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Abstract: The dopants of sulfur, nitrogen, or both, serving as the active sites, into the graphitic
framework of graphene is an efficient strategy to improve the electrochemical performance of elec-
trochemical membrane filtration. However, the covalent bonds between the doped atoms and the
substrate that form different functional groups have a significant role in the specific activity for
pollutant degradation. Herein, we found that the singly doped heteroatom graphene (NG and SG)
achieved superior removal efficiency of pollutants as compared with that of the double doped het-
eroatom graphene (SNG). Mechanism studies showed that the doped N of NG presented as graphitic
N and substantially increased electron transfer, whereas the doped S of SG posed as -C-SOx-C-
provided more adsorption sites to improve electrochemical performance. However, in the case of
SNG, the co-doped S and N cannot form the efficient graphitic N and -C-SOx-C- for electrochemical
degradation, resulting in a low degradation efficiency. Through the fundamental insights into the
bonding of the doped heteroatom on graphene, this work furnishes further directives for the design
of desirable heteroatom graphene for membrane filtration.
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1. Introduction

Graphene with fascinating properties has been changing the landscape of many fields
in science and technology [1-4], particularly in terms of condensed matter physics, elec-
tronics, energy storage and conversion, and environmental remediation [5-7]. Pristine
graphene, a single-atom-thick layer of sp2 bonded carbon atoms tightly packed into a 2D
honeycomb lattice, is largely understood and well-recognized through extensive research
in the past years [8]. However, because of the lack of intrinsic bandgap, pristine graphene is
unfavorable for catalysis and is greatly limited concerning practical applications [9]. Many
strategies are proposed to modify its intrinsic properties and raise new application oppor-
tunities. Notably, doping graphene with various heteroatoms (e.g., nitrogen, boron, sulfur,
phosphorus, nitrogen/sulfur, or nitrogen/boron) by substituting or covalently bonding,
can inevitably cause structural and electronic distortions [10-12], leading to the alteration
of pristine graphene properties, such as thermal stability, charge transport [13], Fermi level,
bandgap, localized electronic state, spin density, and optical characteristics [14].

Heteroatom graphene, by doping foreign atoms with varying configurations and
doping levels, endows graphene with a wide spectrum of new properties to achieve
superior electrochemical performances [15-17]. For instance, N-doping can induce a
bandgap near the Dirac point by suppressing the nearby density of states (DOS) [18],
thereby endowing graphene with n-type semiconducting properties, which is advantageous
in reactions such as ORR and H,O, reduction [19,20]. Unlike the N-doping effect, although
a negligible polarization (or charge transfer) exists in the C-S bond, because of the similar
electronegativities of S (2.58) and C (2.55) [21], the substitution of S atoms for C atoms at
the graphene edges results in higher charge and spin densities, which can subsequently
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enhance graphene conductivity due to the stronger electron donor ability and more effective
reduction by S doping [22-24]. Therefore, varying the covalent bonds of the doped atoms
to form different functional groups has a significant role in the specific activity.

Electrochemical membrane filtration, coupling membrane filtration with electrocatal-
ysis, can not only enhance the electrochemical degradation efficiency but also effectively
eliminate membrane fouling. In the electrochemical filtration process, a conductive mem-
brane serves as the membrane filter and the electrochemical anode [25,26]. Especially,
a graphene membrane possessing abundant two-dimensional nanochannels in-between
stacked nanosheets is particularly attractive, because it offers high tunability in terms of sur-
face chemical and electrochemical properties owing to the dual functions of the membrane
and electrode [27,28]. Heteroatom graphene can be considered an environmentally friendly
conductive membrane material for oxide and reductive in situ degradation pollutants
in the electrochemical filtration process [29-31]. However, the intrinsic properties of the
heteroatom graphene conductive membrane in electrochemical filtration are still not well
recognized [32,33].

In this work, three kinds of heterogeneous graphene, including nitrogen-doped
graphene (NG), sulfate-doped graphene (SG), and sulfate/nitrogen-co-doped graphene
(SNG), were successfully synthesized via a hydrothermal method. The results showed that
the singly doped heteroatom graphene (NG and SG) exhibited superior removal efficiency
for pollutants as compared with that of the double doped heteroatom graphene (SNG). The
experimental and theoretical results demonstrate that the doped N of NG presented as
graphitic N and substantially increased electron transfer, and the doped S of SG posed as
-C-S0x-C- and provided more adsorption sites to improve the electrochemical performance.
However, the co-doped S and N cannot form the efficient graphitic N and -C-SOx-C- in
SNG for electrochemical degradation, resulting in a low degradation efficiency. More
mechanism studies were performed and revealed that various functional groups formed in
singly heteroatom graphene, which played a critical role in the electrochemical filtration of
contaminants.

2. Results and Discussion
2.1. Preparation and Characterization of Heteroatom Graphene

In a typical synthetic process [34], GO solution (ca. 1 mg mL~!) serves as the starting
material to prepare O doped (OG, Figure 1a), S/O doped (SG), N/O doped (NG), and
S/N/O doped graphene (SNG) under different hydrothermal condition. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) images can reveal their
typical graphene characteristics (Figure 1b,g). X-ray diffraction (XRD, Figure 2a) shows
a wide reflection (20 = 27.0°) corresponding to graphite, and S/N/S; N doped graphene
had a significant shift as compared with that of OG due to the large size of the doped
(S or N) atoms. The FTIR spectra (Figure 2b) shows the obvious stretching vibration
of C-N (1250 cm™ 1) on NG and SNG, C-S bond (800 cm~!) and S=O bond (1400 cm™1)
on SG and SNG, and C-O bond (1020 cm~!) on all samples, demonstrating the success
dopant of N/S into the structure of graphene [35-37]. UV-vis spectra (Figure 2c) reveal the
characteristic peaks of the 7-7t* transition of OG around 275 nm. Obviously, the absorbance
bands of NG/SG/SNG were broader and shifted rightward to ca. 278 nm, suggesting the
incorporation of the S/N atom into graphene [34,38].
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Figure 1. (a) Schematic illustrating the structures of OG, NG, SG and SNG. SEM (b—d) and TEM (e-g)

images of NG, SG, and SNG.
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Figure 2. XRD (a), FTIR (b), UV-vis (c), and XPS (d) patterns of heteroatom doped graphene (OG,
NG, SG, and SNG).
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The chemical composition and the elemental state of sulfur and nitrogen dopants
in different materials were investigated by elemental analysis (EA) (Table 1) and XPS
(Table 2). The element analysis showed that the ca. 2.4 at% of S was doped into SG, and
the ca. 4.3 at% of N was doped into NG, but the S dopant in SNG increased to 6.6 at%
and that of N decreased to 6.3 at%. N 1s and S 2p specific binding energies confirm the
formation of covalent bonds for the doped N and S in Figure 3. The high-resolution N 1s
XPS spectra can be deconvoluted into three types of nitrogen species; namely, pyridinic
(~398.6 eV), pyrrolic (~400.5 eV), and graphitic (~401.3 eV) nitrogen [39]. Both NG and
SNG were mainly presented as pyrrolic nitrogen, but NG had more graphic nitrogen
(29.3%) than that of SNG (15.7%) (Table 2). With respect to S 2p spectra, S 2p3,, and
S 2pj/, doublet located at 163.1 and 164.5 eV spin-orbit levels with an energy separation
of 1.0 eV and an intensity ratio of about 1:2 [40,41]. These signals can be attributed to the
formation of C=S and C-S bonds, further confirming the dopant of the graphene network
by sulfur. The peaks at 168.4-170.1 eV corresponding to -C-SO,-C- possibly originate from
the oxidic sulfur species. Table 1 and Figure S1 showed that the S in SG mostly presented
as -C-SO4-C- bonds, but the S in SNG was mostly presented as -C-5-C- bonds. These results
identified the different covalent bonds with the comparison of singly doped and double
doped heteroatom graphene.

Table 1. Atomic content, N/C, and O/C atomic ratio by EA analysis of OG, NG, SG, and SNG.

Samples oG NG SG SNG
C (at%) 13.6 48.6 50.1 49.6
H (at%) 23.1 33.4 23.6 15.9
O (at%) 63.3 13.7 25.1 222
N (at%) - 4.3 - 7.9
S (at%) - - 1.2 7.5
N/C (at%) - 8.9 - 6.3
S/C (at%) - - 2.4 6.6

Table 2. Different nitrogen and sulfur species by XPS analysis of NG, SG, and SNG.

Samples NG SG SNG
pyridine nitrogen (%) 23.1 - 15.8
pyrrole nitrogen (%) 47.6 - 68.5
graphitic nitrogen (%) 29.3 - 15.7
-C-5-C- (%) - 89.5 39.3
-C-SOx-C (%) - 10.5 60.7

2.2. Electrochemical Performance in Membrane Filtration

The hybrid graphene membrane was fabricated by assembling the heteroatom graphene
onto a membrane; this served as the anodic material to on-line the degradation pollutants
electrochemically (MB and RhB). Figures 4a and S2 show the adsorption and degradation
curves of MB, in which MB was adsorbed on different graphene membranes and then was
degraded at an applied potential (3 V). The MB adsorption capacities of the four graphene
materials decreased in the following order: NG (261.2 mg/g) > OG (182.7 mg/g) > SNG
(123.3 mg/g) > SG (106.6 mg/g) (Figures S2 and S3). SG, NG, and SNG, as the conductive
membranes, exhibited superior on-line degradation efficiency of MB; especially, rapid
degradation kinetics by SG and NG were observed, and their degradation efficiencies of ca.
94.7% and 92.8% were reached in 15 min, whereas only 73.1% was achieved by OG. On the
other hand, although SNG also showed decent degradation efficiency (90.6%), its relatively
poor degradation kinetics implies worse electrochemical performance as compared with
those of SG and NG. Furthermore, results at lower potentials (1 and 2 V) showed more
differences on these doped graphene membranes, where the degradation efficiencies follow



Int. . Mol. Sci. 2022, 23, 14967

50f12

the order: SG > NG > SNG. Thus, it can be concluded that NG and SG are more efficient
than SNG as conductive membranes for the on-line degradation of MB in a filtration system.
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Figure 3. XPS spectra of NG, SG, and SNG. (a): N 1s of NG and SNG. (b): S 2p of SG and SNG.
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Figure 4. (a) Electrochemical degradation of MB at 3V. (b) Electrochemical oxidation of MB under dif-
ferent voltage. (c) The specific activity of the sample for MB removal. (d) Electrochemical desorption
and oxidation of RhB at 3V. (e) Electrochemical oxidation of RhB under different voltages. (f) The
specific activity of the sample for RhB removal.

The on-line degradation of RhB is performed in this membrane filtration system. The
adsorption capacities follow the order: NG (169.9 mg/g) > SNG (141.4 mg/g) > OG
(128.6 mg/g) > SG (93.4 mg/g) (Figure S3). As compared with the results of the MB
degradation, NG is more favorable for RhB degradation with a degradation efficiency of
92.1%. The degradation efficiency of SG (81.9%) is higher than that of OG (65.6%) but is still
lower than that of NG, indicating that the doped N has a higher activity than the doped S.
These results suggest that singly doped heteroatom (S or N) graphene is more favorable for
electrochemical membrane filtration than double doped heteroatom graphene (SNG).
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The specific activities of OG, NG, SG, and SNG were further analyzed to compare their
electrocatalytic activities. The specific activity was calculated by normalizing the removal
efficiency with the electrochemical active surface area (ECSA):

(Co—C)x]J

Specific activity = FCSA S m

@
where C is the effluent concentration of pollutants, Cy is the influent concentration of
pollutants, ECSA is the electrochemical active surface area, | is the flow velocity, and m is
the mass of the membrane.

Figure 4c,f show that SG and NG gave much higher specific activities than that of
SNG, that is, 0.32 mg (MB) m~2 (SG) > 0.30 mg (MB) m~2 (NG) > 0.17 mg (MB) m 2 (SNG);
0.12 mg (RhB) m~2 (SG) > 0.21 mg (RhB) m~2 (NG) > 0.08 mg (RhB) m~2 (SNG). These
results further confirmed that singly doped heteroatom graphene (SG and NG) is favor-
able for electrochemical membrane filtration as compared with double doped heteroatom
graphene (SNG).

2.3. Identification of Active Sites

The incorporation of an S or N atom into the graphitic basal plane can create active sites
on the adjacent carbon atoms; thus, facilitating adsorption and redox reactions. We further
investigate the roles of different covalent bond configurations for reaction. Figure 5a,c show
the dependence of electrochemical activity on the percentage of N and S dopants. Remark-
ably, the content of pyridinic and pyrrolic N was negatively correlated to the degradation
efficiency, whereas the graphitic N content was positively correlated to the degradation
efficiency, indicating that graphitic N served as the active sites for the electrochemical
filtration of pollutants. Generally, pyrrolic and pyridinic N have a non-bonding electron
pair that favors the adsorption of oxygen or pollutants [42], whereas graphitic N without
non-bonding electrons could enhance conductivity, which favors electron transport during
the charge and discharge process [43]. Thus, the electron transfer on N doped graphene
is critical for the removal of pollutants, implying that increasing the conductivity of the
membrane is an efficient strategy for electrochemical degradation. The transfer rate of
reaction electrons passing between the reaction interfaces and/or along the graphene sur-
face can be assessed by EIS. EIS was performed in the electrochemical oxidation of BPA on
NG, SG and SNG (Figure 5b). Data were simulated using Zview software, and the results
showed that the R values of NG (7.12 ()) are much smaller than those of SNG (12.81 )
and SG (11.71 Q3). By augmenting with the more graphitic N, NG reveals a higher electron
transfer performance in comparison with SNG, verifying that the non-bonding electrons of
graphitic N enhance conductivity.

Similarly, the dependence of electrochemical activity on the content of S dopants
showed the dominate role of the covalent -C-SOy-C- bond rather than the -C-5-C- bond for
electrochemical degradation. Unlike the effect of N doping, a negligible charge transfer
exists in the -C-S-C- bond because of the similar electronegativity of S (2.58) and C (2.55) [17].
In general, SG is more resistive than pristine graphene because of the free carrier trapping
caused by the S and O functionalities [4]. However, the trapped free carriers on -C-5O4-C-
breaks the electroneutrality of SG and creates favorable positive charged sites for the
adsorption of oxygen or pollutants. In particular, the vibrations of S-O of SG exhibited clear
shifts from 1012.4 cm ™! to 1039.4 cm~! (Figure 5d), verifying that the efficient adsorption
primarily occurred between the -SOx groups of SG and the pollutants. However, the
favorable covalent bond cannot be formed on the surface of SNG in abundance.
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Figure 5. The dependence of specific electrochemical activity on the species of N (a) and S (c). (b) EIS
and simulated plots of NG, SG and SNG in Fe (CN)3~/4~ solution. (d) FTIR spectra of SG, SG + MB
and SNG + MB.

2.4. Electrochemical Activities of Heteroatom Doped Graphene

The above experimental results clearly show that the graphitic N and -C-SOx-C- on SG
and SNG are attributed to the high degradation efficiency toward electrochemical filtration;
moreovet, the electron transfer behaviors determine the electrochemical performance. Ac-
cordingly, we used classical electrochemical probes to verify the possible different electron
transfer behaviors of heteroatom graphene. Ferrocyanide ([Fe (CN)6]>~/47) is a classic
anodic molecular probe used as an ideal outer-sphere electron transfer and has negligible
adsorption. In the CV analyses (Figure 6a,c), the redox currents and peak-to-peak separation
on NG (AEp = 139 mV), SG (AEp = 127 mV), and SNG (AEp = 166 mV) at a scan rate of
50 mV s~! using 1 mM of [Fe (CN)g]?~/4~ (Table S1), indicate the ideal one-electron Nernst
system with diffusion control due to convective mass transfer enhancements. Although
this probe is somewhat sensitive to the surface compositions of carbon electrodes, it is
generally accepted that the coordination shell of [Fe (CN)g]>~/4 remains intact on carbon
surfaces in electron transfer. The [Fe (CN)g]*~/4~ redox peak positions and charge transfer
resistances suggests that the activity of the doped N on NG and SNG is dependent on the
species of N, in which the graphic N is the dominate species to enhance electron transfer for
electrochemical filtration. For SG and SNG, they have similar electron transfer behaviors.

We further compared the electron transfer behaviors of SG and SNG with the Fe?*/3*
(H,0O) redox system, which is known to be very sensitive to the electrode surfaces via inner-
sphere electron transfer. Unlike that of [Fe(CN)g]>~/4~, the redox kinetics of FeZ*/3+(H,0)
greatly depends on the chemical bonding with the surface active sites of graphene elec-
trodes, which approximates the electron transfer mechanism in the electrocatalytic re-
actions [44]. The redox currents of FeZ*/3+(H,0) was 0.64 mA with AEp of 108 mV on
SG (Figure 6b), whereas the redox currents decreased to 0.26 mA and 0.22 mA, and AEp
drastically increased to 352 mV and 507 mV for NG and SNG, respectively. Combining
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this with the structural analysis, the distinct electron transfer kinetics of FeZt/ 3+(H20)
implies that the -C-5Ox-C- covalent bond, through providing favorable adsorption sites,
improved the electrochemical filtration by facilitating electron transfer at the graphene
interface (Figure 6c¢).
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Figure 6. (a) The CVs of graphene samples in Fe (CN), 3~/4~ + KCl solution. (b) CVs of graphene
samples in Fe?*/3* (H,0) + H,SO0y solution. [Fe (CN)g >~/4~]=1 mM in [KCI] = 0.1 M; [FeZ*/3+(H,0)]
=1 mM in [H,SO4] = 0.5 M; scan rate: 50 mV s~1. (c) Schematic illustrates the functional groups for
the doped-N and doped-S.

3. Materials and Methods
3.1. Materials and Reagents

All chemicals, including methylene blue (MB), rhodamine B (RhB), sodium sulfate,
ethanol, potassium ferricyanide, iron sulfate, potassium chloride, isopropanol (IPA), and
dimethylformamide (DMF), are reagent grade and were purchased from Sigma-Aldrich.
The graphite flakes (44 um of average particle diameter, 99.95% of purity) are from Qingdao
Hengdeli Graphite Co., Ltd. (Qingdao, China).

3.2. Synthesis of Heteroatom Graphene

Graphene oxide (GO) was synthesized from pristine graphite flakes through a modi-
fied Hummers” method. Briefly, graphite powder (6 g) was mixed with K,5,05 (2 g) and
P05 (2 g) in 98% H,SO4 (20 mL) and was then heated at 80 °C for 10 h. The resultant
mixture was dispersed in 98% HySO4 (50 mL) to further react with KMnOy (6 g) at 40 °C
for 2 h to form GO. Finally, GO was washed with a large amount of DI water to remove the
residual ions and then uniformly dispersed in water ultrasonically to obtain a nearly ho-
mogenous graphene solution. GO was dispersed in water (1 mg mL~!), and the suspension
was transferred into a Teflon-lined stainless autoclave for thermal treatment at 150 °C for
3 h to obtain the O doped graphene (OG). To obtain heteroatom graphene [nitrogen-doped
(NG), sulfate-doped graphene (SG), and sulfate/nitrogen-co-doped graphene (SNG)], urea,
sodium hydrosulfide, and thiourea were added into the GO solution [N /S:C (GO) = 50:1],
respectively. The other procedures were the same as those of the OG.
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3.3. Preparation of Electrochemical Membrane Filtration Device

The filtration membrane of the heteroatom-doped graphene was prepared by dis-
persing 20 mg of heteroatom graphene in isopropanol (IPA) by probe sonication (Nanjing
Betty, Nanjing, China) at an applied power of 400 W L~ for 20 min. Then, the prepared
dispersion (30 mL) was filtered through a 5-pum polytetrafluoroethylene membrane. The
membrane was subsequently washed with 100 mL of ethanol (EtOH), 100 mL of a 1:1
H,O/EtOH mixture, and 100 mL of H,O to remove the residual IPA. The prepared mem-
brane was loaded onto a tailored filtration casing to explore the electrochemical degradation
performance using methylene blue (MB) or thodamine B (RhB) as the model pollutant in
10 + 1.0 mg L~! NapSOy unless otherwise specified. During the operation, the sample
membrane was used as the anode, electrically connected via a titanium ring and wire to
a DC power supply. The appropriate influent solution was then peristaltically pumped
(Longer) through the sample membrane at a flow rate of 0.5 & 0.1 mL min~—!. Sample
aliquots were collected directly from the filtration casing outlet and analyzed immediately,
as described in our previous studies [45]. The concentrations of MB and RhB were measured
by an ultraviolet-visible (UV-vis) spectrophotometer (Agilent, Santa Clara, CA, USA).

3.4. Material Characterizations

The microscopic features and morphology of the samples were characterized by scan-
ning electron microscope (SEM, Zeiss Sigma 300, Oberkochen, Germany) and transmission
electron microscopy (TEM, EI Tecnai F20, Hillsboro, OR, USA). X-ray diffraction (XRD)
analysis of the samples was performed with an X-ray diffractometer (Shimazduo 6000,
Kyoto, Japan) using Cu K« radiation at a scanning rate (20/min) of —2°. The surface
functional groups were observed by X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FI-IR). The XPS data were collected with a Thermo Scien-
tific K-Alpha with a resolution below 0.2 eV, and the C 1a peak spectra were analyzed using
XPS Peak version 4.1. The FT-IR spectra were recorded on a Thermo Fisher spectrometer
(Nicolet iS5, Madison, WI, USA) in the 4000-5000 cm ! region with a resolution of 4 cm !
in transmission mode.

3.5. Electrochemical Characterizations

For the electrochemical characterization, a potentiostat was used to perform cyclic
voltammetry (CV) with a CHI 660E electrochemical workstation (CHI, Austin, TX, USA).
The sample was employed as the working electrode, and a stainless-steel cathode was
used as the counter electrode with an Ag/AgCl electrode as the reference electrode. All
anode potentials listed in the text and figures were with respect to the Ag/AgCl reference
electrode. CV was performed under different probes including potassium ferricyanide
(Kz[Fe(CN)g]) and ferric sulfate (Fep(SO4)3). The resultant data were modeled with Nyquist
plots.

With a similar composition and structure, the electrochemical active surface area
(ECSA) of an electrode material is proportional to its electrochemical double-layer capaci-
tance (Cy). It is measured by CV in the non-Faraday region at different scan rates (V) of
10, 20, 50, 80, 100, 200, 300, 500 and 700 in the three-electrode system. Then the C;; was
estimated by plotting the Aj = (j, — jc) at 0.4 V vs Ag/AgCl as a function of the scan rate.
It can be calculated according to the equation [46]:

Ca = 555, )
b

ECSA = =% 3)
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where Cs is the specific capacitance of a flat surface with 1 cm? of surface area.
Figures 54 and S5 show the ECSA values of OG, NG, SG and SNG.

4. Conclusions

In summary, we found that singly doped heteroatom graphene (NG and SG) achieved
superior removal efficiency for pollutants as compared with that of double doped het-
eroatom graphene (SNG). Mechanism studies showed that the doped N on NG presented as
graphitic N to increase electron transfer, whereas the doped S on SG exhibited as -C-SOx-C-
to serve as adsorption sites and, thus, improved the electrochemical performance. Unlike
the case of NG and SG, the doped S and N on SNG cannot form the efficient graphitic N
and -C-SOx-C- for electrochemical degradation, resulting in a low degradation efficiency.
Through the fundamental insights gained into the bonding of the doped heteroatom on
graphene, this work furnishes further directives for the design of heteroatom graphene for
membrane filtration.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms232314967 /s1.

Author Contributions: M.P.: Conceptualization, Methodology, Data curation, Writing—original
draft, Funding acquisition. J.L.: Investigation, Data curation. B.P.: Supervision, Writing review
and editing, Project administration, Funding acquisition. All authors have read and agreed to the
published version of the manuscript.

Funding: We gratefully acknowledge the financial support from the National Natural Science Foun-
dation of China (Grant No. 22106139; 22076169), and Basic Scientific Research Projects in Colleges
and Universities funded by Zhejiang Province (RF-A2022009).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no competing interest.

References

10.

11.

12.

13.

El-Kady, M.E; Shao, Y.; Kaner, R.B. Graphene for batteries, supercapacitors and beyond. Nat. Rev. Mater. 2016, 1, 1-14. [CrossRef]
Qi, J.; Zhang, H.; Ji, D.; Fan, X.; Cheng, L.; Liang, H.; Li, H.; Zeng, C.; Zhang, Z. Controlled ambipolar tuning and electronic
superlattice fabrication of graphene via optical gating. Adv. Mater. 2014, 26, 3735-3740. [CrossRef] [PubMed]

Li, Q.; Liu, M,; Zhang, Y.; Liu, Z. Hexagonal boron nitride—graphene heterostructures: Synthesis and interfacial properties. Small
2016, 12, 32-50. [CrossRef] [PubMed]

Wang, X.; Sun, G.; Routh, P; Kim, D.H.; Huang, W.; Chen, P. Heteroatom-doped graphene materials: Syntheses, properties and
applications. Chem. Soc. Rev. 2014, 43, 7067-7098. [PubMed]

Li, A.; Liu, J.; Feng, S. Applications of graphene based materials in energy and environmental science. Sci. Adv. Mater. 2014, 6,
209-234. [CrossRef]

Geim, A K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183-191. [CrossRef]

Liu, J.; Ma, Q.; Huang, Z; Liu, G.; Zhang, H. Recent Progress in Graphene-Based Noble-Metal Nanocomposites for Electrocatalytic
Applications. Adv. Mater. 2019, 31, 1800696-1800704. [CrossRef]

Kaplan, A ; Yuan, Z.; Benck, ].D.; Govind Rajan, A.; Chu, X.S.; Wang, Q.H.; Strano, M.S. Current and future directions in electron
transfer chemistry of graphene. Chem. Soc. Rev. 2017, 46, 4530-4571. [CrossRef]

Zhang, L.; Lin, C.Y.; Zhang, D.; Gong, L.; Zhu, Y.; Zhao, Z.; Xu, Q.; Li, H.; Xia, Z. Guiding principles for designing highly efficient
metal-free carbon catalysts. Adv. Mater. 2019, 31, 05252-05259. [CrossRef]

Kicinski, W.; Szala, M.; Bystrzejewski, M. Sulfur-doped porous carbons: Synthesis and applications. Carbon 2014, 68, 1-32.
[CrossRef]

Huang, H.; Shi, H; Das, P; Qin, J.; Li, Y.; Wang, X; Su, F.; Wen, P; Li, S.; Lu, P. The chemistry and promising applications of
graphene and porous graphene materials. Adv. Funct. Mater. 2020, 30, 1909035-1909041. [CrossRef]

Li, S.; Hao, X.; Abudula, A.; Guan, G. Nanostructured Co-based bifunctional electrocatalysts for energy conversion and storage:
Current status and perspectives. J. Mater. Chem. A 2019, 7, 18674-18707. [CrossRef]

Maiti, U.N.; Lee, W.J.; Lee, ].M.; Oh, Y,; Kim, J.Y.; Kim, J.E.; Shim, J.; Han, T.H.; Kim, 5.0. 25th anniversary article: Chemically
modified /doped carbon nanotubes & graphene for optimized nanostructures & nanodevices. Adv. Mater. 2014, 26, 40-67.


https://www.mdpi.com/article/10.3390/ijms232314967/s1
https://www.mdpi.com/article/10.3390/ijms232314967/s1
http://doi.org/10.1038/natrevmats.2016.33
http://doi.org/10.1002/adma.201400062
http://www.ncbi.nlm.nih.gov/pubmed/24652748
http://doi.org/10.1002/smll.201501766
http://www.ncbi.nlm.nih.gov/pubmed/26439677
http://www.ncbi.nlm.nih.gov/pubmed/24954470
http://doi.org/10.1166/sam.2014.1706
http://doi.org/10.1038/nmat1849
http://doi.org/10.1002/adma.201800696
http://doi.org/10.1039/C7CS00181A
http://doi.org/10.1002/adma.201805252
http://doi.org/10.1016/j.carbon.2013.11.004
http://doi.org/10.1002/adfm.201909035
http://doi.org/10.1039/c9ta04949e

Int. . Mol. Sci. 2022, 23, 14967 11 0f12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

Huang, P; Jing, L.; Zhu, H.; Gao, X. Diazonium functionalized graphene: Microstructure, electric, and magnetic properties. Acc.
Chem. Res. 2013, 46, 43-52. [CrossRef] [PubMed]

Ullah, S.; Hasan, M.; Ta, H.Q.; Zhao, L.; Shi, Q.; Fu, L.; Choi, J.; Yang, R.; Liu, Z.; Rummeli, M.H. Synthesis of doped porous 3D
graphene structures by chemical vapor deposition and its applications. Adv. Funct. Mater. 2019, 29, 1904457-1904465. [CrossRef]
Putri, L.K.; Ong, W.-].; Chang, W.S.; Chai, S.-P. Heteroatom doped graphene in photocatalysis: A review. Appl. Surf. Sci. 2015, 358,
2-14. [CrossRef]

Duan, J.; Chen, S.; Jaroniec, M.; Qiao, S.Z. Heteroatom-doped graphene-based materials for energy-relevant electrocatalytic
processes. ACS. Catal. 2015, 5, 5207-5234. [CrossRef]

Cao, Y.; Fatemi, V.; Demir, A ; Fang, S.; Tomarken, S.L.; Luo, ].Y.; Sanchez-Yamagishi, ].D.; Watanabe, K.; Taniguchi, T.; Kaxiras, E.
Correlated insulator behaviour at half-filling in magic-angle graphene superlattices. Nature 2018, 556, 80-84. [CrossRef] [PubMed]
Xue, Y.; Wu, B,; Jiang, L.; Guo, Y.; Huang, L.; Chen, J.; Tan, J.; Geng, D.; Luo, B.; Hu, W,; et al. Low temperature growth of highly
nitrogen-doped single crystal graphene arrays by chemical vapor deposition. J. Am. Chem. Soc. 2012, 134, 11060-11063. [CrossRef]
Zhang, X.; Zhao, Z.; Xu, J.; Ouyang, Q.; Zhu, C.; Zhang, X.; Zhang, X.; Chen, Y. N-doped carbon nanotube arrays on reduced
graphene oxide as multifunctional materials for energy devices and absorption of electromagnetic wave. Carbon 2021, 177,
216-225. [CrossRef]

Luis-Sunga, M.; Regent, L.; Pastor, E.; Garcia, G. Non-precious metal graphene-based catalysts for hydrogen evolution reaction.
Electrochem 2020, 1, 75-86. [CrossRef]

Zheng, X.; Wu, ].; Cao, X.; Abbott, ].; Jin, C.; Wang, H.; Strasser, P; Yang, R.; Chen, X.; Wu, G. N-, P-, and S-doped graphene-like
carbon catalysts derived from onium salts with enhanced oxygen chemisorption for Zn-air battery cathodes. Appl. Catal. B
Environ. 2019, 241, 442-451. [CrossRef]

Ma, X.-X.; Dai, X.-H.; He, X.-Q. C09S8-modified N, S, and P ternary-doped 3D graphene aerogels as a high-performance
electrocatalyst for both the oxygen reduction reaction and oxygen evolution reaction. ACS. Sustain. Chem. Eng. 2017, 5, 9848-9857.
[CrossRef]

Qiao, B,; Liu, J.; Wang, Y.-G.; Lin, Q.; Liu, X.; Wang, A ; Li, ].; Zhang, T; Liu, J. Highly Efficient Catalysis of Preferential Oxidation
of CO in H2-Rich Stream by Gold Single-Atom Catalysts. ACS. Catal. 2015, 5, 6249-6254. [CrossRef]

Ji,J.; Li, Y,; Peng, W.; Zhang, G.; Zhang, F.; Fan, X. Advanced graphene-based binder-free electrodes for high-performance energy
storage. Adv. Mater. 2015, 27, 5264-5279. [CrossRef] [PubMed]

Katuri, K.P; Kalathil, S.; Ragab, A.a.; Bian, B.; Alqahtani, M.E; Pant, D.; Saikaly, PE. Dual-function electrocatalytic and
macroporous hollow-fiber cathode for converting waste streams to valuable resources using microbial electrochemical systems.
Adv. Mater. 2018, 30, 1707072-1707078. [CrossRef] [PubMed]

Pan, Z.; Yu, F; Li, L.; Song, C.; Yang, J.; Wang, C.; Pan, Y.; Wang, T. Electrochemical microfiltration treatment of bisphenol A
wastewater using coal-based carbon membrane. Sep. Purif. Technol. 2019, 227, 115695-115701. [CrossRef]

Patra, S.; Choudhary, R.; Roy, E.; Madhuri, R.; Sharma, PK. Heteroatom-doped graphene ‘Idli": A green and foody approach
towards development of metal free bifunctional catalyst for rechargeable zinc-air battery. Nano Energy 2016, 30, 118-129.
[CrossRef]

Shao, J.J.; Lv, W.; Yang, Q.H. Self-assembly of graphene oxide at interfaces. Adv. Mater. 2014, 26, 5586-5612. [CrossRef]

Sibul, R.; Kibena-Poldsepp, E.; Mdeorg, U.; Merisalu, M.; Kikas, A.; Kisand, V.; Treshchalov, A.; Sammelselg, V.; Tammeveski, K.
Sulphur and nitrogen co-doped graphene-based electrocatalysts for oxygen reduction reaction in alkaline medium. Electrochem.
Commun. 2019, 109, 106603-106608. [CrossRef]

Wang, X; Li, F; Hu, X.; Hua, T. Electrochemical advanced oxidation processes coupled with membrane filtration for degrading
antibiotic residues: A review on its potential applications, advances, and challenges. Sci. Total. Environ. 2021, 784, 146912-146920.
[CrossRef]

Wang, Y.; Shao, Y.; Wang, H.; Yuan, J. Advanced heteroatom-doped porous carbon membranes assisted by poly (ionic liquid)
design and engineering. Acc. Mater. Res. 2020, 1, 16-29. [CrossRef] [PubMed]

Wu, Y,; Li, X.; Zhao, H.; Yao, F;; Cao, J.; Chen, Z.; Huang, X.; Wang, D.; Yang, Q. Recent advances in transition metal carbides and
nitrides (MXenes): Characteristics, environmental remediation and challenges. Chem. Eng. J. 2021, 418, 129296-129308.

Wang, J.; Huang, X.; Xi, S.; Lee, ] M.; Wang, C.; Du, Y.; Wang, X. Linkage Effect in the Heterogenization of Cobalt Complexes by
Doped Graphene for Electrocatalytic CO, Reduction. Angew. Chem. Int. Ed. Engl. 2019, 58, 13532-13539. [CrossRef]

Baldea, I.; Olteanu, D.; Filip, G.A.; Pogacean, F.; Coros, M.; Suciu, M.; Tripon, S.C.; Cenariu, M.; Magerusan, L.; Stefan-van Staden,
R.-L; et al. Cytotoxicity mechanisms of nitrogen-doped graphene obtained by electrochemical exfoliation of graphite rods, on
human endothelial and colon cancer cells. Carbon 2020, 158, 267-281. [CrossRef]

Lee, J.; Noh, S.; Pham, N.D.; Shim, ].H. Top-down synthesis of S-doped graphene nanosheets by electrochemical exfoliation
of graphite: Metal-free bifunctional catalysts for oxygen reduction and evolution reactions. Electrochim. Acta 2019, 313, 1-9.
[CrossRef]

Gliniak, J.; Lin, J.H.; Chen, Y.T.; Li, C.R; Jokar, E.; Chang, C.H.; Peng, C.S,; Lin, ].N.; Lien, WH.; Tsai, H.M,; et al. Sulfur-Doped
Graphene Oxide Quantum Dots as Photocatalysts for Hydrogen Generation in the Aqueous Phase. ChemSusChem 2017, 10,
3260-3267. [CrossRef]

Wang, J.; Huang, X.; Xi, S.; Xu, H.; Wang, X. Axial Modification of Cobalt Complexes on Heterogeneous Surface with Enhanced
Electron Transfer for Carbon Dioxide Reduction. Angew. Chem. Int. Ed. Engl. 2020, 59, 19162-19167. [CrossRef] [PubMed]


http://doi.org/10.1021/ar300070a
http://www.ncbi.nlm.nih.gov/pubmed/23143937
http://doi.org/10.1002/adfm.201904457
http://doi.org/10.1016/j.apsusc.2015.08.177
http://doi.org/10.1021/acscatal.5b00991
http://doi.org/10.1038/nature26154
http://www.ncbi.nlm.nih.gov/pubmed/29512654
http://doi.org/10.1021/ja302483t
http://doi.org/10.1016/j.carbon.2021.02.085
http://doi.org/10.3390/electrochem1020008
http://doi.org/10.1016/j.apcatb.2018.09.054
http://doi.org/10.1021/acssuschemeng.7b01820
http://doi.org/10.1021/acscatal.5b01114
http://doi.org/10.1002/adma.201501115
http://www.ncbi.nlm.nih.gov/pubmed/26270245
http://doi.org/10.1002/adma.201707072
http://www.ncbi.nlm.nih.gov/pubmed/29707854
http://doi.org/10.1016/j.seppur.2019.115695
http://doi.org/10.1016/j.nanoen.2016.10.006
http://doi.org/10.1002/adma.201400267
http://doi.org/10.1016/j.elecom.2019.106603
http://doi.org/10.1016/j.scitotenv.2021.146912
http://doi.org/10.1021/accountsmr.0c00010
http://www.ncbi.nlm.nih.gov/pubmed/33163972
http://doi.org/10.1002/anie.201906475
http://doi.org/10.1016/j.carbon.2019.12.011
http://doi.org/10.1016/j.electacta.2019.05.015
http://doi.org/10.1002/cssc.201700910
http://doi.org/10.1002/anie.202008759
http://www.ncbi.nlm.nih.gov/pubmed/32648339

Int. . Mol. Sci. 2022, 23, 14967 12 0of 12

39.

40.

41.

42.

43.

44.

45.

46.

Wu, R; Chen, S.; Zhang, Y.; Wang, Y.; Ding, W.; Li, L.; Qi, X.; Shen, X.; Wei, Z. Template-free synthesis of hollow nitrogen-doped
carbon as efficient electrocatalysts for oxygen reduction reaction. J. Power Source 2015, 274, 645-650. [CrossRef]

Zhang, Q.; Ding, Z.; Liu, G.; Wan, H.; Mwizerwa, J.P.; Wu, J.; Yao, X. Molybdenum trisulfide based anionic redox driven chemistry
enabling high-performance all-solid-state lithium metal batteries. Enerqy Storage Mater. 2019, 23, 168-180. [CrossRef]
Arunchander, A.; Peera, S.G.; Panda, S.K.; Chellammal, S.; Sahu, A.K. Simultaneous co-doping of N and S by a facile in-situ
polymerization of 6-N,N-dibutylamine-1,3,5-triazine-2,4-dithiol on graphene framework: An efficient and durable oxygen
reduction catalyst in alkaline medium. Carbon 2017, 118, 531-544. [CrossRef]

Li, X.;; Huang, X.; Xi, S.; Miao, S.; Ding, J.; Cai, W.; Liu, S.; Yang, X.; Yang, H.; Gao, ].; et al. Single Cobalt Atoms Anchored on
Porous N-Doped Graphene with Dual Reaction Sites for Efficient Fenton-like Catalysis. J. Am. Chem. Soc. 2018, 140, 12469-12475.
[CrossRef] [PubMed]

Lee, ].H.; Park, J.Y.; Cho, E.B.; Kim, T.Y.; Han, S.A.; Kim, T.H.; Liu, Y.; Kim, S.K.; Roh, C.J.; Yoon, H.].; et al. Reliable Piezoelectricity
in Bilayer WSe2 for Piezoelectric Nanogenerators. Adv. Mater. 2017, 29, 1606667-1606673. [CrossRef]

Pan, M.; Wang, J.; Hua, M.; Gao, G.; Wang, X.; Chew, ].W. Augmentation of hydroxyl groups as electrocatalytic active sites in
porous graphene. Carbon 2019, 154, 384-390. [CrossRef]

Pan, M.; Wang, J.; Gao, G.; Chew, ].W. Incorporation of single cobalt active sites onto N-doped graphene for superior conductive
membranes in electrochemical filtration. ]. Membr. Sci. 2020, 602, 117966—117975. [CrossRef]

Deng, H.; Zhang, C.; Xie, Y.; Tumlin, T.; Giri, L.; Karna, S.P; Lin, J. Laser induced MoS2/carbon hybrids for hydrogen evolution
reaction catalysts. J. Mater. Chem. A 2016, 4, 6824-6830. [CrossRef]


http://doi.org/10.1016/j.jpowsour.2014.10.118
http://doi.org/10.1016/j.ensm.2019.05.015
http://doi.org/10.1016/j.carbon.2017.03.093
http://doi.org/10.1021/jacs.8b05992
http://www.ncbi.nlm.nih.gov/pubmed/30165734
http://doi.org/10.1002/adma.201606667
http://doi.org/10.1016/j.carbon.2019.08.033
http://doi.org/10.1016/j.memsci.2020.117966
http://doi.org/10.1039/C5TA09322H

	Introduction 
	Results and Discussion 
	Preparation and Characterization of Heteroatom Graphene 
	Electrochemical Performance in Membrane Filtration 
	Identification of Active Sites 
	Electrochemical Activities of Heteroatom Doped Graphene 

	Materials and Methods 
	Materials and Reagents 
	Synthesis of Heteroatom Graphene 
	Preparation of Electrochemical Membrane Filtration Device 
	Material Characterizations 
	Electrochemical Characterizations 

	Conclusions 
	References

