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Abstract: The rareness and weak durability of Pt-based electrocatalysts for oxygen reduction reactions
(ORRs) have hindered the large-scale application of fuel cells. Here, we developed an efficient metal-
free catalyst consisting of N, S co-doped graphene nanoribbons (N, S-GNR-2s) for ORRs. GNRs
were firstly synthesized via the chemical unzipping of carbon nanotubes, and then N, S co-doping
was conducted using urea as the primary and sulfourea as the secondary heteroatom sources. The
successful incorporation of nitrogen and sulfur was confirmed by elemental mapping analysis as well
as X-ray photoelectron spectroscopy. Electrochemical testing revealed that N, S-GNR-2s exhibited
an Eonset of 0.89 V, E1/2 of 0.79 V and an average electron transfer number of 3.72, as well as good
stability and methanol tolerance. As a result, N, S-GNR-2s displayed better ORR property than either
N-GNRs or N, S-GNRs, the control samples prepared with only a primary heteroatom source, strongly
clarifying the significance of secondary-heteroatom-doping on enhancing the catalytic activity of
carbon-based nanomaterials.

Keywords: secondary-heteroatom-doping; graphene nanoribbons; unzipping; oxygen reduction reaction

1. Introduction

The World Energy Outlook 2021 report, released by the International Energy Agency
(IEA), pointed out that the growth speed of new energy power is not fast enough to
support the goal of net zero emissions by 2050 [1]. Therefore, new energy conversion and
storage devices (such as fuel cells [2–4], metal air batteries [5–7], lithium-ion batteries [8–10],
supercapacitors [11–13], etc.) continue to draw researchers’ attention. A fuel cell is a device
that can convert the chemical energy of a fuel and an oxidizer directly into electric energy
with the help of catalysts. It is an environmentally friendly technology with a high energy
density and conversion rate [14].

The oxygen reduction reaction (ORR) is a vital electrochemical process which occurs
at the cathode side of fuel cells. The sluggish kinetics of ORRs result in serious cathode
polarization and energy loss, making them one of the major challenges of the large-scale
implementation and commercialization of fuel cells [15,16]. To date, Pt-based nanomaterials
still play an important role in catalyzing ORRs as they are regarded as the most efficient
catalysts [17]. However, numbers of research works have been conducted on exploring
alternative ORR electrocatalysts with a low price and outstanding catalytic performance
due to the prohibitive cost, poor stability and methanol tolerance of commercial Pt-based
catalysts [18].

Carbon nanomaterials are a hot topic in recent years because of their special struc-
ture, physical and chemical properties, and thus their wide range of applications [19,20].
Heteroatoms (e.g., nitrogen, sulfur, boron, phosphorus) doped into carbon nanomaterials
could induce electron modulation, rendering the charge distribution and facilitating the
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adsorption of O2 to enhance the ORR activity [21]. Nitrogen has an atomic size similar to
that of carbon but a different electron configuration, such that nitrogen atoms can change
carbon nanomaterials’ electronic structures while minimizing the lattice mismatch [22].
N-doped materials, including carbon nanotubes (CNTs) [23–25], graphene [26–28] as well
as porous carbons [29–31], have been studied for years in order to regulate nanomaterials’
electronic structures and some other properties. In addition, sulfur has also been confirmed
to have a beneficial effect on the ORR activity of carbon nanomaterials. The electroneg-
ativity of sulfur atoms is similar to that of carbon atoms (C = 2.55, S = 2.58), leading to
the change in the spin density of carbon atoms as well as more defect sites [32]. These
characteristics make sulfur the second-most efficiently doped element after nitrogen. Given
the facts above, the co-doping of nitrogen and sulfur atoms has the potential to further
regulate the electronic structure of the adjacent carbon atoms, resulting in a synergistic
effect on enhancing ORR properties [33].

Graphene nanoribbons (GNRs) have drawn growing research attention for their
unique structure with a large length–width ratio and abundant edge content [34]. They
can be regarded as the products of the longitudinal unzipping of CNTs. In addition, GNRs
show characteristics such as high chemical stability, low weight, decent specific surface area
and low price, making themselves possible to be applied in the field of electrocatalysis [35].
In our previous work, N-doped GNRs (N-GNRs) were successfully prepared and electro-
chemical tests were conducted [36]. The synergistic effect between N-doping and carbon
edges on catalyzing ORRs has been demonstrated, and as a result, as-obtained catalysts
exhibited superior ORR property. On the basis of the discussion above, if an additional
heteroatom of sulfur is introduced into N-GNRs, the obtained new catalyst can take full
advantage of the synergy among the edge structure, nitrogen doping and sulfur doping,
and thus the ORR catalytic activity is expected to be further improved [37–39].

Herein, GNRs were firstly prepared via the chemical unzipping of multi-walled CNTs,
and N, S co-doped GNRs (N, S-GNR-2s) were obtained by high-temperature annealing
with urea as the primary and sulfourea as the secondary heteroatom precursors. Structural
characterizations of the sample have verified the successful incorporation of nitrogen and
sulfur. N, S-GNR-2s showed better ORR activity than other GNR-based samples doped only
with a primary heteroatom source, demonstrating the importance of secondary-heteroatom-
doping. As a result, N, S-GNR-2s mainly displayed a 4-electron catalytic pathway towards
an ORR, rendering themselves potential ORR electrocatalyst alternatives for the application
on fuel cells.

2. Materials and Methods
2.1. Synthesis of N-GNRs, N, S-GNRs and N, S-GNR-2s

GNRs were obtained by the unzipping of multi-walled CNTs (full details are given
in the Supplementary Materials) [40]. GNRs and urea (mass ratio of 1:20) were mixed
and grinded in an agate grinding bowl [41,42]. The mixture was slowly transferred into
a quartz boat and put in a tube furnace, and then underwent thermal annealing in an Ar
atmosphere at 900 ◦C for 2 h to obtain N-GNRs. N-GNRs and sulfourea (mass ratio of 1:20)
followed the same steps above but pyrolyzed at different temperatures (800 ◦C, 900 ◦C and
1000 ◦C) for 2 h to obtain N, S-GNR-2s.

To synthesize the control sample of N, S-GNRs, GNRs and sulfourea (1:20) were also
mixed and grinded in a crucible and then annealed in Ar at 900 ◦C for 2 h.

2.2. Structural Characterization

Scanning electron microscopy (SEM, JEOL JSM-7800F; Tokyo, Japan) and transmission
electron microscopy (TEM, JEOL JEM-2100; Tokyo, Japan) were applied to observe the mor-
phology of the catalysts. Element mapping analysis was detected to know the distribution
of the elements. X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi; Thermo Fisher,
Waltham, MA, USA) was conducted to analyze the bond configuration of the elements.
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Raman spectra were collected to monitor the defect level of the samples. All instrument
parameters are shown in the Supplementary Materials.

2.3. Electrochemical Characterization

A 2 mg catalyst was uniformly dispersed in a 1 mL mixed solvent of isopropanol
and nafion (19.88:0.12) to form a homogeneous ink. Then, a 20 µL catalyst ink was loaded
onto a rotating disk electrode (RDE) or rotating ring-disk electrode (RRDE) and dried. A
concentration of 0.1 M of KOH was used as the electrolyte with O2 or N2 saturation.

All of the electrochemical characterization was performed in a standard three-electrode
cell (a Pt wire as the counter electrode, an Ag/AgCl as the reference electrode and an
RDE or RRDE as the working electrode). The potentials in this study were converted
according to the equation of Evs. RHE = Evs. Ag/AgCl + (0.059 pH + 0.197) V [43]. Full details
of the electrochemical characterization including cyclic voltammetry (CV), RDE and RRDE
measurements are given in the Supplementary Materials.

3. Results and Discussion

Figure 1a illustrates the fabrication process of N, S-GNR-2s. Urea was utilized as the
primary heteroatom source to form the N-GNRs via thermal annealing. Then, sulfourea
was used as the secondary heteroatom source to incorporate sulfur as well as additional
nitrogen to form N, S-GNR-2s. TEM and SEM were applied to observe the morphology
of our sample. After chemical oxidation and N, S co-doping, the ribbon structure can
be clearly seen (Figure 1b,c), indicating that the CNTs were successfully unzipped and
GNRs were formed. However, some side walls of CNTs still existed, implying that the
oxidative unzipping was not 100% complete. An SEM image of N, S-GNR-2s is shown in
Figure 1d, and the corresponding energy dispersive spectrometer (EDS) elemental mapping
proved that nitrogen and sulfur were successfully doped and uniformly distributed on N,
S-GNR-2s (Figure 1e).
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Figure 1. (a) The synthesis process of N, S-GNR-2s. (b,c) TEM images of N, S-GNR-2s. (d) The SEM
image and (e) the corresponding EDS element mappings of N, S-GNR-2s showing the distribution of
C, N, O and S.

A variety of structural characterizations were used to examine the physical properties
of our samples. The existence of C, N, O and S was detected by the XPS analysis of N,
S-GNR-2s (Figure 2a), further proving the successful incorporation of nitrogen and sulfur.
In the C 1s spectrum, C–C, C–S, C–N, C–O and O = C–O bonds could be directly observed
(Figure 2b), demonstrating that parts of N, S-GNR-2s were oxidized with N and S co-doping.
The N 1s spectrum can be divided into four peaks: pyridinic N, pyrrolic N, graphitic N and
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oxidized N (Figure 2c). Since the GNRs possessed abundant edge structures and pyridine
N was located at the edges of the carbon materials, the content of pyridine N was high
(48.78%) as expected. Figure 2d is the S 2p spectrum of N, S-GNR-2s, in which the fitting
peaks of 162.8 eV (S 2p3/2) and 163.9 eV (S 2p1/2) are characteristic peaks of thiophene S
with different spin orbital coupling. There is also a small peak of S–O at 167.1 eV. Generally,
thiophene S is considered as the key coordination type to enhance ORR performance [44,45].
The results confirmed that N and S replaced a small amount of C in the material and acted
as dopants, which was beneficial to improving the ORR performance of the catalysts.
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Figure 2. (a) The XPS survey, (b) C 1s, (c) N 1s and (d) S 2p spectra of N, S-GNR-2s.

The D band (located at ~1360 cm−1) and G band (located at ~1580 cm−1) are shown
in the Raman spectra of N-GNRs, N, S-GNRs and N, S-GNR-2s (Figure 3). The ID/IG
ratio of N-GNRs was calculated to be 1.28, owing to N-doping and the formation of the
porous structure caused by the release of gas generated during the thermal decomposition
of urea. Compared with the N-GNRs, both the N, S-GNRs and N, S-GNR-2s had more
defects caused by additional S-doping. As a result, the ID/IG ratios of the N, S-GNRs and
N, S-GNR-2s were increased to 1.36 and 1.37, respectively [46].
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Electrochemical tests of N, S-GNR-2s were carried out in an alkaline medium of 0.1 M
KOH. Three samples of N, S-GNR-2s with different thermal annealing temperatures (800 ◦C,
900 ◦C and 1000 ◦C) were examined, among which, N, S-GNR-2s at 900 ◦C showed the
best ORR activity (Figure S1). For this reason, this sample was selected in the following
experiments for the performance analysis. Figure 4a displays CV curves of N, S-GNR-2s in
O2 and N2-saturated solution. No evident peaks appeared when tested in N2-saturated
solution, whereas a distinct ORR peak in O2-saturated solution was clearly observed at
0.80 V, suggesting good ORR catalytic activity for N, S-GNR-2s. RDE measurement was
carried out at different rotating speeds from 625 to 2500 rpm (Figure 4b), and Koutecky–
Levich (K–L) plots are correspondingly displayed in Figure 4c. The electron transfer number
was extracted to be 3.66~3.67, ranging from 0.3~0.6 V. In addition, RRDE testing was further
performed in order to accurately detect the generation of peroxide (HO2

−) during the
reaction (Figure 4d). The average HO2

− yield was measured and calculated to be about
13.69%, and the average electron transfer number was calculated to be about 3.72 from 0
to 0.8 V (Figure 4e), in correspondence with the result in Figure 4c. The electrocatalytic
properties tested by RDE and RRDE distinctly verified that N, S-GNR-2s mainly displayed
a 4-electron catalytic pathway towards an ORR. RDE curves at 1600 rpm before and after
2000 CV cycles with a scan rate of 100 mV s−1 and potential range of 0.56~0.96 V are shown
to evaluate the stability of N, S-GNR-2s (Figure 4f). The diffusion-limited current density
after cycling stayed almost unchanged, and the half-wave potential (E1/2) slightly shifted
from 0.79 V to 0.71 V, demonstrating the decent ORR stability of our catalysts.

Nanomaterials 2022, 12, x FOR PEER REVIEW 6 of 9 
 

 

 

Figure 4. Electrocatalytic property tests of N, S−GNR−2s. (a) The CV test in 0.1 M KOH solution. (b) 

The RDE test at rotating speeds from 625 to 2500 rpm. (c) K–L plots based on the RDE test. (d) RRDE 

curves at a rotating speed of 1600 rpm. (e) The calculated HO2− yield and electron transfer number. 

(f) The stability test before and after 2000 cycles. 

In order to compare the catalytic performance of different samples (N−GNRs, N, 

S−GNRs and N, S−GNR−2s) and verify the significance of secondary−heteroatom−doping, 

various electrochemical analyses were carried out. A CV test was performed, and the 

curves were recorded and plotted together (Figure 5a). The CV curve of N, S−GNR−2s in 

O2 exhibited a more positive oxygen reduction peak than those of the other two samples, 

revealing the superior catalytic activity of N, S−GNR−2s. Figure 5b shows the RDE curves 

at 1600 rpm of the three samples, and the corresponding values of onset potential (Eonset) 

and E1/2 were plotted in Figure 5c. Among all the samples, N, S−GNR−2s showed the high-

est Eonset of 0.89 V and E1/2 of 0.79 V along with a diffusion−limited current density of up 

to 5.06 mA cm−2, while N−GNRs displayed an Eonset of 0.81 V and E1/2 of 0.72 V, and N, 

S−GNRs displayed an Eonset of 0.84 V and E1/2 of 0.67 V. Tafel plots of the catalysts are 

displayed in Figure 5d on the basis of the RDE test. N, S−GNR−2s presented a much lower 

Tafel slope of 74.34 mV dec−1 than other catalysts, suggesting the most desirable ORR ac-

tivity of N, S−GNR−2s. The values of electron transfer number are shown in Figure 5e on 

the basis of the RDE tests (Figure 4, Figure S2 and S3). N, S−GNR−2s exhibited similar but 

more steady values than N, S−GNRs, and both of their performances surpassed that of 

N−GNRs. Chronoamperometric measurement was conducted to test the methanol toler-

ance of these samples at 1600 rpm at 0.5 V (Figure 5f). When 1 M methanol was added to 

the test system, they exhibited different levels of performance decay. Interestingly, N, 

S−GNRs were found to display a high current retention of 95.03% after 500 s, slightly 

higher than 93.64% for N, S−GNR−2s and 93.16% for N−GNRs, certifying a good methanol 

tolerance property for all the catalysts. We compared the electrocatalytic property of N, S

−GNR−2s with some relevant studies (Table S1), and the results revealed that N, S−GNR

−2s showed competitive or even better performance compared to the reported works. 

Figure 4. Electrocatalytic property tests of N, S-GNR-2s. (a) The CV test in 0.1 M KOH solution.
(b) The RDE test at rotating speeds from 625 to 2500 rpm. (c) K–L plots based on the RDE test.
(d) RRDE curves at a rotating speed of 1600 rpm. (e) The calculated HO2

− yield and electron transfer
number. (f) The stability test before and after 2000 cycles.

In order to compare the catalytic performance of different samples (N-GNRs, N,
S-GNRs and N, S-GNR-2s) and verify the significance of secondary-heteroatom-doping,
various electrochemical analyses were carried out. A CV test was performed, and the
curves were recorded and plotted together (Figure 5a). The CV curve of N, S-GNR-2s in
O2 exhibited a more positive oxygen reduction peak than those of the other two samples,
revealing the superior catalytic activity of N, S-GNR-2s. Figure 5b shows the RDE curves at
1600 rpm of the three samples, and the corresponding values of onset potential (Eonset) and
E1/2 were plotted in Figure 5c. Among all the samples, N, S-GNR-2s showed the highest
Eonset of 0.89 V and E1/2 of 0.79 V along with a diffusion-limited current density of up
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to 5.06 mA cm−2, while N-GNRs displayed an Eonset of 0.81 V and E1/2 of 0.72 V, and N,
S-GNRs displayed an Eonset of 0.84 V and E1/2 of 0.67 V. Tafel plots of the catalysts are
displayed in Figure 5d on the basis of the RDE test. N, S-GNR-2s presented a much lower
Tafel slope of 74.34 mV dec−1 than other catalysts, suggesting the most desirable ORR
activity of N, S-GNR-2s. The values of electron transfer number are shown in Figure 5e
on the basis of the RDE tests (Figure 4, Figures S2 and S3). N, S-GNR-2s exhibited similar
but more steady values than N, S-GNRs, and both of their performances surpassed that of
N-GNRs. Chronoamperometric measurement was conducted to test the methanol tolerance
of these samples at 1600 rpm at 0.5 V (Figure 5f). When 1 M methanol was added to the test
system, they exhibited different levels of performance decay. Interestingly, N, S-GNRs were
found to display a high current retention of 95.03% after 500 s, slightly higher than 93.64%
for N, S-GNR-2s and 93.16% for N-GNRs, certifying a good methanol tolerance property
for all the catalysts. We compared the electrocatalytic property of N, S-GNR-2s with some
relevant studies (Table S1), and the results revealed that N, S-GNR-2s showed competitive
or even better performance compared to the reported works.
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Figure 5. Electrocatalytic property tests of N-GNRs, N, S-GNRs and N, S-GNR-2s. (a) The CV test in
0.1 M KOH. (b) The RDE test at a rotating speed of 1600 rpm. (c) The corresponding values of Eonset

and E1/2. (d) The corresponding Tafel plots based on the RDE tests. (e) The values of electron transfer
number (n) at certain potentials. (f) The methanol tolerance test.

To sum up the electrochemical performance above, interesting conclusions can be
drawn. Firstly, comparing the performance of N, S-GNR-2s with N-GNRs and N, S-GNRs,
the significance of secondary-heteroatom-doping was remarkably certified. Both N-GNRs
and N, S-GNRs were synthesized using only a primary heteroatom source, and thus
they presented inferior activity to N, S-GNR-2s with secondary-heteroatom-doping. In
order to understand the effect of secondary-heteroatom-doping, we further conducted
the XPS analysis of N-GNRs and N, S-GNRs. As shown in Figure S4 and Table S2, N,
S-GNR-2s displayed a N content of 10.93%, much higher than that of either N-GNRs
(5.43%) or N, S-GNRs (5.67%). Thus, it can be concluded that the heteroatom content was
greatly increased by secondary-heteroatom-doping, leading to more reaction sites and
thus improved ORR property. Secondly, the performance difference between N, S-GNR-2s
and N-GNRs also proved that the synergistic effect between N and S induced by N, S
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co-doping contributed to the enhancement of catalytic activity. Consequently, the highest
electrocatalytic performance was obtained for our well-designed catalyst of N, S-GNR-2s.

4. Conclusions

In summary, N, S-GNR-2s were prepared via the N, S co-doping of GNRs using
urea and sulfourea as the primary and secondary heteroatom precursors, respectively.
The ribbon structure of N, S-GNR-2s was confirmed by TEM observation, suggesting the
successful unzipping of CNTs. The introduction of both nitrogen and sulfur was verified
by various structural characterizations. Electrochemical testing showed that N, S-GNR-2s
exhibited an Eonset of 0.89 V, E1/2 of 0.79 V and an average electron transfer number of 3.72,
as well as good stability and methanol tolerance. As a result, N, S-GNR-2s revealed better
ORR property than N-GNRs and N, S-GNRs, demonstrating that secondary-heteroatom-
doping contributes greatly to the improvement of electrocatalytic performance for carbon
nanomaterials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12193306/s1, Figure S1. Electrochemical characterizations
of N, S-GNR-2s synthesized at different temperatures in 0.1 M KOH. Figure S2. Electrochemical
characterizations of N-GNRs. Figure S3. Electrochemical characterizations of N, S-GNRs. Figure
S4. An XPS survey of N-GNRs, N, S-GNRs and N, S-GNR-2s. Table S1. An electrocatalytic property
comparison between our work and some relevant studies. Table S2. The elemental contents of
N-GNRs, N, S-GNRs and N, S-GNR-2s based on XPS analysis in Figure S4. References [43,47–55] are
cited in the supplementary materials.

Author Contributions: Conceptualization, B.L.; data curation, Q.Z. and Y.Z.; formal analysis, Y.Z.;
funding acquisition, B.L.; investigation, T.X., F.L., C.C. and J.Z.; methodology, T.X.; supervision, J.Y.;
validation, J.Y.; visualization, Y.S.; writing—original draft, T.X.; writing—review and editing, B.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.
51972150), the China Postdoctoral Science Foundation (Grant No. 2020M671357) and the Natural
Science Foundation of the Jiangsu Province (Grant No. BK20210780).

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fazendeiro, L.M.; Simoes, S.G. Historical Variation of IEA Energy and CO2 Emission Projections: Implications for Future Energy

Modeling. Sustainability 2021, 13, 27. [CrossRef]
2. Yuan, X.Z.; Nayoze-Coynel, C.; Shaigan, N.; Fisher, D.; Zhao, N.N.; Zamel, N.; Gazdzicki, P.; Ulsh, M.; Friedrich, K.A.;

Girard, F.; et al. A review of functions, attributes, properties and measurements for the quality control of proton exchange
membrane fuel cell components. J. Power Sources 2021, 491, 39. [CrossRef]

3. Fan, J.T.; Chen, M.; Zhao, Z.L.; Zhang, Z.; Ye, S.Y.; Xu, S.Y.; Wang, H.; Li, H. Bridging the gap between highly active oxygen
reduction reaction catalysts and effective catalyst layers for proton exchange membrane fuel cells. Nat. Energy 2021, 6, 475–486.
[CrossRef]

4. Tao, Z.W.; Wang, C.Y.; Zhao, X.Y.; Li, J.; Guiver, M.D. Progress in High-Performance Anion Exchange Membranes Based on the
Design of Stable Cations for Alkaline Fuel Cells. Adv. Mater. Technol. 2021, 6, 14. [CrossRef]

5. Borchers, N.; Clark, S.; Horstmann, B.; Jayasayee, K.; Juel, M.; Stevens, P. Innovative zinc-based batteries. J. Power Sources 2021,
484, 22. [CrossRef]

6. Yang, D.; Chen, D.; Jiang, Y.; Ang, E.H.X.; Feng, Y.Z.; Rui, X.H.; Yu, Y. Carbon-based materials for all-solid-state zinc-air batteries.
Carbon Energy 2021, 3, 50–65. [CrossRef]

7. Kundu, A.; Mallick, S.; Ghora, S.; Raj, C.R. Advanced Oxygen Electrocatalyst for Air-Breathing Electrode in Zn-Air Batteries.
ACS Appl. Mater. Interfaces 2021, 13, 40172–40199. [CrossRef]

8. Galos, J.; Pattarakunnan, K.; Best, A.S.; Kyratzis, I.L.; Wang, C.H.; Mouritz, A.P. Energy Storage Structural Composites with
Integrated Lithium-Ion Batteries: A Review. Adv. Mater. Technol. 2021, 6, 19. [CrossRef]

9. Zhang, X.H.; Li, Z.; Luo, L.A.; Fan, Y.L.; Du, Z.Y. A review on thermal management of lithium-ion batteries for electric vehicles.
Energy 2022, 238, 12. [CrossRef]

https://www.mdpi.com/article/10.3390/nano12193306/s1
https://www.mdpi.com/article/10.3390/nano12193306/s1
http://doi.org/10.3390/su13137432
http://doi.org/10.1016/j.jpowsour.2021.229540
http://doi.org/10.1038/s41560-021-00824-7
http://doi.org/10.1002/admt.202001220
http://doi.org/10.1016/j.jpowsour.2020.229309
http://doi.org/10.1002/cey2.88
http://doi.org/10.1021/acsami.1c08462
http://doi.org/10.1002/admt.202001059
http://doi.org/10.1016/j.energy.2021.121652


Nanomaterials 2022, 12, 3306 8 of 9

10. Murdock, B.E.; Toghill, K.E.; Tapia-Ruiz, N. A perspective on the sustainability of cathode materials used in lithium-ion batteries.
Adv. Energy Mater. 2021, 11, 17. [CrossRef]

11. Zhou, Y.; Qi, H.L.; Yang, J.Y.; Bo, Z.; Huang, F.; Islam, M.S.; Lu, X.; Dai, L.; Amal, R.; Wang, C.H.; et al. Two-birds-one-stone:
Multifunctional supercapacitors beyond traditional energy storage. Energy Environ. Sci. 2021, 14, 1854–1896. [CrossRef]

12. Park, J.; Kim, W. History and Perspectives on Ultrafast Supercapacitors for AC Line Filtering. Adv. Energy Mater. 2021, 11, 28.
[CrossRef]

13. Li, C.; Zhang, X.; Wang, K.; Su, F.Y.; Chen, C.M.; Liu, F.Y.; Wu, Z.-S.; Ma, Y. Recent advances in carbon nanostructures prepared
from carbon dioxide for high-performance supercapacitors. J. Energy Chem. 2021, 54, 352–367. [CrossRef]

14. Neatu, S.; Neatu, F.; Chirica, I.M.; Borbath, I.; Talas, E.; Tompos, A.; Somacescu, S.; Osiceanu, P.; Folgado, M.A.;
Chaparro, A.M.; et al. Recent progress in electrocatalysts and electrodes for portable fuel cells. J. Mater. Chem. A 2021,
9, 17065–17128. [CrossRef]

15. Hu, B.B.; Xia, C.R. Factors influencing the measured surface reaction kinetics parameters. Asia-Pac. J. Chem. Eng. 2016, 11, 327–337.
[CrossRef]

16. Li, M.R.; Zhou, W.; Zhu, Z.H. Recent development on perovskite-type cathode materials based on SrCoO3-delta parent oxide for
intermediate-temperature solid oxide fuel cells. Asia-Pac. J. Chem. Eng. 2016, 11, 370–381. [CrossRef]

17. Li, C.L.; Tan, H.B.; Lin, J.J.; Luo, X.L.; Wang, S.P.; You, J.; Kang, Y.-M.; Bando, Y.; Yamauchi, Y.; Kim, J. Emerging Pt-based
electrocatalysts with highly open nanoarchitectures for boosting oxygen reduction reaction. Nano Today 2018, 21, 91–105.
[CrossRef]

18. Ly, A.; Asset, T.; Atanassov, P. Integrating nanostructured Pt-based electrocatalysts in proton exchange membrane fuel cells.
J. Power Sources 2020, 478, 9. [CrossRef]

19. Devi, N.; Sahoo, S.; Kumar, R.; Singh, R.K. A review of the microwave-assisted synthesis of carbon nanomaterials, metal
oxides/hydroxides and their composites for energy storage applications. Nanoscale 2021, 13, 11679–11711. [CrossRef]

20. Chen, Y.F.; Wang, M.Y.; Zhang, J.T.; Tu, J.G.; Ge, J.B.; Jiao, S.Q. Green and sustainable molten salt electrochemistry for the
conversion of secondary carbon pollutants to advanced carbon materials. J. Mater. Chem. A 2021, 9, 14119–14146. [CrossRef]

21. Liu, X.; Dai, L.M. Carbon-based metal-free catalysts. Nat. Rev. Mater. 2016, 1, 12. [CrossRef]
22. Liu, M.J.; Lee, J.Y.; Yang, T.C.; Zheng, F.Y.; Zhao, J.; Yang, C.M.; Lee, L.Y.S. Synergies of Fe Single Atoms and Clusters on N-Doped

Carbon Electrocatalyst for pH-Universal Oxygen Reduction. Small Methods 2021, 5, 10. [CrossRef]
23. Xiong, W.; Wang, Z.N.; He, S.L.; Hao, F.; Yang, Y.Z.; Lv, Y.; Zhang, W.; Liu, P.; Luo, H. Nitrogen-doped carbon nanotubes as a

highly active metal-free catalyst for nitrobenzene hydrogenation. Appl. Catal. B Environ. 2020, 260, 118105. [CrossRef]
24. Yi, S.J.; Qin, X.P.; Liang, C.H.; Li, J.S.; Rajagopalan, R.; Zhang, Z.J.; Song, J.; Tang, Y.; Cheng, F.; Wang, H.; et al. Insights into

KMnO4 etched N-rich carbon nanotubes as advanced electrocatalysts for Zn-air batteries. Appl. Catal. B Environ. 2020, 264, 118537.
[CrossRef]

25. Chen, Z.; Higgins, D.; Tao, H.S.; Hsu, R.S.; Chen, Z.W. Highly Active Nitrogen-Doped Carbon Nanotubes for Oxygen Reduction
Reaction in Fuel Cell Applications. J. Phys. Chem. C 2009, 113, 21008–21013. [CrossRef]

26. Kim, H.W.; Bukas, V.J.; Park, H.; Park, S.; Diederichsen, K.M.; Lim, J.; Cho, Y.H.; Kim, J.; Kim, W.; Han, T.H.; et al. Mechanisms of
Two-Electron and Four-Electron Electrochemical Oxygen Reduction Reactions at Nitrogen-Doped Reduced Graphene Oxide.
ACS Catal. 2019, 10, 852. [CrossRef]

27. Gasnier, A.; Luguet, M.; Pereira, A.G.; Troiani, H.; Zampieri, G.; Gennari, F.C. Entanglement of N-doped graphene in resorcinol-
formaldehyde: Effect over nanoconfined LiBH4 for hydrogen storage. Carbon 2019, 147, 284–294. [CrossRef]

28. Wu, X.X.; Chen, K.Q.; Lin, Z.P.; Zhang, Y.M.; Meng, H. Nitrogen doped graphitic carbon from biomass as non noble metal catalyst
for oxygen reduction reaction. Mater. Today Energy 2019, 13, 100–108. [CrossRef]

29. Wang, S.H.; Yan, X.; Wu, K.H.; Chen, X.M.; Feng, J.M.; Lu, P.Y.; Feng, H.; Cheng, H.-M.; Liang, J.; Dou, S.X. A hierarchical
porous Fe-N impregnated carbon-graphene hybrid for high-performance oxygen reduction reaction. Carbon 2019, 144, 798–804.
[CrossRef]

30. Liu, Y.M.; Xu, Q.; Fan, X.F.; Quan, X.; Su, Y.; Chen, S.; Yu, H.; Cai, Z. Electrochemical reduction of N-2 to ammonia on Co single
atom embedded N-doped porous carbon under ambient conditions. J. Mater. Chem. A 2019, 7, 26358–26363. [CrossRef]

31. Panomsuwan, G.; Saito, N.; Ishizaki, T. Nitrogen-Doped Carbon Nanoparticle-Carbon Nanofiber Composite as an Efficient
Metal-Free Cathode Catalyst for Oxygen Reduction Reaction. ACS Appl. Mater. Int. 2016, 8, 6962–6971. [CrossRef] [PubMed]

32. Shen, H.J.; Gracia-Espino, E.; Ma, J.Y.; Zang, K.T.; Luo, J.; Wang, L.; Gao, S.; Mamat, X.; Hu, G.; Wagberg, T.; et al. Synergistic
Effects between Atomically Dispersed Fe-N-C and C-S-C for the Oxygen Reduction Reaction in Acidic Media. Angew. Chem.
Int. Edit. 2017, 56, 13800–13804. [CrossRef] [PubMed]

33. Lu, G.P.; Shan, H.B.; Lin, Y.M.; Zhang, K.; Zhou, B.J.; Zhong, Q.; Wang, P. A Fe single atom on N,S-doped carbon catalyst for
performing N-alkylation of aromatic amines under solvent-free conditions. J. Mater. Chem. A 2021, 9, 25128–25135. [CrossRef]

34. Chen, Z.P.; Narita, A.; Mullen, K. Graphene Nanoribbons: On-Surface Synthesis and Integration into Electronic Devices.
Adv. Mater. 2020, 32, 26. [CrossRef] [PubMed]

35. Wang, H.M.; Wang, H.S.; Ma, C.X.; Chen, L.X.; Jiang, C.X.; Chen, C.; Xie, X.; Li, A.-P.; Wang, X. Graphene nanoribbons for
quantum electronics. Nat. Rev. Phys. 2021, 3, 791–802. [CrossRef]

36. Xiang, T.; Wu, Z.R.; Sun, Z.T.; Cheng, C.; Wang, W.W.; Liu, Z.Z.; Yang, J.; Li, B. The Synergistic Effect of Carbon Edges and
Dopants Towards Efficient Oxygen Reduction Reaction. J. Colloid Inter. Sci. 2021, 610, 486–494. [CrossRef]

http://doi.org/10.1002/aenm.202102028
http://doi.org/10.1039/D0EE03167D
http://doi.org/10.1002/aenm.202003306
http://doi.org/10.1016/j.jechem.2020.05.058
http://doi.org/10.1039/D1TA03644K
http://doi.org/10.1002/apj.1993
http://doi.org/10.1002/apj.2009
http://doi.org/10.1016/j.nantod.2018.06.005
http://doi.org/10.1016/j.jpowsour.2020.228516
http://doi.org/10.1039/D1NR01134K
http://doi.org/10.1039/D1TA03263A
http://doi.org/10.1038/natrevmats.2016.64
http://doi.org/10.1002/smtd.202001165
http://doi.org/10.1016/j.apcatb.2019.118105
http://doi.org/10.1016/j.apcatb.2019.118537
http://doi.org/10.1021/jp908067v
http://doi.org/10.1021/acscatal.9b04106
http://doi.org/10.1016/j.carbon.2019.02.090
http://doi.org/10.1016/j.mtener.2019.05.004
http://doi.org/10.1016/j.carbon.2018.12.066
http://doi.org/10.1039/C9TA10382A
http://doi.org/10.1021/acsami.5b10493
http://www.ncbi.nlm.nih.gov/pubmed/26908214
http://doi.org/10.1002/anie.201706602
http://www.ncbi.nlm.nih.gov/pubmed/28857381
http://doi.org/10.1039/D1TA07673F
http://doi.org/10.1002/adma.202001893
http://www.ncbi.nlm.nih.gov/pubmed/32945038
http://doi.org/10.1038/s42254-021-00370-x
http://doi.org/10.1016/j.jcis.2021.11.069


Nanomaterials 2022, 12, 3306 9 of 9

37. Yazdi, A.Z.; Roberts, E.P.L.; Sundararaj, U. Nitrogen/sulfur co-doped helical graphene nanoribbons for efficient oxygen reduction
in alkaline and acidic electrolytes. Carbon 2016, 100, 99–108. [CrossRef]

38. Chen, Y.Y.; Xu, C.X.; Hou, Z.H.; Zhou, M.J.; He, B.H.; Wang, W.; Ren, W.; Liu, Y.; Chen, L.; Xu, W. 3D N, S-co-doped carbon
nanotubes/graphene/MnS ternary hybrid derived from Hummers’ method for highly efficient oxygen reduction reaction.
Mater. Today Energy 2020, 16, 9100402. [CrossRef]

39. Gong, Y.J.; Fei, H.L.; Zou, X.L.; Zhou, W.; Yang, S.B.; Ye, G.L.; Liu, Z.; Peng, Z.; Lou, J.; Vajtai, R.; et al. Boron- and Nitrogen-
Substituted Graphene Nanoribbons as Efficient Catalysts for Oxygen Reduction Reaction. Chem. Mater. 2015, 27, 1181–1186.
[CrossRef]

40. Kosynkin, D.V.; Higginbotham, A.L.; Sinitskii, A.; Lomeda, J.R.; Dimiev, A.; Price, B.K.; Tour, J. Longitudinal unzipping of carbon
nanotubes to form graphene nanoribbons. Nature 2009, 458, 872–876. [CrossRef]

41. Zhang, C.K.; Lin, W.Y.; Zhao, Z.J.; Zhuang, P.P.; Zhan, L.J.; Zhou, Y.H.; Cai, W. CVD synthesis of nitrogen-doped graphene using
urea. Sci. China-Phys. Mech. Astron. 2015, 58, 107801. [CrossRef]

42. Zhang, Z.W.; Jiang, X.M.; Hu, J.H.; Yue, C.J.; Zhang, J.T. Controlled Synthesis of Mesoporous Nitrogen-Doped Carbon Supported
Ni-Mo Sulfides for Hydrodesulfurization of Dibenzenethiophene. Catal. Lett. 2017, 147, 2515–2522. [CrossRef]

43. Li, W.; Min, C.G.; Tan, F.; Li, Z.P.; Zhang, B.S.; Si, R.; Xu, M.; Kiu, W.; Zhou, L.; Yang, X.K. Bottom-Up Construction of Active Sites
in a Cu-N4-C Catalyst for Highly Efficient Oxygen Reduction Reaction. ACS Nano 2019, 13, 3177–3187. [CrossRef]

44. Abdelkader-Fernandez, V.K.; Domingo-Garcia, M.; Lopez-Garzon, F.J.; Fernandes, D.M.; Freire, C.; de la Torre, M.D.L.;
Melguizo, M.; Godino-Salido, M.L.; Pérez-Mendoza, M. Expanding graphene properties by a simple S-doping methodology
based on cold CS2 plasma. Carbon 2019, 144, 269–279. [CrossRef]

45. Poh, H.L.; Simek, P.; Sofer, Z.; Pumera, M. Sulfur-Doped Graphene via Thermal Exfoliation of Graphite Oxide in H2S, SO2, or CS2
Gas. ACS Nano 2013, 7, 5262–5272. [CrossRef] [PubMed]

46. Zhao, H.; Weng, C.C.; Ren, J.T.; Ge, L.; Liu, Y.P.; Yuan, Z.Y. Phosphonate-derived nitrogen-doped cobalt phosphate/carbon
nanotube hybrids as highly active oxygen reduction reaction electrocatalysts. Chin. J. Catal. 2020, 41, 259–267. [CrossRef]

47. Li, R.R.; Liu, F.; Zhang, Y.H.; Guo, M.M.; Liu, D. Nitrogen, Sulfur Co-Doped Hierarchically Porous Carbon as a Metal-Free
Electrocatalyst for Oxygen Reduction and Carbon Dioxide Reduction Reaction. ACS Appl. Mater. Inter. 2020, 12, 44578–44587.
[CrossRef]

48. Liu, J.T.; Wei, L.L.; Wang, H.Q.; Lan, G.J.; Yang, H.J.; Shen, J.Q. In-situ synthesis of heteroatom co-doped mesoporous dominated
carbons as efficient electrocatalysts for oxygen reduction reaction. Electrochim. Acta 2020, 364, 11137335. [CrossRef]

49. Patil, I.M.; Reddy, V.; Lokanathan, M.; Kakade, B. Nitrogen and Sulphur co-doped multiwalled carbon nanotubes as an efficient
electrocatalyst for improved oxygen electroreduction. Appl. Surf. Sci. 2018, 449, 697–704. [CrossRef]

50. Li, Y.Q.; Xu, H.B.; Huang, H.Y.; Gao, L.G.; Zhao, Y.Y.; Ma, T.L. Facile synthesis of N, S co-doped porous carbons from a dual-
ligand metal organic framework for high performance oxygen reduction reaction catalysts. Electrochim. Acta 2017, 254, 148–154.
[CrossRef]

51. Zhang, H.H.; Liu, X.Q.; He, G.L.; Zhang, X.X.; Bao, S.J.; Hu, W.H. Bioinspired synthesis of nitrogen/sulfur co-doped graphene as
an efficient electrocatalyst for oxygen reduction reaction. J. Power Sources 2015, 279, 252–258. [CrossRef]

52. Huang, B.B.; Hu, X.; Liu, Y.C.; Qi, W.; Xie, Z.L. Biomolecule-derived N/S co-doped CNT-graphene hybrids exhibiting excellent
electrochemical activities. J. Power Sources 2019, 413, 408–417. [CrossRef]

53. Wang, S.T.; Liu, Y.; Liu, X.P.; Chen, Y.; Zhao, Y.L.; Gao, S.Y. Fabricating N, S Co-Doped Hierarchical Macro-Meso-Micro Carbon
Materials as pH-Universal ORR Electrocatalysts. ChemistrySelect 2022, 7, e202200044. [CrossRef]

54. Zhang, X.R.; Wang, Y.Q.; Du, Y.H.; Qing, M.; Yu, F.; Tian, Z.Q.; Shen, P.K. Highly active N,S co-doped hierarchical porous carbon
nanospheres from green and template-free method for super capacitors and oxygen reduction reaction. Electrochim. Acta 2019,
318, 272–280. [CrossRef]

55. Nong, J.; Zhu, M.; He, K.; Zhu, A.S.; Xie, P.; Rong, M.Z.; Zhang, M.Q. N/S co-doped 3D carbon framework prepared by a
facile morphology-controlled solid-state pyrolysis method for oxygen reduction reaction in both acidic and alkaline media.
J. Energy Chem. 2019, 34, 220–226. [CrossRef]

http://doi.org/10.1016/j.carbon.2015.12.096
http://doi.org/10.1016/j.mtener.2020.100402
http://doi.org/10.1021/cm5037502
http://doi.org/10.1038/nature07872
http://doi.org/10.1007/s11433-015-5717-0
http://doi.org/10.1007/s10562-017-2178-2
http://doi.org/10.1021/acsnano.8b08692
http://doi.org/10.1016/j.carbon.2018.12.045
http://doi.org/10.1021/nn401296b
http://www.ncbi.nlm.nih.gov/pubmed/23656223
http://doi.org/10.1016/S1872-2067(19)63455-8
http://doi.org/10.1021/acsami.0c06506
http://doi.org/10.1016/j.electacta.2020.137335
http://doi.org/10.1016/j.apsusc.2017.12.124
http://doi.org/10.1016/j.electacta.2017.09.143
http://doi.org/10.1016/j.jpowsour.2015.01.016
http://doi.org/10.1016/j.jpowsour.2018.12.047
http://doi.org/10.1002/slct.202200044
http://doi.org/10.1016/j.electacta.2019.06.081
http://doi.org/10.1016/j.jechem.2018.10.006

	Introduction 
	Materials and Methods 
	Synthesis of N-GNRs, N, S-GNRs and N, S-GNR-2s 
	Structural Characterization 
	Electrochemical Characterization 

	Results and Discussion 
	Conclusions 
	References

