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a b s t r a c t

Pyrogenic carbonaceous matter (PCM) catalyzes azo dye decolorization by sulfide, but the nitrogen doping

catalytic mechanisms are poorly understood. In this study, we found that stagnate time of azo dye methyl

orange (MO) decolorization was reduced to 0.54-18.28 min in the presence of various nitrogen-doped

graphenes (NGs), remarkably lower compared to graphene itself. Particularly, graphitic nitrogen played a

critical role in NGs-catalyzed MO decolorization by sulfide. Gas chromatography-mass spectrometry and

in-situ surface Raman analysis demonstrated that doping nitrogen, especially graphite one facilitated reac-

tive intermediate polysulfides formation. This is attributed to the improved electron conductivity through

graphitic nitrogen doping, and the enhanced interactions between sulfide and carbon atoms bonded to

graphitic nitrogen. This study not only provides a better understanding of PCM impact on transformations

and fates of organic pollutants in natural environments, but also offer a new regulation strategy for more

efficient wastewater treatment processes in PCM-catalyzed engineering systems.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pyrogenic carbonaceous matter (PCM), including environmental

black carbon (biomass char and fossil fuel soot), engineered car-

bons (activated carbon), and carbon nanomaterials (graphene and

carbon nanotubes), constitute between 10% and 30% of organic car-

bon in sediments [1–4]. Traditionally, PCM has been merely viewed

as a passive adsorbent for concentrating, capturing, and seques-

tering contaminants in an aquatic environment. Recent studies in-

dicate that PCM could catalyze the reduction of various organic

pollutants by sulfide coming from the microbial reduction of sul-

fate [2,5–8]. For example, black carbon facilitates trifluralin and

pendimethalin abiotic reduction by sulfide, and graphene acceler-

ates nitrobenzene degradation by sulfide [9,10].

The enhanced mechanisms of PCM for the reductive removal

of various organic pollutants by sulfide are diverse. Some studies

attributed the facilitation of carbon materials for pollutant reduc-

tion to oxygen functional groups, especially quinones on the sur-

face of PCM that may help activate pollutant molecules and en-

hance electron transfer [9,11]. Other works demonstrate that the

excellent electrical conductivity of carbon materials may play im-

portant roles in organic pollutants reduction by sulfide, enhancing
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electron transfer from sulfide to the pollutants and facilitating the

formation of some critical intermediate [12,13]. Interestingly, our

recent study discovered a new mechanism: PCM could reduce the

stagnate phase of azo dye decolorization by sulfide, due to the for-

mation of reactive intermediate polysulfides that react quickly with

the azo dye [14]. This new finding further improves our under-

standing of PCM influence on the organic pollutants transformation

under anaerobic aqueous conditions and particularly reveals the

important role of polysulfides in transforming pollutants in natu-

ral environments. Occasionally, we observed that nitrogen-doped

PCM could further reduce the stagnate phase of the azo dye de-

colorization by sulfide compared to that without nitrogen doping,

while the reasons behind this phenomenon are unexplored.

The dopant of nitrogen in carbon materials, aimed at tuning

their electronic features and hence the adsorption and catalytic

properties, has been extensively studied in pollutant degradation

[15,16]. For example, nitrogen-doped graphene effectively catalyzes

the transformation of 4-nitrophenol to 4-aminophenol by NaBH4,

and carbon atoms next to the doped nitrogen atoms on graphene

could serve as the active sites for the adsorption and activation of

4-nitrophenol [17]. Moreover, it was observed that nitrogen-doped

carbon materials catalyze trichloroethylene degradation by sulfide

[18]. On the other hand, different kinds of N species were dis-
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tributed on the surface of the nitrogen-doped materials, includ-

ing pyridine N, pyrrole N, graphitic N, and N-oxide [17,19]. It has

been demonstrated that these N species might play different roles

in pollutant degradation [20,21]. Graphitic N on the surface of the

nitrogen-doped materials plays a key role in impelling the reduc-

tion of nitroaromatics by NaBH4 [22]. Nevertheless, Ding et al. in-

dicated that pyridine N on the surface of the carbon materials ap-

peared to play a critical role in trichloroethylene dichlorination by

sulfide [18]. Up to now, the roles of nitrogen doping and different

nitrogen species on PCM in catalyzing azo dye decolorization by

sulfide remain unknown and deserve a careful investigation.

Therefore, the present study aimed to clarify the roles and the

possible mechanisms of nitrogen doping and different nitrogen

species on PCM mediated azo dye decolorization by sulfide. Methyl

orange (MO), an azo dye widely used in chemical and textile in-

dustries, was chosen as the model pollutant [23–25]. Nitrogen-

doped graphene (NG) was selected as a typical PCM. Firstly, we

prepared various NGs with different N species contents by tuning

the annealing temperature [18,26]. Then the catalytic performance

of those NGs for MO decolorization by sulfide was studied. After-

ward, the relationship between the catalytic performance of NGs

and the N species relative contents was evaluated, emphasizing the

influence of N doping on polysulfides formation, a key reactive in-

termediate. Moreover, the electrical conductivity test, polysulfides

adsorption, and density functional theory (DFT) calculation were

explored to further reveal the important roles of N in graphene on

azo dye decolorization by sulfide.

MO, ammonia, urea, melamine, (NH4)2Sn, and elemental sul-

fur (S0) were obtained from Sinopharm Chemical Reagent Co., Ltd.

(China). Na2S was purchased from Aladdin Industrial Corporation

(China). All chemicals were used as received without further pu-

rification.

Reduced graphene oxide (RGO, 1–3 nmnm thickness, larger

than 50 μm diameter, higher than 98% purity, and less than three

layers) and graphene oxide (GO, 1–3 nm thickness, larger than

50 μm diameter, higher than 98% purity, and less than three

layers) was obtained from Chengdu Organic Chemicals Company

(China). NG was prepared using 50 mg RGO as the raw material

and annealed at a predetermined temperature in an electric fur-

nace [26,27]. For the NG with NH3 as nitrogen precursor (NGamm),

50 mg RGO was annealed under an atmosphere of 5% NH3 and

95% Ar2 at a rate of 100 mL/min, since a previous study demon-

strated that nitrogen atom could be introduced to the graphene

lattice with high temperature treatment under NH3 atmosphere

[28]. Afterward, during the annealing treatment for the graphene,

the annealing temperature was increased at a rate of approxi-

mately 10 °C/min and held at T (T=300, 400, 500, 600, 700, 800,

900, and 1000 °C) for 1 h, respectively, and then decreased at a

rate of 10 °C/min until a temperature of 100 °C was reached. Af-

ter that, the samples were further cooled to room temperature,

washed by water, and then dried to remove impurities before use.

The above-prepared graphene samples were coded as NGamm-T. Ad-

ditionally, the NG with GO precursor (named NGGO-amm-T) was also

prepared, in which the preparation method was similar with that

of NGamm except for GO precursor.

The morphological characterizations of the graphene materials

and C, O, and N elemental mappings for the graphene samples

were conducted on a scanning transmission electron microscope

(STEM, JEM-ARM 2100F, JEOL, Japan). The surface atomic percent

of C, O and N elemental composition and specific surface func-

tional groups of the graphene materials were assessed using an

XPS (ESCALAB 250, Thermo-VG Scientific Inc., USA). XPS patterns

were measured in a 1.4 × 10−7 Pa vacuum at room temperature

(22 °C). Curve fitting was performed using a Gaussian-Lorentzian

peak shape after subtracting a Shirley background. A Raman spec-

trometer analyzed the defective level of graphene samples with an

argon-ion laser excitation source at a 532 nm wavelength (LabRam

HR, Horiba, France).

A physical property measurement system (PPMS, Dyna Cool,

Quantum Design Inc., USA) measured the electrical conductivities

of RGO and NG according to previous studies [29,30]. Specifically,

the graphene samples were tablet compressed prior to measure-

ment. Afterward, a four-electrode apparatus was fabricated using

silver wires at two sides of the graphene tablet, two of the elec-

trodes were used to input linearly changing direct current, and

the other two electrodes were used to detect the output voltage.

The following equation calculated the electrical conductivity of the

graphene samples (σ ) (Eq. 1):

σ = L

RWD
(1)

where L is the distance between the two electrodes outputting the

voltage; R is the resistance; and W and D are the width and thick-

ness of the graphene tablet, respectively.

MO decolorization experiments were conducted in 180 mL

serum bottles containing 100 mL phosphate buffer solution

(25 mol/L at pH 7.0) and 0.3 mmol/L MO in which 5 mg/L graphene

material was mixed and then ultrasonic dispersed for 30 min. The

solution was purged with nitrogen for at least 30 min to remove

dissolved oxygen before placing it into the anaerobic operation

box. Afterward, 1 mmol/L Na2S stored in the anaerobic operation

box was added to the serum bottle. After mixing with Na2S, the

solution was adjusted to pH 7.5 using 2 mmol/L HCl or NaOH so-

lution. The decolorization reaction was conducted using an orbital

shaker at 200 rpm in an anaerobic glove box at 30 °C under dark

conditions. Compared with MO anaerobic reduction experiments,

the difference for MO aerobic transformation experiment was it

conducted at air conditions. Each experiment was performed at

least in duplicate.

The liquid samples were taken at appropriate time inter-

vals during the MO decolorization process and immediately fil-

tered through 0.22 μm membrane (Jinten Co., China). The con-

centration of MO and their reductive products including N,N-

dimethyl-p-phenylenediamine (DPD) and 4-aminobenzenesulfonic

acid (ABS) were measured by high-performance liquid chromatog-

raphy (HPLC) equipped with a diode array detector and a 4.6

mm×250 mm Eclipse Plus C18 column at 30 °C (Agilent 1260, Ag-

ilent Technologies, USA). The flow rate of the mobile phase was

0.8 mL/min and the detection wavelengths were 270 (for DPD) and

254 nm (for MO and ABS). The composition of the mobile phase

(A: methanol and B: 0.1% acetic acid/0.1% ammonium acetate) was

as follows: 0 min: 5% A and 95% B, 15 min: 20% A and 80% B,

30 min 100% A and 0% B, 38 min: 5% A and 95% B [14].

The sulfide concentration in the solution was determined using

the methylene blue method [31]. Gas chromatography-mass spec-

trometry (GC-MS, Thermo, Trace DSQ II, USA) analyzed the con-

centration of polysulfides (including disulfide, trisulfide and tetra-

sulfide in the range of 1 μmol/L to 1000 μmol/L) in the solution

according to our previous study [14,32]. Sulfur species, including

polysulfide and elemental sulfur on the surface of graphene, were

determined by Raman spectrometer with an argon-ion laser ex-

citation source of 532 nm (LabRam HR, Horiba, France) [33,34].

Graphene samples with sulfur species were freeze-dried and stored

in an anaerobic operating box before analysis. Additionally, to

eliminate the influence of oxygen on the transformation of sul-

fur species, the graphene samples were placed in anaerobic quartz

sample cell for Raman analysis.

To understand further the role of various N species on PCM-

mediated azo dye decolorization by sulfide, DFT calculations were

conducted. The adsorption models for NG with sulfide were ini-

tially established by the commercialized software package Mate-

rials Studio 6.0. Configuration optimization steps were then car-
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Fig. 1. STEM mapping images including C, O, N, and composite image for (a) RGO,

(b) NGamm-400, and (c) NGamm-1000 samples, respectively.

Table 1

Relative N species contents in various NGamm.

NG types Pyridine N (%) Pyrrole N (%) Graphitic N (%) N-oxide (%)

NGamm-300 49.27 26.24 17.47 7.03

NGamm-400 38.17 34.32 20.18 7.33

NGamm-500 31.80 39.28 21.59 7.34

NGamm-600 24.01 48.25 20.62 7.12

NGamm-700 36.57 31.00 24.88 7.54

NGamm-800 37.86 28.39 25.89 7.85

NGamm-900 34.81 21.95 36.83 6.41

NGamm-1000 22.19 25.70 39.21 12.90

ried out using the DMol3 module accompanied by the ultra-

soft pseudopotentials to describe ion core and valence electrons

[35,36]. Simultaneously, the generalized gradient approximation

(GGA) method amended with Perdew and Wang (PW91) func-

tion combined with an all-electronic approach was used to explain

the exchange-correlation functions [37]. Moreover, a conductor-like

screening model (COSMO) simulated water media effects in ac-

tual processes [38]. During the geometric optimization process,

the convergence threshold for the maximum energy change, force,

and displacement were set to 2×10−5 Hartree, 4×10−3 Å, and

4×10−3 Å, respectively. The adsorption energy (�Eads) was defined

to indicate the adsorption capacity of the active species to the in-

terface, the more negative the value of the adsorption energy, the

stronger the corresponding adsorption capacity, and the following

formula obtains it (Eq. 2):

�Eads(species) = Especies/substrate − Especies − Esubstrate (2)

where Especies/substrate, Especies, and Esubstrate represent the energy of

the optimized adsorption model, adsorbate, and adsorbent, respec-

tively.

Fig. 1 shows the STEM-EDS elemental mapping images of car-

bon, oxygen, and nitrogen for RGO and NGamm samples. Compared

to RGO (Fig. 1a), abundant nitrogen element was homogeneously

distributed in NGamm samples (Figs. 1b and c), indicating that ni-

trogen was successfully doped into the graphene. The total N con-

tent of NGamm samples was in a range of 1.91% to 5.62%, and the

elemental information of graphene samples from XPS is shown

in Fig. S1 (Supporting information). Moreover, the N 1s spectrum

of NGamm samples can be fitted into four peaks (Fig. S2 in Sup-

porting information), corresponding to pyridine N (398.3 eV), pyr-

role N (399.6 eV), graphitic N (401.2 eV), and N-oxide (402.5 eV)

[39]. Table 1 shows the relative N species contents in NGamm sam-

ples calculated from XPS sub-peak results. In the NGamm, with the

Table 2

Estimated MO decolorization by sulfide kinetic values with different graphenes at

1 mmol/L Na2S, 0.3 mmol/L MO, 5 mg/L catalyst, 30 °C, and pH 7.5.

Types t0 (min) R2 (%)

RGO 23.17 ± 2.16 98.8

NGamm-300 8.25 ± 0.52 99.9

NGamm-400 18.28 ± 1.21 99.6

NGamm-500 7.15 ± 0.68 99.8

NGamm-600 14.59 ± 0.92 99.7

NGamm-700 3.96 ± 0.17 99.9

NGamm-800 7.07 ± 0.28 99.9

NGamm-900 1.27 ± 0.36 99.9

NGamm-1000 0.54 ± 0.56 99.0

increase in annealing temperature, then graphitic N content in-

creased, but pyridine N decreased, while the content of pyrrole N

initially increased and then reduced.

The MO decolorization process by sulfide in the presence of dif-

ferent kinds of graphene displayed in Fig. S3a (Supporting informa-

tion) shows that all the NGs performed better than the RGO con-

trol. Similar to our previous study, the MO decolorization by sul-

fide with different NGs initially underwent a stagnate phase fol-

lowed by a fast degradation phase. The Gompertz fitting model

was used to simulate the MO decolorization process, and the de-

tailed calculation method is shown in Supporting information [14].

As shown in Table 2 and Fig. S3b (Supporting information), the

stagnate phase time (t0) for the NGamm mediated reaction ranged

between 0.54 min and 18.28 min, remarkably lower than that of

RGO (23.17 ± 2.16 min), suggesting nitrogen doping on PCM plays

an essential role for azo dye decolorization by sulfide. Additionally,

the reduction products of MO including DPD and ABS were also

monitored. As shown in Fig. S4 (Supporting information), the final

concentrations of DPD and ABS reached up to around 85% of the

amount of MO degradation (0.3 mmol/L), and less than 15% unbal-

ance of products might be due to the adsorption of graphene and

instability of products DPD and ABS, which could further trans-

form to other substances. These results indicated that both DPD

and ABS were main products of MO reduction by sulfide. And the

catalytic reactivity of NGGO-amm with GO precursor were also inves-

tigated (Fig. S5 in Supporting information), which showed poorer

catalytic reactivity to reduce the stagnate phase time for MO re-

duction compared with NGGO-amm with RGO precursor.

For the effect of oxygen functional groups on the catalytic per-

formance of NG, the XPS results in Fig. S1 showed that nitrogen

doping treatment decreased the oxygen functional group contents

of graphene, and the oxygen functional group contents decreased

with the improvement of annealing temperature, while high tem-

perature nitrogen doping treatment improved the catalytic perfor-

mance of graphene. Thus, oxygen functional groups of graphene

may not play the positive role in facilitating reduction of organic

pollutants by sulfide. We also conducted MO decolorization by

sulfide experiments with graphene treated at different annealing

temperatures under Ar2 atmosphere without nitrogen doping (Fig.

S6 in Supporting information). The stagnate phase for the AG-

mediated MO decolorization was longer than that of NGamm at

the same annealing temperature (Table S1 in Supporting informa-

tion). The improvement of annealing temperature did not shorten

the stagnate phase of AG-mediated MO decolorization by sulfide.

These results further highlight the importance of nitrogen doping

in promoting graphene-mediated MO decolorization by sulfide.

To understand which nitrogen species may play a role in NG-

mediated MO decolorization by sulfide, the correlation between re-

action stagnate phase time and N species content, including total

N, graphitic N, pyridine N and pyrrole N, were further explored.

As shown in Fig. 2, an evident negative linear correlation between

the logarithm of the stagnate phase and the relative content of
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Fig. 2. Relationship between different nitrogen species content and catalytic efficiency of graphene toward MO degradation. (a) Total N, (b) pyridine N, (c) pyrrole N, (d)

graphitic N. The catalytic efficiency is represented by the logarithm of the stagnate phase for different graphene-mediated MO decolorization.

graphitic N is obtained (R2 = 88.82%). However, there is no appar-

ent linear correlation between the logarithm of the stagnate phase

and contents of total nitrogen, pyridine N, and pyrrole N species, as

the R2 values were below 50%. This result implies that graphitic N

would likely be most important in NG-mediated MO decolorization

by sulfide. Differently, Ding et al. indicated that pyridine N might

play an important role in the trichloroethylene dechlorination by

sulfide (R2 =97%) [18]. One of reasons to cause this difference may

be owing to the different organic pollutants, in which the dechlo-

rination of trichloroethylene in Ding’s study while azo dye decol-

orization in our work. However, the impact of graphitic N on the

dechlorination of trichloroethylene could not be excluded in the

study from Ding et al., with the correlation coefficient R2 as high as

89% [18]. To further verify the role of graphitic N, we also prepared

two NG samples with urea (NGurea) or melamine (NGmela) as nitro-

gen precursors under 800 and 1000 °C (the preparation procedure

shown in Supporting information), respectively, and explored their

catalytic performance on MO decolorization by sulfide. NG with

higher relative content of graphitic N showed better catalytic per-

formance, further demonstrating the important role of graphitic N

in NG-mediating azo dye decolorization by sulfide (Fig. S7 in Sup-

porting information).

Polysulfides are key reactive intermediates of azo dye decol-

orization by sulfide, and it was formed by the oxidation of sulfide

and can react quickly with azo dye with the formation of elemen-

tal sulfur [14]. To prove that graphene facilitates the formation of

polysulfide, the reaction that separates the processes of adding sul-

fide and MO (MO adding after 10 min pre-reaction between sulfide

and graphene) was conducted. The results in Fig. S8 (Supporting

information) showed that the stagnate phase time of MO reduction

significantly decreased when sulfide pre-reacted with graphene for

10 min. This may be due to that graphene facilitated the transfor-

mation from sulfide to polysulfide, which can react quickly with

MO. Additionally, the formation of polysulfides in the presence of

different NGs was carefully explored in this work. GC-MS was used

to detect the distribution of polysulfides concentration in aque-

ous solutions initially. As shown in Fig. 3a, for the RGO-mediated

reaction, polysulfides concentration reached a maximum value of

600 μmol/L in the first 40 min of reaction, then reduced until

the reaction finished. A similar trend was found in the NGamm-

mediated MO decolorization process; however, it took less time

(10–30 min) for the polysulfides concentration to reach a maxi-

mum value. Nevertheless, the maximum concentration of polysul-

fides in NG added systems was 200-550 μmol/L, lower than that of

RGO with about 550 μmol/L, which may be due to the stronger ad-

sorption capacity of NG to polysulfides compared with RGO, which

will be discussed below.

Raman spectra were used to study the distribution of sulfur

species on the surface of different graphenes. Fig. 3b shows the

Raman spectra of RGO and NGamm-1000 at 10 and 40 min of the

MO decolorization process. Four Raman peaks at 50, 146, 210 and

460 cm−1 appeared for the NGamm-1000 samples after 10 min of

MO decolorization reaction, while there was no significant Raman

peak in the RGO sample. After 40 min of reaction, the intensity

of the four Raman peaks in NGamm-1000 samples further increased,

while four similar Raman peaks started to appear on the surface

of RGO samples. According to the Raman spectra of standard sul-

fur species in Fig. S9 (Supporting information), the Raman peaks

that appeared during the MO decolorization process may be at-

tributed to elemental sulfur (49, 152, 216 and 470 cm−1) and poly-

sulfides (51 and 450 cm−1). Related studies indicate that elemental

sulfur combines quickly with sulfide with the formation of polysul-

fide [40,41]. Therefore, above results suggest that graphene mod-

ification by nitrogen doping facilitates the polysulfides formation

during MO decolorization by sulfide.

The polysulfides adsorption abilities of different kinds of

graphene were also investigated, and the details of adsorption

experiments are provided in Supporting information. The UV-

vis absorption spectra variations of the polysulfide solution after

graphene adsorption suggest that the polysulfides adsorption abil-

ity of N doping was higher than that of RGO (Fig. S10 in Support-

ing information). A previous study showed that nitrogen doping

treatment facilitated the adsorption of polysulfides to a graphene

sponge [42]. This may explain why the maximum polysulfides con-
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Fig. 3. (a) Polysulfides formation (C=disulfide×2+ trisulfide×3) for the RGO, NGamm-400, NGamm-700 and NGamm-1000 during the MO decolorization process. (b) Raman spectra

of graphene samples that participated in the MO decolorization process for 10 and 40 min, respectively.

Fig. 4. (a) Relationship between relative content of graphitic N and variation value (before and after it adsorbed by graphene) for polysulfides UV-vis absorption peak

intensity at 230 nm; (b) electrical conductivity of various graphenes; (c) relationship between electrical conductivity and relative content of graphitic N for graphene; and

(d) the bond length and adsorption energy of sulfide adsorbed on four kinds of graphene configurations.

centration in NG-mediated systems was lower during the MO de-

colorization process than in RGO-mediated ones. Interestingly, a

good positive linear correlation between the relative content of

graphitic N and adsorbed polysulfides amount was obtained, as

shown in Fig. 4a. The absorbance difference at 230 nm before and

after absorption by graphene was used to represent the adsorbed

polysulfide amount. This result indicates that graphitic N species

enhance the polysulfides adsorption ability of NG, resulting in the

faster achievement of critical reaction concentration of polysulfides

[14], thus reducing the stagnate phase length of azo dye decol-

orization by sulfide.

On one hand, the electrical conductivity of different kinds of

graphenes was analyzed. As shown in Fig. 4b, nitrogen doping im-

proved the electrical conductivity of graphene, consistent with pre-

vious studies [43,44]. In particular, there was a good positive cor-

relation between electrical conductivity and the relative graphitic

N content of NGamm, while no significant correlation with content

of total N, pyridine N and pyrrole N (Fig. 4c and Figs. S11a–c in

Supporting information). It has been demonstrated that graphitic

N can preserve its high carrier mobility due to minor distortion

of the graphene lattice [43,45]. Moreover, graphitic N infuses ex-

cess electrons in a carbon matrix, enhancing electrical conductiv-

ity for carbon materials [12,46]. Consequently, the improved elec-

trical conductivity of NGs, majorly resulting from the presence of

graphitic N, may benefit electron transfer from sulfide species to

MO, thus facilitating the polysulfides formation that can react with

MO quickly.

On the other hand, the NGamm-800 and NGamm-1000 nanosheets

showed a crinkled and partially aggregated structure compared

with the silk veil-like morphology of RGO (Fig. S12 in Support-

ing information). This is possibly due to the formation of a de-

fective structure and refabrication of graphene layers during the

nitrogen doping process which is in accordance with a previous

report [15]. The D and G peaks intensity ratio (ID/IG) from Raman

spectroscopy was used to reflect the defective level of graphene

samples (Fig. S13a in Supporting information). The NGamm sam-

ples ID/IG value in the range of 0.97 to 1.25 was higher than that

of RGO samples (Fig. S13b in Supporting information), suggesting

that more defects could be introduced to the carbon matrix of

graphene with nitrogen doping, especially under high graphitic N

conditions. Correlation analysis showed a good positive linear cor-

relation between defective level and conductivity of NG (Fig. S11d
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in Supporting information). Thus, the improvement of conductiv-

ity for NG may be majorly owing to the defective from graphitic N

species. We adopted DFT calculations to explore further the impact

of carbon matrix defects from nitrogen doping on polysulfides for-

mation. First, four graphene configurations, including carbon ma-

trix of graphene, pyridine N, pyrrole N, and graphitic N, together

with the adsorbed sulfide, were optimized (Fig. S14 in Supporting

information). As shown in Table S2 (Supporting information) and

Fig. 4d, the adsorption energy of sulfide on the graphene carbon

matrix was −0.17 eV, higher than the N-containing configurations

adsorption energies of −1.23, −0.16 and −1.84 eV for pyridine N,

pyrrole N, and graphitic N, respectively. Moreover, the C–S bond

lengths for pyridine N, pyrrole N and graphitic N configurations

were 3.537, 3.726 and 3.324 Å, respectively, lower than that be-

tween sulfide and carbon matrix of graphene (3.718 Å), as shown

in Fig. 4d. In particular, the graphitic N configuration showed the

lowest adsorption energy and the shortest C-S bond length. The

above results may be due to the strong electron attracting ability of

nitrogen atoms, especially that of graphitic N compared with car-

bon atoms, the carbon atoms adjacent to nitrogen possess partial

positive charges, advantageous for the interaction between anionic

sulfide and positively charged carbon atoms bonded to nitrogen

atoms [47,48]. After sulfide bonding with NG, the excellent electri-

cal conductivity of NG rooting from graphitic N improved the elec-

tron transfer from sulfide to organics with the formation elemental

sulfur, and the formed elemental sulfur can combine quickly with

sulfide with formation of polysulfide, and it consequently speeding

up the decolorization of azo dye.

This work demonstrated that nitrogen doping into PCM could

promote the formation of reactive intermediate polysulfides, thus

reducing the stagnate phase of azo dye decolorization by sulfide.

We found for the first time that graphitic N of PCM would play a

significant role in this decolorization process, majorly due to im-

provement of the PCM electrical conductivity for electron transfer

and enhancement of the bonding ability between carbon matrix

and sulfide. Our study not only provides a better understanding of

the impacts of broadly-presented PCM on the transformations and

fates of sulfur species and organic pollutants in sediments, ground

water and even municipal wastewater (Fig. S15 in Supporting in-

formation showed graphene also promoted MO decolorization by

sulfide under aerobic conditions), but also offers a new strategy

to achieve more efficient wastewater treatment processes in engi-

neered systems by regulating the amount and type of nitrogen in

PCM.
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