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A B S T R A C T   

Discovering low-cost and earth-abundant electrocatalysts for oxygen reduction reaction (ORR) is essential for 
advanced energy conversion technologies. A large set of carbon-based ORR electrocatalysts was prepared by a 
two-step pyrolysis at 600 ◦C and then at 900 ◦C. Gelling sugar, guanidine acetate and cysteine were used as 
carbon, nitrogen and sulphur sources, respectively; iron and copper salts were utilised to produce non-noble 
metal-doped carbons. Silica was used as templating agent. The produced materials were thoroughly character-
ized by means of BET, XPS, XRPD and micro-Raman spectroscopy to investigate their physicochemical proper-
ties, and by means of RDE and RRDE methods to study their electrocatalytical properties towards ORR. They 
consist in sulphur- and/or nitrogen-modified carbons, some of which iron- and/or copper-doped. The massive 
carbonaceous structure bears bamboo-like C nanotubes onto the surface of iron-containing electrocatalysts. The 
best ORR electrocatalytic performance pertains to S- and N-modified carbons bearing nanotubes, which points to 
the occurrence of synergistic effects between heteroatoms and active sites associated to the presence of 
nanotubes.   

1. Introduction 

In September 2015, 193 Member Countries of the United Nations 
signed the 2030 Agenda. In this historical document, approved by UN 
General Assembly, 17 Sustainable Development Goals to be achieved by 
2030 were set. The seventh goal is “Affordable and Clean Energy”, i.e. 
guaranteeing everyone access to an economical, reliable, sustainable 
and modern energy system [1]. 

Electrochemical systems represent good candidates to reach this 
goal, both as energy storage systems, e.g. fuel cells and zinc-air battery, 
and conversion systems, e.g. supercapacitors [2–4]. In the former, the 
reduction reaction represents the most challenging aspect since the ox-
ygen reduction reaction (ORR) is characterized by a sluggish kinetic, 

which limits the energy-conversion efficiency [5,6] and needs an effi-
cient electrocatalyst. Platinum is the most used material, but it has high 
costs, limited availability, and technological limitations, as Ostwald 
ripening and coalescence [7]. The worldwide research to replace Pt with 
a platinum group metal free material with relatively similar efficiency, 
higher stability, but lower costs started in the sixties with the seminal 
work of Jasinsky on metal phthalocyanines [8]. Since then, many arti-
cles about metal-doped nitrogen-modified carbon-based materials have 
been published [9–11]. The presence of an element as nitrogen, having 
an electronegativity higher than carbon, induces a modification of the 
electronic structure of nearest neighbour C atoms with an asymmetric 
redistribution of their charge and/or spin densities with their activation 
[12]. This point defect, associated with other intrinsic structural defects, 
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as topological defects, edges, vacancies/holes, distortion, and curvature 
has therefore an important role in increasing electrocatalytic properties 
of carbon materials, with a consequent improvement of ORR activity 
[12–15]. Furthermore, the introduction of iron further boosts this ac-
tivity [16]. Many studies have been done to find real active sites on these 
materials, and some authoritative groups have demonstrated that they 
are based on Fe-Nx sites incorporated in graphene planes of carbon [17, 
18], since these clusters would promote oxygen adsorption and, there-
fore, the breaking of bond between the two oxygen in this molecule 
[16]. 

Nevertheless, in the last decade, modification with single hetero-
atoms different from N (e.g. P, B, S) has been considered [19,20], 
because the presence of these heteroatoms, as in the case of nitrogen, 
tunes the bandgap and modifies the surface electronic behaviour, 
enhancing the electrochemical activity [19,20]. However, recent studies 
have evidenced that the modification with two different heteroatoms 
induces a synergistic effect with an improvement of electrocatalytic 
activity compared to the performance obtained by a single-doped ma-
terial [21]. This experimental evidence is also supported by density 
functional theory (DFT) calculations, which show that single heteroat-
om doping induces less positive and negative charges on neighbouring C 
atoms than that generated by co-doping [20]. One of the most promising 
elements to enhance the electrocatalytic property of carbon is sulphur 
[20]. This element, while having an electronegativity similar to C, has 
an atomic radius larger (102 pm) than carbon (70 pm) and nitrogen (65 
pm) [22]. Therefore, its insertion in graphene plane generates strain 
and, consequently, structural defects that can provide active sites for 
ORR [23]. Moreover, as previously observed, the presence of S in the 
graphene planes leads to a contemporary variation of energy levels of S 
and C with a non-uniformity of spin density distribution [24], and, 
thanks to the large S lone pairs, a rising of polarizability that favours the 
interaction with oxygen [25]. Finally, sulphur can be present in carbon 
matrix as -C-S-C- or -C-SOx, and these two S-species possess higher spin 
densities, that induces high capacitance and a boosting of adsorption 
and breaking bond of O2 [20,26]. 

Further metal doping of these electrocatalysts improves their elec-
trochemical activity, especially in the case of iron, as shown in [27]. 
Moreover, it has been demonstrated that also in these electrocatalysts 
the major contributor to ORR is the Fe-Nx cluster [27]. 

Notwithstanding the aforesaid advantages in terms of electro-
catalytic activity, the introduction of S in a carbon matrix could generate 
such excessive strain to provoke the structure destruction. Therefore, a 
trade-off between density of the active sites and electrochemical activity 
is necessary [28]. The use of carbon nanostructures could be a solution 
of this problem, and the proposal of electrocatalysts based on graphene, 
and on S-N doped CNTs could be intriguing. In particular, results on S-N 
doped CNTs are promising [29], but, unfortunately, the production yield 
of this type of materials is not so high. 

In order to overcome this last aspect, to take advantage of the 
specificities of S-N doped materials and so on to obtain the best elec-
trocatalyst in terms of efficiency, chemical and mechanical stability in 
high yield with a facile synthesis, the combination of good properties of 
both metal S-N doped carbon and S-N doped CNTs in an unique material, 
i.e. an activated carbon S-N doped and covered by CNTs, seems very 
challenging, but apparently not easily accessible. However, in [30,31], it 
has been shown that by a simple synthesis path it is possible to obtain 
good yield electrocatalysts, very active toward ORR based on metal 
doped N-modified active carbons, with N-doped CNTs grafted onto their 
surface [30]. Therefore, by using appropriate precautions, obtaining a 
material possessing all the best behaviour cited above should not be a 
chimera. 

In this work, we demonstrate that i) S- and N-modified Me-doped C 
materials bearing on surface CNTs can be obtained by a facile synthesis 
route and ii) the presence of nanotubes is necessary to have electro-
catalysts with a high activity toward ORR. 

2. Experimental 

2.1. Reagents 

All reagents were purchased from Sigma-Aldrich/Merck and used 
without further purification: iron (II) acetate (95%), copper (II) acetate 
(99.999% trace metal bases), guanidine acetate (CH5N3⋅CH3COOH), L- 
cysteine ((R)− 2-Amino-3-mercaptopropionic acid, >98%) and silica gel 
60 (0.063–0–200 mm, 70–230 mesh ASTM). Gelling sugar (Südzucher 
AG, Mannheim, Germany) containing sucrose:pectin = 98%:2% [30]. A 
Pt-based commercial electrocatalyst, EC-20 (ElectroChem, Inc., nominal 
Pt loading 20%), was analysed and used as a reference material. 

2.2. Synthesis procedure 

The synthesis path was previously reported [30,31]. In brief, gelling 
sugar (3 g), heteroatom precursor (a total amount of 0.0168 mol of 
guanidine acetate or cysteine or a equimolar mixture of them, 
0.0084:0.0084, if used together) and metal (Me) acetate (1 wt.% total 
metal ion calculated on the total mass of sugar and heteroatom pre-
cursor, Me = Fe, Cu, or a Fe:Cu = 0.5 wt.%:0.5 wt.% mixture) were 
added to silica powder (4.3 g) and mixed in a mortar. For an easier 
identification of the samples their code summarises the precursors uti-
lised for the synthesis, namely sugar (Z), guanidine acetate (G) and/or 
cysteine (C), and the metal dopant (if any), as reported in Table 1. 

This mixture was carbonized in a first heating step in a vertical 
furnace (ramp = 6 ◦C min− 1, T = 600 ◦C, 1 h, N2 flow rate = 100 cm3 

min− 1, cooling down under nitrogen flux outside the furnace) followed 
by lixiviation in boiling NaOH (3 mol dm− 3, 3 h) to remove silica. After 
washing, the carbon was dried (T = 110 ◦C, 24 h, N2) and, finally, cal-
cinated (ramp= 6 ◦C min− 1, T = 900 ◦C, 3 h, N2 flow rate = 100 cm3 

min− 1, cooling down under nitrogen flux outside the furnace). 
For the sake of comparison, samples containing heteroatoms and 

metals have been also prepared without using sugar. In this case, yield 
was lower, and the formation of finer powder during carbonization 
caused occlusion and blocking of gas tubes. For safety reasons, these 
samples were no longer considered. 

2.3. Methods 

Specific surface area and porosity distribution were obtained from N2 
adsorption/desorption isotherms at 77 K using a Micromeritics Tristar II 
3020 (Micromeritics) apparatus and the instrumental software (Version 
1.03) and applying Brunauer–Emmett–Teller (BET) and Bar-
rett–Joyner–Halenda analyses, respectively. Sample powders were heat- 
treated (T = 150 ◦C, 4 h, N2) before the analysis to remove adsorbed 
water. Porosity distribution was determined by analysing the adsorption 
nitrogen isotherm branch, since in the presence of hysteresis, it corre-
sponds to a more stable thermodynamic condition [32]. 

The pyrolysis of the samples was ascertained using Micro-Raman 

Table 1 
Description of synthesized sample.  

Sample 
Name 

Sugar 
(Z) 

Cysteine 
(C) 

Guanidine 
Acetate (G)  

Iron 
Acetate 
(Fe) /% 

Copper 
Acetate 
(Cu) /% 

ZC × × – – – 
ZG × – × – – 
ZCG × × × – – 
ZCFe × × – 1.00 – 
ZGFe × – × 1.00 – 
ZCGFe × × × 1.00 – 
ZCGCu × × × – 1.00 
ZCFeCu × × – 0.50 0.50 
ZGFeCu × – × 0.50 0.50 
ZCGFeCu × × × 0.50 0.50 

× denotes the presence of a specific compound in the precursor mixture. 
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spectroscopy (MRS). Raman scattering excited by a solid-state laser 
operating at 2.33 eV (532 nm) was measured by using a NTEGRA - 
Spectra SPM spectrometer (NT-MDT LLC, Moscow, Russia), equipped 
with MS3504i 350-mm monochromator and ANDOR Idus CCD (Oxford 
Instruments, Belfast, United Kingdom). The scattered light from the 
sample was collected by a Mitutoyo 0.75 numerical aperture 100X 
objective. The use of a very low laser power (250 μW at the sample 
surface) prevented local heating of the samples and annealing effects. 

X-ray Photoelectron Spectroscopy (XPS) analyses were run on a PHI 
5000 Versa Probe II Scanning XPS Microprobe spectrometer (ULVAC- 
PHI Inc., Kanagawa, Japan). Measurements were done with a mono-
chromatic Al Kα source (X-ray spot 100 μm) at a power of 24.8 W. Wide 
scans and detailed spectra were acquired in Fixed analyzer Transmission 
(FAT) mode with a pass energy of 117.40 eV and 29.35 eV, respectively. 
An electron gun was used for charge compensation (1.0 V 20.0 μA). Data 
processing was performed by using the MultiPak software v. 9.5.0.8 
(ULVAC-PHI Inc., Kanagawa, Japan). 

X-ray Powder Diffraction (XRPD) measurements were carried on 
lanthanum hexaboride (NIST 660c) standard, and graphite (Aldrich, 
product number: 282,863) as reference sample, and on most of the 
samples (ZC, ZG, ZCG, ZCFe, ZGFe, ZCGFe, ZCGCu, and ZCGFeCu). 
Samples were placed in kapton® capillaries (diameter 1 mm) and 
measured at the Powder Diffraction and Total scattering beamline P02.1 
of PETRA III Synchrotron in Hamburg (D) using a wavelength λ =
0.20735 Å and a Varex XRD 4343CT area detector. 30 frames were 
collected on each sample. The area detector was placed at a distance of 
280 mm with the beam near a corner of the detector to reach a maximum 
Q (= 4πsin(θmax)/λ) value as large as ≈28.25 Å− 1, using a quarter Debye- 
Sherrer ring). The pattern collected on a LaB6 standard was used to 
perform the detector calibration. Following frames merging, azimuthal 
integration to transform 2D data into 1D ones (I vs 2θ) was performed 
using Fit2D [33] 

Data in the reciprocal space were employed for crystalline phases 
identification using Match! (version 2.4.7) [34] and for Rietveld anal-
ysis. Considering the complexity of the Me-S phase diagram (Me= Fe, 
Cu), and the fact that the angular resolution of the experiment does not 
allow to discriminate amongst phases with small symmetry differences 
amongst each other, in the attribution of phases the highest symmetry 
phase amongst the possible ones was selected. 

The structural models were fitted using GSAS [35] up to a maximum 
momentum transfer value Qmax = 4πsinθ/λ = 10.5 Å–1. 

The XRPD data were Fast Fourier Transformed after suitable cor-
rections and normalization to get the Pair Distribution Functions PDF/G 
(r) functions as described in the literature [36] using the program 
PDFGetX3 [37]. Maximum value of Q used for PDF calculation was Qmax 
= 23 Å–1. PDF analysis was carried out using both direct analysis of the 
diffraction peaks [38,39] and fitting the pair distribution functions G(r) 
against structural models using the so-called Real Space Rietveld Anal-
ysis (RSRA) as implemented in PDFgui [40]. The instrumental contri-
bution to G(r) dampening was calculated fitting the G(r) function of 
LaB6 sample in the 1–100 Å interval using RSRA, obtaining 
Qdamp=0.0303. 

Scanning Electron Microscopy (SEM) investigations were performed 
with a Field Emission Gun SEM SU70 (Hitachi, Japan), operated with 
normal mode and 10 kV acceleration voltage. Secondary Electron (SE) 
and Back Scattered Electron (BSE) detectors were used, in order to get 
information on general morphology and metals distribution. Observa-
tions were performed on small quantities of the specimens, that were 
placed on reference carbon tape, and then sputter coated with gold. 
Features were also analysed by Energy-Dispersive X-ray analysis (EDX), 
with UltraDry silicon drift X-ray detector (Thermo Fisher Scientific, 
USA). Additionally, a small quantity of ZCGFeCu specimen was 
dispersed in ethanol, then let dry on a Formvar coated copper grid (Agar 
scientific), and observed with Transmission Electron (TE) detector, 
under an acceleration voltage of 25 kV. 

Cyclic Voltammetry (CV) results were obtained by an Amel 

potentiostat (Mod. 7050) in 0.1 mol dm–3 KOH at 25 ◦C using a single- 
compartment cell. A glassy carbon of a Rotating Disk Electrode, RDE, 
(EDI, Tacussel; geometric area = 0.07 cm2) was used as working elec-
trode, with a (Ag/AgCl) reference electrode in 3 mol dm− 3 NaCl 
(+0.971 vs RHE/V, γ±,KOH=0.798 [41]), separated from the cell by a 
closed salt bridge filled with 0.1 mol dm− 3 KOH, and a pyrolytic 
graphite as counter electrode. An additional Rotating Ring Disk Elec-
trode, RRDE, (Pine Instrument Co., Collection Efficiency = 0.235, geo-
metric area = 0.196 cm2, ring: Pt) was used with an Autolab 
Bipotentiostat to measure the hydrogen peroxide yield and the number 
of exchanged electrons. Inks for the loading of electrode were obtained 
by suspending an activated carbon sample (10 mg) in a mixture of 1 mL 
H2O and 5 μL Nafion®. After 10 min sonication, the suspension was 
ball-milled for 20 min at 10 Hz in an agate jar (Retsch MM400). At the 
end, an aliquot of this mixture was pipetted onto the electrode tip and 
dried under a tungsten lamp (7 μL for RDE and 20 μL for RRDE). The 
catalyst amount on both electrodes was 1 mg cm− 2. Prior to O2 reduc-
tion, the working electrode was left equilibrating 20 min in the solution, 
flushed with O2. Then, a conditioning step in O2 was performed (100 
min, v = 5 mV s–1, ω = 0 rpm) at the end of which CVs were recorded at v 
= 5 mV s–1 and at various electrode rotation rates. To check electrode 
stability and internal reproducibility several CVs at = 1600 rpm were 
recorded in each run. Finally, the cell was flushed with N2 to record the 
intrinsic currents of the materials. Subtracting these results from the 
corresponding ones obtained in O2, a background correction was ob-
tained. In any case each CV measurement consisted of three continuous 
cycles between +1.120 vs RHE/V and + 0.070 vs RHE/V, starting at +
1.120 vs RHE/V through + 0.070 and ending at + 1.120 vs RHE/V. Data 
reported in tables and plots were obtained on the reduction part of the 
third cycle. In RRDE measurements ring potential was set to 1.31 vs 
RHE/V. 

Oxygen Reduction Onset potential was calculated by applying the 
tangent method to the “knee” of the curve at low overpotentials. The 
number of exchanged electrons for all samples was calculated by aver-
aging values obtained applying eq. (1) on RRDE results [42] in the range 
of diffusion limiting current. 

n = 4 ×
ID

ID + IR
N

(1)  

where IR, ID and N are the ring current, the disk current at a specific 
potential E, and ring collection efficiency (0.235), respectively. 

Considering the reduction branch of CV results of RDE, Tafel slopes 
for ORR were determined by eq. (2) plotting the calculated over-
potential η vs jk, the current density in the absence of any mass-transfer 
effects. 

η =
RT
αF

ln(j0) −
RT
αF

ln(jk) (2)  

where R, T and F have the usual meaning, α is the charge transfer co-
efficient, j0 is the exchange current density. 

jk was determined by reporting current density data in Koutecky- 
Levich coordinates (j− 1 vs ω–1/2) at various potentials (Eq. (3) [31], 
which had been employed to calculate overpotentials. 

1
j
=

1
jk
+

1
jl

(3)  

where jl=0.62nFD2/3v-1/6Cω1/2 , with n the number of exchanged elec-
trons, F the Faraday constant, D the diffusion coefficient of O2 (1.67 ×
10–5 cm2 s–1 in 0.1 mol dm− 3 KOH [31]), v the kinematic viscosity of the 
electrolyte (0.01 cm2 s–1 in 0.1 mol dm− 3 KOH [31]), ω the angular 
frequency of rotation (rad s–1), k the electron transfer rate constant, and 
finally C the solution concentration of reactant (C = 1.38 mol cm–3 for 
O2-saturated 0.1 mol dm–3 KOH [31]). 

Hydrogen peroxide yield was calculated by Eq. (4) [43], where IR, ID 
and N are the ring current, the disk current at a specific potential E, and 
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ring collection efficiency (0.235), respectively. 

%H2O2 = 2 ×
IR/N

ID + IR/N
× 100 (4)  

3. Results and discussion 

3.1. Electrochemical performance 

Figure 1A compares the voltammetric curves of carbons containing N 
or N/S with that of a commercial electrocatalyst (EC20, 20% Pt). Pt has 
always the best performance in term of onset potential and limiting 
current. The presence of guanidine in the precursors shifts onset po-
tential to more positive values, and a further improvement is observed 
when both of precursors, cysteine and guanidine, are used for the 
electrocatalyst preparation. In ZCG a better kinetic behaviour at high 
overpotentials (see Tafel slope and ΔE in Table 2) goes hand in hand 
with the appearance of a well-defined limiting current. This behaviour 
could be due both to the nature of nitrogen in the precursor that affects 
final electrocatalytic properties of the carbon, with aminic sp3 nitrogen, 
as in cysteine, less favourable than sp2 nitrogen bonded to sp2 hybrid-
ized carbon, contained in guanidine, and/or to the presence of sulphur. 
The former could be justified considering different thermal stability of 
the two nitrogen and, therefore, different interactions with other ele-
ments during pyrolysis. The number of exchanged electrons is 4 for all 

samples, but the percentage of peroxide (Table 2, obtained from ring 
current reported in Fig S1A) is not negligible. Nevertheless, the smallest 
value, 17–18%, is obtained for ZG and ZCG. The co-presence of S, from 
cysteine, and N sp2, from guanidine, seems beneficial to ORR but is not 
sufficient to equal the performance of reference electrocatalyst, EC20. 

Interestingly, by doping with iron and/or copper, the picture 
completely changes (Fig. 1B, Fig. S1B Tab. 2). The doping with a single 
metal improves the performance of these materials. In particular, in the 
case of iron-doped samples, results are even better than for platinum, 
especially in the case of carbons prepared with a mixture of cysteine and 
guanidine (ZCG series, see Table 2 and Fig. 1B). Onset potential is more 
positive of about 30 mV (Pt 0.923 vs RHE/V, ZCGFe 0.953 vs RHE/V) 
and the maximum peroxide yield is about 7%. Nevertheless, number of 
exchanged electrons, ΔE, and Tafel slopes at low and high overpotentials 
do not show significant variations. As already observed for metal-free 
samples, the use of a nitrogen sp2 derivative in the precursors shifts 
onset potentials to more positive values than those obtained in the case 
of nitrogen sp3 containing compounds (Table 2). The co-doping with 
iron and copper does not enhance the performance compared to single 
doping with iron. In conclusion, considering all data in Table 2, a sort of 
electrocatalytical activity scale can be built: ZC < ZG < ZCG << ZCGCu 
<< ZCFe < ZCFeCu < Pt (EC20) < ZGFeCu < ZGFe ≈ ZCGFeCu <
ZCGFe. 

In order to rationalize and comprehend these data a deep physico- 
chemical characterization is necessary. 

Fig. 1. Cyclic Voltammetry, T = 25 ◦C, 0.1 M KOH, v = 5 mV s− 1, ω= 1600 rpm. A) on catalysts with different heteroatoms; B) on catalysts containing 
different metals. 
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3.2. Specific surface area and pore size distribution 

Nitrogen adsorption-desorption isotherms of all samples, reported in 
Fig. S2, are classified of type IV with hysteresis loops according to IUPAC 
classification [44]. This isotherm is typical of mesoporous materials with 
a hierarchical pores structure, beneficial for ORR [45]. However, the 
loop behaviour depends in a complicated way on the considered mate-
rial. In the case of materials prepared by using only cysteine (ZC family), 
the loop is a H5 type [44], associated with pore structures containing 
both open and partially blocked cylindrical mesopores [44]. The two 
knees in the desorption part indicate the occurrence of both equilibrium 
evaporation/desorption and cavitation effects. At higher pressure, 
desorption is related to the evaporation from open pores, while blocked 
mesopores remain filled until they empty by cavitation [46]. All 
remaining carbons are characterized by a more or less evident H3 type 
loop, typical of materials presenting either non-rigid aggregates of plate 
like particles, or macropores non completely filled by pore condensate 
[44]. 

Figure 2 displays the pore size distributions of the investigated 
electrocatalysts. The percentage of micropores, comprised between ~10 
and 20%, confirms their mesoporous nature. The materials do not 

significantly differ from each other, being all characterized by small 
mesopores (2<d<5 nm), accompanied by larger mesopores, which 
constitute a well-organized lung-like structure, beneficial to diffusion/ 
retro-diffusion of reactants and products. This behaviour may be due 
to the specific templating method adopted during the synthesis. 

For most samples, specific surface area (Table 3) is comprised 

Table 2 
Electrochemical Data.   

Eon, Onset Potential* vs RHE/V  E1/2* vs RHE/V  ΔE=(Eon-E1/2) / V 
Tafel Slope 

( ∂η
∂lnJ

)

V 
Maximum of H2O2% n. e−

Low η High η 

EC20 (20% Pt) 0.923 0.854 0.069 0.026 0.050 4 4.0 
ZC 0.836 0.784 0.052 0.020 0.049 28 4.6 ± 0.2 
ZG 0.849 0.796 0.053 0.019 0.038 17 4.45 ± 0.06 
ZCG 0.852 0.780 0.072 0.028 0.042 18 4.2 ± 0.2 
ZCFe 0.922 0.845 0.077 0.031 0.065 8 4.19±0.03 
ZGFe 0.945 0.879 0.066 0.022 0.040 6 4.090±0.003 
ZCGFe 0.953 0.879 0.074 0.024 0.056 7 4.116 ± 0.004 
ZCGCu 0.888 0.827 0.061 0.019 0.052 13 4.255 ± 0.006 
ZCFeCu 0.910 0.839 0.071 0.014 0.035 16 4.1 ± 0.1 
ZGFeCu 0.942 0.875 0.067 0.017 0.104 4 4.09±0.03 
ZCGFeCu 0.942 0.871 0.071 0.021 0.043 4 4.055 ± 0.002  

* Standard deviation is about 2 mV for all data. 

Fig. 2. Porosity Distribution: Percentage of Specific Surface Area in pores having a diameter d / nm.  

Table 3 
Specific surface area, pore volume, and micropore volume of the samples.  

Sample 
Name 

Specific 
Surface Area 
m2 g− 1 

Total Pore 
Volume 
cm3 g− 1 

Meso- + Macro- 
Pore Volume 
cm3 g− 1 

Micropore 
Volume 
cm3 g− 1 

ZC 414 0.56 0.53 0.03 
ZG 662 1.28 1.25 0.03 
ZCG 628 1.17 1.15 0.02 
ZCFe 375 0.51 0.49 0.02 
ZGFe 702 1.28 1.26 0.02 
ZCGFe 759 1.48 1.44 0.04 
ZCGCu 656 1.27 1.25 0.02 
ZCFeCu 355 0.48 0.46 0.02 
ZGFeCu 653 1.19 1.15 0.04 
ZCGFeCu 759 1.47 1.43 0.04  
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between 560 and 760 m2 g− 1, a typical range obtained by templating 
with the specific SiO2 powder used in this work [30,31]. However, all 
samples of ZC family have both specific surface area (about 40–45%) 
and meso – macro- pore volume (Table 3) lower than the corresponding 
samples of ZG family, while micropore volume is similar to that of the 
other samples. This behaviour could be justified considering that 
L-cysteine and guanidine acetate have different affinity toward silica. 
The melting point of both these N-containing compounds is about 
230–240 ◦C (L-cysteine, T = 240 ◦C, and guanidine acetate, T =
226–230 ◦C). Above this temperature, while guanidinium, positively 
charged, easily adsorbs on partially hydroxylated negatively charged 
silica surface, L-cysteine, belonging to polar/neutral class of amino acids, 
interacts very little with its surface [47]. Consequently, while guanidi-
nium species envelop silica, intimately assuming its nanometric shape 
and maintaining it during carbonization, L-cysteine flows away from 
silica hydroxylated surface, nullifying its templating properties. 

3.3. Surface species 

Table 4 reports the surface composition, as inferred from XPS results 
for all considered samples. The results are in line with the expectations. 

The curve fitting of N1s XP spectra (Fig. S3 and Table 5), although 
the difficulty to properly attribute the fitted peaks [48], due to the su-
perimposition of regions of each “nitrogen” [48] reveals the presence of 
many different types of nitrogen species on the surface of carbon sam-
ples, amongst them, pyridinic, hydrogenated (in-plane), protonated, 
hydrogenated- edge and Me-Nx nitrogen that are the most important for 
ORR electroactivity [48–50]. Indeed, the most electro-active materials 
(ZGFe, ZGFeCu, ZCGFe, and ZCGFeCu) show the highest amount of 
Me-Nx groups coupled with pyridinic N, beneficial to ORR [49]. Instead, 
the very largest amount of hydrogenated (in-plane) nitrogen, which 
preferentially forms peroxides compounds [48,49], is on the surface of 
ZC, ZG, ZCG and on ZCFeCu, the carbons that, as observed above and in 
accordance with electrochemical results, produce the largest amount of 
peroxide amongst all the samples studied in this work (Table 2). A 
similar quantity of hydrogenated nitrogen is also found in ZCGFeCu, 
though, in this case, the amount of produced H2O2 is low (Table 2). This 
apparent contradiction can be explained considering that the high 
quantity of pyridinic nitrogen in this sample favours the reduction of 
hydrogen peroxide to water [49]. 

Fig. S4 and Table 6 display the results of S2p XP spectra curve fitting 
of samples prepared by using cysteine. On the surface, there are different 
sulphur functional groups: S bonded to metal (B.E. 162–162.3 eV), 
thiophene-like S or S-H (B.E. 164.0 – 164.2 eV), S = O (B.E. 166.0 – 
167.0 eV), and finally S(O)O (B.E. 168.5 – 169.5 eV) [29,51–54]. 
Sulphur bonded to metal is peculiarly found only in the samples of ZC 
series and not in ZCG family. An explanation of this behaviour excludes 
a preferential formation of Me-S sites instead of Me-Nx in ZC series since 
Me-Nx-percentage is quite similar for all the considered samples (ZC and 
ZCG families, Table 6), so another justification is necessary, and a 
possible preferential formation of metal compounds in ZC carbons, as 
sulphides or sulphates, should be invoked. Unfortunately, due to the low 
ratio signal/noise, Fe 2p spectra are not useful to validate this hypoth-
esis. The highest amount of thiophene-like functionalities, beneficial to 
ORR [52,55,56], is found in metal-doped ZCG samples. It seems that the 

presence of N sp2 in the precursor of carbons favours the formation of 
this functional group and so the formation of very active materials to the 
detriment of the formation of oxidized sulphur, not useful for ORR [51], 
but abundant in the other less active samples. 

From the XPS data, it is evident that the best catalysts, ZCGFe and 
ZCGFeCu, contain a high amount of pyridinic nitrogen coupled with Me- 
Nx and the highest quantity of SH/thiophene-like S. It is possible to 
hypothesize an interaction between N-functionalities and S-H/thio-
phene-like groups with the building of a local collaborative structure 
[57], like a very active S-doped metal-Nx-C site. This hypothesis might 
be supported by some literature results showing that the breaking of 
O–O is easier in a similar catalytic site than in a not-S-containing 
equivalent [28]. 

3.4. Electrocatalyst structure 

Figure 3A compares the low 2θ portions of the XRPD patterns of 
metal-free catalysts and crystalline graphite. Rietveld refinements reveal 
that catalysts are single phase, with graphite space group P63mc (see 
Figs. S5A and S5B and Tab. S1). The broadening of the peaks points to 
the reduction of crystalline coherence with respect to graphite. 

The shift of the maximum of the most intense reflection (002) toward 
lower 2θ values suggests an expansion of the c axis. According to the 
Rietveld analysis, c passes from ≈6.735 Å in graphite (in agreement with 
the literature [58]) to 7.23–7.29 Å (see Tab. S1). In addition (002) re-
flections of carbon samples are asymmetric, probably as a consequence 
of strain effects. 

Figure 3B shows the low 2θ portions of the XRPD patterns of Fe 
doped catalysts. Additional sharper peaks are here visible. The phase 
analysis reveals peaks of FeS throlite phase [59] in the patterns of ZCFe 
and in ZCGFe. Their relative intensity suggests a dependence of FeS 
amount on the concentration of cysteine in the precursors. Body- and/or 
face-centred cubic (bcc [60] and fcc, austenite [61]) Fe structures, are 
detected in all catalysts except in ZCFe (see Tab. S1B). 

The increasing asymmetry of the graphite (002) peak with the gua-
nidine concentration in the precursors (see ZCFe, ZCGFe and ZGFe 
samples) points to an active role of metals during the synthesis of the C 
phase. 

Cu2S [62] and fcc metal Cu [63] are detected in the XRPD patterns of 
ZCGCu and ZCGFeCu samples (Fig. 3C). In ZCGFeCu sample, also the 
peaks FeO wustite phase are present. Fe and FeS phases are absent in 
both Cu and Fe-Cu double doped samples. Rietveld refinements 
confirmed the phase analysis (see Tab. S1C and Fig.S5C). 

Figure 3D shows the full G(r) functions of metal free catalysts, while 
their low r regions are displayed in Fig. S6. The RSRA reveals that their 
coherence length is shorter than in graphite (≈ 15 Å against ≈ 80 Å, see 
Fig. 3D, Fig. S7, and Tab. S2). Moreover, the nearest neighbour (NN) 
C–C distance is slightly greater (≈ 1.420(4) Å against ≈ 1.414(4) Å in 
graphite). This small expansion may be related to scarce coherence also 
along the ab plane, with graphite-like clusters formed by few hexagons 
featured by bonds with an increased sp3 character at their borders. 
Moreover, the peak broadening points to an increased disorder and to a 
reduced crystallographic coherence with respect to graphite, especially 
along the c direction. 

Figure 3E compares the G(r) functions of metal free and selected 

Table 4 
Surface elemental composition of the catalysts.   

ZC ZG ZCG ZCFe ZGFe ZCGFe ZCFeCu ZGFeCu ZCGFeCu 

%C ~91 ~92 ~90 ~90 ~90 ~90 ~90 ~89 ~90 
%N ~4 ~6 ~6 ~4 ~5 ~5 ~4 ~5 ~5 
%O ~4 ~3 ~3 ~4 ~5 ~4 ~5 ~5 ~4 
%S 0.8 – 0.4 ~1 – 0.5 ~1 – 0.6 
%Fe – – – 0.3 0.4 0.3 0.2 0.3 0.3 
%Cu – – – – – – 0.1 0.2 0.1  
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metal doped ZCG samples. The differences at large r values suggest that 
the crystal coherence of metal phases is larger than the carbon one. 
Small lengthening of this C–C distance appears in all doped samples 
with respect to the undoped ones (Tab.S3). This finding points to a 
metal-induced change in the sp2-sp3 ratio in the carbon phase. 

As ZCGFe contains too many phases, RSRA was limited to ZCFe and 
ZGFe. The results are displayed in Tab. S4, while some examples of fits 
are reported in Fig. S8. The formation of FeS phase in ZCFe and ZCGFe, 
and of bbc-Fe in ZGFe is confirmed. The weight fraction of FeS phase 
computed by RSRA is larger than obtained from the Rietveld re-
finements for both ZCFe [0.07(1) vs 0.0194(4)] and ZCGFe [0.05(1) vs. 
0.0014(3)] samples. This suggests that, beside the crystals detected by 
the Rietveld analysis, also FeS like structures with very short structural 
coherence exist in the samples prepared with cysteine. Additional 
analysis of the G(r) functions, as well as some examples of fits of doped 
samples, are reported in the SI section (Fig.S8). 

Figure 4A displays the micro-Raman spectra of some of the investi-
gated catalysts. The D- and G-bands, typical of highly disordered 
graphitic nanocarbons, dominate the spectra of all the samples, con-
firming their amorphous nature. The former band (at ~1346 cm− 1, for 
2.33 eV excitation) originates from the A1g symmetry in-plane breath-
ing-mode of the C hexagonal rings and is disorder-activated. The latter, 
commonly regarded as the Raman fingerprint of the graphitic crystalline 
arrangement, is associated to the E2g symmetry stretching of all sp2 

bonded C = C pairs [64]. At higher frequency (>2000 cm− 1), a weaker 
and broader featureless second-order structure is further detected. As 
known [64], clustering of the sp2 phase, presence of sp2 rings or chains, 
local distortions, and hybridisation changes of the C–C bonding act as 
competing forces on the shape of the Raman spectra of nanocarbons. In 
order to monitor the changes produced by the addition of guanidine-, 
iron- and/or copper-acetate in the precursor sugar/cysteine mixture, 
according to the most recent trends on the analysis of Raman spectra of 
amorphous nanocarbons [65], the 800− 1900 cm− 1 region of the spectra 
was fitted to Gaussian-Lorentzian lineshapes (Fig. S9). Four bands were 
necessary to reproduce the spectra, namely, the D- and G-bands and, 
besides, two weaker features, indicative of the presence of 
trans-poly-acetylene-like chains (T-band at 1130− 1230 cm–1), formed 
at the zig-zag edges of the defective graphitic layers, and of amorphous 
phases (A-band at 1450− 1530 cm–1), connected to the planes of the 
aromatic rings through Csp3 bonds [66–68]. Frequency positions (ω) and 
widths (γ, FWHM) of these bands are reported in Tab. S5, together with 
the average size of the graphitic domains (LC), as calculated from the 
D/G integrated intensity ratio (ID/IG), via the relationship proposed by 
Tuinstra-Koenig [69] LC, ranging between 1.3 and 1.9 nm, decreases in 
the order ZC > ZCG > ZCGCu > ZCGFe > ZCGFeCu, indicating that 
larger domains with graphitic order are formed in the carbonaceous 

matrix in the absence of guanidine-acetate for metal-free catalysts, and 
of iron- and/or copper-acetate for Fe- and/or Cu-containing catalysts. 

The frequency position of the G-band (ωG) that gives a measure of the 
strength of C bonding and is sensitive to charge transfer, tensile strain/ 
compressive stress and hybridisation changes of the C–C bonding [67] 
increases in the order ZC (1587.0 cm− 1) < ZCG (1589.7 cm− 1) < ZCGCu 
(1591.0 cm− 1) < ZCGFeCu (1594.8 cm− 1) < ZCGFe (1595.1 cm− 1). The 
upshift is accompanied by the progressive shrinking of the band (see γG 
in Tab. S5). Based on the current assessments on the interpretation of 
Raman spectra of nanocarbons [67,68,70], these changes hints at the 
presence of short chains of strained C = C bonds, deriving from poly-
merized organics [70]. The presence of strain effects on the carbon 
phase induced by metals was also suggested by the asymmetry of the 
(002) peaks in XRPD experiments (see Fig. 3). 

Recently, it has been reported that molecular oxygen preferentially 
interacts with defects having partial radical character located at the 
zigzag-shaped edges of graphene/graphite [67,71,72]. These localised 
electronic states act as paramagnetic centres [73]. As Csp3 and Csp2 

defects contribute to the intensities of the A- and D-bands, respectively 
[64,66], their relative density was estimated as integrated intensity ratio 
of the two bands (IA/ID). The ratio is found to increase in the order ZC <
ZCG < ZCGCu < ZCGFeCu < ZCGFe, i.e. in the same order as ωG. A good 
correlation with the electrochemical results is observed (Fig. 4B): the 
lowest and highest densities of localised Csp3 defects (with respect to the 
sp2 ones) pertain to catalysts ZC and ZCGFe, exhibiting the worst and the 
best performance towards the ORR, respectively. This fully agrees with 
the enhanced activity caused by the increase of sp3-hybridized carbon 
defects reported by Cao et al. [74]. Besides to the presence of specific 
defects in the graphite-like C network (C atoms and C–C bonds with 
specific charge density due to the presence of nearlying heteroatoms, 
defects or vacancies, all behaving as active sites [75]), the increase of sp3 

hybridization might be associated to the increase in curvature of the 
graphene-like planes, i.e. to the formation of nanostructures such as 
nanotubes [76,77]. 

Indeed, a good correlation seems to exist also between the average 
size of the graphitic domains and the limiting current (Fig. 4C): the 
smaller LC, the higher the limiting current. This is not surprising as LC 
gives a measure of the inter-defect in-plane distance in the graphite-like 
network, and it reduces with increasing both intrinsic defects, such as 
armchair and zigzag edge defects, point defects (e.g., vacancies, holes, 
and voids), line defects (e.g., dislocation, grain boundaries), topological 
defects (e.g., pentagon, heptagon, Stone–Wales defects), and extrinsic 
defects (e.g., heteroatoms and/or metal dopants), which all contribute to 
increase the active surface area and the electrocatalyst reactivity [78]. 
Although MRS can only roughly characterize the density and the types of 
defects, the ORR activity is the determination of the edge and defect 

Table 5 
Results of the curve fitting of the high-resolution N1s XP spectra.  

Peak BE / eV Functional group ZC ZG ZCG ZCFe ZGFe ZCGFe ZCFeCu ZGFeCu ZCGFeCu 

1) 398.3 – 398.5 Pyridinic N 17 16 16 16 19 19 15 19 20 
2) 399.2 – 399.6 Nx− Me or amine 10 10 6 10 11 6 8 11 7 
3) 400.9 – 401.0 Hydrogenated (in-plane)/ 43 40 45 42 40 38 46 41 46 
4) 402.0 – 403.0 Protonated 13 13 14 13 13 19 14 12 13 
5) 403.3 – 403.6 Hydrogenated Edge 7 7 9 7 7 6 7 7 6 
6) 404.8 – 405.1 Oxidized N 6 8 7 7 6 6 7 6 4 
7) 406.8 – 406.9 Shake up π – π* 4 6 3 4 4 5 4 4 5  

Table 6 
Results of the curve fitting of the high-resolution S2p XP spectra.  

Peak BE / eV Functional group ZC ZCFe ZCFeCu ZCG ZCGFe ZCGFeCu 

1) 162.0 – 162.3 S-Me – 4 3 – – – 
2) 164.0 – 164.2 SH or thiophene-like S 74 74 75 68 86 89 
3) 166.0 – 167.0 S = O 16 15 11 20 – – 
4) 168.5 – 169.5 S(O)O 10 7 11 12 14 11  
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density, as recently claimed by Zhang et al. [78]. 

3.5. Morphology 

Figure 5 and Fig. S10 show SEM images of the catalysts. In the series 
of materials prepared without metals, ZC, ZG and ZCG, the dominant 
structure is a sponge-like type, as expected from the used synthesis path 
[31,79] and no other structure can be seen. 

Conversely, all the samples doped with iron (ZCFeCu, ZGFeCu, 
ZCGFe, ZCGFeCu) show filamentous nanostructures, with different 
length and structures depending on sample, grafted onto the massive 
part of the carbon, and it must be noted that these characteristic struc-
tures are completely absent in the other materials, not only in metal-free 
materials but also in the carbon containing only copper. This is in 
accordance both with diffraction results, which, as discussed above, 
show that the addition of iron modifies the carbon phase structure, and 
with the indications emerging from Raman analysis, signalling spectral 

changes which might arise also from the increased curvature of the 
graphene-like planes. 

For materials containing sulphur and metals (ZCFe, ZCFeCu) in 
addition to the sponge-like structure, a rock-like one is observed and, in 
the case of ZCFe, some ribbon-like carbon structures can also be seen. 
Moreover, the filamentous nanostructures mentioned above can be 
observed only in the presence of globular or polyhedral structures, based 
on metal sulfides (see EDX in Tab. S6), and, in particular for ZCFeCu 
very nice octahedral structures are detected based on a copper rich 
sulfide doped with iron (Cu:Fe:S = 5:1:3), confirming XPS results. 
Furthermore, nano filaments in ZCFe show some bulges in many posi-
tions, at the bottom, at the top, or in some cases in the middle. These 
bulges are based on sulfides derivatives (Tab. S6). 

ZGFe, containing nitrogen and iron, is characterized by a dominant 
sponge-like structure with some rock-like pieces. Wires are widespread 
and very long. 

Adding copper (ZGFeCu) modifies the morphology. In fact, although 

Fig. 3. A) Details of the XRPD patterns pertinent to pure carbon samples. Numbers into brackets are the Miller indexes of graphite Bragg peaks. B) Details of the 
XRPD patterns pertinent to Fe single doped carbon samples. C) Details of the XRPD patterns pertinent to Cu-containing carbon samples. In Panels B and C, symbols 
are placed in correspondence of reflections of metal containing phases. D) G(r) functions of metal-free samples. E) Selected G(r) functions of metal free and metal 
doped ZCG samples. 
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Fig. 4. A) Micro-Raman spectra of the catalysts; B) and C) Correlations between electrochemical results and descriptive parameters inferred from the analysis of the 
spectra: B) onset potential (Eonset) as a function of Csp3 to Csp2 defect density; C) limiting current as a function of the inter-defect in-plane distance (LC) in the 
graphite-like network. 

Fig. 5. Scanning electron microscopy images. Marker size is reported below each image (Red bar).  
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the general structure looks like that of ZGFe, nanowires are not so 
widespread as in ZGFe, and some globular twisted tubes can be seen and 
some copper particles (see Tab. S6) well crystallized and faceted are set 
down on sponge-like structure. 

These results show that it is possible to obtain co-doped materials 
with nitrogen and sulphur with carbon filamentous structures grafted 
onto their surface through a facile synthesis path. Results further 
confirm that iron, unlike copper, is a material forming carbonaceous 
structures in specific conditions [80–82]. Carbonaceous filaments have a 
bamboo-like architecture, with walls built by superimposition of other 
nanostructures (ZCGFeCu), they are more widespread in ZCGFe than in 
ZCGFeCu, where also copper particles are visible. In these materials, 
sulfides are not detected, since probably nitrogen hinders their forma-
tion, subtracting metals. No filaments are observed in ZCGCu, featured 
by a sponge-like structure. 

It is remarkable that the most active materials, ZCGFe and ZCGFeCu, 
characterized by a high amount of pyridinic nitrogen coupled with Fe- 
Nx and the highest quantity of SH/thiophene-like S, as previously 
observed in Par. 3.3, are those with nanotubes grafted onto the surface. 
Moreover, ZCGFe, the most active of the whole series, is the sample with 
the most widespread nanotubes, evidencing the existence of a correla-
tion between the presence of these nanostructures and the electro-
catalytic activity. 

4. Conclusions 

An easy procedure has been presented to synthesise ORR electro-
catalysts, consisting in sulphur- and/or nitrogen-modified carbons, some 
of which iron- and/or copper-doped. Bamboo-like filamentous nano-
structures, grafted onto the surface of iron-containing electrocatalysts, 
play a crucial role in enhancing the electrochemical performance. Their 
length and morphology depend on the precursors utilized in the syn-
thesis. The most active materials toward ORR contain pyridine-like and 
Fe-Nx nitrogen species coupled with thiophene-like sulphur. This picture 
points to the occurrence of synergistic effects between heteroatoms and 
active sites associated to the presence of nanotubes. 
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Milano (“Pt-free catalysts for oxygen reduction reaction in PEMFCs“, 
Piano di Sostegno alla ricerca, Linea 2). M.L and M.S. acknowledge 
partial funding under the National Recovery and Resilience Plan 
(NRRP), Mission 4 Component 2 Investment 1.3 - Call for tender No. 
1561 of 11.10.2022 of Ministero dell’Università e della Ricerca (MUR); 
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