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A B S T R A C T   

Metal and metal oxide particles are abundant in various ash-based wastes. Utilising these as catalyst sources for 
the fabrication of carbon nanomaterials could present a valuable approach to reduce our reliance on non- 
renewable and costly catalyst sources, thereby facilitating large-scale nanomaterial production. In this 
context, secondary waste materials (SWMs) are by-products resulting from the (complete or partial) combustion 
of carbon-rich sources or other industrial processes and their disposal poses a serious environmental problem. In 
this study, we demonstrate a novel strategy to upcycle SWMs as catalysts, as received, for the growth of carbon 
nanoarchitectured electrodes through microwave plasma-enhanced chemical vapour deposition (MPECVD), 
without the need for functionalisation. Firstly, 10 SWMs were selected to fabricate porous hierarchical nano-
carbon (PHN) electrodes by phase-inversion and subsequent catalytic MPECVD growth. Secondly, distinct 
growth conditions, both in the presence and absence of CH4 as an external carbon source were applied, resulting 
in conductive electrodes, on which acetaminophen oxidation was performed. Results show that not all SWMs, 
despite originating from similar processes, work as a catalyst. In particular, principal component analysis sug-
gests the presence of calcium oxosilicate and calcium‑magnesium‑iron carbonate as potential catalysts, which 
are present in two SWMs. Contrary to what might be expected, the occurrence of metals, such as Fe, Ni, is not a 
sufficient factor for the catalytic growth of carbon nanostructures. Interestingly, water vapour adsorption iso-
therms suggest the formation of different porous networks according to the specific SWMs. Finally, the devel-
opment of waste-derived catalysts fosters the concept of upcycling, converting waste into higher-value products, 
thus closing the loop on resource utilisation and minimising waste generation.   

1. Introduction 

The use of waste materials as catalysts has emerged as an important 
research frontier in the field of chemical engineering and represents a 
crucial step towards sustainable and environmentally conscious prac-
tices [1]. The conventional reliance on costly and often scarce tradi-
tional catalysts has spurred the need to explore alternative, greener ways 
of catalysing chemical reactions. Industrial waste materials represent a 
promising reservoir of resources that can be converted into valuable 

catalysts, offering a dual solution to the pressing challenges of waste 
management and sustainable and cleaner chemical production. Various 
low-cost by-products from agricultural, household, and industrial sec-
tors are being repurposed, not only in wastewater treatment [2], but also 
in transforming plastic waste into carbon-based nanomaterials [3]. This 
innovation, however, is often challenged by the need for more rigorous 
characterisation of the resulting carbon material [4]. 

Over the past twenty years, catalytic chemical vapour deposition 
(CCVD) has significantly expanded, especially as a preferred method for 
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creating carbon nanotubes (CNTs) and nanofibres, due to its superior 
control and scalability [5]. Traditionally, CCVD relies on nanoparticles 
primarily made from transition metals like iron, nickel, or cobalt [6]. 
These particles are often anchored on zeolites or porous substrates [7]. 
However, recent studies have identified a range of efficient catalysts, 
including hydrotalcite-related compounds [8] and calcium titanate [9]. 
The application of gold ore tailings in decorating TiO2 substrates for 
catalytic growth [10], and the use of Fe-rich fly ashes, sometimes 
enhanced with nickel, for supporting CNTs growth [11], exemplify 
material substitution in action. These practices also underscore the po-
tential of emerging materials in developing efficient sustainable energy 
and environmental devices. The role of fly ashes, particularly their 
varied origins and complex matrices, in influencing the CCVD process, 
however, remains underexplored [12]. Isolated Fe-rich spherical parti-
cles from fly ashes have been utilized as support for cementite core@-
graphite shell composites with exceptional microwave adsorption 
properties [13]. Although some authors attribute the presence of iron (as 
oxide) in fly ashes to the growth of carbon nanofibres (CNFs), there is 
still a gap in research when it comes to studying various fly ashes 
originating from diverse industrial processes. Additionally, fly ashes are 
complex matrices with other constituents that could influence the CCVD 
process. From a systematic comparison of fly ash used as support and 
catalyst in CCVD, reported in Table S1, it is possible to observe that most 
of the studies considered lack practical applications, while we support 
the use of these as catalysts and fillers for the synthesis of critical raw 
materials-free electrodes for the oxidation of water pollutants [14]. 
Indeed, using fly ashes and other secondary waste materials as a sub-
strate and catalyst for the growth of carbon nanomaterials offers several 
benefits, among which there are: cost-effectiveness, waste-utilisation 
and structural diversity. Cu has been reported as a catalyst for helical 
carbon nanofibres' growth, with catalyst particle size and shape signif-
icantly affecting the growth mode [15]. Furthermore, different 
geometrical structures of CNTs have been observed based on the degree 
of polymerisation of PVA during catalytic decomposition [16]. While fly 
ashes from coal combustion (CFA) are extensively explored as catalysts, 
nanoparticles from solid waste fly ash and zeolite derived from bottom 
ash have also been used for CCVD [17], or zeolite have been derived 
from bottom ash, decorated with CNTs to enable CO2 capture [18]. The 
impact of carbon content in various allotropic forms on the CCVD pro-
cess as a catalyst itself remains an open question. Char is a pyrolysis by- 
product, and it is characterised by a high porosity and may be regarded 
as a renewable and low-cost source of carbon materials. For this reason, 
it has been investigated as substrate for the growth of CNTs, with the 
addition of nickel as a catalyst, finding that the presence of Ni was 
critical for the formation of CNTs and that CNTs did not form under 
conventional fixed-bed heating conditions and that microwave irradia-
tion played a key role in the synthesis of CNTs [19]. Similarly, Li et al. 
sprayed a Ni(NO3)2 solution onto CFA-based membrane to catalyse the 
growth of CNTs using waste polypropylene as carbon source, in the field 
of solar membrane distillation. Up to the authors' knowledge, waste 
foundry sand (WFS), a major pollutant generated from metal casting 
foundries, and bottom ashes originated from the incineration of sewage 
sludge, both classified as hazardous materials, have never been inves-
tigated as catalytic substrates for the CVD growth of carbon nano-
structures, despite their rich composition in metal impurities. To 
summarise, various undoped carbon nanomaterial (CNM) morphologies 
were observed when FA were subjected to pyrolysis in the presence of an 
organic precursor. However, the synthesis of hetero-codoped CNMs over 
fly ashes has not been reported yet. While CNT electrochemical activity 
can be enhanced with N-doping, due to the net positive charge resulting 
from the carbon atoms [20], B-doping results in a faster kinetic transfer 
rate [21], or the formation of specific chemical bonds [22]. Moreover, 
B2H6 as B-precursor has the role to control the re-nucleation and twin-
ning surface process of the CVD-grown graphene stacks [23]. 

Our study presents a novel approach in developing functional porous 
hierarchical nanocarbons (PHN) electrodes by upcycling secondary 

waste materials through the CCVD method. We demonstrate the growth 
of nanostructured carbon on these materials without external catalysts 
and highlight the superior electrochemical properties of the resulting 
composites. Employing SWMs in the fibre results in enhancing its 
volumetric mechanical and electrical properties and provding a catalyst 
mixture for growing CNMs during microwave plasma-enhanced chem-
ical vapour deposition (MPECVD). In our study, we pioneer the com-
parison of various secondary waste materials (SWMs) as potential fillers 
and catalysts in the synthesis of electrochemically active porous hier-
archical nanocarbons (PHN), specifically targeting the oxidation of 
acetaminophen. While catalytic chemical vapour deposition (CCVD) has 
predominantly been applied to fly ashes, the precise factors contributing 
to its effectiveness—whether the specific form of carbon used or the 
presence of certain metallic impurities acting as catalysts—remain un-
clear. To address this gap, we have meticulously selected a diverse array 
of 10 different SWMs, supplemented by 3 alternative fillers, to represent 
a broad spectrum of industrial by-products. This selection enables a 
comprehensive exploration of how different SWMs, when integrated 
into microfibrous matrices, influence the final properties of the CNM 
composites. Our investigation encompasses the entire process, from the 
initial design of nanomaterial dispersions to the detailed morphological 
and electrochemical characterisations of the CNM composites. Empha-
sising the fine-tuning of synthesis parameters, our approach aims to 
elucidate the multifaceted interactions within these complex systems, 
thereby advancing our understanding of material science in sustainable 
energy and environmental applications. 

2. Materials and methods 

2.1. Materials 

Polyacrylonitrile (PAN, >98%) was purchased from Aldrich. Dime-
thylformamide (DMF, pure p.a.), potassium ferricyanide (K3[Fe(CN)6] 
and K4[Fe(CN)6]•3H2O) were acquired from POCH (Poland). Phosphate 
buffer (PB 0.1 M) solution was obtained by mixing 8.7331 g of K2HPO4 
and 125 μL of 85% H3PO4 in a 500 mL volumetric flask with deionized 
water. The different types of SWMs are shortly described in Table 1, 
where also the relevant information on the source and the type of 
treatment is reported. SWMs were kindly donated by their respective 
producers. Alternative fillers (AFs) were used as representative mate-
rials, characterised by a known chemical composition and properties. 

Table 1 
List of SWMs and technical fillers employed in the current study.   

Sample 
ID 

Sample type Type of combustion 

SWM 

C-IT1 Char from pure biomass source Limited presence of 
oxygen (gasification) 

C-IT2 Char from pure biomass source 
Limited presence of 
oxygen (gasification) 

C-SR 
Char from pure biomass source 
with high presence of silicates 

Limited presence of 
oxygen (gasification) 

BC-UK Char from pure biomass source Limited presence of 
oxygen (gasification) 

CFA Fly ash from coal thermo- 
valorization 

Oxidising atmosphere 
(thermal combustion) 

BFA- 
USA Fly ash from biomass source 

Oxidising atmosphere 
(thermal combustion) 

BFA-FI1 Fly ash from biomass source 
Oxidising atmosphere 
(thermal combustion) 

BFA-IT3 Fly ash from biomass source Oxidising atmosphere 
(thermal combustion) 

SSA-PL1 Bottom ash from sewage sludge Oxidising atmosphere 
(thermal combustion) 

FS Used foundry sand 
Oxidising atmosphere (up 
to 1400 ◦C) 

AF 
Z Zeolite – 
G Graphite – 
AC Activated carbon –  
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Zeolite (Z), a silicate-based material, mechanically-exfoliated graphite 
(G) and a commercially-available activated carbon (AC) were chosen as 
AFs due to their absence and predominant presence of allotropic 
carbons. 

2.2. Electrode fabrication 

Electrode fabrication and characterisation procedure is schemati-
cally displayed in Fig. 1. 

To prepare the carbon nanocomposite nanostructured electrodes a 
10%w/w PAN/DMF stock solution was first prepared and stirred for 24 
h. Then, a predetermined amount of SWM or AF was added to the 
polymer blend to obtain a 25%w dispersion. The resulting solution was 
then wet-spun using a laboratory fabricated apparatus [24] to obtain a 
continuous fibre. The fibre was then formed into a flat cylinder with a 
diameter of 16 mm and a height of 3 mm. The resulting pellet was then 
stabilised in a furnace at 240 ◦C for 3 h at a heating rate of 1 ◦C/min. 
Finally, carbonisation and CVD growth were performed in a single step 
by MPECVD. For each composite electrode, two different CVD processes 
were carried out in which the gas composition was varied to compare 
the effect of pure H2 plasma with that of an H2, CH4-rich atmosphere in 
the presence of B2H6 as dopant [22]. 

2.3. Porous hierarchical nanocarbons characterisation 

The morphology and size distributions of the SWMs were charac-
terised by SEM, DLS, while their chemical composition was assessed by 
EDX, XRD, Raman spectroscopy and by inductively coupled plasma 
optical emission spectroscopy (ICP-OES). A Phenom XL Scanning Elec-
tron Microscope (SEM, operating in low vacuum mode with a 15 kV 
beam acceleration voltage) was used to characterise the raw SWMs, 
while for the electrodes a FEI Quanta FEG 250 (15 kV, ETD) was used. To 
further investigate the MPECVD carbon coatings, transmission electron 
microscopy (TEM) analysis was performed on selected electrodes by 
using a Philips CM200 microscope operating at 200 kV and equipped 
with a LaB6 filament. For TEM observations, a portion of the electrode 
surface was gently scratched with a scalpel blade. The powder produced 
was dispersed in ethanol and sonicated for 1 min. Finally, a drop of the 
suspension was put over a commercial carbon-holed TEM grid and kept 
in air until complete ethanol evaporation. The particle size distribution 
of the SWMs was assessed by SEM image analysis and dynamic light 
scattering (DLS). SWMs were dispersed in deionised water, placed in 
disposable polystyrene cuvettes and analysed using a DLS Zetasizer 
Nano ZS particle analyser (Malvern Panalytical, UK) equipped with a 
632.8 nm laser. Measurements were made at 25 ◦C using backscatter 
analysis (light collected at 173◦). Each sample was measured 3 times. 

The qualitative analysis of the phase composition of the samples was 
carried out by X-ray diffraction (XRD) using BRUKER D2PHASER 
equipment with Cu Kα radiation (lambda = 1.54 Å), operating at 30 kV 
and 10 mA. The XRD patterns were collected using a scan step of 0.02◦

and a count time of 0.4 s per step. Phase analysis was carried out using 
DIFFRAC.EVA V4.1 evaluating an application from BRUKER and the 
ICDD PDF-4 database (release 2021). Principal component analysis 
(PCA) was performed on the XRD dataset using R statistical environ-
ment. Raman scattering was measured using a commercial Raman mi-
croscope (LabRam Aramis, Horiba) with excitation by a 632.8 nm HeNe 
laser with up to 20 mW optical power at the sample. A TE-cooled to 
− 20 ◦C CCD detector was used with an integration time of 5 s (20 av-
erages); the diffraction grating had 300 lines per mm; the spectral res-
olution was approximately 2 cm− 1 in the range 200–3500 cm− 1; a 
magnification of ×10 or ×50 was used depending on the sample. Mul-
tiple spectra were acquired for each sample, singly in the case of SWM 
and for both surfaces in the case of the fibrous composites. The baseline 
was subtracted using the alternating least square smoothing (ALSS) al-
gorithm and the data were normalised and fitted. In order to estimate 
the incorporation effect of SWMs into the polymer matrix, water vapour 
isotherms were performed. Solid samples (both SWM powders and 
electrodes) were first dried in a vacuum oven (105 ◦C, − 60 kPa) for 48 h, 
weighed and placed in desiccators with a known relative humidity (RH) 
and continuously monitored by an electronic hygrometer (Table S2). 
Sigmoidal-shaped isotherm includes type IV and VI isotherms, and these 
are usually linked to the capillary condensation occurring in micropores. 
The mathematical model employed to fit the experimental data has been 
originally presented by Klotz for the binding of organic ions by proteins 
[25] and adapted for water vapour adsorption on different carbon-based 
adsorbents [26]. The Klotz isotherm represents a unified concept where 
all interactions, which are possible between the water and the surface 
and in between the water molecules itself, are comprised, and it is 
preferable to the Do-Do model due to the presence of 3 fitting parame-
ters instead of 5, even if it may exhibit strong deviation at high partial 
pressure [26]. 

θ =
Cq[1 − (1 + m)qm + mqm+1 ]

(1 − q)[1 + (C − 1)q − Cqm+1 ]
(1) 

In this context, the degree of coverage (θ) is given by “m”, the 
maximum association number, “q”, determined by the equation q = Kx, 
where “K” is related to the capillary condensation and “x” is the partial 
pressure in the bulk phase and C is exponentially related to the energy of 
monolayer adsorption [27]. 

The synthesized SWM-containing composites were used as the 
working electrode. A platinum wire and an Ag/AgCl/3 M KCl electrode 
were used as auxiliary and reference electrodes, respectively. The 

Fig. 1. Schematic representation of the hybrid electrode synthesis and characterisation.  
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electrochemical response was recorded by differential pulse voltam-
metry (DPV) in 1.5 mL of 0.1 M PB (pH 7.0) containing acetaminophen 
(APAP) in the 1–100 μM range. After characterisation and each DPV 
procedure, the liquid sample was collected for further analysis by ICP- 
OES. To 10 mL of the collected liquid, 1 mL of concentrated HNO3 
and 3 mL of concentrated HCl (both trace metal grade acid for ICP-OES 
(Optical Emission Spectrometer Optima 8300 PerkinElmer) were added 
in a beaker covered with a watch glass and heated to just below boiling. 
After cooling to room temperature, the sample was transferred to a 25 
mL volumetric flask, the beaker was rinsed and made up to volume with 
ultrapure water. A similar procedure was followed for the hotplate 
digestion of the solid sample electrode to obtain a mass balance. Briefly, 
the dried electrode was ground, weighed and digested on an electric 
hotplate first with HClO4 and then with aqua regia (HCl:HNO3 = 3:1). 

3. Results 

3.1. SWM filler/catalyst characterisation 

The large heterogeneity of the raw SWM powders can be observed 
from the SEM images shown in Fig. 2. All chars are characterised by 
similar particle shapes, while BFA_FI1 and CFA show a similar compo-
sition of both irregular and spherical particles. In particular, it is possible 
to observe both cenospheres and ferrospheres, typically composed of 
crystallised Fe-bearing phases dispersed in the aluminosilicate glass 
matrix [13,28]. FS exhibits the widest particle size distribution, ranging 
from hundreds of nanometres to hundreds of microns. 

The analysis of particle size distributions by DLS is limited by the 
upper detection limit of the systems, which does not exceed 10 μm 
(Fig. S1). In SEM images, particle size distributions can be derived from 
high resolution images by digital analysis. SEM measurements are local 

in nature and the images obtained show topographies of only selected 
micro-areas of the analysed materials. Here, both DLS and SEM tech-
niques have been used to provide the most accurate data on the size 
distributions of particles in SWMs. While DLS was used to investigate 
particle sizes in aqueous suspensions of SWMs in the range 0.3 nm - 10 
μm, SEM images were utilised to estimate information on particle shapes 
and size distributions above the upper limit. Particle size distributions 
obtained from DLS measurements were fitted with Gaussian peaks. The 
maxima and full width at half maximum (FWHMs) of the peaks are 
summarised in Fig. 3a. 

The most abundant elements in SWMs and AFs, detected by EDX 
analysis, are reported in Table 2. It is worth to point out the large dif-
ference in elemental compositions. In particular, different FAs are 
characterised by a low (average 3.8%, SD 3.4%) C content while char 
samples by a higher content and wider variability (average 42.1%, SD 
16.7%). For both FS and SSA samples, the C content is below 2%. Other 
predominant elements resulting from EDX analysis are Si, Ca, Fe. 

The XRD patterns of the series of samples are shown in Fig. 3b. In Z 
sample, only orthorhombic SiO2 (PDF 00–043-0784) is distinguishable 
from the XRD diffractogram, while in FS only hexagonal SiO2 is present 
as quartz (PDF 00–046-1045), as expected from zeolites and foundry 
sands. In the case of the AC sample, the well resolved XRD signals can be 
attributed to the hexagonal SiO2 (PDF 00–046-1045). However, the 
differences in intensity between the PDF markers and the measured XRD 
signals suggest that the silica is not well crystallised in quartz form. 
Other types of SiO2 such as tetragonal (PDF 01–077-8638) and rhom-
bohedral (PDF 04–015-9821) can also be distinguished in the XRD 
pattern. The main crystallised minerals in SSA-PL1 are quartz (PDF 
00–046-1045), calcium aluminium phosphate (PDF 00–048-1192), iron 
and titanium iron oxides (PDF 04–006-6579, PDF 04–009-5898), which 
are typical for incinerated sewage sludge samples [29]. The XRD pattern 

Fig. 2. (a-m) SEM of raw SWMs. Inserts are magnification of the SWM, with scale bar equal to 10 μm.  
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of the C-SR sample confirms the presence of weakly crystallised quartz 
(PDF 00–046-1045), similar to the AC sample, and the phase with a 
structure similar to potassium magnesium aluminosilicate (PDF 04–010- 
3185). Although the strongest signal at 26.6◦ (2 theta) also agrees well 
with graphite (PDF 01–075-2078), the carbon phase is not considered 

due to the discrepancy between the other measured signals and the 
carbon phase markers. The CFA and BFA-USA diffractograms are similar 
and it is possible to identify quartz (PDF 04–008-7651), calcium oxosi-
licate (PDF 04–011-1393) and calcium‑magnesium‑iron carbonate (PDF 
04–023-8806) in both cases. In addition, several signals can be 

Fig. 3. (a) Diameter distribution of the larger particles, estimated by analysis of the SEM images (in blue), and distribution of the submicronic particles, estimated by 
DLS (in yellow). Bullets are relative to the presence of spherical particles. (b) XRD diffractograms and (c) Raman spectra for all the SWM and magnifications of (d) 
BFA-USA, CFA, and (e) C-rich fillers (BC-UK, C-IT1, C-IT2, C-SR, FS, AC, and G). 

Table 2 
List of the most abundant elements detected by EDX. Values are expressed as at.% and are the averaged results of EDX analysis in 3 spots.  

Sample O C Si Na N Mg Ca K S P Cl Fe Al  

at.% 

Z 75.0 0.8 22.9 1.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0   
FS 72.0 1.9 18.5 1.5  1.1 0.4 0.2 0.2   0.6 3.6 
SSA-PL1 69.7 1.5 3.4 0.3  2.5 7.7 0.6 0.7 6.2  4.6 1.7 
CFA 73.0 2.6 6.2 1.0 0.5 0.8 9.6 0.8 1.3 0.1  0.8 3.4 
BFA-USA 73.8 1.1 7.3 1.0  1.2 9.6 0.7 0.6   0.9 3.5 
BFA-IT3 73.3 2.0 0.9 0.3 0.7 2.2 15.5 2.2 2.3 0.4 0.3 0.1 0.6 
BFA-FI1 65.8 9.6 8.4 1.0  0.8 7.7 0.8 0.7   1.0 3.9 
C-IT2 37.2 56.6 0.3   1.0 3.1 0.5 0.2 0.5 0.1  0.3 
C-SR 50.4 36.5 3.2  4.6 0.6 0.6 3.6 0.0 0.1 0.2  0.3 
C-IT1 62.8 17.3 0.1 0.1 2.5 1.2 11.1 4.1 0.1 0.5 0.1  0.2 
BC-UK 40.0 58.1 0.1 0.2  0.4 0.5 0.4 0.1 0.1   0.2 
AC 38.6 48.1 3.8 0.2 6.5 0.2 0.3 0.0 0.4  0.0 0.3 1.7 
G 32.9 66.9 0.1          0.2  
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attributed to the characterised phases with a structure similar to that of 
the calcium‑sodium silicates (PDF 00–030-1174, 04–023-2764). The 
patterns of both samples also suggest that the CFA sample contains a 
higher concentration of quartz (higher intensity of the quartz XRD sig-
nals) compared to the BFA-USA sample. Due to the relatively low in-
tensity of the XRD signals compared to the patterns of other samples, it is 
difficult to make a qualitative analysis of the composition of the BFA-FI1 
sample. However, the signals can be attributed to monoclinic silica (PDF 
04–012-0809), calcium carbonate (PDF 00–034-0517) and calcium 
sulphate (01–074-1782). The BFA_IT3 sample contains calcium-rich 
phases such as: calcium hydroxide (PDF 00–004-0733), calcium car-
bonate (PDF 00–066-0867), calcium sulphate (PDF 04–011-9876) and 
calcium phosphate (PDF 04–016-7489). The signal at 26.6◦ can be 
defined by either quartz or graphite phase (as in the case of the C-SR 
sample). However, taking into account the elemental analysis of the 
sample (Table 2), the signal should be assigned to graphite (PDF 01–075- 
2078) rather than quartz. The BFA-IT4 sample consists mainly of cal-
cium carbonate (PDF 04–012-6929). Phases such as calcium aluminate 
(PDF 00–006-0495), sodium phosphates (PDF 00–050-0411, 04–024- 
3484) and potassium magnesium sulphate (PDF 00–019-0974) can also 
be attributed to the XRD pattern obtained. The XRD patterns of samples 
C-IT1 and C-IT2 agree very well with calcium carbonate (PDF 01–089- 
1304). However, as can be seen, the degree of crystallinity of sample C- 
IT1 is greater than that of sample C-IT2. 

Fig. 3c shows the Raman spectra of the different SWMs and AFs. The 
structure of the Raman spectra recorded for the samples studied is 
strongly dependent on the area of the sample surface analysed, so it was 
necessary to acquire different spots for each sample [30]. The carbon- 
based samples (G, C-IT1, C-IT2, C-SR, FS, AC, BC-UK) show distinct D 
and G bands with different peak positions and spectral widths (Fig. 3e). 
The ID/IG ratio was calculated from the normalised intensity of the peak 
positions. This ratio increases as the material becomes more disordered, 
with char (C_IT2) at 1.5 and activated carbon (AC) at 1.43 being the 
most disordered, and graphite (G) at 0.45 being the least disordered 
[31]. Graphite samples (G) show the D and G bands at 1334 cm− 1 and 
1581 cm− 1, respectively, with the second order D′ peak at 2700 cm− 1. 
The activated carbon (AC) sample shows typical characteristic D and G 
bands at 1316 cm− 1 and 1588 cm− 1, respectively, and an ID/IG ratio of 
1.43, indicating a typical disordered structure for activated carbon. The 
spectrum of the zeolite (Z) sample was dominated by photo-
luminescence, which effectively covers the entire spectrum, so that 
almost no specific peaks could be observed. However, weak peaks at 
387 cm− 1 and 478 cm− 1 can be attributed to mordenite, which is one of 
the most common and commercially used types of zeolites. Different 
chars (C-IT1, C-IT2, C-SR, BC-UK) show almost exclusively broad D and 
G bands with ID/IG ratios varying from 1.5 to 0.81. The D peaks are 
located at 1319 cm− 1 (C-IT2), 1332 cm− 1 (C-IT1), 1340 cm− 1 (C-SR) and 
1350 cm− 1 (BC-UK). The G peak is at 1580–1587 cm− 1 for all samples 
with widths ranging from 68 cm− 1 (C-SR, C-IT2) to 86–90 cm− 1 (BC-UK, 
C-IT1). High values of ID/IG indicate that these chars are indeed mixed 
amorphous carbon phases, which can also be deduced from the large 
widths of the D band ranging from 125 cm− 1 to 187 cm− 1. The bands at 
226 cm− 1 and 500 cm− 1, observed in SSA-PL1 are attributed to the 
symmetric Fe − O stretching vibration and 291 cm− 1, 401 cm− 1, 604 
cm− 1 to a symmetric Fe − O bending vibration, while the broad band 
observed at 1312 cm− 1 is associated with two-magnon scattering of 
hematite [32], typical of Polish wastewater treatment plants due to the 
use of Fe-based coagulants [33]. The presence of iron in the hematite 
structure exposed on the surface of fly ashes is one of the promising 
properties of fly ashes from the point of view of their use as redox cat-
alysts. The fly ash samples (CFA, BFA-USA, BFA-FI1, BFA-IT3) mostly 
show very similar characteristics. The peaks at 1090 cm− 1 are indicative 
of calcium carbonate, which is the most dominant in samples BFA-F1, 
CFA, BFA-IT3 and BFA-USA, with bands at 290 cm− 1, 712 cm− 1 also 
clearly visible, except for BFA-USA which is covered by another large 
and broad band at 500–800 cm− 1, most likely indicative of amorphous 

oxide glass. Magnifications of the BFA-USA and CFA spectra are shown 
in Fig. 3d. They show an additional double peak at 836 cm− 1 and 878 
cm− 1, which we consider to be indicative of the presence of olivine (Mg, 
Fe)2SiO4, in particular, its more Mg-rich form, forsterite. The wide band 
widths should indicate the amorphous and disordered phases, while the 
shift of the second band is likely to be due to the high temperature 
exposure calcination of olivine [34] that occurred during the formation 
of the fly ash. The presence of olivine is possible due to its use in in-
dustrial processes such as carbon sequestration during oil combustion. 
The presence of magnesium carbonate (MgCO3) on olivine is also likely 
to occur in such processes, generating peaks similar to literature data 
[35]. 

3.2. Porous hierarchical nanocarbons characterisation 

Each porous hierarchical nanocarbons electrode was named with the 
SWM used and the gas composition during PECVD growth. A repre-
sentative picture of the top and front views of the synthesized composite 
(BFA-USA_H2) is reported in Fig. 4a. Fig. 4b shows the micrography of 
one fibre part of the composite electrodes, in which it is possible to 
observe a homogeneous dispersion of the SWM within the PAN struc-
ture, and the presence of a diffuse open porosity in the range of hundreds 
of nanometres, resulting from the combined process of phase inversion 
and plasma etching [24] (Fig. S3). It is important to highlight that by 
firstly wet-spinning a fibrous composite and secondly casting it into a 
cylindrical mould, it is possible to maintain the fibre morphology even 
after the final MPECVD step, with the positive effect of increasing the 
accessible surface area, compared to casting the polymer blend with 
SWM directly into the mould. In addition, due to the 1D geometry, 
shrinkage occurs within the fibre length, reducing the curling that would 
occur with a 2D geometry. The effect of introducing a carbon precursor 
(CH4) depends on the SWM type, such as the formation of rod-like 
shaped clusters on the CFA and BFA-USA spherical particles (Fig. 4d), 
while no effect is observed with the use of H2-plasma only (Fig. 4c). This 
could be due to the fact that the carbon in the SWM or in the electrode 
bulk does not interact in the presence of plasma. A similar result was 
obtained by Salah et al. when growing CNTs on FA, but using acetylene 
as precursor [36]. Interestingly, the rod-shaped nanostructure growth is 
catalysed by metal particles as evidenced by TEM analysis. In particular, 
Fig. 4f shows typical structures present on the BFA-USA- CH4 sample. 
They are composed of filaments having inside nanoparticles (dark ar-
rows) and forming intricate skeins. High-resolution (HR) TEM obser-
vations have allowed to deeper investigate these structures and to 
evidence that filaments are formed by the superposition of atomic planes 
separated by a distance of 0.338 nm compatible with the graphite (002) 
atomic planes, Fig. 4g. The nanoparticles are also crystalline as revealed 
by the presence of the atomic planes visible in Fig. 4g (dark arrow) and 
corresponding to an interplanar distance of 0.597 nm. To better inves-
tigate the crystallographic structure of these phases, selected area 
electron diffraction (SAED) measurements were carried out. Fig. 4h 
shows the SAED pattern of the sample's area shown in Fig. 4f. Diffraction 
rings are clearly visible and their corresponding interplanar distances 
(0.337 nm, 0.203 nm, 0.167 nm and 0.118 nm) can be associated with 
the (002), (101), (004) and (112) atomic planes of the graphite (PDF 
41–1487). In addition to the rings, intense diffraction spots irregularly 
distributed are present and their interplanar distances correspond to 
0.597 nm, 0.278 nm, 0.243 nm, 0.219 nm and 0.135 nm suggesting that 
nanoparticles are Fe2O3 (PDF 39–1346). Another recurrent nano-
structure formed in different CSWM-composites has a nanowall-like 
morphology, which is characteristic of CH4-rich precursor in MPECVD 
synthesis [24]. The HR-TEM image of Fig. 4i shows a typical graphite 
nanowall-like structure in the BFA-USA- CH4. The evidenced area is 
magnified in Fig. 4j and the (002) graphite atomic planes are clearly 
visible. The SWM concentration also affects the electrode morphology, 
where the formation of dendritic microstructures is a function of the BFA 
content and it is related to the presence of Mg (Fig. S2). SEM 
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micrographs of all electrodes are shown in Fig. S3. 
Raman spectra of the reference carbonised PAN sample without any 

fillers, after the MPECVD process are reported in Fig. 4k. It is possible to 
notice similar features for both samples, carbonized in the presence of 
only H2 or CH4 + H2. Composites realised with carbon-rich SWM (such 
as G) exhibit Raman spectra which are inherited from the SWM (Fig. 4l), 
while C-poor, such as BFA-USA, show distinct features from the SWM 
and distinct D and G peaks, characterised by lower ID/IG ratio, thus 
characterised by higher crystallinity (Fig. 4m). The lower degree of 
disorder could be attributed to the role of calcium oxosilicate and cal-
cium‑magnesium‑iron carbonate as catalysts for the efficient production 

of carbon nanostructures [37]. A limitation of the MPECVD growth 
phase is that both the plasma distribution and the temperature gradient 
are non-uniform along the depth of the 3D porous PAN scaffolds, 
resulting in non-uniform growth of carbon nanofeatures and carbon-
isation. During the fabrication process, the plasma is mostly above the 
sample, exposing the top side to a much higher energy density than the 
bottom side of the sample. As a result, the build-up of carbon structures 
on the top is much enhanced than at the bottom. Immersion of plasma 
into the samples is limited by high conductivity of samples placed on 
grounded stage forming a barrier for mostly positively charged ions in 
the applied H2 and H2 + CH4 gas compositions. The Raman spectra of 

Fig. 4. (a) Top and front views of the prepared BFA-USA_H2 sample. (b) BFA-USA_H2 SEM image. SEM image of a spherical particle from (c) BFA-USA_H2 and (d) rod- 
like nanostructures from BFA-USA-CH4 + H2. (e) SEM image of a nanowall-like graphitic structure from BFA-USA-CH4 + H2. (f,g) TEM and HR-TEM of the rod-like 
nanostructure and (h) relative SAED pattern. (i,j) HR-TEM of the graphitic nanowall. (k-m) Raman spectra of representative samples (n) with ID/IG ratios. (o-p) 
correlation between the metal concentration found by ICP-OES in the composite electrode sample and the SWM counterpart. (q-r) correlation between the con-
centration of metals leached into PB during electrochemical test and the concentration found in the bulk counterparts. 
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the top-bottom comparison in Fig. 4m exhibit that the top of the sample 
reveals more ordered forms, while the bottom of the sample results in 
high content of defects, as confirmed by the presence of D and G bands of 
larger width in the spectra of the sample's bottom. In addition, the 
spectra of the top side are dominated by the newly grown structures with 
minor or no remnants of the precursor powders, whereas the spectra of 
the bottom side are more similar to the precursor powders, implying that 
much less effective growth of carbonaceous structures has occurred on 
this side of the sample. For comparison, all the Raman spectra are re-
ported in Fig. S4. 

Results of the ICP analysis are reported in Table S3. The most 
abundant elements in most of the SWMs samples are Al, Fe, Mg, and Ti, 
while Cu, Cr, Mo, Ni, V, Zn, Co and Mn have been found in specific 
samples. Au has been found in one sample, as well as Cd. Fig. 4o,p show 
that the CCVD processes (H2 or H2 + CH4) do not affect the final content 
of metals within the PAN-based composite, except of Ni, for which a 
100-fold lower concentration is found. In particular, this behaviour 
occurs both under H2 and CH4 conditions, suggesting the role of H2 
plasma in forming complexes with other components in the composite 
during digestion, making it less available for analysis. A few of the 
metals have been found leaching into the aqueous sample. Al and Fe 
were found in considerable amounts, and Cr, Mo, Mn, Ti, Mg were found 
in almost all the water samples, but in lower quantities. Cu, Ni, V were 
found only in a few samples, despite being present in most of the SWMs. 
No difference in leaching behaviour between the H2 and H2 + CH4 
processes was found (Fig. 4q,r). 

Water vapour adsorption isotherm enables to provide valuable in-
formation about the adsorption behaviour of a material, such as its 
surface area, pore size distribution, and adsorption capacity. Only the 
raw PAN composite, without any SWM, is represented by a type I 
isotherm (Fig. S5), which has a concave shape with respect to the p/p0 
axis, with the adsorption capacity gradually approaching a maximum 
value. This maximum uptake is determined by the volume of accessible 
micropores rather than the internal surface area, suggesting the pres-
ence of a pore size distribution over a wider range of micropores and 
narrow mesopores [27]. On the other hand, sigmoidal isotherms such as 
type IV and type V are commonly observed in water vapour adsorption 
on porous materials due to capillary condensation in pores. In fact, the 
type IV isotherm is typical of mesoporous materials that have moderate 
surface areas and pore sizes. Adsorption occurs by capillary condensa-
tion in the mesopores and is reversible. On the other hand, materials 
characterised by the type V isotherm generally have narrow micropores 
or ultramicropores with high surface areas and small pore sizes. 
Adsorption occurs by multi-layer adsorption of water molecules in the 
micropores. As we have seen, the MPECVD process on the SWM com-
posites induces changes in the morphology of the composites, which are 
reflected in changes in the isotherms, including the maximum adsorp-
tion capacity (Qmax), K, m and C. Taking into account the Qmax, three 
different behaviours can be distinguished:  

o A decrease in the final adsorption capacity of the composite 
compared to the raw SWM. Water vapour adsorption on AC has a 

Fig. 5. (a) Typical water adsorption isotherm for the CFA sample. Plot of (b) the net gain in terms of Qmax for both H2 and H2 + CH4 processes, (c) correlations 
between Kads and Kdes and its dependence on the ID/IG Raman ratio. APAP detection by DPV by (d) H2 and (e) CH4 sample and (f) their correlation with APAP 
concentration for a representative sample (BFA-USA) and the (g) sensitivity (sH2, sCH4) of all the synthesized electrodes. (h) Scree plot of the PCA performed on the 
XRD dataset and (i) projection of sH2, sCH4 in the space defined by PC3 and PC4. The variables in red have been plotted in (j) and their height is the Euclidean distance 
to sCH4. 
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type V isotherm in the IUPAC classification. AC is a technical 
adsorbent material characterised by a large surface area and acces-
sible diffuse microporosity; its incorporation into the polymer matrix 
and subsequent treatment by MPECVD results in a deterioration of 
the final adsorption capacity, probably due to the partial clogging of 
the pores by the overgrown carbon layer. This group also includes C- 
IT2, BFA-IT3 (Fig. 5-d, highlighted in yellow).  

o The absence of changes in Qmax. This is the case for sample G, where 
the final capacity is slightly changed, while the H2 and CH4+H2 
isotherms are similar to the raw one, suggesting that limited growth 
process took place, as also previously shown by the Raman spectra.  

o An increase in the final adsorption capacity of the composite (Fig. 5b, 
highlighted in light blue). Within this group, two subgroups can be 
identified:  
■ the formation of a large hysteresis during desorption, as in the 

case of CFA (Fig. 5a), BFA-USA, BFA-FI1;  
■ preservation of the same isotherm type, such as FS, C-SR, BC-UK 

and SSA-PL1. 

The absolute difference in Qmax between the SWM and the composite 
after MPECVD is shown in Fig. 5b. Firstly, the quasi-linear relationship 
suggests that the H2 plasma atmosphere (present in both MPECVD 
growth conditions) is the main parameter affecting Qmax. Secondly, 
almost all samples, except AC, are characterised by higher Qmax during 
CH4-assisted growth, suggesting that the formation of additional carbon 
structures and functional groups is beneficial for adsorption. Indeed, 
from the selected micrographs in Fig. S6, representing the classes 
mentioned above, it is possible to observe that the surface morphology 
may play a predominant role. According to Buttersack [26], type IV and 
type V isotherms can be distinguished by the C parameter. We have 
found that such a distinction is better represented by the K parameter; 
indeed, the type V isotherm is given for K > 1. Moreover, by plotting Kads 
against Kdes, two linear trends are observed: the first with slope m = 1, 
indicating capillary condensation at the same partial pressure, and the 
second for m = 4, highlighting the presence of a larger hysteresis. 
Moreover, since K is related to capillary condensation, plotting it against 
the characteristic Raman ID/IG ratio, reveals an indirect correlation 
(Fig. 5c, inset). Indeed, higher disorder (higher ID/IG ratio) could be 
associated with increased porosity and surface area, providing more 
adsorption sites for water vapour during capillary condensation. In 
addition, the presence of defects and functional groups on the surface of 
the carbon nanomaterial could also alter the surface chemistry of the 
material, affecting capillary condensation. 

3.3. Porous hierarchical nanocarbons as electrodes 

Examples of APAP oxidation by DPV are shown in Fig. 5d,e for the H2 
and H2 + CH4 BFA-USA composites, respectively. It is possible to 
observe an oxidation peak at about 0.36 V vs. AgCl, lower than those 
(0.38–0.48 V) found in similar composites prepared by MPECVD 
without the addition of fillers [24]. The relationship between APAP 
concentration and the oxidation current peak in DPV follows two linear 
trends for lower and higher concentrations, where as the concentration 
of APAP increases, the oxidation current peak also increases linearly 
(Fig. 5f). The slope of the linear correlation (indicating the sensitivity of 
the method to APAP) was specified as sH2 and sCH4 for the two composite 
electrodes and plotted in Fig. 5g. All H2 + CH4 composites show a much 
higher sensitivity than the corresponding H2-treated counterparts. 

The raw CFA and BFA SWMs are very similar when both Raman and 
XRD analyses are compared. Interestingly, the carbon content of both 
raw powders is the lowest among SWM and AF (1.1 and 2.6%, respec-
tively) (Fig. 3b,d and Table 2). However, their relative composites show 
the highest sensitivity to APAP oxidation. Moreover, the composite 
synthesized in the presence of CH4 exhibited a current 3 times higher 
than that with H2 alone, which can be attributed to the CVD growth 
nanostructure and is catalysed by the specific SWMs. As highlighted by 

the Raman spectra, the presence of forsterite, a Mg end-member of 
olivine, may be responsible for the growth of amorphous carbon on the 
SWM surface [38]. SEM micrographs show that the carbon fibres are 
also formed on the iron-rich cenospheres, which, due to their high silica 
content, are known to act as catalysts or catalytic supports for the 
esterification reaction [39]. Indeed, the presence of iron oxide on the 
surface of cenospheres is known to be effective for the deep oxidation of 
methane [40], which would explain the enhanced carbon growth. 
However, it remains to be explained why composite samples derived 
from BFA-FI1, although also rich in cenospheres (Fig. 2g, Fig. 3a,), are 
not electroactive. To better understand the possible presence of a spe-
cific catalyst explaining the enhanced electrochemical activity, the SWM 
XRD dataset was analysed by PCA to identify which peaks are due to 
electroactive behaviour. SWM peak positions and intensities were 
extracted from the diffractograms and used as active variables on which 
PCA was performed. The first 6 variables explained 93.0% of the total 
variance (Fig. 5h) and, by providing sH2 and sCH4 as additional quanti-
tative variables, were the most highly expressed in PC3 and PC4. The 
Euclidean distances between sCH4 and all other variables in the PC3-PC4 
projection were calculated (Fig. S7) and the top ten (Fig. 5i, grey circle) 
were selected. As each variable is related to a specific peak position, the 
resulting “pseudo-reference” is plotted in red in Fig. 5j, where the height 
is the previously calculated distance. It is possible to observe that the 
reference (PDF 04–011-1393), Ca3(SiO4)O, overlaps and shares the 
strongest features, supporting the hypothesis that it may act as a catalyst 
during the MPECVD process. On the other hand, wollastonite is a type of 
calcium inosilicate (CaSiO3) material that has been shown to support 
and catalyse the growth of aligned CNTs with a purity of 98.7% [41]. 
However, the presence of an inorganic catalyst is not the only reason for 
obtaining an electrochemically active composite. In fact, the presence of 
highly disordered carbon, containing a large number of edges and de-
fects, makes it an ideal platform for catalysing the growth of carbon 
nanomaterials. C-SR, BC-UK and the fine fraction of FS have an ID/IG 
ratio slightly below 1 and are electroactive towards APAP. Interestingly, 
no correlation was found between the metal concentrations in the SWM 
(Table S4) and the composite electroactivity (expressed as APAP sensi-
tivity), highlighting that the presence of metals in the bulk is not a 
necessary condition for the catalytic growth of carbon nanostructures. 

4. Conclusion 

In conclusion, the incorporation of SWM into porous hierarchical 
nanocarbons composites has been shown to have several significant 
microstructural and physicochemical effects. The presence of SWM re-
duces fibre shrinkage during fibre stabilisation, providing potential 
benefits for practical applications. In addition, the ability of the com-
posites to oxidise APAP varies with growth conditions, with samples 
grown in the presence of CH4 + H2 exhibiting higher current densities 
than their H2 counterparts. The catalytic role of SWM in carbon growth 
is not universal and two pathways have been suggested. For samples 
with low carbon content, specific inorganic compounds, such as calcium 
oxosilicate and iron oxides, are found to catalyse carbon growth. On the 
other hand, carbon-rich samples show an optimum ID/IG ratio of about 
0.9, where defects and active sites provide favourable forms for nucle-
ation and secondary carbon growth. Interestingly, the presence of metals 
known as catalysts, such as Fe and Ni, does not directly correlate with 
the composite electroactivity for APAP oxidation. Furthermore, the 
leaching of heavy metals from the composites into solutions is of mini-
mal concern due to the very low concentrations found. The modification 
of the composites after the chemical vapour deposition process is well 
described by water vapour adsorption isotherms, revealing the forma-
tion of mesopores in some composites, demonstrated by large hysteresis 
during desorption. By using waste materials as catalysts, this research 
aligns seamlessly with the principles of the circular economy, which 
promotes the reuse of discarded materials to reduce environmental 
impact and dependence on virgin resources. This approach paves the 
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way for sustainable and environmentally friendly practices in carbon 
nanomaterial synthesis, with a particular focus on the electrochemical 
oxidation of pharmaceuticals. 
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