchange ionomer (AEI) in the electrode. The 
ORR occurs at the triple phase boundary between gas phase (pore), 
electron conducting catalyst (carbon paper/CQD) and hydroxide ion 
conductor (AEI), here poly(sulfone trimethylammonium hydroxide) 
(PSU-TMA) [30]. 

The electrodes investigated in this work are therefore prepared by 
drop-casting on carbon paper of a slurry containing co-doped CQD and 
AEI. Impedance spectroscopy and d.c. capacitance measurements are 
used to determine the electrochemically active surface area of the 
electrodes. The electrocatalytic activity for the ORR is studied in alka
line conditions (1 M KOH) by cyclic (CV) and linear sweep voltammetry 
(LSV) at various speeds of a rotating disk electrode (RDE). 

2. Experimental 

2.1. Materials 

2-(2-Pyridylethyl)trimethoxysilane (Gelest) and polysulfone (MW =
55,500 g/mol, Solvay) were used without any further purification. L- 
cysteine (97%), sucrose (≥ 99.5%), boric acid (≥ 99.5%), polyaniline 
(emeraldine base, PANI-EB, MW >20,000 g/mol), dimethylformamide 
(DMF), and other chemicals were reagent-grade and were used as 
received from Sigma-Aldrich. Carbon paper (AvCarb EP55) and Pt/C 
60% Cloth GDE (0.5 mg/cm2) were obtained from the Fuel Cell Store. 

2.2. Synthesis of CQD and PSU-TMA 

2.2.1. N-doped CQD 
The synthesis of N-doped CQD by a hydrothermal treatment was 

previously presented [19]. 0.45 g of glucosamine hydrochloride (2.1 
mmol) was dissolved in 1 mL H2O and 0.4 mL N-octylamine (2.1 mmol). 

The mixture was stirred for 50 min at 50 ◦C, then transferred in an 
autoclave and inserted into an oven at 190 ◦C for 12 h. The autoclave 
was then cooled down and the solid was dispersed in chloroform. The 
solution was centrifugated and the solid used for the electrode 
preparation. 

Co-doped N-CQD were synthesized by the hydrothermal method 
starting from sucrose as carbon source. After the synthesis, the solutions 
were centrifugated at 8500 rpm during 10 min to eliminate any residue 
and dried at 85 ◦C. The detailed procedures are as follows. 

2.2.2. B-N-CQD 
B-N-CQD were prepared starting from 1.0 g (2.9 mmol) of sucrose 

and 5.0 mg (0.08 mmol) of boric acid (0.5 wt%) in 1 mL of H2O. After 
dissolution, 4 mL DMF were added and the solution was stirred for about 
30 min and heated in an autoclave at 190 ◦C for 12 h. The sample was 
soluble in DMF and DMSO. 

2.2.3. Si-N-CQD 
Si-N-CQD were prepared from a mixture of 0.5 g of sucrose (1.4 

mmol) and 0.5 mL of 2-(2-pyridylethyl)trimethoxysilane (2.3 mmol) 
dissolved in 1 mL of H2O. Then 4 mL DMF was added and the solution 
was stirred for 30 min and heated in an autoclave at 190 ◦C for 12 h. The 
sample was soluble in H2O, DMF, and DMSO. 

2.2.4. S-N-CQD 
S-N-CQD were prepared from 0.5 g of sucrose (1.4 mmol) and 0.26 g 

of cysteine (2.1 mmol) dissolved in 1.5 mL of H2O and 2 drops of 2 M 
HCl. Then 4 mL DMF was added and the solution was stirred for about 
30 min and heated in an autoclave at 190 ◦C for 12 h. The sample was 
soluble in H2O, DMF, and DMSO. 

2.2.5. PSU-TMA 
The ionomer was prepared via the chloromethylation route followed 

by the amination step. The detailed procedure was described in the 
Ref. [30]. In brief, chloromethylated-PSU (PSU-CM) was obtained using 
paraformaldehyde, trimethylchlorosilane, and SnCl4 in chloroform. The 
above polymer was purified and its degree of chloromethylation was 
found to be 1.25. PSU-CM was then reacted with TMA in DMSO. The 
obtained PSU-TMA had a degree of amination of 0.96 and an ion ex
change capacity (IEC) of 1.8 meq/g. 

2.3. Slurry/ink and electrode preparation 

2.3.1. CQD + PSU-TMA 
For each electrode, (8 ± 1) mg of the anion exchange polymer (PSU- 

TMA) and (75 ± 5) mg of the respective co-doped CQD (B-N; Si-N; S-N) 
were dispersed in 0.5 mL DMF. The mixture was stirred overnight. 

2.3.2. CQD + PANI + PSU-TMA 
(8 ± 1) mg of PSU-TMA was mixed with (10 ± 1) mg of PANI-EB and 

(75 ± 5) mg of co-doped CQD, dispersed in 1 mL DMF and stirred 
overnight. 

All ink solutions were deposited by the drop method: 5 µL of the 
above-prepared slurry was loaded on the surface of a carbon paper 
substrate and allowed to dry for 24 h at 80 ◦C. 

2.4. Physicochemical characterization 

2.4.1. Raman spectroscopy 
FT-Raman spectra were collected using a Micro Raman imaging 

spectrometer, Optosky ATR 8300 with excitation wavelength of 785 nm. 
Spectra were collected for at least 10,000 scans using a laser power of 85 
mW. 

2.4.2. X-ray photoelectron spectroscopy (XPS) 
The samples for XPS analyses were prepared by depositing a drop of 
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solution on a grated Au foil (purity 99.99%); then they were dried in air. 
Photoemission spectra were acquired using a spectrometer Escalab 
250Xi (Thermo Fisher Scientific Ltd., East Grinstead, UK) with a 
monochromatic Al Kα (1486.6 eV) excitation source and six-channeltron 
detection system. All spectra were collected at pass energy of 40 eV in 
standard mode of electromagnetic lens system corresponding to an 
analysis area of approximately 1 mm in diameter. The binding energy 
(BE) scale was corrected for a low static charging by positioning the C 1 s 
peak of aliphatic carbon (C–C, C–H bonds) at BE = 285.0 eV and 
controlling if the Fermi level is positioned at BE = 0 eV. Spectroscopic 
data were processed by the Avantage v.5 software (Thermo Fisher Sci
entific Ltd). 

2.4.3. FTIR spectroscopy 
The FTIR spectra were recorded between 500 and 4000 cm–1 using a 

Perkin Elmer Spectrum 2 IR spectrometer (Waltham, Massachusetts, 
United States) equipped with an ATR crystal diamond module. 

2.4.4. Electrochemical measurements 
In all the electrochemical experiments, a conventional three- 

electrode set up was used with a glassy carbon rotating disk electrode 
with 0.07 cm2 area (RDE, OrigaTrod, OrigaLys) as working electrode. 
The coated carbon paper samples were fixed on the glassy carbon disk. A 
4 cm2 platinum foil was the counter-electrode and Ag/AgCl (KCl satu
rated) served as reference electrode (E = 0.197 V vs SHE). 1 M KOH was 
used as an electrolyte, which was saturated with oxygen by gently 
bubbling pure O2 through the solution for at least 40 min. Cyclic vol
tammetry (CV), linear sweep voltammetry (LSV) and electrochemical 
impedance spectroscopy (EIS) measurements were performed at room 
temperature using a BioLogic VMP3 apparatus. The scan rates for the CV 
and the LSV measurements were 20–100 mV/s and 5 mV/s respectively 
with various rotating speeds of the RDE between 500 and 2000 rpm. The 
long-term cycling tests were performed between − 0.3 and − 0.7 V vs Ag/ 
AgCl at 1500 rpm with 50 mV/s scan rate. The impedance spectra were 
recorded with an a.c. amplitude of 20 mV in a frequency range between 

1 Hz and 1 MHz. 

3. Results 

3.1. synthesis and characterization of co-doped CQD 

The hydrothermal reaction was carried out starting from sucrose and 
different molecular precursors of the doping elements. In the case of B- 
N-CQD, the source of nitrogen in the CQD framework was attributed to 
the decomposition of DMF [31,32]. Scheme 1 shows a simplified rep
resentation of the structure of the doped CQD based on the results of 
various characterizations. 

Fig. 1 shows the Raman spectrum of B-N-CQD with the typical D and 

Scheme 1. Schematic representation of B-N, S-N and Si-N co-doped CQD obtained by the hydrothermal route.  

Fig. 1. Raman spectrum of B-N-CQD.  
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G bands [33]. The D line is associated with “disorder peaks” that are 
related to the defects in amorphous carbons. The intensity of the D band 
in CQD can be connected with the presence of a high ratio of “C-edge” 
that induces defects in the structure or more generally to structural 
modifications such as the presence of a doping atom [34,35]. The G band 
is related to sp2 carbon in double bonds and aromatic rings. The posi
tions of D and G bands are similar for all samples (Figs. S1 and S2). The 
relative intensity of D and G bands is related to the size and the defect 
density (D band) and ultimately to the edge ratio [35,36]. In our samples 
the ID/IG value is around 1.3, which is in agreement with the literature 
and indicates a relatively high edge over graphene ratio [35,37]; this 
value might be attributed to the additional doping by B, Si or S [38]. It 
must also be considered that the excitation wavelength (λ = 785 nm) can 
affect the peak position and intensity, especially for the G band, which 
leads to an overestimation of the ratio values [39]. 

Fig. 2 shows the FTIR spectra of the doped samples. Adsorptions in 
the region 3000–3500 cm–1 originate from the O–H stretching vibration 
and are more intense for S- and Si-N-CQD. The solubility of S and Si 
doped samples in water confirms their greater hydrophilicity which was 
attributed, for S doped carbon materials, to the electrostatic interactions 
of C-SOx-C moieties with the surrounding molecules [40]. Narrow peaks 
in the range of 2930–2940 cm–1 belong to N–H and C–H stretching, 
while signals around 1690 and 1590 cm–1 are attributed to C––O and 
C––C stretching adsorptions. At 1150 cm–1 the C–N stretching is 
observed for all samples. B-N-doped CQD (black spectrum) shows a 
distinct band around 1370 cm–1 corresponding to B-O and B-OH groups 
vibrations [41]. A sharp peak at 940 cm–1 and a broad signal at 1065 
cm–1 are related to Si-C and Si-O adsorption of Si-N-CQD (blue spec
trum). The S-N-doped sample (red spectrum) shows a broad signal at 
1070 cm–1 belonging to S––O groups [42]. The thiophene ring vibration 
can be seen at 1450 cm–1. 

Fig. 3 shows the XPS spectra of the doping atoms with the peak 
fitting. C 1 s regions and survey spectra are reported in the Supple
mentary Information. The amount of dopants and their chemical 
bonding in the CQD are summarized in Table 1. 

Nitrogen is present in all the samples as pyrrolic (N 1 s A) and pyr
idinic oxide (N 1 s B) with a higher percentage of dopants for the Si-N 
and S-N CQD, where a nitrogen-containing precursor is provided. 
Whereas pyrrolic N is predominating in B-N and S-N samples, pyridinic 
oxide bonds are predominant in Si-N CQD. The lower content of B and Si 
vs S is related to the molecular structure of the precursors, where the 
dopant atom is bound to -OR ligands. 

For B-N-CQD, the region B 1 s indicates the presence of borinic boron 
(C-B-O2 species) [25,43]. As already reported, the B atom seems 

therefore to be located at the edge of the CQD framework [26] (Fig. 3a). 
In S-N-CQD, the S 2p A signal can be deconvoluted into spin-orbit 

doublet (S 2p3/2 and S 2p1/2 peaks) at 163.8 and 165.1 eV, like in 
thiophene structures (-C-S-C-) [10]. The S 2p B signal at 167.4 (S 2p2/3) 
and 169.1 eV (S 2p1/2) can be assigned to -C-SOx-C groups [28,44], 
confirming the insertion of sulphur in the CQD (Fig. 3b). 

Si-N-CQD presents in the region Si 2p a signal at 102.5 eV ascribed to 
C–Si–O chemical bonds, probably indicating an edge functionalization 
of CQD [27,45] (Fig. 3c). The qualitative atom size comparison shown in 
Fig. 3d supports that B, Si and S are placed at edge sites in the CQD, 
because these heteroatoms are larger than carbon. 

3.2. Electrode capacitance measurements 

Electrode capacitances were measured by cyclovoltammetry (CV) 
and by impedance spectroscopy (IS). 

Fig. 4a shows typical CV curves for different scan rates of a B-N-CQD 
+ PSU-TMA electrode in the non-Faradaic region. The electrode ca
pacitances can be calculated from the linear relation between the cur
rent density j and the scan rate dU/dt (Fig. 4b): 

j = C⋅
dU
dt

(3) 

Similar measurements for other electrodes are reported in the Sup
porting Information. Average capacitance values for all samples are 
given in Table 2. Using the geometrical electrode area of the samples, 
the areal capacitances would be between 4.1 and 8.4 mF cm–2. 

Impedance spectra of electrodes containing Si-N-CQD are shown in 
Fig. 5. The spectra for other electrodes are shown in the Supporting 
Information. 

The impedance spectra of all electrodes can be described by an 
equivalent circuit of a resistance R, representing essentially the elec
trode resistance, in series with a constant phase element (CPE), associ
ated to the electrode capacitance. The impedance Z of a CPE can be 
written: 

Z(CPE) =
1
Y
(iω)− m (4) 

In this equation, i is the imaginary unit, ω the angular frequency, Y 
the CPE value and m the characteristic CPE exponent. For m near 1, the 
CPE can be considered an imperfect capacitance with value Y. The best 
fit results for R, Y and m are reported in Table 2. One can observe that 
the electrode capacitances determined by CV measurements show a 
similar trend with the values of Y measured by impedance spectroscopy. 
The sample resistance increases for both groups of samples in the order B 
< Si < S, whereas the capacitances and Y decrease in this order. Both 
results can be related to an increased aggregation of CQD in the order B 
< Si < S that reduces the electrochemically active surface area. 

There exists a relation between m and the fractal dimension D of the 
electrodes [46]: 

m =
1

D − 1
(5) 

The average fractal dimension is in the order of D = 2.4 in agreement 
with the porous electrode morphology. 

3.3. ORR kinetics and Koutecky-Levich plots 

Fig. 6 shows cyclovoltammograms of N-CQD+PSU-TMA electrodes 
without co-doping in oxygen-saturated 1 M KOH and in a solution 
purged by nitrogen flux. Whereas a cathodic current is absent in the 
latter case, one recognizes a strong reduction peak with an onset po
tential around − 0.2 V vs Ag/AgCl when oxygen is present, showing the 
electroactivity of N-doped CQD for the ORR. 

LSV curves at various rotating speeds are shown for B-N, Si-N and S-N 
co-doped CQD in Fig. 7. Onset and half-wave potentials determined at Fig. 2. FTIR spectra of co-doped CQD.  
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1500 rpm from these curves are reported in Table 3. 
One notices a current plateau around − 0.5 V vs Ag/AgCl for all 

electrodes. The current values in this region can be used to determine 
the number of exchanged electrons using the Koutecky-Levich equation 

between the current j and the rate of the rotating-disk electrode ω [47, 
48]: 

Fig. 3. XPS spectra of the B 1 s, S 2p, Si 2p, and N 1 s regions for (a) B-N, (b) S-N, (c) Si-N co-doped samples, (d) schematic representation of CQD with atom sizes.  
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1
j
=

1
jk
+

1
B⋅ω1/2 (6) 

In this equation, jk is the kinetic current and B is the Levich slope, 
which is given by the relation: 

B = 0.62⋅A⋅n⋅F⋅c(O2)⋅D(O2)
2
3⋅v− 1

6 (7) 

Here, A is the geometrical electrode area, n the number of exchanged 
electrons, F the Faraday constant (96,485 C.mol–1), c(O2) the saturation 
concentration of oxygen in 1 M KOH (9 × 10–7 mol cm–3 [49]), D(O2) the 
oxygen diffusion coefficient in 1 M KOH (1.5 × 10–5 cm2 s–1 [50]), and ν 
the kinetic viscosity of the 1 M KOH solution (0.0094 cm2 s–1) [51]. 

Typical Koutecky-Levich plots are shown in Fig. 8 for B-N co-doped 
CQD+PANI+PSU-TMA at potentials between − 0.4 and − 0.55 V. As 
expected, the slope decreases with increasing cathodic potential corre
sponding to an increase of the number of exchanged electrons, from n =
3.5 at − 0.4 V to 4.0 at E = − 0.5 V vs Ag/AgCl (Table 3). This result 
confirms that co-doped CQD-based electrodes catalyse the four-electron 
ORR, as previously shown by other authors [18]. 

Fig. 9 shows the current density of various CQD-based electrodes in 
comparison with a benchmark commercial Pt/C cloth. The current 
density at − 0.7 V vs Ag/AgCl and 2000 rpm of the benchmark is near the 
diffusional limiting current density calculated according to the Levich 
Eq. (7) (jlim = 4.1 mA/cm2); the current density of CQD reaches 2 mA/ 
cm2 under these conditions. 

In order to facilitate the comparison with literature data, the onset 
and half-wave potentials of ORR are expressed in the following vs the 
reversible hydrogen electrode (RHE), which potential is calculated from 
the potentials E vs the Ag/AgCl electrode according to the equation: 

Table 1 
Dopant atomic concentration and chemical bonding in co-doped CQD.  

CQD Heteroatom chemical bonding and 
atomic concentration 

Nitrogen chemical bonding and 
atomic concentration 

B-N C-B-O2: 0.6% Pyridinic oxide: 1.8% 
Pyrrolic: 3.1% 

S-N C-S-C: 5.0% Pyridinic oxide: 1.9% 
C-SOx-C: 1.7% Pyrrolic: 7.4% 

Si-N C-Si-O: 0.5% Pyridinic oxide: 4.1% 
Pyrrolic: 2.6%  

Fig. 4. Capacitance measurements of B-N-CQD + PSU-TMA electrode. (a) CV 
curves at different scan rates and (b) linear plots of current vs scan rate for 
different potential values. 

Table 2 
Capacitance C from CV, resistance R, value Y and exponent m of constant phase 
element of various electrodes with co-doped CQD.  

Sample C (µF) R (Ω) Y (µFsn-1) m 

B-N-CQD + PSU-TMA 590 8.8 790 0.76 
Si-N-CQD + PSU-TMA 380 13.2 690 0.78 
S-N-CQD + PSU-TMA 290 22.7 520 0.79 
B-N-CQD + PANI + PSU-TMA 370 6.2 1430 0.68 
Si-N-CQD + PANI + PSU-TMA 350 14.0 1130 0.69 
S-N-CQD + PANI + PSU-TMA 350 16.5 710 0.69  

Fig. 5. Impedance spectra of Si-N-CQD containing electrodes with corre
sponding Zfit plot. 

Fig. 6. Comparison of cyclovoltammetric curves with N–CQD + PSU-TMA in 
oxygen-saturated solution (black curve) and in nitrogen-saturated solution 
(red curve). 
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ERHE
/

mV = EAg/AgCl + 59 ∗ pH + 197 (8) 

One can notice that B-N co-doped CQD show the highest onset and 
half-wave potentials, indicating the best electrocatalytic activity. 

3.4. Tafel plots 

Fig. 10 shows Tafel plots for the different electrodes. The respective 

Tafel slopes are reported with other relevant electrocatalytic perfor
mance data in Table 3. 

One can notice that in both Tafel diagrams the B-N-co-doped samples 
show the lowest Tafel slope, which can be attributed to a better elec
trocatalytic performance. The slope is near the value expected for a rate- 

Fig. 7. LSV curves for co-doped CQD + PSU-TMA electrodes (a–c) and CQD + PANI + PSU-TMA electrodes (d–f).  

Table 3 
Electrochemical properties of co-doped ORR electrodes: onset potential Eonset, 
half-wave potential E1/2, number of exchanged electrons n at E = 523 mV vs 
RHE, and Tafel slope B (see text).  

Electrode Eonset vs RHE/ 
mV 

E1/2 vs RHE/ 
mV 

n B / 
mV 

B-N-CQD + PSU-TMA 849 711 4 68 
Si-N-CQD + PSU-TMA 849 711 4 73 
S-N-CQD + PSU-TMA 840 685 4 82 
B-N-CQD + PANI + PSU- 

TMA 
858 730 4 68 

Si-N-CQD + PANI + PSU- 
TMA 

827 703 4 99 

S-N-CQD + PANI + PSU- 
TMA 

831 699 4 85  

Fig. 8. Koutecky-Levich plots for B-CQD + PANI + PSU-TMA at 
various potentials. 
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determining pseudo two-electron reduction. S-N-co-doped samples 
present in both cases a higher Tafel slope in the order of 84 mV, inter
mediate between literature values at low and high current densities. The 
Si-N-co-doped samples show a large discrepancy of slopes, but the 
sample without PANI has an interestingly low value. 

3.5. Stability test 

Fig. 11 shows the stability test of a Si-N-CQD+PSU-TMA electrode 

over 500 cycles. One can observe a decrease of the current in the 
transport-dominated region by about 10% indicating an electrode 
morphology change that modifies mass transport conditions, but the 
onset potential, indicative of the electrocatalytic properties, remains 
constant over the cycles. 

4. Discussion 

The data in Table 3 show that the B-N-co-doped samples have overall 
the best electrocatalytic properties with the lowest Tafel slopes and the 
most positive onset and half-wave potentials, followed by Si-N and S-N. 
This is a remarkable result because these electrodes contain only a small 
amount of B, confirming literature observations of the high efficiency of 
B-N co-doped carbon ORR electrodes [21,24–26]. Although samples 
containing PANI have globally more positive half-wave potentials, their 
Tafel slopes are higher so that no distinct advantage can be found using 
PANI. Future work will therefore be focused on samples without PANI. 

A comparison of onset and half-wave potentials with the literature 
[15] for various doped carbon materials (Table 4) shows slightly lower 
performance for the B-N co-doped samples, whereas the data for Si-N 
and S-N co-doped CQD are in good agreement with reference data. 

The electroactivity of co-doped CQD is related to the availability of 
chemisorption sites for oxygen molecules and the weakening of the 
O––O bond. The creation of an electron density asymmetry and local 
structural distortions, due to heteroatom size mismatch, alters the 
electroactivity. Defects of CQD include single/multiple vacancies, edge 
sites, dangling groups, and dislocations, which tend to change the local 
electronic states and bond lengths; defects have strong chemisorption 
and chemical affinity for various molecules. Furthermore, CQD have 
plenty of oxygenated functional groups (e.g. -OH and -COOH) that 

Fig. 9. Current density at 2000 rpm of co-doped CQD in comparison with Pt/ 
C cloth. 

Fig. 10. Tafel plots for (a) co-doped CQD + PANI + PSU-TMA, (b) co-doped 
CQD + PSU-TMA at 1500 rpm. 

Fig. 11. Stability test of Si-N-CQD + PSU-TMA electrode over 500 cycles (dU/ 
dt = 50 mV/s). 

Table 4 
Comparison of electrocatalytic performances of various doped carbon materials.  

Electrode Eonset vs RHE / V E1/2 vs RHE/ V Refs. 

B-N-CQD + PSU-TMA 0.85 0.71 This work 
B-N-CQD + PANI + PSU-TMA 0.86 0.73 This work 
B-N-doped nanodiamond 0.93 0.81 [52] 
B-N-doped GQD/graphene 0.91 0.76 [53] 
B-N-doped carbon nanotubes 0.91 0.76 [54] 
Graphene/B-doped CQD 0.94 0.73 [26] 
Si-N-CQD + PSU-TMA 0.85 0.71 This work 
Si-N-CQD + PANI + PSU-TMA 0.83 0.70 This work 
Si-N-doped carbon 

nanospheres 
0.85 – [27] 

S-N-CQD + PSU-TMA 0.84 0.69 This work 
S-N-CQD + PANI + PSU-TMA 0.83 0.70 This work 
S-N-doped graphene 0.89 – [55] 
S-N-doped graphene 0.83 – [56] 
S-N-doped carbon nanotubes 0.96 0.81 [57]  
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modify the local electron density and provide additional active sites for 
electrochemical reactions; they can also enhance the electrode wetta
bility by the electrolyte. The amount and type of surface groups can be 
customized by the choice of reactants and synthesis conditions. How
ever, a too large density of oxygenated groups reduces the conductivity 
of CQD and hinders the interfacial electron transfer. 

Heteroatom doping generally causes structural distortion and charge 
redistribution in neighbouring C atoms, which alters the local electronic 
structure and density of states, which promotes the adsorption and 
desorption of reactants and intermediates benefiting the ORR. The 
partial positive charge of B atoms due to their lower electronegativity 
than C and their position of C-BO2 edge sites facilitate the adsorption of 
O2 molecules [21]. Graphite-like BC3, substituting B atoms for C atoms, 
can ameliorate the in-plane electron transfer and generate polarized 
sites as catalytically active centers [26]. The doping by Si enhances the 
catalytic activity of carbon nanomaterials [27]; density functional the
ory calculations indicated that the carbon atoms neighbouring silicon 
acquire a partial negative charge in graphene sheets, which changes the 
chemisorption mode of O2 molecules from the usual end-on adsorption 
on graphene surfaces to side-on adsorption on Si-doped or Si-N-co-doped 
samples, also supported by the large atomic radius of Si. Furthermore, 
the electrons in Si-doped graphene are more easily transferred to O2 
[27]. Both factors evidently facilitate the ORR. Sulfur has a large atomic 
radius and an electronegativity close to carbon; the enhanced ORR 
electroactivity of S-doped graphene is attributed to modifications of 
electron density [38]. 

Co-doped CQD show an elevated ORR activity due to synergistic 
coupling effects between heteroatoms and a substantially enhanced 
electron density [38]. In our work, the highest ORR electrocatalytic 
activity is observed B-N co-doped CQD. However, B and N tend to exist 
as pairs when the doping content is too high, which are inactive towards 
the ORR [24]. Furthermore, excessive B and N doping decreases the 
electrical conductivity of CQD, which contributes to the ORR electro
activity degradation [24]. For this reason, the B content was voluntarily 
limited in our electrodes, also given the high reactivity of boric acid in 
hydrothermal conditions. The hydrophilicity of the doped CQD can 
affect the performances inducing higher wettability or aggregation of 
the catalyst. C-SOx groups present in S-doped carbon material can 
interact with oxygen atoms and increase catalyst aggregation, reducing 
its activity [40]. 

Finally, one should emphasize that the electrodes presented in this 
work are prepared with an efficient low cost and low environmental 
impact synthesis starting from non-toxic and inexpensive precursors, 
which is a competitive advantage. 

5. Conclusions 

B-N-, S-N- and Si-N-co-doped CQD were prepared by hydrothermal 
synthesis using inexpensive and non-toxic precursors. They were ana
lysed by Raman, FTIR, and XPS spectroscopy and used as electro
catalysts for the ORR in alkaline conditions. The electrode slurries were 
prepared by mixing with a hydroxide-conducting ionomer PSU-TMA to 
facilitate the hydroxide ion transport near the catalytically active cen
ters. In the other electrode family, PANI which presents itself a catalytic 
activity for the ORR, was also added. The slurry was then drop-cast on 
carbon paper. The electrochemical ORR tests showed the best electro
catalytic properties for electrodes containing B-N-co-doped CQD, 
although the amount of boron is low, confirming the excellent perfor
mance of B-N-co-doped carbon materials. The inexpensive and envi
ronmentally friendly synthesis procedure is a competitive advantage of 
the ORR electrodes reported in this work. 
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