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The valorisation of wastewater sludge (WWS) into high-value functional materials offers a sustainable
route to address waste management and energy storage challenges. In this work, WWS was converted
into activated carbon (WSAC-H) via a single-step carbonisation process using 30% HzPO, as the
activating agent at 600 °C for 4 h. Structural and surface analyses revealed a rough, functionalised
morphology and well-developed porosity. Electrochemical evaluation in a three-electrode system
showed that 1 M H,SO, vyielded the highest specific capacitance (114.96 F g~ at 0.5 A g™,
outperforming 1 M Na,SO, (41.40 F g7) and 1 M KOH (18.04 F g™%) at the same current density. A
symmetric device in 1 M H,SO, delivered an energy density of 589 Wh kg~! and a power density of
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1000 W kg™t at 0.5 A g2 retaining 84% of its capacitance after 20000 charge—discharge cycles at
3.0 A gL The performance is attributed to the synergistic effects of acid activation, intrinsic elemental
DOI: 10.1039/d6ya00064a composition, and high electrolyte conductivity. These findings demonstrate the potential of WWS-derived

activated carbon as a cost-effective, high-performance supercapacitor electrode material, advancing both
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Introduction

The generation of wastewater sludge (WWS) has increased sub-
stantially in recent years due to urbanisation, industrial activity,
and the growing demand for potable water. Although global
statistics are incomplete, it is estimated that approximately 53
million tonnes of dried sludge are produced annually, based on
reported data from individual countries." In South Africa, the
expansion of urban water cycles to meet drinking water needs has
significantly increased sludge production from wastewater treat-
ment plants (WWTPs). Managing this large and complex waste
stream is challenging due to its heterogeneous composition,
potential for environmental contamination, and the limited capa-
city of conventional disposal routes such as landfilling or agri-
cultural application.>™ Addressing this issue requires environ-
mentally sustainable, cost-effective strategies that not only reduce
sludge volumes but also recover value from the waste. One
promising approach is to convert WWS into carbon-based
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environmental remediation and sustainable energy storage.

materials for use in energy storage devices. Such valorisation
addresses two pressing concerns: waste management and the
global shift towards cleaner, renewable energy technologies.

The intermittent nature of renewable energy sources such as
solar, wind, and tidal power necessitates efficient and reliable
energy storage solutions. Among available technologies, super-
capacitors (electrochemical capacitors) have attracted considerable
attention for their combination of high power density, rapid
charge-discharge performance, cycle life, and operational
safety.”® Their ability to deliver high power density and long cycle
life (up to millions of cycles) makes them particularly suited
for applications ranging from portable electronics to grid
stabilisation.

The energy storage mechanism of supercapacitors is governed
by either electric double-layer capacitance (EDLC), arising from
electrostatic charge accumulation at the electrode/electrolyte
interface, or pseudocapacitance, involving fast, reversible redox
reactions on the electrode surface.”” EDLCs typically employ
carbon-based electrodes, such as activated carbon or graphene,
whereas pseudocapacitors utilise transition-metal oxides or con-
ducting polymers.'>'* While supercapacitors excel in power deliv-
ery and cycling stability, they often exhibit lower energy density
than batteries and face challenges such as self-discharge and
higher material costs.">™'® These limitations can be mitigated by
optimising both electrode materials and electrolyte composition.
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Aqueous electrolytes are widely used for their high ionic conduc-
tivity and low cost. They can be classified as acidic (e.g., H,SO,),
alkaline (e.g., KOH, NaOH), or neutral (e.g,, Na,SO,, KCI)."”"'8
Acidic electrolytes, such as H,SO,, provide high conductivity and
small ionic size, enhancing capacitance, though with a limited
voltage window (~1.2 V) and corrosiveness.'>* Alkaline electro-
lytes can offer a wider potential range and good conductivity, but
are strongly influenced by cation size and electrode-surface
interactions.”’ Neutral electrolytes are safer and allow for broader
voltage ranges, but generally exhibit lower conductivity.'®**
Organic and ionic-liquid electrolytes extend the voltage window
further, thereby increasing energy density, but are less conductive
and more costly.>*

In recent years, sewage sludge has been investigated as a
low-cost precursor for activated carbon electrodes in supercapa-
citors. Such sludge-derived carbons can exhibit high specific
surface areas, hierarchical porosity, and favourable conductivity,
particularly when processed via pyrolysis, chemical activation,
or heteroatom doping. Studies have reported competitive electro-
chemical performance for these materials,>*® yet opportunities
for optimisation remain. In particular, the role of activation
conditions, especially acid activation in a single-step carbonisa-
tion, and the effect of different aqueous electrolytes on capacitive
behaviour have not been fully explored.

In this study, we synthesise activated carbon from waste-
water sludge using 30% orthophosphoric acid (H;PO,) in a
single-step carbonisation at 600 °C. We systematically investigate
its physicochemical characteristics (surface area, morphology,
elemental composition, functional groups) and electrochemical
performance in acidic (H,SO,), alkaline (KOH), and neutral
(Na,S0,) aqueous electrolytes. Performance is assessed in both
three-electrode and symmetric two-electrode configurations,
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with emphasis on cycling stability and charge-storage mechan-
isms. By correlating electrolyte properties with capacitance,
energy/power density, and stability, this work aims to advance
the sustainable use of WWS-derived carbons in high-performance
supercapacitor applications.

Results and discussion

Physicochemical properties

The XRD patterns of WWS and WSAC-H, along with reference
patterns from the Inorganic Crystal Structure Database (ICSD):
card no. 31170 (hexagonal carbon; space group: P63mc), 8096
(monoclinic SiP,0;; space group: P121/n1), 34889 (tetragonal
SiO,; space group: P43212), and 18164 (tetragonal CaCOs; space
group: R3c¢) for peak indexing and phase identification is
presented in Fig. 1a. The colour coding of each indexed phase
histogram corresponds to the colour of the labelled diffraction
planes for that phase. The XRD pattern of raw WWS is domi-
nated by crystalline calcite (CaCO3, main peaks at 26 = 29.3°
and 31.0°) and quartz (SiO,, main peak at 20 = 26.3°). Minor
peaks may correspond to hematite (Fe,O3) and/or magnetite
(Fe30,4), anhydrite (CaSO,), and lime (CaO), which likely origi-
nate from ferric salts and lime used during wastewater treat-
ment. In contrast, the XRD pattern of WSAC-H is characterised
by prominent diffraction peaks at 26 = 20.3°, 22.9°, 23.8°, 26.4°,
27.5° 30.4°, 33.1°, 37.3°, 38.0°, and 42.8°, associated with
SiP,05, as well as peaks at 25.8° and 28.9° corresponding to
SiO,. A broad hump near 26° 20, typically indicative of amor-
phous carbon, is obscured by overlapping crystalline peaks.
The presence of SiP,0, confirms that the silica in WWS reacted
with phosphoric acid during activation, producing chemically
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(a) XRD patterns of WWS and WSAC-H with reference patterns from ICSD (b) crystalline SiP,O5 unit cell obtained using ICSD card no. 8096 and

Diamond software version 5.1.0 (c) FTIR spectrum of WWS and WSAC-H together with the Raman spectrum of WSAC-H.
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stable crystalline silicophosphates. Structurally (Fig. 1(b)), crys-
talline SiP,O- consists of Si atoms bonded to six O atoms to
form SiO4 octahedra, each sharing corners with six PO, tetra-
hedra. The Si-O bond distances range from 0.173 to 0.177 nm.
Phosphorus atoms are bonded to four O atoms to form PO,
tetrahedra, each sharing corners with three SiO¢ octahedra and
one PO, tetrahedron. The P-O bond distances range from 0.150
to 0.159 nm. The strong Si-P-O covalent bonds contribute to
the high chemical stability of the SiP,O, framework, thereby
enhancing structural integrity, preserving the porous carbon
architecture during long-term cycling, and improving surface
wettability, facilitating electrolyte penetration and ion transport
into the carbon pores.

The surface functionalities of the WWS and WSAC-H were
examined using FTIR spectroscopy (Fig. 1c). Both materials
display a broad -OH stretching band at 3413 cm™’, attributed
to hydroxyl groups from phenols, alcohols, or adsorbed water
molecules.”**” The absorption band near 1615 cm ' corre-
sponds to aromatic C=C stretching within sp-hybridised
graphitic structures, indicating the presence of condensed
aromatic domains and may overlap with conjugated C=O
groups. The band observed around 1037 cm ™" is attributed to
C-O stretching vibrations of oxygen-containing functional
groups, such as alcohols, phenols, ethers, and ester moieties
on the activated carbon surface.”® Activation with H;PO,
induced notable structural changes, including the appearance
of a band around 1190 cm ™', assigned to P-O-C linkages (P—=0
in phosphate esters, P=OOH bonds, and P-O-P vibrations),
confirming the incorporation of phosphorus into the activated
carbon framework.”® Additional bands at ~510 and ~710 cm™"
are attributed to Si-O-Si and Si-Si vibrations, respectively,
representing residual inorganic constituents from the raw waste-
water sludge.

Raman spectroscopy further elucidates the structural char-
acteristics of WSAC-H (Fig. 1c). The spectrum shows prominent
D (1356 cm ') and G (1603 cm ') bands, along with a broad
band near 2900 cm ™' (i.e., 2D at ~2700 cm ' and D + D’ at
~2950 cm ™), providing insight into the defect density, gra-
phitic ordering, and degree of amorphisation. In addition to
the characteristic D and G bands, a broad Raman feature at
~1500 cm ™ is often attributed to amorphous carbon.*® The G
band arises from in-plane optical phonons (in-plane C-C bond
stretching) with E,, symmetry at the I' point.”" In contrast, the
D band (and D” band at ~1150 cm ') is defect-activated,
appearing only when disorder disrupts translational symmetry.
The 2D band’s shape and intensity are sensitive to stacking
order and the number of carbon layers, serving as key indica-
tors of graphitisation and interlayer coupling.®' The measured
I(D)/I(G) intensity ratio of 0.90 and I(2D)/I(G) ratio of ~0.35
indicate a predominantly disordered carbon structure contain-
ing embedded graphitic sp> domains. The in-plane crystallite
size (L,) was estimated to be ~5.5 nm using the Tuinstra-
Koenig relation.®" An I(D)/I(G) ratio close to unity, combined
with a weak and broad 2D band (I(2D)/I(G) ~ 0.35), is char-
acteristic of carbon materials with low graphitisation, confirm-
ing that WSAC-H exhibits a low degree of graphitic ordering.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The surface morphological properties and the elemental
compositions of the WWS and the obtained WSAC-H are shown
in Fig. 2a and b. The surface morphology of WWS (Fig. 2a
insert) consists of a network of coarsely aggregated irregular
particles that are highly diverse. These irregularly shaped
particles agglomerate into larger secondary particles, resulting
in a rugged, cauliflower-like texture with numerous voids and
crevices. In comparison, the image of WSAC-H (Fig. 2b insert)
also shows heterogeneous, irregular particles, including both
smaller crystalline particles and surface agglomerates. This
observation may result from the activation and carbonisation
processes. The result is similar to the SEM image of raw and
activated carbon of municipal sewage sludge reported by Al-
mahbashi et al. and Mezhevova et al.*>*

Regarding elemental composition, energy-dispersive X-ray
spectroscopy reveals that both the raw sludge and the activated
carbon contain carbon, oxygen, calcium, silicon, and alumi-
nium (Fig. 2a and b). The sludge has a low initial carbon
content, which results in low carbon content in the activated
carbon. The amount of carbon in activated carbon depends on
the quantity present in its precursor.” This amount decreases
due to burning off during the carbonisation process. Thus, the
carbon content in WSAC-H is less than in WWS. Additionally,
burning off results in the loss of some elements (Ca, Mg, and
Fe) initially present in WWS. The presence of phosphorus in the
elemental composition of the activated carbon (WSAC-H)
reflects the influence of the orthophosphoric acid (H;PO,) used
as the activating agent.

The microstructural features of the samples were examined
using TEM and SAED, as presented in Fig. 2c and d. WWS
(Fig. 2¢) exhibits thin, rippled, and partially stacked nanosheets
with discernible lattice fringes, indicating a relatively ordered
layered structure. In contrast, WSAC-H (Fig. 2d) reveals a more
fragmented, loosely packed nanosheet network composed of
smaller, irregular flakes, reflecting a higher degree of structural
disorder and mesoporous properties. The observation is con-
sistent with the Raman analysis results for the WSAC-H.

The SAED patterns further confirm the observations from
TEM images. The raw sludge, WWS (Fig. 2c insert), exhibits
sharp, well-defined diffraction spots arranged in concentric
rings, characteristic of polycrystalline ordering within the
nanosheets. This is likely due to the presence of several metals
in the sludge, as indicated by the EDX results. Conversely,
WSAC-H (Fig. 2d insert) shows broad, diffuse halo rings with no
distinct spots, indicating an amorphous or poorly crystalline
framework. The transition from ordered to disordered structure
in WASC-H may be attributed to the H3;PO, activation and
carbonisation processes, which can disrupt long-range order.
Such structural differences are expected to influence the elec-
trochemical behaviour of the materials, particularly with
respect to ion transport and charge-storage efficiency.**

The N, adsorption-desorption isotherms and the corres-
ponding BJH pore volume curve for WSAC-H are shown in
Fig. 2e. The isotherms display a characteristic Type IV shape
with an H3 hysteresis loop in the relative pressure range of
0.45 to 1.0, which is representative of mesoporous materials

Energy Adv.
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Fig. 2 SEM image and EDX spectrum of (a) WWS and (b) WSAC-H; TEM image and SEAD of (c) WWS and (d) WSAC-H, and (e) BET analysis of WSAC-H.

containing slit-like pores. The calculated BET surface area and
total pore volume were approximately 134.23 m> g~ and
0.128 cm® g, respectively. Furthermore, the BJH pore-size
distribution (Fig. 2e insert) exhibits a narrow peak at 35.7 A
(3.57 nm), confirming the presence of a well-defined meso-
porous framework. These textural characteristics, particularly
the surface area and accessible mesopores, are expected to
facilitate electrochemical performances.*

Electrochemical properties

Three-electrode system

The cyclic voltammetry (CV) of the WSAC-H in three different
electrolytes, 1 M H,SO,, 1 M KOH, and 1 M Na,SO, in a three-
electrode system, is presented in this section. For optimisation,
the CV was conducted over a range of scan rates from 2 to
100 mV s, as depicted in Fig. 3a—c. The CV in 1 M H,SO, and
1 M Na,SO, within a potential window of 0.9 V shows a quasi-
rectangular shape, indicating electric double-layer capacitance

Energy Adv.

(EDLC) behaviour, a common observation in materials such as
activated carbon.?® At a relatively high scan rate (100 mV s~ '), the
material retains its electrochemical properties, suggesting rapid
charge transport and strong ionic/electronic conductivity.”” A
quasi-rectangular shape of the EDLC was observed at a low scan
rate of 2 mV s~ ! in 1 M KOH, but its EDLC nature was distorted
as the scan rate was increased from 5 to 100 mV s " within a
potential window of 0.4 V. The deviation from the ideal shape may
be due to an increase in charge-transfer resistance as the scan rate
increases.*®?° The distortion can also result from the neutralisa-
tion of K" and OH™ by residual acid activator as the scan rate
increases, thereby limiting ion diffusion within the porous carbon
structure and restricting electrolyte ion accessibility, compared
with H,SO, and Na,SO, of the same concentration.

The specific capacitance (Cyp,) (F g~ ') from the CV curves for
the WSAC-H electrode in the three (3) electrolytes is presented
in Fig. 3d. It is observed that the capacitance decreases with an
increase in the scan rate for the three electrolytes. The highest
capacitance of 100.8 F g~ " was observed in 1 M H,SO,, followed
by 1 M Na,SO, (46 Fg~")and 1 MKOH (27 Fg ") at2mVs ™" At

© 2026 The Author(s). Published by the Royal Society of Chemistry
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higher scan rates, charge-discharge occurred too quickly for
complete ion diffusion. Therefore, less of the electrode surface
was utilised, resulting in a lower specific capacitance.*’
Whereas, lower scan rates allow ions to reach the most inac-
cessible sites of the electrode, resulting in higher specific
capacitance*"*?

The galvanostatic charge-discharge (GCD) analyses of
WASC-H in the three electrolytes at various current densities
are shown in Fig. 4a-c. GCD analysis is an important electro-
chemical technique for evaluating the electrochemical perfor-
mance of supercapacitor materials, based on charge/discharge
time and electrical conductivity.’>*® Generally, the specific
capacitance decreases with increasing current density, as
depicted in Fig. 4d. WSAC-H exhibited the longest discharge
time and the highest specific capacitance at lower current
densities. This is due to the greater time available for electrolyte
ions to move through the electrode material. Consequently,
complete and efficient charge storage results in higher capaci-
tance in the process.*® It is believed that the active electrode
material (WSAC-H) exhibited different behaviours across the
three electrolytes, resulting in differences in specific capaci-
tance. At 0.5 A g ' current density, the obtained specific
capacity is in the order of 1 M KOH (18.04 F g~ ') < 1 M Na,SO,
(41.40 F g') < 1 M H,S0, (114.96 F g~ '). According to the

© 2026 The Author(s). Published by the Royal Society of Chemistry

theory, the order of conductivity is 1 M Na,SO, < 1 M KOH <
1 M H,SO,, which is expected to have a great impact on
capacitance. Energy is stored in supercapacitors through the
electrostatic adsorption of ions at the interface between the
electrode and electrolyte (electric double layer).*> Higher ionic
conductivity allows ions to move faster and more freely through
the electrolyte to the electrode surface. Similarly, mobility,
conductivity, and performance are influenced by the size of
the cation in the electrolyte. The cationic sizes are in the order
of H' (0.115 A) < Na' (0.90 A) < K' (1.33 A).***" Therefore, the
performance of WSAC-H in 1 M H,SO, is better than in 1 M
KOH and Na,SO, due to its high conductivity and small, fast-
moving H' ions. The presence of residual acid (H;PO,) used
during wastewater sludge activation before carbonisation,
which is also present in the pores of the activated carbon,
might enhance conductivity in 1 M H,SO, but neutralise the
strength of 1 M KOH. The consequence of the neutralisation
of the 1 M KOH, together with the size of K, is likely the narrow
potential window observed. Higher capacitance, along with a
higher potential window, is required for supercapacitors.*® The
ionic equations and the observed conductivities of the three
electrolytes are given in eqn (1)-(3).

H,SO, = 2H"' + SO,>” = 426.80 mS cm ™! (1)

Energy Adv.
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The Nyquist plots of electrochemical impedance spectro-
scopy (EIS) for the three systems, namely WSAC-H in 1 M
H,SO,, 1 M KOH, and 1 M Na,SO,, measured between 0.1 and
100 mHz, are depicted in Fig. 5a-c. The plots show the physical
components, including solution resistance (R;), charge-transfer
resistance (R.), and double-layer capacitance (Cq).>**° Using Z fit
function on BioLogic software (EC-Lab V11.50) to fit the experi-
mental data, the equivalent circuit revealed other components
such as a Warburg element (W) and a constant phase element
(CPE). From the equivalent circuit fitting, low Rs; and R, were
observed for WSAC-H in 1 M H,SO, and 1 M Na,SO,, compared
with those in 1 M KOH (Table 1). This indicates efficient charge
transfer at the electrode/electrolyte interface and fast charge
transfer kinetics,’*> especially in 1 M H,SO,. Similarly, the
presence of the Warburg element indicates ion diffusion limita-
tion within the electrode pores, implying that the system deviates
from ideal capacitive behaviour.>® The Warburg coefficient follows
the trend 1 M H,SO, < 1 M Na,SO, < 1 M KOH, indicating that a
smaller cation size leads to faster ion transport at the electrode/
electrolyte interface. Warburg coefficient is inversely proportional
to the square root of the diffusion coefficient. The presence of

Na,SO, = 2Na' + SO,®>” = 88.18 mS cm™*

—
p—

Energy Adv.

CPE captures the surface heterogeneity, electrode roughness,
overlap between double-layer charging and possible pseudocapa-
citive contributions, which cannot be distinctly resolved within
the investigated frequency range.>**

The charge storage behaviour of WSAC-H in each of the
three electrolytes (1 M H,SO4, 1 M KOH, and 1 M Na,SO,) is
further investigated using the obtained cyclic voltammetry data
at different scan rates (2 to 100 mV s~ '). A plot of a power law
describes the total storage mechanism as a combination of
capacitive and diffusion-controlled processes.’® Reports have
pointed out that » = 0.5 indicates a diffusion-controlled pro-
cess, whereas b = 1.0 indicates a surface-controlled process.”*®
It is observed that the storage process is characterised by both
surface and diffusive control in 1 M H,SO, and 1 M Na,SO,, as
indicated by the b values from the plot of log (i) vs. log (v)
(Fig. 6a), which fall between 0.5 and 1.0. Consequently, it was
highly imperative to investigate the contribution of each
mechanism. It is noteworthy that the electrochemical data for
WSAC-H in 1 KOH didn’t fit the power-law equation because
the system became unstable as the scan rate increased.

The percentage contribution of each storage mechanism for
WSAC-H in 1 M H,SO, and 1 M Na,SO, is shown in Fig. 6b and c,
respectively. The surface-controlled mechanism increases, and
the diffusion-controlled mechanism decreases as the scan rate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table1 EIS parameters of WSAC-H in different electrolytes for the three-
electrode system

properties using cyclic voltammetry, galvanostatic charge-dis-
charge, and electrochemical impedance spectroscopy. The best-
performing electrolyte in the three-electrode system, that is, 1 M

Parameter
System R(Q) Ru(Q) Ca(F) CPEFs™Y) w@s ' HZSQ4, was investigated 'here.. Fig. 7(a) shows the (.)V results of the
- fabricated WSAC-H device in 1 M H,SO, at various scan rates
1 M H,80,  0.63 201013 3.3 X 10 ° 5.96 (2-100 mV s ') within a slightly wider potential window (1 V) than
1 M KOH 0.99  179.7  0.24 1.1 x 10 38.32 ) S
1M Na,S0, 2.15 5.69 0.05 0.02 26.30 in three-electrode mode (0.9 V). The CV curve for the devices is

increases. It has been established that electrolyte ions carrying
charges do not have enough time to travel into the inner parts of
the electrode at higher scan rates, but are retained at the surface,
thereby favouring a surface-controlled mechanism.””® This
percentage contribution ratio at 10 mV s " is shown in Fig. 6d
and e, imaging in the cyclic voltammogram.

Symmetrical device fabrication

The true performance of an electrode material is revealed through
the electrochemical properties measured during device fabrica-
tion, that is, in a two-electrode system. Herein, a symmetrical
device was assembled and tested to determine electrochemical

© 2026 The Author(s). Published by the Royal Society of Chemistry

more rectangular than that for the three-electrode system. This
suggests a largely surface-controlled (capacitive) charge mecha-
nism. The CV demonstrates an increasing enclosed area while
retaining its shape and stability within the potential window as
the scan rate increases. The observation demonstrated a real
EDLC behaviour of a carbon-based electrode.

The GCD plot of the WSAC-H device in 1 M H,SO, at some
current densities, within a range of 0.1 and 5.0 A g ', is
represented in Fig. 7b. The triangular shape obtained, as
depicted, indicates ideal capacitive behaviour. It signifies that
the device stores charges through electrostatic accumulation at
the electrode/electrolyte interface.>>®® This is greatly influ-
enced by the nature of the electrode material, such as activated
carbon, which tends to demonstrate more EDLC behaviour and
charge-transport properties of the electrolyte.®"®> The specific
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Table 2 EIS parameters of the symmetrical WSAC-H in a 1 M H,SO,4
device

Parameters

R, (Q) Re () Ca(F) CPE(Fs" ) W (Qs?)

Model

Experimental model 0.352 5.56 — — —
Fitted model 0.43  4.02 0.05 2.90 x 107" 15.84

capacitance (Cyp) in the device was estimated using eqn 5b.
Similarly to the three-electrode system, the specific capacitance
(Csp) decreases with increasing current density (Fig. 7c). The
values of Cg, at 0.2, 0.5, 1.0, and 5.0 A g~ are 43.12, 42.46,
41.60, and 36.80 F g, respectively. These values demonstrate a
significant specific capacitance at higher current densities. A
summary of the electrochemical performance at 0.5 A g™,
compared with relevant reports, is presented in Table 3.

To determine the kinetics of charge transfer and character-
ise the electrochemical reaction process, electrochemical impe-
dance spectroscopy (EIS) is another crucial technique. Fig. 7d
shows the Nyquist plot obtained from the EIS analysis of the
fabricated devices. The plot shows a small solution resistance
(Rs), a charge-transfer resistance (R.), a constant-phase element,
and a Warburg diffusion element (W). Low R and R values of
0.352 Q and 5.56 Q, respectively, were measured experimentally,
suggesting that the system exhibits excellent electrode/electrolyte
interactions and favourable charge-transport properties.®® The
experimental data were fitted to an appropriate circuit using Z
fit in BioLogic EC software. As shown in Table 2, the Ry and R
values from the fit closely match the experimental values, indicat-
ing a good Z fit. The fitted model also revealed that Cg, CPE
and Warburg coefficient were 0.05 F, 2.90 x 10~* F s~ and
15.84 Q s~ 2, respectively. CPE is an imperfect capacitive phe-
nomenon (deviation from ideal behaviour) as a result of a
heterogeneous energy level or a rough surface of the electrode
material.>*** The nature of the wastewater sludge (WWS) precur-
sor and the elemental composition of the resulting activated
carbon, as revealed by the physicochemical characterisation,
may have contributed to this occurrence.

Another important property of a supercapacitor device is its
cycling stability. Here, the cycling stability of WSAC-H in 1 M
H,S0, was tested over 20 000 cycles at a current density of 3.0 Ag™ ",
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with EIS measurements taken every 5000 cycles. Fig. 8a shows
the capacitance retention (%) and coulombic efficiency (%)
against cycle count, along with the corresponding charge-
discharge process (inserts). Over 20000 cycles, the device
retained 83.43% of its specific capacitance and maintained
100% coulombic efficiency. It demonstrates a stable charge-
discharge process over time.®® This significant stability and
percentage capacitance retention are attributed to the synergis-
tic action of the H;PO,-activated carbon, as well as to the
elemental composition, such as Al, Si, and Fe, present in its
precursor and the acidic electrolyte. The 16.57% decrease in
specific capacitance retention between the first and 20 000th
cycle was monitored with EIS measurements at every 5000th
cycle (Fig. 8b). It is physically evident that the R, the diameter
of the semi-circle, increases, suggesting the difficulty the
charges encounter when transferring across the electrolyte/
electrode interface as the number of stability cycles increases.
The fitted value of the experimental Nyquist plot indicated R
values of 1.00 Q, 1.46 Q, 2.05 Q, and 3.65 Q for the 1st, 2nd, 3rd,
and 4th 5000 cycles, respectively. This observation is a likely
consequence of electrolyte degradation or a change in electrode
morphology.®®

To further assess the efficiency of the symmetrical WSAC-H
device in 1 M H,SO,, a Ragone curve is plotted (Fig. 8c),
showing the relationship between specific energy and power at
various current densities. The device achieves an energy density
of 5.89 Wh kg™ ' and a power density of 1000 W kg™ " at 0.5 A g™ "
These values remain 5.11 Wh kg™ " and 10000 W kg™ " for energy
density and power density, respectively, at 5.0 A g~ *. The result
further demonstrates the superior stability of WSAC-H produced
from wastewater sludge as a supercapacitor electrode material at
relatively high current densities.

Experimental
Materials

Wastewater sludge (WWS) was collected from two municipal
wastewater treatment facilities in South Africa: Northern
Works Wastewater Treatment Works (Johannesburg) and Das-
poort Wastewater Treatment Works (Pretoria). The sludge, a

Table 3 Electrochemical performance of WSAC-H compared with previously reported values for similar materials

S/ Specific Energy density Power density
N Source Activating agent/method Electrolyte capacitance (Wh kg™) Wkeg™) Ref.
1 Water filter KOH 1 H,SO, 122.8@1 A g71 15.4 936.6 67
1 Na,SO, 81.2@1Ag ' 32.9 1767 25
2. Wastewater treatment plant KOH/Hydrothermal 6 M KOH 76.72@0.25 A g ' 6.14 64 25
3 Paper mill KOH/Hydrothermal 3 M KOH 1 M Na,S0, 125@0.5Ag ' 17.4 200 24
152@0.5A ¢ 21.1 200
4. Petrochemical industry ZnCl,/One-step carbonisation 6 M KOH 281.7 — — 68
5. Textile H;PO,/Hydrothermal 2 M KOH 83.2@1Ag " — — 69
7  Wastewater treatment plant H;PO,/One-step 1 M H,S04 114.96@0.5 A g~ This work
carbonisation
1 M KOH 18.04@0.5 A g71
1 M Na,SO, 41.40@0.5A g "
1 M H,S0, (Device) 42.46@0.5 Ag~' 5.89 1000
© 2026 The Author(s). Published by the Royal Society of Chemistry Energy Adv.
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waste by-product, was transferred into polyethylene bags using
a shovel and stored at ambient temperature before use.

All chemicals used were of analytical grade and procured
from a reputable commercial supplier. Orthophosphoric acid
(H3PO,, 30% v/v) served as the activating agent. Additional
chemicals included polyvinylidene fluoride (PVDF), N-methyl-2-
pyrrolidone (NMP), carbon black, hydrochloric acid (HCI),
acetone, and ethanol. Deionised (DI) water was used for all
washing and cleaning steps.

Methods

Initial characterisation of sludge

Before activation, the as-collected WWS was air-dried and analysed
to determine its initial chemical composition. The single-step
carbonisation method reported by Bello et al.”® was adopted with
slight modifications. Briefly, dried WWS was impregnated with
30% H3PO, at a sludge-to-acid ratio of 1:10 (w/v) and soaked for
18 h to allow for thorough chemical penetration. The material was
subsequently washed, dried, and carbonised in a Lenton muffle
furnace at 600 °C for 4 h under an inert atmosphere. The resulting
product, tagged wastewater sludge-activated carbon (WSAC-H), was
repeatedly washed with DI water to remove residual acid and
soluble impurities, oven-dried at 105 °C, pulverised, and sieved to

Energy Adv.

a uniform particle size. The powdered material was stored in
airtight containers for further analysis and electrode fabrication.

Physicochemical characterisation

The morphological, structural, and spectroscopic properties of
WWS and WSAC-H were characterised using multiple techniques.
Raman spectroscopy with a WiTec confocal Raman microscope
was employed to assess crystallinity. Fourier-transform infrared
spectroscopy (FTIR, PerkinElmer Spotlight 400) was used to
characterise surface functional groups. X-ray diffraction (XRD,
Rigaku diffractometer) with Cu Ko radiation (4 = 0.154 nm) and
a 20 range of 5-80° was used for phase identification. Scanning
electron microscopy coupled with energy-dispersive X-ray spectro-
scopy (SEM-EDX, JSM IT-300) was employed to characterise sur-
face morphology and elemental composition. Transmission
electron microscopy and selected area electron diffraction were
performed using a TEM JEOL JEM-2100F operating at 200kV. The
specific surface area and pore properties were determined using
the Brunauer-Emmett-Teller (BET) method and analysed with
Micromeritics ASAP 2460 version 4.00.

Electrode fabrication and electrochemical measurements

Stainless steel (SS, Grade 304, 0.1 mm thick) sheets were used
as current collectors. Before electrode coating, the SS substrates

© 2026 The Author(s). Published by the Royal Society of Chemistry
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were sequentially ultrasonically cleaned for 30 min in 3 M HCI,
acetone, and ethanol, then rinsed with DI water and dried
under ambient conditions. The electrode slurry was prepared
by mixing WSAC-H, carbon black, and polyvinylidene fluoride
(PVDF) in an 8:1:1 mass ratio, using N-methyl-2-pyrrolidone
(NMP) as the dispersing solvent. The homogeneous slurry was
uniformly coated onto a 1 cm x 1 cm SS substrate and oven-
dried at 80 °C for 8 h to ensure binder adhesion and complete
solvent removal.

Electrochemical characterisation was conducted on an electro-
chemical workstation (BioLogic SP-300) in both three-electrode
and symmetric two-electrode configurations. In the three-electrode
configuration, the WSAC-H-coated stainless steel substrate served
as the working electrode, a platinum plate as the counter electrode,
and an Ag/AgCl electrode as the reference. The electrolyte was
either 1 M H,SO,, 1 M KOH, or 1 M Na,SO,. Cyclic voltammetry
(Cv), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) were performed for each electrolyte.
For the symmetric two-electrode configuration, both electrodes
were identical WSAC-H-coated SS substrates, assembled with a
porous separator, and tested in the best-performing electrolyte
(1 M H,S0,) identified in the three-electrode studies.

All electrochemical parameters were calculated from CV,
GCD, and EIS measurements using the following equations.*>”*

Specific capacitance, Cyy (F g~ ') from CV

A

S = xm X ¥ )
and from GCD:
I x At
Csp<(3 electrodes) — m (53)
1 x At
Csp,(Z electrodes) — m (Sb)

where A is the integrated area under the CV curve (A V), k is the
scan rate (V s~ '), m is the active mass of electrode material (g), I
is the current (A), AV is the potential window (V), and At is the
discharge time (s).

Energy density, Eq, (Wh kg ') and power density, Pq,
(W kg™') are given by

2
Csp,(z electrode) X v

Ea= 2% 3.6 ' (©)
3600 x E,

Moreover, the contributions from capacitive and diffusion-
controlled processes were evaluated using the power-law rela-
tionship of Dunn’s method:

i=a’ (8a)

logi =loga + blogv (8b)

where i is the current (A) at a given potential, v is the scan rate
(mv s7"), a is an adjustable constant, and b is an exponent
indicating the dominant mechanism. A value of b = 0.5 corresponds

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to diffusion control, » = 1 indicates surface capacitive dominance,
and intermediate values suggest a mixed mechanism.

The capacitive and diffusion contributions were further
calculated and separated using:

i(V) = kv + kp*® (9a)

L=k +ky (9b)

i)
-
where k; and k, represent constants associated with capacitive
and diffusion-controlled charge storage, respectively.

Capacitance retention, Cgr (%) and coulombic efficiency, n
(%) as a function of cycle number were calculated using
eqn (10) and (11), respectively.

Cy
14
=2 100 (11)

[

where C;, C,, t. and ¢4 are the initial capacitance, the capaci-
tance at n cycles, the charging time, and the discharging time,
respectively.

Conclusions

In conclusion, activated carbon was successfully prepared from
wastewater treatment sludge using H;PO, as an activating agent
via a single-step carbonisation process. Physicochemical charac-
terisation by BET analysis confirmed a good specific surface area
and well-developed microporosity, while SEM and FTIR revealed a
rough surface with functional groups that facilitate ion adsorp-
tion. Electrochemical tests in a three-electrode setup investigating
the effect of electrolytes on the performance of WSAC-H as
supercapacitor materials revealed that it performed exceptionally
well in 1 M H,SO,, with a specific capacitance of 114.96 F g~ ' at
0.5A g’l, compared to 1 M KOH and 1 M Na,SO,. The assembled
symmetric device in 1 M H,SO, demonstrated an energy density
of 5.89 Wh kg™ and a power density of 1000 W kg™ " at 0.5 Ag™".
The device also showed impressive cycling stability at 3.0 A g™,
maintaining 84.34% of its initial capacitance after 20 000 cycles.
These impressive properties are attributed to the synergistic
effects of acid (H3PO,) activated carbon, the initial elemental
composition of the wastewater sludge precursor, and the compat-
ibility and conductivity of the acidic electrolyte. These findings
emphasise the potential of wastewater sludge to be converted into
activated carbon through a single-step carbonisation process
using H3PO, as an activating agent, making it a high-perfor-
mance electrode material for sustainable energy storage devices.
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