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A B S T R A C T   

Electrocatalytic water splitting to produce green hydrogen is a promising approach for clean energy generation. 
However, the commercial aspect of this approach is limited due to catalysts cost and feedstock. Thus design of an 
inexpensive and noble metal-free (Pt, Rh, Ir etc.) catalyst is desirable. Moreover, wastewater as a feedstock for 
hydrogen generation is not explored to its full potential for green hydrogen generation, which otherwise is also a 
problem to be managed especially in developing countries. In the present work, we have investigated an inex-
pensive catalyst i.e. candle soot-derived carbon as an electrocatalyst for H2 generation from textile wastewater 
utilizing methylene blue as a model pollutant. The carbon catalyst is synthesized from the candle soot and is 
characterized for its structural and morphological properties. Carbon soot coated onto the nickel foam (CS@NF) 
proves as an efficient hydrogen evolution catalyst due to its excellent electrical conductivity and large active 
surface area. CS2.5@NF (with the loading of 2.5 mg cm− 2) shows an overpotential and Tafel slope of 117 mV and 
43.85 mV/dec, respectively in an acidic medium containing textile pollutants. Under optimal condition, ~62% 
degradation is achieved within ~90 min, along with the stable hydrogen production of ~0.158 mmol per hour. 
These preliminary findings demonstrate the potential usage of an inexpensive non-noble metal free catalyst for 
simultaneous wastewater treatment as well as hydrogen generation.   

1. Introduction 

With increasing global environmental concerns and depleting fossil 
fuels due to high energy demand, it is high time to develop alternative 
sources of energy [1,2] Lately, green approach of energy generation 
have become more significant to meet the global energy demand, 
wherein, in recent times, hydrogen has become the perfect candidate for 
clean and green energy [3,4]. In 2014, the global market for molecular 
hydrogen (H2) as a clean and high-density energy carrier as well as a 
chemical reagent for ammonia synthesis and petroleum and metals 
refining was anticipated to be worth more than 100 billion US dollars 
[5]. But the predominant (96%) production pathway for H2 relies on 
fossil fuel transformation, such as steam reformation of methane, coal 
gasification, etc., due to their cost effectiveness. However, the carbon 
footprint of these technologies has a substantial environmental impli-
cations [6]. Alternatively, hydrogen production via electrochemical 

water splitting (EWS) using electricity as well as solar energy has evoked 
tremendous interest due to their advantages of zero carbon foot print, 
scalability and overall clean process [1,2]. 

Additionally, another major problem faced globally, especially, in 
developing countries is management of wastewater. With increase in 
urbanization and industrialization, groundwater and other fresh water 
bodies are getting contaminated due to unregulated release of untreated 
or partially treated wastewater. Industries, agricultural, and residential 
are the three major sectors responsible for the emission of pollutants into 
water bodies. Some of the most common organic pollutants are mostly 
industrial waste; pharmaceutical waste products, heavy metals, pesti-
cides including insecticides, polynuclear hydrocarbons, halogenated 
aromatic compounds, microbes including bacteria, fungi, algae, virus 
and other worms, phenolic compounds, nitro or nitro-aromatic com-
pounds and coloured dyes [7]. The textile industry, as well as its 
wastewater, has grown in response to rising demand for textile products. 
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High pH, colour, nutrients (nitrogen and phosphorus), inorganic salts, 
and refractory organics are the most common contaminants found in 
textile effluent [8,9]. In general, it’s treated by standard waste treatment 
techniques of adsorption, flocculation, advanced oxidation processes 
(biological, photochemical, ozonation, Fenton reaction), etc. However, 
these techniques have several disadvantages such as adsorption of dye 
on treating material, non-selectivity, formation of by-product in case of 
ozonation, requirement of inert environment in case of biological 
methods, requirement of low pH in case of Fenton reaction, etc., which 
in turn also leads to partial degradation of several organic constituents 
[10]. 

In light of above facts, a multifunctional catalyst that can simulta-
neously produce hydrogen via electrocatalysis and decontaminate the 
pollutant could be a great solution to the above problems. Noble metal- 
encompassing electrocatalysts (Pt, Rh, Ru, Ir, etc.) are currently 
considered cutting-edge state of art electrocatalysts, wherein platinum 
(Pt) and iridium dioxide (IrO2) are generally employed for hydrogen 
evolution reaction (HER) and oxygen evolution reaction (OER), 
respectively, due to their high activity and fast kinetics [4]. However, 
they are expensive and rarely available earth elements, therefore their 
application at industrial level is limited [1,2,4]. Alternatively, other 
non-noble metal catalyst such as transition metal oxides [11,12],sele-
nides [13,14], nitrides [15,16], borides [17], and phosphides [18] for 
HER, and transition metal oxides [19], hydroxides [20], and phosphates 
[21] for OER have shown promising results [4]. Despite of these 
remarkable reported works in this field there are still some gaps that 
have to be filled to replace the existing benchmarked catalysts especially 
in terms of cost and supply chain. 

Recently, carbon materials have found tremendous applications in 
electrochemical energy harvesting and storage devices due to their 
advert advantages including high specific surface area, comparative 
chemical inertness, outstanding electronic conductivity and hierarchical 
pore size distribution [22–25]. But most of the research in these domains 
utilizes graphite, graphene, reduced graphene oxide (rGO), carbon 
nanotubes (CNT), etc., as carbon material due to their excellent prop-
erties listed above [26–31]. These materials have been used as 
conductive support in electrocatalytic water splitting as hybrid catalysts 
with transition metals mainly Ni, Co, Fe and their dichalcogenides. Few 
reported catalysts include Ni/rGO, Ni/Fe hydroxide nanoplates onto 
CNTs, Ni/NiO, Co–CoO on N-doped rGO, metal carbides M3C/graphene 
nanoribbons [22]. Few metal-free carbon nanomaterials have also been 
investigated like CNTs, graphene sheets, graphite nanoplatelets, 3-D 
carbon structures in the field of catalysis for water splitting. Metal-free 
carbon nanomaterials are mainly nitrogen, boron or oxygen mono/-
dual/tridoped which act as promising active catalysts for water splitting 
and their performance can be further improved by codoping with other 
heteroatoms (e.g. S or P) [22,32]. Despite huge progress in area of 
metal-free carbon based electrocatalysts, their application other than in 
ORR is yet a challenge [22]. Also some graphene/carbon blend-based 
electrocatalyst like CoS2/RGO-CNT, Co@NCNTs@rGO, Mo2C/G-NCS 
have been reported as HER electrocatalyst but their complicated syn-
thesis processes sometimes leads to irreproducibility in their high per-
formance [32]. Lyu et al. have also reported the graphene encapsulated 
Fe3C nanoparticles coated onto stainless steel with an overpotential 
achieved was 264 mV at 10 mAcm− 2 for HER and 290 mV for 10 
mAcm− 2 [33]. Some 3-D graphene based electrocatalysts have also been 
reported. Since the first theoretical transition metal phosphide for HER 
is reported in 2005 [34], Many electrocatalysts have been explored with 
their graphene based hybrids. Few 3-D graphene phosphides are 
CoP@C-NPs/GA [35], FeP/3DG20 [36], NiFeP/SG [37]. Transition 
metal chalcogenide has received a lot of interest in HER due to its 
distinct physicochemical property, good catalytic activity, and afford-
able cost compared to noble metals. Since MoS2 has proven to be an 
excellent electrocatalyst for HER, researches have designed and reported 
its hybrid with various carbon material like 3D MoS2/Graphene hier-
archical hydrogel, 3D graphene supported MoSx NPs 

(MoSx/3D-graphene), 3D MoS2–NiS2/NGF. Many other materials have 
been integrated with 3D graphene which act a self-supported catalusts 
like Ni2P-G/NF,3D Ni3FeN NPs/r-GO aerogel, EG/Co0.85Se/NiFe–LDH 
[38] but their synthesis methods are complicated and costly which make 
them inefficient candidates in the field of large scale production. 

Graphene based nanoadsorbants have been widely reported for the 
removal of organic and inorganic contaminants in water/wastewater. 
They are mainly graphene based nanocomposites of transition metals/ 
transition metal oxides such as Gs-Fe3O4, GOs-Fe3O4, GOs-Fe-Mn, rGOs- 
metal-Fe2O4, rGOs-Ni-Cr-CO3, GOs-Fe-Mn, Gs-Ti nanotubes or graphene 
oxides based sponge/hydrogel/CNTs targeting contaminants like 
methylmercury, methylene blue, rhodamine B, crystal violet, methyl 
violet, tetracycline antibiotics, bisphenol A [39]. 

Even though having better properties, the synthesis procedure of 
these materials is time-consuming as well as requires corrosive chem-
icals and sophisticated laboratory equipment. Thus, there should be a 
simple way to mass-produce the carbon-based material, which is envi-
ronmentally benign, cost-effective, and reusable for these kinds of ap-
plications. Carbon derived from candle soot generally contains spherical 
interconnected network of carbon particle that have sizes in the range of 
20–50 nm and also exhibit high specific surface area [40,41]. The 
interconnected particles help in better electron transfer at electro-
de/electrolyte interface and high specific surface area helps in providing 
more catalytic sites, which in turn can results in achieving the better 
electrocatalytic properties [42,43]. However, it has not been widely 
investigated as an alternate carbon catalyst for electrocatalytic water 
splitting, especially wastewater, to the best of our knowledge. 

In light of above research gaps, in the present work, we report for the 
first time, candle soot derived carbon nanoparticles network as an 
electrode material for electrocatalytic hydrogen generation from 
wastewater utilizing methylene blue (MB) as a model textile pollutant. 
MB is a heterocyclic dye with a wide range of industrial applications, 
however on its incomplete degradation, it accumulates in the environ-
ment and creates high toxicity, thus posing major environmental con-
cerns [44]. The findings present in this work paves the way towards 
utility of this metal free catalysts for this category of application of 
simultaneous treatment as well as hydrogen generation from 
wastewater. 

2. Experimental 

2.1. Materials 

All the chemicals were used as such without any further purification. 
MB dye and sulphuric acid (98%) were purchased from Loba Chemie 
Pvt. Ltd. to prepare synthetic wastewater. Distilled water used 
throughout the experiments was obtained from Millipore system. Candle 
was purchased from local market to collect the candle soot derived 
carbon. Nickel foam current collector was purchased from MTI Corpo-
ration, USA. 

2.2. Synthesis of carbon catalyst electrode 

Candle soot derived carbon was directly deposited on top of the 
nickel foam utilizing our established protocol, reported in previous work 
[40,45]. The wax candles were purchased from a local market in San-
gareddy, Telangana, India and used as it is. A single step flame com-
bustion process was used to synthesize the interconnected carbon 
nanoparticles of candle soot. Carbon soot was collected over a nickel 
foam substrate by placing it above the flame tip. To avoid any wax 
impurities, soot was collected from the entirely combusted outermost 
zone of the flame. Controlled loading of the candle soot on nickel foam 
was done by weighing measurements of nickel foam before and after 
catalyst coating for few seconds. The prepared carbon coated nickel 
foam was used as working electrode for further electrochemical studies. 
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2.3. Characterization studies 

The surface morphology of the candle soot derived carbon was 
analyzed with Field Emission Scanning Electron Microscope (FESEM) 
(ZEISS ULTRA FEG55) and High-resolution Transmission electron mi-
croscopy (HRTEM) (JEOL JEM 2100). The crystal structure was char-
acterized by X-ray diffraction (XRD) (PANalytical, Cu-Kα radiation with 
λ = 1.5406 Å). FTIR and Raman analyses were performed with Tensor 
37 system (Bruker, USA) and WITec alpha 300 Raman system (532 nm 
laser), respectively. Further to determine the elemental and electronic 
states of elements present in the material, ESCA-Omicron X-ray photo-
electron spectroscopy (XPS) analysis was done. 

2.4. Electrochemical studies 

All the electrochemical studies were carried out with an electro-
chemical workstation (Metrohm Autolab PGSTAT302N) in a conven-
tional three-electrode system. An Ag/AgCl and platinum electrode were 
used as a reference and counter electrode, respectively. The electrolyte 
used was simulated wastewater (5 ppm MB dye in 0.5 M H2SO4). The as- 
prepared CS@NF was directly used as working electrode. Catalyst 
loading of 1 mg cm− 2, 2 mg cm− 2 and 2.5 mg cm− 2 on 1 × 1 cm2 Nickel 
foam are named as CS1@NF, CS2@NF, CS2.5@NF. The potential values 
were converted into RHE (reverse hydrogen electrode) according to the 
equation: ERHE (V) = EAg/AgCl (V) + 0.059 * pH + 0.197 (V). Linear 
sweep polarization curves were obtained by sweeping the potential from 
0 to − 1.25 V (vs. RHE) at a scan rate of 10 mV/s. Cyclic voltammetry 
was carried out in a potential window of − 0.24 to − 0.14 V at different 
scan rates for the Cdl calculation. Current-time-dependent studies were 
carried out for ~3 h for the optimal loaded catalyst. 

3. Results and discussion 

3.1. Characterization of candle soot derived carbon electrode 

The surface functionalities of the synthesized carbon catalyst were 
analyzed with FT-IR and results are shown in Fig. 1 (a). The character-
istic sharp peaks present at 1240 cm− 1 and 1360 cm− 1 are assigned to 
C–O functional group, whereas the peak at 1780 cm− 1, 1580 cm− 1 and 
3430 cm− 1 correspond to C––O, C––C and –OH functional groups [40]. 

The presence of all functional groups confirms the purity of the carbon 
derived from candle soot [45]. Furthermore, the characteristic Raman 
spectrum of the carbon derived from candle soot (Fig. 1 (b)), shows the 
characteristic peaks at 1580 cm− 1 and 1348 cm− 1, which are assigned as 
graphitic (G) and defect (D) band of the disordered carbon [43]. G band 
represents the E2g phonon vibrations of sp2 carbon, whereas D band 
represents the defective nature of the carbon. The ID/IG ratio of the 
material is calculated to be 1.09, which indicates the defective nature of 
the carbon than the graphitic nature, which could be beneficial for 
catalytic activity [45]. The morphological features of the as synthesized 
catalyst are further captured with FESEM (Fig. 1 (c)) and XRD (Fig. 1 
(d)), which can be further compared with bare nickel foam (Fig. S1). 
From Fig. 1 (c), the interconnected spherical carbon particles network 
can be observed clearly. The high-magnification image (inset) reveals 
that the carbon derived candle soot has average particle size around 
40–50 nm. XRD spectrum (Fig. 1 (d)), shows a hump around 2Ɵ of 25◦, 
which corresponds to the (002) hkl plane of carbon and thus confirms 
the amorphous nature of the carbon derived from the candle soot. The 
peak at 43.5◦ corresponds to the weak crystalline (101) hkl plane [40]. 
From the XRD analysis, it is thus evident that the synthesized carbon 
catalyst contains both graphitic and amorphous carbon. The amorphous 
nature of the carbon helps in creating more electrochemical actives sites, 
which in turn can help in obtaining better electrochemical properties of 
the prepared electrode. 

Fig. 2 displays the TEM images of candle soot derived carbon. It is 
evident from the figure that candle soot derived carbon particles are 
interconnected in nature which correlated with the FESEM image as 
presented above in Fig. 1. The high-resolution TEM image of CS in Fig. 2 
(b, c) further shows that a single particle displayed an interconnected 
onion-like layered structure [46]. The onion ring-like morphology pro-
vides the larger active surface area to adsorb the water molecules and 
hence enhance the production of hydrogen [47]. Better electrons 
transfer can be achieved by the interconnected carbon particles and thus 
could help in the elevation of electrochemical nature of the electrode. 
Due to the small particle size, the diffusion path length will also be 
shorter and can results in increase in the contact between electro-
de/electrolyte interfaces [41]. 

Further to determine the chemical composition and bonding states of 
the samples, XPS analysis was performed (Fig. 3). A wide energy range 
XPS survey spectra, as shown in Fig. 3 (a), confirms the presence of 

Fig. 1. (a) FT-IR (b) Raman (c) Low magnification and high magnification (inset) FE-SEM image and (d) XRD spectrum of carbon derived from candle soot.  
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Carbon (C), Oxygen (O) peaks from the Candle soot carbon sample (CS), 
whereas Ni foam (NF) and Candle soot coated Nickel foam (CS@NF) 
contains C, O and Ni elements. Fig. 3 (b) illustrates the de-convoluted 
spectra of C 1s, clearly confirming the chemical composition of CS and 
CS@NF [45]. The de-convoluted peak of CS consists of sp3 hybridized 
carbon peaks (C–C, O–C––O) at 283.6, 285.1 eV, and sp2 hybridized 
carbon peaks (C––C) at 282.4 eV, respectively. Similar peaks can also be 
observed in the CS@NF sample with a reduction in the intensity, and it’s 
correlated with the existing literature [48,49]. The high-resolution 
de-convoluted Ni 2p spectra of NF and CS@NF are represented in 
Fig. 3 (c). Some traces of NiO is observed, which could be due to some 
partial oxidation of Ni electrodes. The peaks at the binding energies of 
852.8 and 870.8 eV can be ascribed to the Ni 2p3/2 and Ni 2p1/2 of NiO of 
NF samples, whereas the peaks at 852.7 and 870.6 eV binding energies 
can be indicated as Ni 2p3/2 and Ni 2p1/2 of NiO. NiO enhance the charge 
transfer and hence electrical conductivity in the water splitting process 
[50–52]. The two satellite peaks of Nickel at 879.5 eV and 859.2 eV are 
related to the high binding energy side of Ni 2p3/2 and Ni 2p1/2 edge. It is 
worth noting that the Ni 2p spectra peak intensity for NF is significantly 
weaker than CS@NF because the coating of candle soot carbon on top of 

Ni foam reduced the intensity [53]. The de-convoluted Oxygen (1s) core 
spectrum (Fig. 3 (d)) comprises two peaks of C––O and = C–O at binding 
energies 528.1 and 531.6 eV, respectively [54]. The presence of 
adequate oxygen in carbon materials contributes to the electrode’s 
wettability during electrochemical reactions and ultimately results in 
storing more charged ions at their surface. Furthermore, the electrode at 
the surface with a high degree of sp2 hybridized carbon in CS@NF can 
maintain robust electrical conductivity [45,55,56]. 

3.2. Electro catalytic behavioural study of carbon catalyst 

The electro catalytic behavioural study of the synthesized catalyst 
was done in 0.5 M H2SO4 containing 5 ppm MB as electrolyte. CSn@NF 
electrode (1 × 1 cm2) where n represents the loading of catalyst in mg 
cm− 2, were used as a working electrode. Linear sweep voltammetry 
(LSV) of electrodes with different catalyst loading amounts (1 mg cm− 2, 
2 mg cm− 2 and 2.5 mg cm− 2) is shown in Fig. 4. As it can be seen from 
the polarization curve (Fig. 4 (a)), CS2.5@NF showed the highest current 
density of ~425 mA cm− 2 at 1.25V (Vs. RHE) and an overpotential of 
117 mV at 10 mA cm− 2, which is 245 mV for bare NF (ESI, Fig. S2). It 

Fig. 2. (a) HR-TEM image of soot particles at (a) lower and (b), (c) higher magnification.  

Fig. 3. (a) XPS survey scan and (b)–(d) core level C 1s, Ni 2p and O 1s spectra of candlesoot, bare NF and CS@NF, respectively.  
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thus confirms that high loading of carbon catalyst enables high elec-
trocatalytic activity and thus reduced overpotential. The charge transfer 
characteristics of the fabricated electrodes at electrode/electrolyte 
interface are further studied with EIS and results are shown in Fig. 4 (b). 
Particularly, charge transfer resistance (Rct) obtained of catalyst was 
calculated as 6.661, 2.267, 1.868, 1.454 Ω for bare NF, CS1@NF, 
CS2@NF and CS2.5@NF, respectively. Thus the results are in agreement 
with the polarization studies. Hence, CS2.5@NF exhibited the excellent 
electro catalytic activity associated with the high loading of the carbon 
catalyst. Further loading of catalyst is observed in form of decrease in 
current density, which could be due to limited mass transfer. 

The low overpotential obtained for the catalyst could be further 
understood by Tafel analysis. In general, HER in acidic media is domi-
nated by two steps: the adsorption of hydrogen atoms onto the catalyst 
(known as Volmer step) and another is combination/desorption of 
hydrogen molecule from the catalyst surface (Heyrovsky or tafel step) as 
follows [2,57]:  

H3O+ + e− →Hads (Volmer step reaction)                                                   

Hads + Hads→H2 (Heyrovsky)                                                                   

H+ + Hads + e− →H2 (Tafel step)                                                            

The Volmer, Heyrovsky and tafel steps are the rate determining steps 
(RDS). The cathodic current rises exponentially with the overpotential 
in all three processes but at different rates. Tafel slope thus helps to 
understand the mechanism at the catalyst surface and also understand 
the rate kinetics of the reaction for an electrocatalyst [58]. Therefore, 
Tafel slope of all the samples was calculated from LSV data and is shown 
in Fig. 2(c). CS1@NF, CS2@NF, CS2.5@NF and bare nickel foam exhibit a 
Tafel slope of 112.2mV/dec, 80.9mV/dec, 43.85mV/dec and 
152.2mV/dec, respectively. CS2.5@NF showed the smallest Tafel slope 
value of 43.85mV/dec, which suggesting that the Heyrovsky step is the 
rate-determining step [57]. Further, to understand the effect of carbon 
soot loading on nickel foam, electrochemically active surface area 
(ECSA) was also calculated for the optimally performing catalyst loaded 
electrode by taking double-layer capacitance (Cdl) and specific 

capacitance (Cs) according to the formula: ECSA = Cdl/Cs [59]. Cdl was 
determined by taking cyclic voltammograms at different scan rate (20, 
40, 80, 100, 120, 140, 160, 180, 200 mV/s) in a non-faradaic region (i.e. 
between − 0.14 and − 0.24 V vs. RHE (ESI, Fig. S4) and comes out to be 
12.35 mF/cm2 for CS2.5@NF (Fig. 4(d)). Thus the corresponding ECSA 
was calculated to be 0.743 cm2. 

The above electrochemical characterizations thus reveal that 
amongst different carbon loaded catalyst, CS2.5@NF outperformed. As in 
this study, MB was used as the model pollutant to study the degradation 
ability of CSn@NF as well generation of hydrogen, thus its degradation 
was studied with all fabricated electrocatalysts i.e. CS1@NF, CS2@NF 
and CS2.5@NF in chronoamperometry study. For this study, degradation 
experiments were performed at − 117 mV (vs. RHE) for 90 min, and 
samples were collected at fixed intervals to study the degradation of MB 
with UV–Vis spectroscopy. MB exhibit a significant peak ~664 nm 
which corresponds to the n-π* transition in monomer molecules of the 
MB dye [60]. It can be seen from Fig. 5 (a) that the peak at 664 nm 
decreases with reaction time. At t0 the absorbance was 0.38 a.u., which 
decreased to 0.141 a.u. for CS2.5@NF (ESI, Fig. S2). Also, the degrada-
tion can be visibly witnessed through colorimetric change (Inset, Fig. 5 
(a)). The colour of dye almost vanished after 90 min degradation study 
in case of CS2.5@NF (inset, Fig. 5 (a)) as compared to bare Ni foam 
(inset, Fig. S3). Fig. 5 (b) shows the percent degradation comparison of 
CS2.5@NF with bare Ni foam. Around 62% of dye degradation is ach-
ieved with CS2.5@NF within 90 min which is higher than bare Ni foam 
and this behaviour can be assigned to high catalytic activity of coated 
carbon catalyst. While the bare Ni foam alone is not stable in acidic 
condition, thus the poor degradation activity is achieved for it. But the 
coating of the carbon catalysts enhanced its stability as well as activity 
[61]. The mechanism of dye degradation in this process could be un-
derstood in terms of generation of reactive oxygen species. In the current 
dual system, hydrogen is generated at cathode i.e. CS2.5@NF, while dye 
is oxidized at anode. In general, OER is a competitive process to dye 
oxidation at anode. In general, OER is a complicated four electron 
process as it consists of formation of several intermediates such as O*, 
OH* and HOO*. MB dye is degrading at anode with intermediate OH* 
through ring opening mechanism with CO2 and H2O as the end products 

Fig. 4. (a) Polarization curve of CSn@NF for HER at scan rate 10 mV/s (b) Nyquist plot (c) Tafel slope of CSn@NF in 0.5 M H2SO4 containing 5 ppm MB and (d) 
electrochemical double-layer capacitance of CS2.5@NF at 0.01Vvs RHE. (Inset: Randle’s equivalent circuit for the CSn@NF) 
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[10]. On the other hand, talking about HER; the feasibility of OH* 
production at the cathode has recently been examined, albeit data is 
currently scarce. Some cathodes have the ability to create oxidizers like 
carbonaceous materials have been evaluated for H2O2 electro genera-
tion; possessing tremendous performance. It can be proposed that OH 
radical is generated through the reduction of O2 to H2O2 at cathode. OH* 
destroys most organic pollutants mainly primarily through hydrogen 
abstraction or electrophilic addition to π systems that are present in 
organic pollutants [62]. Thus, generation of OH* at both anode and 
cathode could be responsible in achieving the degradation of MB dye 
during electrocatalysis. 

To further study the kinetics of the degradation, the rate constant is 
determined from the relation between the concentration of the reactants 
and the reaction time. A linear relation between the change in concen-
tration of the reactant (MB dye) and degradation time can be clearly 
seen from Fig. 6 (a) and (b). Therefore, it can be concluded from that the 
degradation of MB dye is following the pseudo first-order kinetics ac-
cording to equation (1) [63].  

ln [C] = ln[C0] - kt or                                                                             

ln [C]/[C0] = -kt                                                                              (1) 

Where, C and C0 are the concentration of a reactant at time t and at time 
zero, respectively, k is rate constant and t is the time of the reaction. Rate 
constant, k, is calculated form the slope of the graph and found to be 
0.16 min− 1 and 0.63 min− 1 for bare NF and CS2.5@NF, respectively. 
Thus it can be concluded that the reaction rate is faster in case of 
CS2.5@NF. The half-life of the reaction was also calculated and found to 
be 66s for MB dye degradation with CS2.5@NF according to the formula: 
t1/2 =

ln 2
K , Where K is rate constant [63]. 

Another important factor that is of high importance for any elec-
trocatalyst is its stability under wastewater environment. Hence, sta-

bility of the as prepared electrode CS2.5@NF was checked at static 
overpotential − 117mV (vs. RHE) in synthetic dye solution. It is observed 
that the current density almost remains the same for approximately 3 h 
(Fig. 7 (a)). Furthermore, the LSV of the electrocatalyst before and after 
stability studies remained unchanged, which confirms the stability of 
the CS2.5@NF (Fig. 7(b)). The hydrogen production rate during chro-
noamperometric study is also calculated theoretically utilizing faradaic 
efficiency equation. The number of moles of hydrogen produced was 
calculated as 0.158 mmol per hour (calculated from equation (2)). 
Another factor to measure the catalytic activity is turnover frequency 
(TOF). TOF is a measure of a catalyst’s instantaneous efficiency, 
measured as the derivative of the number of turnovers of the catalytic 
cycle [64]. Accordingly, TOF of the catalyst was also determined to be 
5.7 X 10− 6 s− 1. 

No. of H2 moles produced =
Faradaic Efficiency X current X time

2F
(2) 

The performance of studied metal free electrocatalyst is also made 
with the previously reported work and is shown in Table 1. As can be 
seen, very limited efforts have been made on developing electrocatalyst 
especially HER catalyst for the simultaneous treatment as well as 
hydrogen generation from wastewater. Also, the reported catalysts are 
mainly based upon transition metals and further very little efforts have 
been made to use textile water as feedstock for hydrogen generation 
while also degrades the dye in process. The present work thus paves path 
of developing and utilizing inexpensive electrocatalyst based upon car-
bon for this domain. There is however further scope of improvements to 
increase the hydrogen production rate as well as the stability of the 
catalysis by tuning carbon morphology, crystallinity, defects, coating 
process, etc. 

Fig. 5. (a) UV–Vis spectra of dye with CS2.5@NF at different time intervals (inset: Naked eye colorimetric change in dye with time) and (b) Percent degradation of 
dye with CS2.5@NF and bare NF. 

Fig. 6. Degradation performance of with bare NF and CS2.5@NF (a) C/C0 vs t, and (b) ln(C0/C) vs for MB dye degradation in 0.5 M H2SO4.  
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4. Conclusions 

In summary, we have successfully synthesized an inexpensive carbon 
based catalyst derived from candle soot i.e. CSn@NF and demonstrated 
it for electrocatalytic hydrogen generation as well as wastewater treat-
ment, using methylene blue as a model textile pollutant. The increase in 
catalyst loading is observed to increase the current density and reduced 
overpotential (117 mV at 10 mA/cm2). The optimized catalyst is found 
to produce 0.158 mmol of hydrogen/hour along with the ~62% 
degradation of the MB within 90 min. The carbon-based inexpensive 
catalyst is also found to be stable in a harsh acidic condition of simulated 
textile water. Hence, this work provides a solution to both the envi-
ronmental issue and opens up research in utilizing organic catalyst as an 
alternate to inorganic electrocatalyst. 
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