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A B S T R A C T   

As a sustainable and green approach, carbocatalysis, a metal-free strategy, has shown exceptional results in 
advanced oxidation processes (AOPs). Nonetheless, the recovery of these catalysts has been a major shortcoming 
over the years. Herein, three-dimensional nitrogen-doped graphene macrostructures (3D-NGMs), in the form of 
macro cubes, were synthesised by a simple cross-linking and thermal annealing procedure, after which they were 
employed in the activation of peroxydisulfate (PS) for the degradation of sulfamethoxazole (SMX). The catalytic 
cubes were loaded with different amounts of nitrogen precursor to investigate the role of nitrogen configuration 
in the sp2 hybridised carbon network on AOPs. NGC3 cubes with optimum N-loading exhibited outstanding 
performance for SMX degradation owing to their optimum N/C ratio. Various reaction parameters were studied 
to optimise the catalytic system. Comprehensive studies on the radical generation were done and illustrated the 
dominance of the non-radical pathway leading to the proposal of a possible reaction mechanism for SMX. This 
study not only suggests the role of nitrogen doping on graphene macrostructures but also provides novel insights 
into macro catalysis to overcome the recovery challenges posed by nano catalysis.   

1. Introduction 

With the growth of the human population, antibiotics have been used 
widely as drugs for treating infectious diseases. Common discharge 
sources of these antibiotics include hospitals, pharmaceutical industries, 
and wastewater treatment plants [1,2]. Their presence in the discharge 
after wastewater treatment is a clear indication of their persistent nature 
to common treatment technologies, classifying them as emerging con-
taminants (ECs) [3]. One such antibiotic is sulfamethoxazole (SMX), 
sulfonamide, which is a highly efficient drug used against bacterial in-
fections [4]. Owing to its low concentration in surface water (0.01 to 2.0 
μg L–1), SMX has not shown direct side effects or toxicity to human 
health. However, continued exposure could lead to resistance to its 
antibacterial potential leading to the emergence of antibiotic-resistant 
bacteria which could be a threat [5]. It goes without saying that effi-
cient and sustainable detoxification technologies should be exploited to 

reduce or eradicate the potential risks caused by these antibiotics. 
Various researchers have studied the degradation of antibiotics such as 
tetracycline, sulfamethoxazole, amoxicillin, and norfloxacin among 
others via AOPs [6–8]. 

Recently, persulfate-based advanced oxidation processes (PS-AOPs) 
have shown excellent performances in the mitigation of antibiotic 
pollution owing to their high oxidative potential, low energy input, and 
higher stability [9]. PS-AOPs are generally characterised by two reaction 
mechanisms: radical and non-radical pathways. In the radical pathway, 
persulfate (PS) is activated by catalyst(s) producing various reactive 
species such as sulfate (SO4

• − ), hydroxyl (•OH) and superoxide (O2
•− ). 

Different from the radical pathway, a non-radical pathway is charac-
terised by the production of singlet oxygen (1O2) from the surface of the 
catalysts during the reaction between PS and the catalysts [10]. In both 
reaction pathways, the catalyst plays a significant role in the activation 
of PS. Transition metal-based catalysts such as zerovalent iron, iron 
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oxide, cobalt oxide, manganese oxide, magnesium oxide, and titanium 
dioxide among others, have been widely employed for the activation of 
PS [11–13]. However, these metal-based catalysts suffer from metal 
leaching causing secondary contamination. In addition, some of these 
metal oxides are harmful to human health causing additional concerns. 
Further, metal-based catalysts are pH dependent limiting their appli-
cation in a wide range of pH. To overcome these challenges, scientists 
have developed metal-free catalysts based on carbonaceous materials 
such as nanodiamonds [14], graphene [15], carbon nanotubes [16], and 
activated carbon materials [17]. With myriads of favourable physi-
ochemical characteristics such as large surface area, reactivity in a wide 
range of pH, and their abundance on the earth’s surface, carbon-based 
catalysts have satisfactorily overcome the challenges posed by metal- 
based catalysts. Despite having such fantastic catalytic properties, 
carbon-based catalysts still have a major challenge in terms of separa-
tion and recovery due to their nanoscopic nature [17]. In recent years, 
three-dimensional (3D) graphene-based materials have sparked a novel 
approach in catalysis which has significantly helped in overcoming the 
shortcomings posed by nanocatalysts. 

Graphene, a 2-dimensional (2D) sp2 hybridised carbon structure with 
various excellent physiochemical properties, has shown its tremendous 
footprint in AOPs. With superior properties compared to their 2D parent 
materials, 3D graphene macrostructures (3DGMs) have exhibited a 

brilliant performance in the adsorption/absorption of oil, dyes, phar-
maceuticals, and other organic and inorganic pollutants [18]. The 
enhanced activity of these 3DGMs could be associated with active 
components in the 3D interconnected structure which prevents the ag-
gregation of graphene as in 2D structure thus enhancing the mass 
transfer of the target pollutants. Recently, these 3DGMs have been 
applied in AOPs in their pure and structurally modified forms. Notably, 
3D cobalt oxide-doped graphene aerogels have been used with perox-
ymonosulfate (PMS) for the removal of Orange II with Co leaching still 
inevitable [19]. As such, the introduction of metal-free dopants such as 
N, B, S and/or P could be beneficial in the reduction of secondary 
pollution as a result of leaching. Previous studies have shown that the 
incorporation of N into 2D graphene increased its catalytic efficiency 
without causing any secondary pollution such as metal leaching [20]. A 
similar strategy could be applied to 3DGMs by co-construction with 
nitrogen-rich crosslinkers such as urea which could introduce functional 
groups for improving the catalytic efficiency. In addition, the nitrogen 
configuration on the carbon skeleton, the surface area, and other various 
properties could be manipulated by regulating parameters such as GO 
concentrations, type of N-precursor, amount of N-precursor, and calci-
nation temperature among others [21]. 

In this study, macro cubic structures were synthesized to overcome 
the challenges posed by large bulk monoliths synthesised in the past as 

Fig. 1. (a) XRD spectra, (b) Raman spectra of the synthesised cubes, (c) FT-IR spectra, (d) optical photograph of NGC3, (e-f) SEM image of NGC3, (g) TEM image of 
NGC3, (h) HAADF-STEM image of NGC3 and (i-l) energy dispersive X-ray spectroscopy (EDS) elemental maps of NGC3. 
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they have specific applications in flowing liquids and have also shown 
positive results in fragmentation due to their fragile nature causing 
secondary pollution [22]. Herein, 3D N-doped GO cubes were syn-
thesised using a cross-linking technique followed by freeze drying and 
calcination. In order to deeply understand the role of nitrogen config-
uration in carbon skeleton on catalysis, the amount of urea (N-precur-
sor) was manipulated keeping other parameters constant. The 
physicochemical properties and surface chemistry of the as-synthesised 
cubes were investigated via various characterisation techniques. The 
cubes were then employed in the activation of PS for the removal of SMX 
to evaluate the catalytic efficiency and various reaction parameters. The 
catalytic reaction pathways were analysed by quenching tests and 
electron paramagnetic resonance (EPR). Total organic carbon (TOC) was 
used to analyse the mineralisation of the degradation system and finally, 
the reaction intermediates were determined to propose the possible 
pathways for SMX degradation. 

2. Experimental section 

2.1. Chemical and reagents 

Natural graphite flakes (325 mesh particle), potassium permanga-
nate (KMnO4, 99%), concentrated sulphuric acid (H2SO4, 99.99%), 
hydrochloric acid (HCl, 37%), urea (99%), potassium persulfate (PS, 
K2S2O8), cetyltrimethylammonium bromide (CTAB, 99%), sulfameth-
oxazole (SMX), tert-butanol (TBA), methanol (CH4O), ethanol 
(C2H5OH), sodium azide (NaN3), and hydrogen peroxide (H2O2, 30%) 
were procured from Sigma-Aldrich. Ultrapure water (18.2 MΩ cm, 
25 ◦C) was supplied by the Milli-Q water system throughout the 
experiment. 

2.2. Synthesis of graphene oxide 

GO was prepared by oxidation of natural graphite flakes (325 mesh, 
99% Carbon basis) via modified Hummers method as discussed in our 
previous work [23]. 

2.3. Synthesis of nitrogen-doped graphene oxide cubes 

N-doped GO cubes were synthesised by a simple two-step freezing 
and coagulation process as depicted in Figure S1. Typically, 100 mL GO 
dispersion (1 mg/mL) was prepared by dispersing the as-prepared GO 
sheets in ultra-pure water followed by ultrasonication for 30 min. An 
equal amount (1 mL) of GO dispersion was pipetted into 10 mm cubic 
silicon molds. The molds were then placed in a refrigerator maintained 
at − 25 ◦C for 12 h until the content was frozen. Subsequently, a 200 mL 
coagulation bath was prepared by dissolving CTAB (15 mg/mL) and 
urea (3, 9 and 15 g equivalent to 0.1, 0.3 and 0.5 mol of nitrogen) as a 
nitrogen precursor. The frozen GO cubes were then de-molded and 
transferred into the coagulation bath where they were aged for 24 h. The 
cubes were then freeze-dried for 36 h followed by calcination for 1 h at 
800 ◦C under a continuous flow of N2 with a heating rate of 5 ◦C/min. 
The cubes were labelled as NGC1, NGC3 and NGC5 based on the initial 
nitrogen content. For comparison, GC was synthesized similarly without 
the addition of nitrogen precursor. 

2.4. Materials characterisation 

All the characterisation methods and procedures used to analyse the 
surface and elemental chemistry of the prepared samples are reported in 
supplementary information under Text S1. 

2.5. Catalytic degradation tests 

Investigation of the catalytic performance of the synthesised cubes 
was carried out in a batch reactor. Sulfamethoxazole (SMX), a common 

antibiotic was chosen as a primary contaminant in this experimental set- 
up. Detailed experimental procedures for the degradation experiments 
are described in supplementary information under Text S2. 

3. Results and discussions 

3.1. Characterization of graphene-based cubes 

The crystallographic structures of the graphene-based materials were 
analysed using the XRD patterns as shown in Fig. 1a. A strong peak at 2θ 
= 11.2◦ appears in the GO spectrum corresponding to (002) reflection 
and interlayer spacing of 0.8 nm. After cubic formation and reduction of 
GO to GC, a new peak at 2θ = 27.3◦ emerged while the peak at 2θ =
11.2◦ disappeared which corresponded to the interlayer spacing of 0.3 
nm [9]. The reduction of the interlayer spacing could be attributed to the 
removal of various functional groups and the restoration of the carbon 
network. Upon nitrogen doping, the degree of crystallinity increased 
with the increase in nitrogen loading suggesting successful doping into 
the graphitic framework [24]. It can also be noted that as the nitrogen 
loading increases, the peak at 2θ = 27.3◦ broadens suggesting that 
increasing the nitrogen amount increases the interlayer spacing as more 
nitrogen atoms are incorporated into the carbon network, thus 
increasing the interruptions [23,25]. 

Raman spectra of the graphene-based cubes are displayed in Fig. 1b. 
The characteristic D and G bands at 1325 and 1570 cm− 1 were detected 
respectively. The G band provides evidence of sp2 hybridisation while 
the D band shows the defects on the carbon skeleton [26]. The spectra 
reveal that NGC1, NGC3 and NGC5 have a relatively higher D band 
compared to GC as evident in the ID/IG ratios. The ID/IG ratios of GC, 
NGC1, NGC3 and NGC5 were calculated as 1.06, 1.11, 1.16 and 1.23 
suggesting that an increase in nitrogen doping levels caused structural 
distortion of the carbon network [27]. Based on these results, it can be 
concluded that NGC5 had the most structural interruptions due to higher 
nitrogen loading to the well-ordered sp2 hybridised carbon structure. 

The chemistry of functional groups in N-doped graphene-based cat-
alysts plays a critical role in degradation efficiency. Fig. 1c shows the FT- 
IR spectra of the synthesised cubes. In the spectral scan of GC, the band 
stretching of C − O, C = C and C = O was observed at 1040, 1580 and 
1750 cm− 1, respectively, suggesting the presence of carbonyl and other 
oxygenated functional groups [28]. Upon nitrogen doping, the C − O 
bond was eliminated, and a new C − N bond was introduced at 1230 
cm− 1, while the peaks at 1580 and 1750 cm− 1 were ascribed to the C =
C/C = N and C = O/C = N overlap respectively [29,30]. 

The external morphological structure of the cubes was analysed by 
an optical photograph (Fig. 1d) and SEM (Fig. 1(e-f)). As seen from the 
optical image, the catalysts had a cubical shape with an approximate 
length = width = height = 8 mm and weighed ~ 5 mg (averaged by 
weighing 1, 5 and 10 cubes). It can be noted that the uncalcined cubed 
had an approximate length =width = height = 10 mm (equivalent to the 
mold size) and weighed ~ 25 mg. As evident in the FTIR spectra shown 
in Figure S2, the slight shrinkage in size and loss of weight could be due 
to the calcination effect leading to the loss of hydroxyl groups, and the 
decrease of carbonyl groups and C–H moieties [31]. SEM images reveal 
the wrinkled surface of the prepared cubes with possible stacking of 
multiple GO layers. 

Fig. 1(g-l) shows the TEM images and their corresponding elemental 
maps. The TEM-EDS sample was prepared by finely crushing and 
grinding the as-prepared cubes. The TEM images further justified the 
wrinkled nature of the nanosheets. The low contrast of the nanosheets 
under the electron beam could suggest that a few-layered N-doped 
reduced graphene oxide was formed [32]. Further, the elemental maps 
revealed the uniform distribution of N, C and O atoms confirming a well- 
defined N-doped graphene oxide structure. In addition, the elemental 
maps shown in Figure S3 also justify the effect of increasing the N- 
dopant on the structure as the intensity of the signals increases as the 
doping level increases. 
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XPS studies of the synthesised materials were performed to analyse 
the surface chemistry and the elemental composition. Fig. 2a depicts the 
survey scan spectra of the graphene-based cubes. The strong charac-
teristic peaks at 283.56 and 531.87 eV representing C and O respectively 
suggest that high purity samples were synthesised. Further, an addi-
tional peak at 398.08 eV in NGC1, NGC3 and NGC5 confirmed that ni-
trogen was successfully doped on the carbon network. Figure S4 shows 
the deconvoluted spectra of C1s for GC, NGC1, NGC3 and NGC5. Three 
peak fittings of C1s spectra at binding energies ~ 283, 284 and 286 eV 
corresponded to C − C/C = C, C − O/C − OH and C = N/C = O bonds 
respectively [33,34]. Additionally, as seen in Figure S5, two peak fit-
tings of O1s spectrum at ~ 530 and 531 eV corresponded to C = O and C 
− O − C/C − OH moieties respectively [34]. 

The deconvoluted spectra of N1s were also obtained for all N-doped 
graphene-based cubes (Fig. 2(b-d)). The N1s spectra were fitted into 

three usual peaks binding at ~ 397, 398 and 400 eV ascribing to pyr-
idinic N, pyrrolic N and graphitic N, respectively. The nitrogen doping 
levels of NGC1, NGC3 and NGC5 were determined to be 3.47%, 6.24% 
and 8.33% respectively [35,36]. As seen in Table 1, pyridinic N and 
pyrrolic N decrease while graphitic N increases as the nitrogen precursor 
increases. This could be attributed to the better stability of graphitic N in 
the carbon network compared to pyridinic N and pyrrolic N during the 
doping process [37]. Further, it can be noted that as the nitrogen doping 
levels are increased, the N/C ratio increases suggesting that the carbon 
atoms are relatively reduced and are effectively replaced by the nitrogen 
atoms on the carbon lattice [38]. 

According to the N2 adsorption–desorption results (Figure S6), the 
surface area of the prepared catalysts decreased after the N-dopant was 
introduced. GC showed the highest surface area, which could be due to 
the expansion and stripping of the graphene layers after the loss of 
functional groups thus partially restoring the sp2 hybridised structure 
[39]. However, as the nitrogen precursor is added the surface area 
dropped due to the lower exfoliation degree induced by the presence of 
urea during annealing [40]. 

3.2. Catalytic degradation of SMX 

Sulfamethoxazole (SMX), an antibiotic commonly found in waste-
water, was selected as the target pollutant in this study. The removal of 
SMX via catalytic degradation and adsorption has been depicted in Fig. 3 
alongside its respective pseudo-first-order reaction rate constants. Both 
nitrogen-doped graphene-based cubes and undoped graphene-based 

Fig. 2. (a) XPS survey of prepared cubes, high-resolution deconvoluted spectra – N1s; (b) NGC1, (c) NGC3 and (d) NGC5.  

Table 1 
The N/C atomic ratio, the composition of different types of nitrogen configu-
rations in each catalyst and the BET specific surface area (SSA). N1, N2 and N3 
represent pyridinic, pyrrolic and graphitic nitrogen respectively.  

Catalyst N/C 
(%) 

N1 
(%) 

N2 
(%) 

N3 
(%) 

BET SSA 
(m2/g) 

GC − − − − 177.8 
NGC1 3.83 44.81 36.63 18.56  113.2 
NGC3 7.08 43.69 35.21 21.10  76.8 
NGC5 9.65 40.72 32.81 26.47  47.9  
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cubes were employed in the catalytic system to monitor the influence of 
nitrogen loading on the SMX degradation efficiency. It can be seen that 
the NGC3 system without PS could barely remove any SMX suggesting 
that adsorption had a negligible role in SMX removal in NGC3/PS sys-
tem. The SMX adsorption on various cubes has also been presented in 
Figure S7. 

It was further noted that GC, undoped graphene cubes, could hardly 
degrade SMX in 90 min as only 36% SMX removal was recorded. In 
contrast, when nitrogen was loaded into the graphene-based cubes, the 
SMX degradation efficiency escalated to 81%, 100% and 92% on NGC1, 
NGC3 and NGC5 respectively suggesting that the nitrogen loading 
played a vital role in the activation of PS and consequently degrading 
SMX. It was worthwhile noting that when the nitrogen level increased 
from 0 to 0.3 mol, the SMX removal efficiency increased simultaneously 
which could be attributed to the development of N functional groups 
[9]. In addition, as the nitrogen level increased, the amount of graphitic 
N also increased which can effectively break the inertness of the π − π 
carbon bonds in the graphene network thus explaining the increased 
degradation efficiency [37]. Interestingly, it was worth noting that a 
further increase in nitrogen loading from 0.3 to 0.5 mol led to a decrease 
in the catalytic efficiency despite having the highest nitrogen loading 
amount. This suggested that the N loading amount on the graphene- 
based cubes was not the only factor, and the nitrogen/carbon (N/C) 
ratio also played a vital role in the catalytic efficiency. Ideally, if more 
nitrogen atoms are introduced into the carbon network, the amount of 
positively charged carbons would increase resulting in a better perfor-
mance in PS activation. However, practically, once excessive nitrogen 
atoms are introduced, the number of carbon atoms would be relatively 
decreased thus reducing the active sites. To be more specific, NGC5 had 
the highest N doping level (8.33%) but the lowest C content (N/C =
9.65%) while NGC1 had the lowest N doping level (3.47%) but had the 
highest C content (N/C = 3.83%). Despite these differences, NGC3 with 
an optimal N doping level of 6.24% and an optimal N/C ratio of 7.08% 
had the best catalytic efficiency suggesting that an appropriate ratio of 
both N doping level and N/C ratio are necessary. Further, as the N 
doping levels increased, the SSA oppositely reduced strongly suggesting 
that nitrogen doping had a dominant role in the SMX degradation [37]. 
Overall, the synergistic interaction between rGO with high SSA and 
nitrogen, an electron mediator aiding in efficient electron transfer, 
would lead to the improved performance of the as-synthesized catalytic 
cubes in the study. 

3.2.1. Influence of primary reaction parameters 
The catalyst dosage varied between 0.1 and 0.4 g/L and the subse-

quent results are shown in Fig. 4(a-b). It was noted that the increase in 

initial catalyst dosage enhanced the removal efficiency. SMX increased, 
resulting in the increased reaction rate constants (0.021 – 0.056 min− 1). 
The increase in the degradation efficiency could be associated with the 
increased number of exposed active sites favouring the electron transfer 
on the surface of the catalyst for the generation of active species. 

The effect of the reactive species on the SMX removal efficiency was 
studied by varying the initial PS dosage. Fig. 4(c-d) depicts that as the PS 
loading increases from 1.0 to 4.0 g/l, the reaction rate constants elevate 
from 0.022 to 0.066 min− 1. This trend could be associated with the 
increased diffusion of PS on the surface of the catalyst accelerating the 
generation of more radicals hence increasing the degradation efficiency. 

pH plays an important role in the oxidation efficiency as it results in 
the formation of new radicals which directly affect the oxidation. Fig. 4 
(e-f) depicts the effect of pH on the SMX degradation efficiency and its 
adjacent reaction rate constants. It can be seen that degradation effi-
ciency is quite stable at a wide pH range, indicating its feasibility 
without many limitations of pH modifications. However, it can be seen 
that when the pH of the solution is highly alkaline, the degradation rate 
constant drops to 0.015 min− 1. The suppression in the degradation ef-
ficiency at elevated pH could be attributed to the formation of OH−

which would be adsorbed on the catalytic surface hindering the in-
teractions between PS, SMX and the catalyst [41]. Alternatively, CO2 
produced as the final product from the SMX oxidation could potentially 
be converted to carbonate and bicarbonate ions under highly alkaline 
conditions inhibiting SMX degradation [42]. 

Figure S8(a-b) depicts the influence of initial SMX concentration on 
the catalytic efficiency and their respective pseudo-first-order reaction 
kinetics. The initial concentration varied from 10 to 40 ppm and the 
results show that as the SMX concentration increases, the degradation 
reaction rates decrease from 0.077 to 0.016 min− 1. This effect is due to 
the limited catalytic surface and reactive radicals availability in the 
solution. Considering all the other factors are constant, the number of 
active radicals produced remains constant in all four reactions. Thus, 
increased SMX concentration would need more catalyst loading and/or 
PS to achieve a better degradation efficiency [43]. To investigate the 
versatility of the synthesised NGC3, various emerging pollutants were 
employed in the catalytic system. Figure S9 shows the degradation ef-
ficiencies of phenol, 4- hydroxybenzoic acid (HBA), sulfa-
chloropyridazine (SCP) and trimethoprim (TMP) and their respective 
reaction rate constants. It can be noted that 100% degradation of phenol 
and HBA was achieved in 60 min, 100% degradation of SMX and SCP in 
90 min and 94% degradation of TMP in 90 min. The above results 
indicate that NGC3/PS system can degrade a wide range of emerging 
organic contaminants. 

Figure S10 shows the effect of various anions and natural humic acid 

Fig. 3. (a) Preliminary tests for the removal of SMX by the prepared cubes, (b) respective pseudo-first order reaction kinetics fittings. Reaction condition: [SMX]0 =

20 ppm, [Catalyst]0 = 0.2 g/L, [PS]0 = 2.0 g/L and T = 25 ◦C. 
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on SMX degradation by NGC3. It was noted that chloride, nitrate, and 
phosphate ions had a negligible effect on SMX degradation which was in 
line with previous studies [44,45]. However, when bicarbonate ions 
were introduced into the reaction system, the reaction rate constant 
dropped to 0.012 min− 1. This could be attributed to the reaction of bi-
carbonate ions and hydroxyl radical forming HCO3• which has a lower 
reaction rate with organic pollutants thus lowering the degradation of 
SMX [45]. Further, when naturally occurring organic humic acid (HA) 
was introduced into the SMX degradation system, the reaction rate 

constant dropped to 0.021 min− 1 indicating a significant effect on SMX 
removal. This phenomenon could be a result of the radical scavenging 
effect. HA is capable of scavenging the reactive species in the system 
owing to the high oxidation ability of the active radicals [46]. 

3.2.2. Catalyst reusability and stability 
The reusability tests were run to investigate the stability of the cat-

alysts after multiple runs. For real-time applications, the stability and 
reusability of the catalysts are important factors to consider. As such, the 

Fig. 4. Effect of various reaction parameters on SMX degradation efficiency: (a) initial catalysts dosage, (c) initial PS loading, (e) initial pH, (g) reaction temperature, 
(b), (d) and (f) respective first-order reaction kinetics, and (h) calculation of activation energy. 
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stability of the NGC3 catalyst was evaluated by four consecutive 
degradation runs as shown in Fig. 5. After each run, the catalytic cubes 
were recovered by simply decanting the solution and placed in ultrapure 
water for dialysis for 6 h. The dialysis water was replaced every 1 h. 
Thereafter, the cubes were dried at 60 ◦C overnight. After the first run, a 
13% efficiency loss was registered 23% drop in the efficiency was noted 
after the fourth run suggesting that NGC3 is a highly stable catalyst. The 
slight decrease in the efficiency could be a result of the residual and 
intermediate occupation on the active sites. FTIR spectroscopy was 
further used to determine the effect of degradation on the element bonds 
and functional groups. As seen in Figure S11, a slight change in the used 
NGC3 spectrum was seen, indicating that well-established coordination 
between C, N, O and H has increased the stability. 

Further, XPS analysis on the used and fresh catalyst was performed to 
analyse the changes in the chemical bonds and identify the active sites of 
NGC3 in catalysis. The basis of PS (O3SO − OSO3) activation is the 
weakening and the cleavage of superoxide O − O bond and facilitate the 
transfer of electrons between the catalyst and PS. The high-resolution 
deconvoluted spectra of C1s and O1s in Fig. 6(a-b) depict the versa-
tility of oxygen functional groups on the NGC3 before and after SMX 
degradation. There were three fitted peaks in C1s centering at ~ 283.42, 
~284.45 and ~ 286.35 eV referring to C − C/C = C, C − O/C − OH, and 

C = O/C = N respectively and two fitted peaks in O1s at ~ 530.46 and ~ 
531.55 eV representing C = O and C − O − C/C − OH moieties 
respectively. It can be noted that from both C1s and O1s spectra, the 
content proportion of the C = O (ketonic group) and C − O/C − O − C/C 
− OH changes simultaneously and opposingly indicating the conversion 
of C = O (ketonic group) to C-OH/C − O/C − O − C moieties in the 
heterogeneous catalysis. From the above phenomena, it can be implied 
that the ketonic group (C = O) acts as the Lewis basic site with the lone 
pair of electrons thus increasing the electron density of the neighbouring 
carbon atoms in the sp2 hybridization and promoting its reactivity [47]. 

The high-resolution spectra of N1s for both fresh and used NGC3 
catalysts (Fig. 6c) depict a clear reconstruction of the N bond configu-
ration on the graphene network. It can be noted that the content pro-
portion of pyridinic N and graphitic N decreased from 43.69% to 40.55% 
and 21.10% to 18.33% respectively while pyrrolic N increased from 
35.21% to 41.12% indicating that the nitrogen doping on the hexagonal 
rings acts as potential active sites and is responsible for initiating the 
electron flow between NGC and PS [38]. Further, graphitic N has the 
highest potential to accelerate the electron transfer from one neigh-
bouring carbon atom to another thus breaking the inertness of the π- π 
conjugated carbon network. This electron transfer results in an 
increased positive charge of carbon atoms thus weakening the 

Fig. 5. (a) Reusability tests, and (b) respective first-order reaction kinetics. Reaction condition: [SMX]0 = 20 ppm, [Catalyst]0 = 0.2 g/L, [PS]0 = 2.0 g/L and T 
= 25 ◦C. 

Fig. 6. XPS analysis of fresh and used catalysts; (a) C1s, (b) O1s and (c) N1s.  
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negatively charged peroxide O − O bond in PS generating active species 
(1O2) via nucleophilic addition reaction of PS with the positively 
charged carbon atom [38]. 

From the above arguments, it can be concluded that the slight 
decrease in the degradation efficiency after the fourth run could be a 
result of the irreversible conversion of active sites due to cannibalistic 
surface oxidation or blockage by intermediates [48]. Nonetheless, the 
high stability of the catalysts could be a result of the dominant role of the 
non-radical mechanism in alleviating and reducing surface inactivation 
[9]. Additionally, as compared to the nanocatalysts, it can be noted that 
the recovery of the macro cubes is much more efficient as simple 
decantation can be used for collection of the reacted catalysts, unlike 
nanocatalysts which require techniques such as vacuum filtration, 
sedimentation, evaporation among others. Further, unlike other bulk 

graphene macrostructures, no fragmentation was noted while using 
macro cubes suggesting their feasibility for commercial applications in 
wastewater remediation processes [22,23]. 

3.2.3. Identification of active species and development of degradation 
mechanism 

PS is known to be activated via radical and/or non-radical pathways. 
To fully identify the reaction pathway, the identification of reactive 
species is crucial. Herein, the presence of the active species in the NGC3/ 
PS system was determined by the EPR technique. As shown in Fig. 7a, 
DMPO was used to capture the SO4

• − and •OH radicals. It was noted that 
strong peaks of DMPO− •OH and small peaks of DMPO − SO4

•− were 
recorded in the EPR spectrograph indicating that both SO4

• − and •OH 
radicals were present in the catalytic system. Further, as seen in Fig. 7b, 

Fig. 7. EPR spectra; (a) DMPO− •OH and DMPO − SO4
•− , and (b) TEMP–1O2, quenching effect on SMX degradation efficiency, (c) MeOH, (d) tBA, (e) p − BQ and (f) 

NaN3. Reaction condition: [SMX]0 = 20 ppm, [Catalyst]0 = 0.2 g/L, [PS]0 = 2.0 g/L and T = 25 ◦C. 
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strong triplet peaks of TEMP–1O2 were observed when TEMP was 
employed, indicating the presence of singlet oxygen (1O2). To further 
confirm the presence of 1O2, NaN3, a singlet oxygen quenching agent, 
was added to the reaction and the corresponding EPR spectrum was 
recorded. The reduced intensity of the triplet peaks of TEMP–1O2 indi-
cated that the singlet oxygen was quenched, suggesting that the non- 
radical pathway was dominant in the NGC3/PS system. 

To further verify the above argument, quenching tests were done to 
evaluate the active species as shown in Fig. 7(c-f) (Pseudo-first order 
reaction rate constants presented in Figure S12). Herein, methanol 
(MeOH) was employed to quench both SO4

• − and •OH radicals while 
tert-butanol (tBA) was used to scavenge •OH radicals only. Further, p −
benzoquinone (p − BQ) and sodium azide (NaN3) were used to scavenge 
superoxide (O2

•− ) and singlet oxygen respectively (1O2) [49]. Addition-
ally, AgNO3 was also employed to scavenge electrons (e-) to identify the 
role of direct electron transfer [50]. SMX degradation efficiency was 
suppressed from 88% to 72% when MeOH was increased from 5 to 10 
mM. In contrast, when tBA was varied from 5 to 10 mM, the SMX 
removal efficiency dropped from 81% to 67%. The above results sug-
gested that both SO4

• − and •OH radicals were present in the system, 
however, SO4

• − played a minimal role compared to the •OH radicals. 
Further, when 5 and 10 mM of p − BQ were added to the NGC/PS sys-
tem, the SMX oxidation efficiency dropped from 95% to 82% suggesting 
a partial role of O2

• − . To investigate the role of direct electron transfer as 
a non-radical pathway, AgNO3 was used to quench electrons as depicted 
in Figure S13. The results showed a minimal role of direct electron 
transfer as SMX removal efficiency dropped to 92% and 86% upon 
adding 5 and 10 mM respectively [51]. Interestingly, SMX removal 
dropped from 72% to 58% when the NaN3 amount was increased from 5 
to 10 mM indicating that singlet oxygen played a crucial role in SMX 
degradation as was also confirmed by the EPR spectrum above. It was 
worth noting that SMX degradation by NGC3/PS system was led by both 
radical and non-radical mechanisms, with a dominance of non-radical 
species. 

Based on the above discussions, a possible mechanism of SMX 
degradation can be developed as shown in Fig. 8. Firstly, PS was 
attached to the catalytic surface via chemical bonds and electron 
transfer leading to the formation of SO4

2− (Eq. (1)). The activation of the 
PS by the NGC3 would then lead to the formation of SO4

• − and O2
• − (Eqs. 

(2) and (3)). The sulfate radical would further react with the hydroxide 

ions forming •OH (Eq. (4)). The as-formed hydroxyl radicals could 
further lead to the formation of O2

• − via a series of addition and 
decomposition reactions (Eqs. (5)-(7)) [52,53]. Finally, the singlet ox-
ygen could be generated by the recombination or disproportionation of 
•OH and O2

• − (Eqs. (8)-(10)) [34,52,53]. In addition, the sulfate radicals 
could also react with HO2

• to generate the singlet oxygen (Eq. (11)). 
Ultimately, the overall SMX degradation can be summarized in Eq. (12).  

S2O8
2− + 2e− → 2SO4

2− (1)  

S2O8
2− + 2H2O → HO2

− + 2SO4
2− + 3H+ (2)  

S2O8
2− + HO2

− → SO4
• − + SO4

2− + H+ + O2
• − (3)  

SO4
• − + OH− → SO4

2− + •OH                                                         (4)  

•OH + •OH → H2O2                                                                       (5)  

•OH + H2O2 → H2O + HO2
• (6)  

HO2
• → H+ + O2

• − (7)  

•OH + O2
• − → 1O2 + OH− (8)  

O2
• − + 2H2O → H2O2 + 2OH− + 1O2                                               (9)  

HO2
• + O2

• − → HO2
− + 1O2                                                            (10)  

HO2
• + SO4

• − → HSO4
− + 1O2                                                        (11)  

NGC3 + PS → SO4
• − / •OH / O2

• − / 1O2 + SMX → {….Multiple steps….} → 
CO2 + H2O + by-products                                                              (12)  

3.2.4. Mineralisation of organic pollutants 
Fig. 9a shows the total organic carbon (TOC) tests used to analyse the 

mineralisation ability of the synthesised NGC3. The results show that 
approximately 68% of mineralisation ability is exhibited by NGC3. In 
comparison to the complete degradation of SMX, a lower TOC miner-
alisation ability would suggest that the SMX molecule would be broken 
to form a series of intermediates which would further be degraded rather 
than direct degradation of SMX to CO2 and H2O. To validate the above 
arguments, HPLC chromatograms (Fig. 9b) were analysed to identify 
any possible intermediates. The strong and sharp peak at tR of 1.50 min 

Fig. 8. A proposed SMX degradation mechanism.  
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Fig. 9. (a) TOC analysis, (b) UHPLC spectra, and (c) proposed SMX degradation pathway. Reaction conditions: [SMX]0 = 20 ppm, [Catalyst]0 = 0.2 g/L, [PS]0 = 2.0 
g/L and T = 25 ◦C. 
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represents the SMX. After the addition of PS, three intermediates I1, I2 
and I3 can be seen at tR of 0.80, 1.20 and 2.60 min respectively. It can be 
noted that the intermediate I2 is mineralised after 60 min suggesting that 
it has a short lifetime and possible interconversion into relatively stable 
compounds [54,55]. 

As proposed earlier, the SMX degradation mechanism was facilitated 
by both radical and non-radical pathways. Following the vast literature 
review and the role of radical and non-radical pathways, three miner-
alisation pathways for SMX were proposed as shown in Fig. 9c. Schemes 
I and II shows radical-based pathways while scheme III depicts non- 
radical pathway. In scheme I, it is proposed that the sulfate radical 
would attack the SMX molecule resulting in the formation of a highly 
unstable radical cation SMX* (X1) which would be further hydrolyzed to 
SMX-OH (X2) [56]. As a result of the hydroxylation reaction of benzene 
ring, X2 could be split into X3 and X4 [57]. Further, the continuous 
attack on the X3 and X4 moieties could lead to ring opening and the 
formation of short chain acids (i.e., oxalic acid) which would then be 
mineralised to CO2 and H2O [58]. In scheme II, it is proposed that the 
hydroxyl radical would directly attack the SMX molecule resulting in 
isoxazole ring (X5) opening [59]. Thereafter, the continuous attack of 
ROS on X6 would cleavage the C − N bond resulting in the formation of 
X7 which would then be mineralised to aliphatic acid, CO2, H2O and 
SO4

2− [34]. Scheme III shows the SMX mineralisation via non-radical 
mechanism. It is proposed that singlet oxygen would directly attack 
SMX molecules generating 4-nitrososulfamethoxazole (X8) [60]. 
Thereafter, the 1O2 would attack X8 cleaving the S-N bond via hydrox-
ylation forming X9 and X10 which could further be oxidised to X11 and 
X12 [34]. Afterwards, the oxidation of X11 would result in the formation 
of aliphatic hydrocarbon (X13) while further oxidation of X12 would 
form p-benzoquinone (X14) which was detected as I1 in the HPLC 
chromatogram [23,34]. 

4. Conclusions 

In conclusion, a number of doped and undoped GO macroscopic 
cubes were synthesised via a cross-linking and thermal annealing 
method and characterised by various techniques to investigate the 
physiochemical structure and properties. The prepared catalytic samples 
were introduced in PS assisted degradation of SMX. Degradation results 
showed that NGC3 had superior catalytic performance to GC, NGC1 and 
NGC5 with an activation energy of 16.74 kJ mol− 1. This study provided 
more insights into the nitrogen configuration in the sp2 hybridised 
carbon network and its effect on catalysis. It was found that: (1) 
graphitic N and pyridinic N played a dominant role in the catalysis while 
pyrrolic N played a negligible role as confirmed by XPS analysis; (2) 
optimum nitrogen loading is important for the synthesis of efficient N- 
doped graphene-based catalysts as the N/C ratio played a vital role in 
the degradation efficiency explaining why NGC3 was a more efficient 
catalyst over NGC5 despite having a low N-loading compared to the 
latter; (3) the N/C ratio in N-doped graphene catalyst dominates the 
effect of specific surface area in the PS/NGC system for the degradation 
of SMX. Primary reaction parameters such as PS dosage, initial catalyst 
dosage, solution pH and reaction temperature were optimised to support 
the commercialisation. Further, stability and reusability tests showed 
that NGC3 had more than 77% degradation efficiency even after four 
cycles. The dominance of the non-radical pathway over the radical 
pathway was also proved following a series of quenching tests and EPR 
analysis. Finally, the SMX degradation pathway was proposed based on 
an extensive literature review and HPLC chromatography. This study 
could provide novel insights into the commercialisation of NGCs for 
wastewater remediation in near future based on their ability to over-
come the shortcomings of powdered and metal-based catalysts. 
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Römer, On the structure and topography of free-standing chemically modified 
graphene, New J. Phys. 12(12) (2010) 125010 10.1088/1367-2630/12/12/ 
125010. 

[26] D. Su, M. Cortie, G. Wang, Fabrication of N-doped Graphene–Carbon Nanotube 
Hybrids from Prussian Blue for Lithium–Sulfur Batteries, Adv. Energy Mater. 7(8) 
(2017) 1602014 10.1002/aenm.201602014. 

[27] L. Qu, Y. Liu, J.-B. Baek, L. Dai, Nitrogen-Doped Graphene as Efficient Metal-Free 
Electrocatalyst for Oxygen Reduction in Fuel Cells, ACS Nano 4 (3) (2010) 
1321–1326, https://doi.org/10.1021/nn901850u. 

[28] S. Liu, H. Sun, A. Suvorova, S. Wang, One-pot hydrothermal synthesis of ZnO- 
reduced graphene oxide composites using Zn powders for enhanced photocatalysis, 
Chem. Eng. J. 229 (2013) 533–539, https://doi.org/10.1016/j.cej.2013.06.063. 

[29] T. Wang, Z.-X. Chen, Y.-G. Chen, L.-J. Yang, X.-D. Yang, J.-Y. Ye, H.-P. Xia, Z.- 
Y. Zhou, S.-G. Sun, Identifying the Active Site of N-Doped Graphene for Oxygen 
Reduction by Selective Chemical Modification, ACS Energy Lett. 3 (4) (2018) 
986–991, https://doi.org/10.1021/acsenergylett.8b00258. 

[30] N.A. Elessawy, J. El Nady, W. Wazeer, A.B. Kashyout, Development of High- 
Performance Supercapacitor based on a Novel Controllable Green Synthesis for 3D 
Nitrogen Doped Graphene, Sci. Rep. 9(1) (2019) 1129 10.1038/s41598-018- 
37369-x. 

[31] R.M.N.M. Rathnayake, H.W.M.A.C. Wijayasinghe, H.M.T.G.A. Pitawala, 
M. Yoshimura, H.-H. Huang, Synthesis of graphene oxide and reduced graphene 
oxide by needle platy natural vein graphite, Appl. Surf. Sci. 393 (2017) 309–315, 
https://doi.org/10.1016/j.apsusc.2016.10.008. 

[32] Z. Lin, G. Waller, Y. Liu, M. Liu, C.-P. Wong, Facile Synthesis of Nitrogen-Doped 
Graphene via Pyrolysis of Graphene Oxide and Urea, and its Electrocatalytic 
Activity toward the Oxygen-Reduction Reaction, Adv. Energy Mater. 2 (7) (2012) 
884–888, https://doi.org/10.1002/aenm.201200038. 

[33] Y. Qu, J. Wang, Q. Ma, W. Shen, X. Pei, S. You, Q. Yin, X. Li, A novel environmental 
fate of graphene oxide: Biodegradation by a bacterium Labrys sp, WJW to support 
growth, Water Res. 143 (2018) 260–269, https://doi.org/10.1016/j. 
watres.2018.03.070. 

[34] A.H. Asif, N. Rafique, R.A.K. Hirani, L. Shi, S. Zhang, S. Wang, H. Sun, Graphitic 
carbon nitride engineered α-Fe2O3/rGO heterostructure for visible-light-driven 
photochemical oxidation of sulfamethoxazole, Chem. Eng. J. 451 (2023), 138630, 
https://doi.org/10.1016/j.cej.2022.138630. 

[35] C.H. Choi, M.W. Chung, H.C. Kwon, J.H. Chung, S.I. Woo, Nitrogen-doped 
graphene/carbon nanotube self-assembly for efficient oxygen reduction reaction in 
acid media, Appl. Catal. B: Environ. 144 (2014) 760–766, https://doi.org/ 
10.1016/j.apcatb.2013.08.021. 

[36] C. Zhang, L. Fu, N. Liu, M. Liu, Y. Wang, Z. Liu, Synthesis of Nitrogen-Doped 
Graphene Using Embedded Carbon and Nitrogen Sources, Adv. Mater. 23 (8) 
(2011) 1020–1024, https://doi.org/10.1002/adma.201004110. 

[37] C. Wang, J. Kang, H. Sun, H.M. Ang, M.O. Tadé, S. Wang, One-pot synthesis of N- 
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