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ARTICLE INFO ABSTRACT

Editor: Shujuan Zhang A novel cathode, iron-nickel alloy modified carbon aerogel (FeNi-CA), was successfully synthesized and utilized
as the cathode in an electro-Fenton process for acetaminophen degradation. The incorporation of Fe and Ni in the
carbon matrix resulted in superior electrochemical characteristics and catalytic performance compared to Fe-CA
and Ni-CA. The unique microstructure of FeNi-CA, including the presence of alloy nanoparticles, carbon defects,
and abundant oxygen functional groups, enhanced 2e~ oxygen reduction activity and electrocatalytic perfor-
mance. This enabled FeNi-CA to exhibit a dual functionality of HoO5 electro-generation and in situ activation.
FeNi-CA demonstrated good performance over a wide pH range at a low current density of 4.44 mA/cm? Under
optimal conditions, 99.9 % of acetaminophen was removed with a reaction rate constant (kps) of 0.054 min ™'
through electro-sorption and oxidation processes. Importantly, a satisfactory degradation effect was achieved in
the absence of external aeration. This work provides a potential wastewater treatment solution without the need
for external aeration or additional chemical input by simultaneously achieving oxygen evolution reaction at the
anode and oxygen reduction reaction at the cathode. Furthermore, FeNi-CA demonstrated good reusability
performance with controlled metal leaching after five consecutive runs, suggesting its potential for sustained use
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in electro-Fenton processes over the long term.

1. Introduction

The presence of pharmaceutical compounds, representing the most
substantial category of emerging micropollutants, has raised significant
public health concerns because of their existence in various environ-
mental compartments [1]. Acetaminophen (ACT) is one of the most
commonly reported pharmaceutical products currently found in water
resources [2,3], with significant adverse effects on human health,
potentially leading to antibiotic resistance, endocrine disruption, and
various chronic diseases [4]. Thus, ACT has emerged as a significant
challenge for the treatment of domestic wastewater.

Solar photolysis, biodegradation, and conventional treatment
methods such as activated sludge processes with adsorption, sedimen-
tation, and filtration using membranes are generally inadequate for the
comprehensive removal of ACT [5]. As an alternative, advanced
oxidation processes (AOPs) are chemical methods that involve the
activation of certain molecules (e.g., hydrogen peroxide, ozone,
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persulfate), leading to the production of highly reactive radicals such as
hydroxyl radicals and sulfate radicals [6]. These radicals engage in rapid
and non-selective reactions with organic contaminants including ACT,
ultimately breaking them down into harmless smaller molecules and
achieving the purification of wastewater [7]. Nevertheless, despite sig-
nificant advancements in AOPs since their formal introduction in 1987
by Glaze et al. [8], two primary challenges continue to restrict their
widespread application. The first challenge associated with AOPs is the
efficient activation of hydrogen peroxide (H203). In commercialized
AOPs, ultraviolet light is commonly employed to produce hydroxyl
radicals ('OH) by cleaving the O-O bond in Hy0> [9]. However, this
process is highly energy-intensive. The second challenge is the sustain-
able production of HyO». The current industrial method, known as the
anthraquinone process, demands complex infrastructure and is
impractical for small-scale applications [10]. Additionally, the risks
related to the transportation and storage of HyO2 pose further obstacles
to applying AOPs in remote locations and isolated communities [11].
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Electro-Fenton (EF) technology, as one of the most promising AOPs,
has the potential to generate HoO on-site and activate it under mild
conditions. Besides, it has the advantages of a relatively simple reaction
device and the elimination of the need for additional oxidants [12,13].
At the cathode in EF processes, oxygen undergoes a two-electron
reduction reaction (2e~ ORR), resulting in the generation of HyOy as
shown in Eq. (1) [14]. The produced H,0, then reacts with an electro-
Fenton catalyst, leading to the generation of highly reactive species
such as "OH [15].

02 + 21'[Jr +2e” —>H202 (l)

The key processes in EF technology involve the generation and
activation of HyO5. The efficiency of HoO, generation depends on the
characteristics of the cathodic material. Carbon-based materials such as
graphite felt (GF) [16,17], carbon nanotubes (CNT) [18], amorphous
carbon black (CB) [19,20], and carbon aerogel (CA) [21] are commonly
used in the cathodic matrix. Among them, CA is an outstanding candi-
date for cathode material and metal support because of its good elec-
trical conductivity, large surface area, and corrosion resistance [22]. In
recent studies, diverse approaches have been explored to enhance the
electrochemical production of Hy05 using modified carbon materials
[23-25]. These have highlighted the significance of both the quantity
and type of oxygenated surface functional groups [26]. For instance, a
higher concentration of carboxyl groups leads to enhanced efficiency in
generating HyO2 [27]. Furthermore, carbon-based materials with a
higher disordered carbon ratio exhibit increased HoO5 production [28].
In general, carbonaceous materials with some significant features such
as extensive surface area, C—=C bonds, and the existence of oxygenated
groups have been shown to exhibit higher catalytic activity for 2~ ORR
to produce HyO5 [26], which offers guidance for modifying carbon-
based materials to enhance the yield of HyOs.

Due to its limited oxidation capacity, H,O alone is not active enough
for the degradation of most pollutants thus highlighting the importance
of the activation process for HoO5. In homogeneous EF processes, HoO5
can be activated using an externally added catalyst (Fe2") according to
the Fenton reaction in Eq. (2). However, this presents challenges in a
limited pH application range because of the formation of iron sludge
[29]. In contrast, solid catalysts are employed in the heterogeneous EF
processes, thus extending the pH range and addressing the limitations of
homogeneous EF technology [30,31]. Among heterogeneous EF cata-
lysts in previous studies, the applications of cathodes with assembled
active Fe components hold significant importance for the electro-
catalytic decomposition of contaminants. For example, a gas diffusion
electrode (GDE) with the immobilization of active Fe3O4 as a rotating
cathode was found to be capable of decomposing H»O5 into ‘OH [32].
Similarly, Cui et al. [33] developed a Fe3O04/MWCNTs/CB (carbon
black) GDE, which demonstrated exceptional performance in the acti-
vation of Hp0,. However, carbon catalysts doped with iron exhibit
exceptional activity in the 4e” ORR, leading to a reduced yield of HyO2
[34]. Therefore, enhancing the selectivity for the 2e™ ORR is crucial for
Fe-based integrated cathodes to effectively produce 'OH radicals.
Compared to monometallic Fe/carbon composite catalysts, bimetallic
carbon composite catalysts possess the potential to enhance the overall
efficiency of the catalysts [35]. These composites, comprising various
species working synergistically, not only optimize the electronic struc-
ture but also enhance the charge-carrier density and improve conduc-
tivity [36]. Among these bimetallic materials, Fe-Ni mixture exhibits
significant electrocatalytic activity [37]. The introduction of Ni is ex-
pected to enhance the 2e™ selectivity of Fe-based cathodes for the oxy-
gen reduction reaction. To the best of our knowledge, there are currently
no studies on the composite of FeNi active sites and carbon aerogel as a
cathode for EF system. The synergistic effects of Fe and Ni on the
configuration and electrochemical characteristics of carbon aerogel
(CA) have not been revealed.

Fe?* + H,0,—Fe*" + OH + ¢ OH 2
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Furthermore, previously reported EF processes usually require oxy-
gen/compressed air sparging to enhance HyO, production [38,39].
However, the oxygen utilization efficiency was found to be less than 0.1
% [40], indicating that a significant portion of the oxygen was not
effectively utilized for HyO5 production and therefore caused a high
cost. Hence, the development of an Electro-Fenton system that requires
less oxygen or even eliminates the need for external oxygen input would
be both economically advantageous and hold great promise for practical
applications.

Herein, a new heterogeneous EF system was established using FeNi
alloy carbon aerogel (FeNi-CA) as the cathode to achieve simultaneous
generation and in situ activation of HyO, without the need for external
aeration. The microstructures and chemical compositions of the as-
synthesized Fe-CA, Ni-CA, and FeNi-CA were analyzed and compared
using characterization techniques. The synergistic effects of Fe and Ni on
carbon aerogel for enhanced ORR activity and selectivity were evaluated
in detail. We also assessed the performances of the EF system for the
decomposition of ACT. The impacts of various reaction parameters,
including initial pH, current, and aeration rate were also investigated.
Furthermore, potential mechanisms of radical generation and ACT
degradation pathways were proposed. The innovative process proposed
in this work ensures the efficient production and immediate activation
of Hy0, directly on the cathode surface, offering new insights for the
development of novel heterogeneous EF systems and enhancing the ef-
ficiency of removing micropollutants.

2. Materials and methods

Information about chemicals and reagents, cathode characterization,
analytical methods, and electrochemical tests are provided in the Ex-
perimental Section of the Electronic Supplementary Materials (ESM).

2.1. Cathode synthesis

The synthesis of single and alloy metal carbon aerogel cathodes in
this research involved the following steps: (I) gelation phase, involving
the creation and reinforcement of the gel through sol-gel and aging
processes; (II) solvent exchange of water in the obtained wet gel struc-
ture with acetone; (III) drying, for the formation of the aerogel through
drying the gel at room temperature and pressure; and (IV) carboniza-
tion, the acquisition of the final aerogel through carbonization at high
temperature in a continuous flow of Nj.

Synthesis steps for the iron-nickel carbon aerogel (FeNi-CA) are
similar to the method reported by Xiao et al. [41]. Firstly, 11.011 g of
resorcinol was mixed with 19.64 mL of Milli-Q water. Then, 15 mL of
formaldehyde (37 %) and 0.0085 g of sodium carbonate were added to
the mixture under constant stirring until completely dissolved. Subse-
quently, the metallic precursors for FeNi-CA i.e., ferric acetylacetonate
(0.5375 g) and nickel acetylacetonate (0.3721 g) respectively, were
dissolved in the homogeneous solution. Since the molar ratio of Fe:Ni is
1:1 at this dosage, this cathode was also marked as Fe( 5Nig 5-CA. After
one hour of magnetic stirring, the mixture was poured into a cuboid
Teflon mold. The well-sealed Teflon mold containing the precursor so-
lution was cured in an oven using a stepped temperature profile (30 °C
for 24 h, 50 °C for 24 h, and 90 °C for 72 h) to complete the polymeri-
zation and aging processes. An example of the obtained wet-gel in the
mold is presented within the Electronic Supplementary Materials (ESM,
Fig. S1 (a)). Subsequently, the obtained wet gel was completely
immersed in acetone for 72 h to thoroughly replace the water remaining
in the carbon structure, before drying under ambient conditions for one
day. Acetone was chosen as the exchange solvent because of its lower
surface tension to reduce the shrinkage of the gel [42]. Finally, the
molded aerogel was calcined in a tube furnace (Carbolite Gero TZF 12/
38) under Ny atmosphere with a flow rate of 0.1 L/min. The heating rate
was set at 3 °C/min, starting from room temperature and reaching
950 °C, where it was maintained for 4 h. After the carbonization
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procedure, the obtained FeNi-CA was cooled to ambient temperature
and used as the integrated cathode in the electro-Fenton system. The
obtained FeNi-CA cathode is also shown within the ESM (Fig. S1 (b)).

Similar procedures were also used to synthesize the single metal iron
carbon aerogel (Fe-CA) and nickel carbon aerogel (Ni-CA), with the
addition of 0.5375 g of ferric acetylacetonate and 0.3721 g of nickel
acetylacetonate, respectively. The metal precursors for Fej;Nig3-CA
were 0.7525 g ferric acetylacetonate and 0.2233 g nickel acetylaceto-
nate, and for Fey3Nip7-CA were 0.3225 g ferric acetylacetonate and
0.5209 g nickel acetylacetonate.

2.2. Electrochemical degradation

Electrocatalytic degradation experiments were carried out in a 150
mL single-chamber cylindrical glass cell. The fabricated carbon aerogels
(working area of 4.5 cm?) and platinum sheet (working area of 4.0 cm?)
functioned as cathode and anode, respectively. The distance between
the two electrodes was kept at 2 cm. In most experiments, the DC power
supply (Velleman 70-0768) was set at the optimal operative current of
20 mA for the electrocatalytic degradation process, and the relevant
potential was monitored as 1.5-2.7 V. In electro-sorption (ES) experi-
ments, the current was kept at 1 mA under 0.2 L/min Ny atmosphere
with a relevant potential of 1.3-1.5 V. The pH of the solution was
adjusted with H3SO4 (0.1 mol/L) and NaOH (0.1 mol/L) to the desired
value. Dissolved oxygen concentration and pH values were measured
using HQ 40d (Hach, UK) digital multi-meter kit. The reaction was
initiated by aeration with compressed air at a predetermined flow rate
into the simulated wastewater, which consisted of 0.05 mol/L Na;SO4
and 10 mg/L ACT. Samples for analysis were collected at pre-
determined intervals and then filtered using a 0.22 pm syringe filter.
The concentration of ACT was quantified using high-performance liquid
chromatography (HPLC), with details are provided in the ESM. The
electrochemical degradation of ACT was described using the pseudo-
first-order kinetic model, represented using Eq. (3) [43]:

In(Co/Ct) = kopet ®3)

where kgps is the apparent reaction rate constant (min~Y), t is the reac-
tion time (min), and Cp and C; represent the initial ACT concentration
(mg/L) and ACT concentration at time t (mg/L), respectively.

Electrical energy consumptions and costs in the electro-Fenton pro-
cess were calculated according to Eq. (4) [44]:

ECACT (kVWl/kgACT) =JeVe t/AmACT (4)

where ECact (kWh/kgacr) is the energy consumption per degraded ACT
mass, I is the applied current (A), V is the average voltage (V), t is the
treatment time (h), Amycr is the ACT mass removal (g).

The synergistic effect (SE) was determined according to Eq. (5) [45]
by evaluating the efficiency of pollutant removal in the bimetallic pro-
cess against the total efficiencies of each sole process:

kFeNi—CA

SE=|——F—"——1)%100 5
(kFe—CA + kni—ca > ®)

where kreni-ca, kre-ca, and kni.ca represent the rate constants of the FeNi-
CA process, Fe-CA, and Ni-CA process, respectively.

The cyclic experiments were conducted by collecting and washing
the used cathode with Milli-Q™ water (Merk Millipore) and then
employing it for subsequent repeated runs under identical experimental
conditions. The electrocatalytic stability and recyclability of the cath-
odes were evaluated through the degradation efficiency of ACT over the
reused cathode.
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3. Results and discussion
3.1. Surface and structural properties

X-ray diffraction (XRD) analysis was conducted to demonstrate the
composition and crystal structure of the synthesized FeNi-CA, Fe-CA and
Ni-CA cathodes, as shown in Fig. 1 (a). Two broad XRD diffraction peaks
at 23.3° for FeNi-CA and Ni-CA are observed, corresponding to the
(002) reflection of the graphitic carbon [46,47]. This peak becomes
sharper and shifts slightly to 25.9° in the Fe-CA cathode sample, and a
small peak at 43.2° appears, which may be ascribed to amorphous car-
bon [34,47]. The XRD pattern of Ni-CA shows three sharp peaks at 44.5°,
51.9°, and 76.6° (20), which can be indexed to the three reflections of
(111), (200) and (220) crystal planes of cubic Ni according to the
JCPDS No. 04-0850 [48]. Besides, an obvious diffraction peak of Ni-CA
at 29.5° is observed for NiCx (JCPDS No. 45-0979) [49]. The crystalline
phase of iron in Fe-CA is composed of zero valence state Fe (110) and
oxidation state FegO4 (JCPDS 89-0951) [50], and the minor peaks
detected for Fe3O4 are preserved in the FeNi-CA cathode. Previous
studies have shown that Fe3O4 has the ability to catalyze the decom-
position of Hy05 to produce ‘OH [51], which can contribute to the
heterogeneous Fenton reaction. Furthermore, the XRD spectrum of FeNi-
CA shows a good crystalline structure of FeNis as evidenced by three
diffraction peaks located at 43.9°, 51.2°, and 75.2° corresponding to
(111), (200), (220) crystal facets from the face-centered-cubic FeNig
phase (JCPDS, No. 65-3244) [47]. These XRD results revealed the for-
mation of FeNis alloy and graphitic carbon phases in the synthesized
FeNi-CA cathode.

The porosity of the FeNi-CA, Fe-CA, and Ni-CA was further investi-
gated with Ny adsorption—desorption isotherms, as illustrated in Fig. 1
(b). All cathodes exhibit an isotherm categorized as IUPAC Type IV with
an H1 hysteresis loop, reflecting their prominent mesoporous structures
[52]. Additionally, the comparison of the pore structures between CA
and FeNi-CA in Fig. S2 indicated that the prominent mesoporous
structure of CA doesn’t change after depositing FeNi alloy, while the
smaller pores may be filled or covered by the FeNi alloy particles. At a
low relative pressure of P/Py = 0.1, the observed adsorption suggests the
existence of micropores. Conversely, at higher relative pressures, the
adsorption indicates the presence of mesopores in FeNi-CA [53]. Mi-
cropores offer abundant active sites for the oxygen reduction reaction,
while meso-macro pores act as gas transfer pathways, supplying oxygen
and enabling the electrolyte to permeate into the cathode interior. This
dual functionality might enhance the oxygen reduction performance of
FeNi-CA [54]. Pore size distributions were obtained by analyzing the
desorption branches of the isotherms wusing the BJH (Bar-
rett-Joyner-Halenda) method [55]. As shown in Fig. 1 (c), Ni-CA has a
saturated adsorption plateau at smaller P/P; and features mesopores
with sizes centered at 8.6 nm, while FeNi-CA and Fe-CA have a relatively
wider pore size distribution with pore diameters centered on ~20 nm
and ~25 nm, respectively. The Nj adsorption-desorption analysis yiel-
ded pore structural parameters that are presented in Table 1, with results
indicating the single metal Ni-CA has the highest BET surface area and
smallest average pore diameter amongst the three cathodes. Neverthe-
less, both the FeNi-CA and monometallic Fe-CA have similar pore
structural parameters, and BET surface areas of around 600 m?/g which
are larger than other reported alloy carbon aerogels [34,41,56]. Such a
highly porous characteristic can provide an increased number of cata-
lytically active sites, as well as ample contact area between electrolyte
and electrode for efficient electrocatalysis [57].

The surface morphology of FeNi-CA was further examined using
high-resolution scanning electron microscopy (HRSEM). The HRSEM
images under 25 K magnification (Fig. 2 (a)) show that the synthesized
FeNi-CA has a networked porous microstructure. Moreover, aggregated
nanoclusters may be observed from the images under higher magnifi-
cations (Fig. 2 (b)). According to a previous study [58], the obtained
cathode presents as a typical carbon aerogel structure, being comprised
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Fig. 1. (a) XRD spectra, (b) N5 adsorption—desorption isotherms, and (c) Pore size distribution curves of FeNi-CA, Fe-CA, and Ni-CA.
distribution of these elements reveals that Fe signals match Ni signals,
Table 1 T . .
. . . . indicating the formation of an alloy phase in the carbon aerogel struc-
Metal loading and porosity of FeNi-CA, Fe-CA, and Ni-CA. NS . . .
ture, which is further demonstrated by the electron diffraction ring
Electrode  Metal loading BET Mic“"POz“e Micropore s corresponding to FeNiz (111) plane with an interplanar spacing of
0
[wt.%] :‘r‘:ia::lz y area (m"/g) ;;’I“me (em”/ 0.204 nm in Fig. 3 (a). The presence of certain transition metals (e.g., Fe,
Fe Ni 2 Ni, Cr) has been reported to catalyze the formation of graphite clusters
- during the carbonization stage of carbon aerogel [59,60]. A detailed
FeNi-CA 1.15 0.86 589.0 350.9 0.155 . . . . s .
.+ + examination of Fig. 3 (b) shows partial graphitization of the carbon
0.01 0.02 phase around the alloy particles. Furthermore, the interplanar spacing of
Fe-CA 1.05 / 609.7 351.0 0.162 0.253 nm depicted in Fig. 3 (c) confirms the presence of Fe3O4 within the
= FeNi-CA composite, which is consistent with the findings obtained from
0.04 s . .
NiCA y 0.90 665.9 3012 0.138 XRD analyses..Addltlonally, the measured interplanar spacing of 0.341
+ nm can be attributed to the (00 2) crystal plane of graphitic carbon [61].
0.05 Previous research [59] has also observed partial graphitization of the

of rounded and interconnected primary clusters.

The microstructure of FeNi-CA was then characterized using high-
resolution transmission electron microscopy (HRTEM) and scanning
transmission electron microscopy (STEM). The STEM images in Fig. 2 (c)
indicate nano-scale particles with a size range of 10-20 nm that are well
dispersed within the carbon aerogel matrix, ensuring that they main-
tained high dispersion during the preparation process. Elemental C, Fe
and Ni are clearly evidenced by the energy dispersive X-ray spectroscopy
(EDS) mappings in Fig. 2 (d) and (e), as well as further images supplied
in the Electronic Supplementary Materials (ESM, Fig. S3 (a)-(d)). The

carbon aerogel. The formation of these graphitic clusters is likely to
enhance the electrochemical performance of the materials by increasing
their electrical conductivity [55].

In addition to the alloy particles, there are also free metals found in
the carbon matrix that may be associated with bound ions. The atomic
percentage of Fe and Ni in the selected area of Fig. S3 (a) (including free
and alloy phases) is 43.7 % (Fe) and 56.3 % (Ni), as confirmed by the
EDS spectrum (Fig. S3 (e)), almost in accordance with the input molar
ratio during synthesis (Fe:Ni = 1:1). Furthermore, the metal loadings
determined by inductively coupled plasma-mass spectrometry (ICP-MS)
analysis is 1.15 wt% (Fe) and 0.86 wt% (Ni), as shown in Table 1.

Fig. 3 (d)-(f) present STEM images and element mapping taken from

Fig. 2. (a) and (b) HRSEM images of FeNi-CA, (c) STEM image of a FeNi-CA cluster, (d) EDS mapping of elemental Fe and Ni, and (e) EDS mapping of elemental C.
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Fig. 3. (a)-(c) HRTEM images of FeNi-CA, (d) STEM image of an individual FeNij particle, (e¢) EDS mapping of elemental Ni, (f) EDS mapping of elemental Fe, (g)
EDS spectra of the selected FeNij particle.
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Fig. 4. (a) C 1s XPS spectra of FeNi-CA, (b) O 1s XPS spectra of FeNi-CA, (c) Raman spectra, and (d) FTIR spectra.
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an individual alloy particle. These reveal that both elemental Fe and Ni
distribute homogeneously in the FeNis alloy phase. The line scanning
profiles within the ESM (Fig. S4 (a)-(c) and Fig. S5) that were recorded
from the alloy particles further confirm the uniform distribution of Fe
and Ni. The molar ratio in the alloy particle was measured as 23.2 % (Fe)
and 76.8 % (Ni) by the EDS spectrum (Fig. 3 (g)), almost consistent with
the stoichiometric ratio in FeNis alloy [47]. Previous research also found
a FeNij alloy phase in a metal-organic framework (MOF) derived three-
dimensional carbonaceous matrix. The synergistic effect between Ni and
Fe components was shown to play an important role in the electro-
catalysis process[62].

X-ray photoelectron spectroscopy (XPS) analysis was performed to
investigate the electrode surface, providing insights into the elemental
composition and surface functional groups of FeNi-CA. Results for the
full spectrum, as well as Fe and Ni peaks, are presented in the ESM
(Fig. S6 (a)-(c)) and identify the presence of C and O on the cathode
surface within the detection limit. Due to the low metal loadings in the
synthesized cathode, the high-resolution XPS spectra of the metal ele-
ments exhibit only weak signals. The C 1s XPS spectrum (Fig. 4 (a))
displays distinct peaks representing different carbon species. The peaks
at 284.8 eV, 285.0 eV, 286.5 eV, 288.1 eV, and 291.0 eV are assigned to
C-C, C defect, C-O, COOH, and n-n*, respectively [50,63]. The presence
of carbon defects has been demonstrated to effectively adjust the elec-
tronic structure of the catalyst, leading to superior electrocatalytic
properties [64]. Raman spectroscopy was subsequently employed to
investigate the presence of carbon defects in the synthesized cathodes.
As presented in Fig. 4 (c), all samples display characteristic D and G
bands at 1350 cm ™! and 1590 em ™%, respectively, corresponding to the
disordered and graphitic phases in carbon [65]. Hence, the integrated
intensity ratio of the D and G bands area indicates the degree of struc-
tural ordering and defects in the carbon framework, with a higher Ip/Ig
value suggesting increased defects in disordered carbon [64]. The Ip/Ig
value is approximately 3.00, 1.73, and 2.88 for the FeNi-CA, Fe-CA, and
Ni-CA, respectively. These demonstrate that the incorporation of FeNi
nanoalloy promotes the formation of carbon defects, aligning with the
results of numerous carbon defects (39.9 % of relative abundance)
presented by the C 1 s XPS spectrum.

According to a previous study [66], introduced oxygen functional
groups (such as surface -COOH) have a positive impact on the increased
efficiency of HoO, generation. This is because of their role in facilitating
the displacement of electron density of the active site thereby enhancing
interaction during O, adsorption [19,67]. The O 1s XPS spectra of FeNi-
CA (Fig. 4 (b)) could be deconvoluted into four peaks associated with
different oxygen groups, namely -COOH at 531.3 eV, C=0 at 532.2 eV,
C-O-C at 534.0 eV, and -OH at 533.0 eV [68]. Notably, the FeNi-CA
exhibits a high -COOH content and the relative abundance is calcu-
lated to be 36.4 %. Fourier transform infrared spectrometer (FTIR)
analysis was also conducted to investigate functional groups and
chemical bonds. The peaks observed at 3433 cm ! (Fig. 4 (d)) may be
attributed to O-H groups, stretching vibrations of —C=O bonds are
observed at 1629 cm ™, and peaks at 1419 cm ™! are assigned to ~COO-
vibrations [69]. FTIR analysis also reveals the presence of oxygen
functional groups specifically -COOH on the FeNi-CA surface, which has
the potential to enhance electrocatalytic ORR reactivity [28].

The combined characteristic analysis showed that FeNi-CA possesses
an interconnected carbon network with a prominent mesoporous
structure and high surface area. Mesopores function as pathways for gas
transfer, delivering oxygen and facilitating the permeation of electrolyte
into the interior of carbon materials. The nanostructured morphology of
the material provides a larger number of active sites on the electrode
surface, promoting enhanced catalytic activity. Additionally, the pres-
ence of FeNis alloy, carbon defects, and abundant oxygen functional
groups further enhance its structural characteristics. These unique
structural features endow FeNi-CA alloys as promising candidates for
electrocatalytic applications.
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3.2. Electrochemical properties

Electrochemical testing is an efficient approach to evaluate the
performance of cathodic material samples for an electro-Fenton system.
To investigate the conductivity of the synthesized materials, electro-
chemical impedance spectroscopy (EIS) was conducted and the imped-
ance Nyquist diagram is presented in Fig. 5 (a). A semi-arc in the high-
frequency range was observed, representing the charge transfer resis-
tance (R.) at the interface between the electrolyte and electrode. A
larger semi-arc radius represented a greater R [70], and the linear
response in the low-frequency region corresponded to Warburg imped-
ance reflecting ion diffusion behavior [71]. Both Ni-CA and FeNi-CA
showed smaller R, than Fe-CA, suggesting faster electron transfer
rates and higher kinetics for electrochemical reactions [72]. The
increased electron transfer efficiency might be due to the chemical in-
teractions such as the electron exchange at the interface of FeNi alloy
particles and the carbon matrix [41]. Cyclic voltammetry (CV) experi-
ments were carried out to evaluate the electrocatalytic activity of the
FeNi-CA cathode. No redox peaks were detected in the electrolyte
saturated with Ny when employing FeNi-CA as the working electrode
(Fig. 5 (b)). In comparison, a distinct oxygen reduction peak emerged at
—0.5 V vs. reversible hydrogen electrode (RHE), accompanied by an
increase in current response. This observation suggested the occurrence
of an oxygen reduction reaction (ORR) on the surface of the electrode
[73].

In addition, 2e” ORR activity and selectivity of the FeNi-CA, Fe-CA,
and Ni-CA electrodes were investigated using rotating ring-disk elec-
trode (RRDE) measurements. Fig. 5 (c) illustrates the measurement of
current resulting from oxygen reduction on the disk electrode and the
quantification of generated HyO5 oxidation currents at 1.3 V vs. RHE on
the ring electrode. The onset potential (Eopser) for FeNi-CA, Fe-CA, and
Ni-CA were determined to be 0.421 V, 0.442 V, and 0.866 V vs. RHE,
respectively. Although Ni-CA exhibited the highest ORR activity, as
demonstrated by the most positive onset potential, its 2e” ORR selec-
tivity was not as high as FeNi-CA as evidenced by the smaller ring cur-
rent density. The HyO, selectivity and electron transfer number were
calculated according to Eq. S1 and Eq. S2 in the ESM. In the —0.4 to 0.2
V vs. RHE range (Fig. 5 (d)), the HyO4 selectivity of the FeNi-CA catalyst
was 60 %80 %, higher than that of the monometallic Fe-CA and Ni-CA.
The electron transfer number of FeNi-CA was 2.5-2.7, indicating its
activity for catalyzing two-electron ORR processes from oxygen to HyO5.
The electron transfer number results also showed the Fe-CA electrode
had high activity for the 4e” ORR, leading to the formation of HyO (O +
4e~ + 4H"—H,0). Therefore, the incorporation of Ni increases the ORR
activity and induces the conversion of 4e” oxygen reduction to 2e”
pathways. Moreover, the synergistic effect of Fe and Ni greatly enhanced
2e ORR selectivity of pure CA (Fig. S7 (a)-(b)), which contributes to the
improved production of HyO5 by over four times during the electro-
catalytic reaction (Fig. S7 (c)).

The enhanced ORR activity observed in FeNi-CA compared to the
monometallic may be primarily attributed to the alloying effect between
Fe and Ni that caused lattice mismatch and electronic modification. This
alloying effect has been demonstrated in other bimetallic alloys and is
known to enhance catalytic performance [74]. The increased ORR ac-
tivity of FeNi-CA could therefore be ascribed to (1) the presence of
transition metals catalyzing the partial graphitization of the carbon
aerogel to increase electrical conductivity, and the graphitic carbon
further promoting the development of carbon defects. Here, the carbon
defects could modify the atomic and electronic structure of the cathode,
resulting in significantly improved electrocatalytic properties [26]; (2)
the unique graphitic carbon structure contributed to the generation of
oxygen functional groups, which played a beneficial role in enhancing
the ORR electrocatalytic process; and (3) the formation of FeNi alloy
facilitated efficient electron transport within the electrode, improving
overall electrochemical performance [75].
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Fig. 5. (a) EIS Nyquist plots, (b) CV curves of FeNi-CA in the presence O and Ny, (c) Polarization curves of different electrodes and simultaneous H,O oxidation
currents at the ring electrode in 0.1 mol/L Na;SO4 at pH = 3, and (d) Calculated electron transfer number and H,O. selectivity.

3.3. Electro-Fenton oxidation performance

3.3.1. Degradation efficiency of ACT

In Section 3.2, the FeNi-CA cathode exhibited high 2e™ ORR activity
and selectivity, providing essential conditions for the heterogeneous
electro-Fenton (EF) reaction. The electro-Fenton performances of syn-
thesized cathodes were investigated using acetaminophen (ACT), a
common analgesic agent, as the model pollutant under an initial pH of 7.
Data for EF and electro-sorption (ES) degradation of ACT with the alloy
and monometallic catalysts are presented in Fig. 6 (a), along with that
for the commercial graphite sheet cathode. The degradation of ACT in

electro-Fenton systems followed Pseudo-first-order kinetics, as
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evidenced by the high linear correlation coefficients (R2 values) (see
Fig. S8 (a)). The degradation of ACT using a graphite sheet as the
cathode reached 43 % after 2 h (Fig. 6 (a)) with an apparent rate con-
stant (kops) of 0.005 min~! (see Fig. S8 (b)). In comparison, the ACT
degradation improved with the Fe-CA and Ni-CA electrodes (both to
~45-50 %), with corresponding increases in the ks, reaching 0.009
and 0.006 min~, respectively.

The electro-sorption performance was assessed at an operational
current of 1 mA and 0.2 L/min Ny atmosphere. The results showed the
FeNi-CA, featuring a porous structure and high surface area, achieved
53 % electrochemical sorption capacity for ACT. In comparison to the
monometallic cathodes, ACT degradation with FeNi-CA in the EF system
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Fig. 6. (a) ACT degradation in electro-Fenton (EF) and electro-sorption (ES) system, (b) Recycle use performance of FeNi-CA cathode in EF system. Conditions: ACT-
10 mg/L, NaySO4-50 mM, pHy-7.0, 0.4 L/min compressed air and 20 mA for EF system, 0.2 L/min N, and 1 mA for ES system.
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significantly increased to 93 % within 120 min. The rate constant
improved from 0.006 min~! to 0.021 min ! indicating enhanced reac-
tivity of catalytic oxidative degradation. Furthermore, the electrical
energy consumptions (EC) and electricity costs for FeNi-CA, Fe-CA, and
Ni-CA based EF processes were evaluated according to Eq. (4), the
calculation results are shown in Table 2. The average business electricity
unit rate for the UK is 27p/kWh in 2024 [76].The calculation results
indicate that FeNi-CA based EF system has the highest electrocatalytic
performance in ACT degradation with the lowest energy consumption
compared to Fe-CA and Ni-CA. Moreover, a positive synergistic effect
(SE) value according to Eq. (5) indicates that the sole metals Fe and Ni
have a beneficial synergistic effect on improving the electrocatalytic
activity. The electrochemical performances of FeNi-CA cathodes with
different metal content (Feg 5Nig 5-CA, Feg 7Nig.3-CA, and Feg 3Nig 7-CA)
were also compared in Fig. S9. The results show that Fe( sNig 5-CA with
Fe: Ni molar ratio of 1:1 exhibited the highest efficiency on ACT
degradation.

The reusability of FeNi-CA was further studied under otherwise
identical conditions by reusing the washed and dried cathode in sub-
sequent runs. In this case, ACT degradation in the electro-Fenton system
with FeNi-CA still reached 84 % over five consecutive runs after 120 min
(Fig. 6 (b)), demonstrating relatively high stability and reusability of the
cathode. It is noted that the degradation continues after the set time
period and would still lead to more organic breakdown, with a slightly
reduced reaction rate constant (Fig. S10 (a)-(b)). The above findings
demonstrated that the incorporation of Fe and Ni with molar ratio of 1:1
on the carbon aerogel nanostructure effectively improved the perfor-
mance of contaminant degradation. Here, the removal of ACT in the
FeNi-CA electro-Fenton system was induced by the simultaneous effects
of oxidation degradation and electro-sorption.

In general, the degradation of organic contaminants involves both
direct and indirect oxidation processes. Indirect oxidation is usually
triggered by the production of reactive free radicals [77]. To further
investigate the role of free radicals in ACT degradation with the FeNi-CA
cathode, quenching experiments were conducted using tert-butanol
(TBA) as an ‘OH scavenger and p-benzoquinone (p-BQ) as a ‘O3 scav-
enger [25,29], as given in Fig. 7 (a) (corresponding degradation data
and Pseudo-first-order fit are given within the ESM, Fig. S11). Indeed,
the kops of ACT removal decreased from 0.021 min~! to 0.006 min !
when TBA was added to the system, indicating that ACT was eliminated
through catalytic oxidation by ‘OH. Additionally, about half the
apparent rate constant drop was observed in the presence of p-BQ,
indicating the presence of ‘O3. These findings suggest that O, undergoes
an initial reduction to ‘O3 via a 1-electron pathway (Oz + e — ¢ 0;)
[41], followed by subsequent reduction to H,02 and conversion to ‘OH.
It was noted that ACT was still partially degraded even after the capture
of "OH, which may be attributed to the effect of electro-sorption
processes.

The generation of ‘OH and ‘O3 species was further verified by elec-
tron spin resonance (ESR) spectroscopy using DMPO as the spin-
trapping agent, as shown in Fig. 7 (b). The four-line characteristic
signal with a relative intensity of 1:2:2:1 was detected as the typical
spectrum of DMPO-OH spin adducts, confirming the presence of "OH

Table 2
Energy consumption for three EF systems. Operational conditions: ACT-10 mg/
L, NaZSO4-50 mM, pH0-7.0.

EF 1(A) vV t Ampcr (8) ECact Electricity
system (h) (kWh/ cost
kgacr) (£/kgacr)

FeNi-CA 0.02 2.455 2 1.2375 x 79.35 21.42
103

Fe-CA 0.02 2.62 2 0.825 x 127.03 34.30
103

Ni-CA 0.02 2.515 2 0.705 x 142.70 38.53
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radical in the FeNi-CA EF process [78]. Additionally, the sextuplet ESR
spectrum for DMPO-O; spin adducts proved the production of ‘O3 spe-
cies during the reaction [79]. Overall, these results indicated that the
ACT degradation in the FeNi-CA electro-Fenton system was dominated
by indirect oxidation mechanisms with "OH radicals playing a primary
role. The generation of ‘OH was also directly proved by its probe reac-
tion product with 0.01 M salicylic acid [80], which showed that 112
pmol/L of ‘OH was finally produced after 120 min reaction in the EF
system using FeNi-CA as the cathode (dash blue line in Fig. 7 (c)).

Interestingly, the level of electro-generated HyO using FeNi-CA was
quantified and found to be relatively low, measuring around 38.8 +
0.64 pmol/L (solid red line in Fig. 7 (c)) after 2 h. The low concentration
of Hy0, observed with FeNi-CA, despite its high activity and selectivity
for the 2e™ ORR, is likely due to it undergoing rapid on-site decompo-
sition as an intermediate to produce reactive ‘OH [34]. According to
other studies [81], the presence of encapsulated alloy nanoparticles in
carbon materials allowed for the modulation of the local electronic
environment, which in turn activated H,O5 through a le™ pathway,
leading to the generation of ‘OH. Besides, the presence of Fe3O4 on the
surface is capable of catalyzing the activation of HO5 to “OH. To explore
the mechanism of Hy0; reduction to ‘OH with FeNi-CA, ACT degrada-
tion efficiency and 'OH generation in the system containing 0.1 g/L
FeNi-CA powder and 50 ppm externally supplied HoO5 were measured.
As depicted in Fig. S12, 69 % of ACT removal and 89.9 pmol/L of ‘OH
production were observed after 2 h reaction. Therefore, it could be
concluded that FeNi-CA functioned not only as an efficient cathode
inducing 2e~ ORR but also as a heterogeneous Fenton-like catalyst for
the activation of HyO5 to produce ‘OH radicals.

3.3.2. Optimization of key parameters

Optimizing reaction parameters was beneficial in further enhancing
degradation performance, as shown in Fig. 8. The influence of air flow
rate on ACT degradation efficiency was investigated, and found to be
insignificant (Fig. 8 (a)). The ks at flow rates of 0, 0.2, 0.4, and 0.6 L/
min were found to be 0.015, 0.016, 0.020, and 0.015 min~' (inset),
respectively. These findings suggested that ACT could be efficiently
removed even in the absence of external aeration, achieving ~84 %
removal after 2 h. The dissolved oxygen (DO) concentration under
different air flow rates before and after the reaction was also measured
using a digital multi-meter kit with a luminescent dissolved oxygen
probe, and the results are shown in Fig. 8 (b). The DO concentration in
the zero-aeration system reached 16.5 mg/L after the reaction, accom-
panied by a change in pH from 7 to 3. The possibility of pH reduction
caused by intermediate products of ACT degradation (such as organic
acids) has been experimentally ruled out in Fig. S13, which shows that
the pH dropped from 7 to about 3 in the absence of any contaminants.
Besides, small bubbles were also observed around the anode during the
reaction. It can be speculated that in the zero-aeration system, an oxygen
evolution reaction (OER) occurred at the platinum anode, resulting in an
increase in dissolved oxygen concentration and a decrease in pH (Eq. (6)
[14,82]. Similar mechanisms of oxygen generation from OER anode
without aeration have been also reported in other electrochemical sys-
tems [83-85]. The above results indicated that the oxygen generated
from the anodic reaction was effectively utilized by the FeNi-CA cathode
for the formation of HyOs. As discussed earlier, the FeNi-CA cathode had
a large surface area and large pore volume, enabling enhanced adsorp-
tion, storage, and mass transfer of dissolved O, for electro-generation of
H,0; [86]. Consequently, the O, generated at the anode was sufficient
to sustain HyO5 production even without external aeration, which is a
more cost-effective solution compared to previously reported electro-
chemical Hy0O, generation under aeration [40,87].

2H,0—4e” +4H" + 0,E° =1.23V (6)

The impact of current on degradation performance was also exam-
ined due to its ability to regulate electron transfer. The degradation rate
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of ACT varied with current, and reaction efficiency increased to an
extent with current ranging from 10 mA to 20 mA (Fig. S14). The
electron transfer rate increased with the current values, which may be
advantageous for the generation of HyO2 and consequent production of a
greater quantity of reactive radicals [88]. However, final ACT degra-
dation at 10 mA was slightly higher than that of 20 mA, and a decrease
in ACT removal efficiency was observed at higher current conditions
such as 30 mA and 40 mA. In these cases, ks decreased from 0.02 min~!
to 0.013 min~! when the current was increased from 20 mA to 40 mA.
This may be attributed to a higher four-electron reduction of oxygen
reaction rate (Eq. (7) [89], and the occurrence of a side reaction
involving hydrogen evolution (2H" +2e~—H,) [90]. These factors are

unfavorable for H,O5 generation, leading to a decrease in the efficiency
of ACT degradation. The highest degradation efficiency of ACT was
achieved at a current of 10 mA (current density of 2.2 mA/cmz),
resulting in ACT removal of 94 % within 120 min at an initial pH of 5.8.

0, +2H,0 + 4e” —»40H E° = 1.23Vvs.RHE @

In addition to the aeration rate and current, the effect of initial pH on
oxidation performance in the FeNi-CA EF process was also investigated.
These results demonstrated that increasing initial pH from 3.0 to 9.0 led
to a slight decrease in degradation efficiency from 99.9 % to 92.8 % after
120 min, along with a drop in the rate constant from 0.054 min~! to
0.022 min~! (Fig. 8 (c)). Considering pH is known to be a critical factor
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affecting metal leaching [91], the concentrations of dissolved metal ions
under different initial pH conditions were also examined in Fig. 8 (d).
Although the system at initial pH 3 exhibited the highest oxidation
ability, it resulted in a release of Fe ions, as measured post-reaction. It is
likely the major source of the leached metals was free metals (as
observed in Fig. 2) rather than the alloy nanoparticles, because the
carbon aerogel can provide a porous matrix that physically encapsulates
the FeNi nanoparticles, thus stabilizing them and reducing leaching
[41,50].

Considering the leaching metals, the contribution of the homoge-
neous Fenton reaction (Eq. (2) in ACT decomposition at an initial pH of 3
was further illustrated in Fig. S15. The results show that although the
homogeneous Fenton process appeared to have much slower kinetics
possibly due to limitations in radical generation, the leached metal ions,
acting as homogeneous Fenton catalysts, contributed to over 30 % of the
ACT degradation at an initial pH of 3. Furthermore, a desirable degra-
dation rate (over 90 % after 120 min) was still achieved at higher initial
pH (5, 7, and 9) with controlled metal leaching levels (Fig. S16), thus
indicating the potential of the established EF system in practical appli-
cations. It should also be noted that metal leaching significantly
decreased after pretreating the FeNi-CA cathode in the absence of any
contaminant (Fig. S17), effectively controlling any secondary pollution
caused by released metal ions.

The variation of pH values before and after the reaction was also
recorded (Fig. S18). This data indicated that under all pre-reaction
conditions, the pH decreased to around 3 after the degradation pro-
cess where OER at the anode led to the generation of H' (Eq. (6).
Conversely, the formation of HyO2 through the 2e™ reduction (Eq. (1)
and le” reduction pathways for ‘OH radicals (H2O2 + e — ¢ OH +
OH") required the involvement of H'. Thus, the anodic oxygen evolu-
tion could be regarded as an induction stage that provided oxygen
source and favorable acid condition to subsequent oxygen reduction and
Fenton-like reactions.

¢o
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3.4. Degradation mechanisms, pathways, and comparison of other EF
technologies

The synergistic effect observed in the FeNi-CA system can be
attributed to three key interactions and enhancements brought about by
the co-presence of Fe and Ni: (1) Structural enhancement. FeNi-CA ex-
hibits a high surface area and prominent mesoporous structure. Such a
highly porous characteristic can provide more active catalytic sites,
which allows for more effective interactions with the target pollutants
and leads to enhanced degradation rates. Besides, mesopores serve as
conduits for gas transfer, enabling the delivery of oxygen and enhancing
the infiltration of electrolyte into the inner structure of carbon materials.
(2) Improved electrocatalytic properties. The formation of the FeNi alloy
enhances electron transport within the electrode, while the presence of
transition metals catalyzes the partial graphitization of the carbon aer-
ogel, thereby increasing its overall electrical conductivity. Additionally,
the incorporation of the FeNi nanoalloy encourages the development of
carbon defects. These defects play a crucial role in modifying the elec-
tronic structure of the catalyst, which in turn significantly improves its
electrocatalytic properties. (3) Increased ORR activity and selectivity.
The unique graphitic carbon structure facilitates the formation of oxy-
gen functional groups, which play a beneficial role in enhancing the
ORR electrocatalytic process. Additionally, the alloying of Fe and Ni
leads to lattice mismatches and electronic modifications, which further
improve the activity and selectivity of the ORR.

The degradation mechanism of ACT in the electro-Fenton oxidation
system with FeNi-CA may be summarized as follows (Fig. 9): an initial
current-induced oxygen evolution reaction occurs at the platinum
anode, resulting in increased concentrations of dissolved oxygen and H*
ions in the electrolyte. The generated oxygen diffuses into the cathode/
electrolyte interface where it is utilized in the electro-generation of
H505. The unique microstructure of the FeNi-CA cathode enables high
oxygen utilization efficiency, thus eliminating the need for external
aeration. Additionally, the OER generates H' ions to create a favorable
pH for the two-electron ORR and subsequent activation of HpO5. The
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Fig. 9. Mechanisms of radical generation and ACT degradation in FeNi-CA EF system.
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diffused oxygen then undergoes an initial 1le” reduction pathway,
forming intermediate "O3 that is then further reduced to produce Hz05.
Subsequently, H,O, undergoes conversion to ‘OH radicals through a
heterogeneous Fenton reaction (Eq. (8) [81] catalyzed by multi-valence
iron on surface Fe304, and a homogeneous Fenton reaction (Eq. (2)
mainly catalyzed by iron dissolution under acidic conditions. Finally,
the target compound ACT is efficiently removed through a combination
of electro-sorption processes and oxidative reactions dominated by the
highly reactive "OH radicals.

The proposed system exhibited three distinctive characteristics: (1)
the OER at the anode created favorable pH conditions for the oxygen
reduction reaction and H,O; activation at the cathode. (2) Generated
oxygen via OER and the high oxygen utilization activity of FeNi-CA
eliminated the need for external aeration. (3) The synergistic effect of
Fe and Ni components endowed the FeNi-CA cathode with unique
structural characteristics including alloy nanoparticles, carbon defects,
and abundant oxygen functional groups, thus achieving the dual func-
tionality of 2e” ORR and H»0» activation.

= Fe(Il) + H,O, + H' — = Fe(Ill) + » OH + H,0 ©)

The main degradation intermediates of ACT in the FeNi-CA electro-
Fenton system were identified using LCMS (Fig. S19) and listed in
Table S1. Based on the detected intermediates, and referring to ACT
degradation processes reported in other studies, a possible oxidation
pathway of ACT by 'OH radicals has been proposed (Fig. 10). ACT
oxidation begins with ‘OH attack on the acetyl-amino group and
simultaneous hydroxylation (Route I), leading to the formation of N-
(3,4-dihydroxyphenyl) formamide (P1) [92]. The detected N-(3,4-
dihydroxyphenyl) acetamide (P2) and N-(2,4-dihydroxyphenyl) (P3)
indicate the occurrence of hydroxylation reactions at the o- and m-
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positions of ACT (Route II) [93-95]. Further oxidation leads to the
formation of aromatic intermediates 4-(methylamino) phenol (P4) and
benzoic acid (P6), and a ring-opened product (P5) with concomitant
generation of acetamide (P7) [96,97]. Subsequently, all aromatic by-
products undergo further degradation, resulting in the production of
aliphatic organic acids such as succinic acid (P8), 3-hydroxypropanoic
acid (P10), and oxalic acid (P11) [95,98]. At the same time, ethan-
amine (P12) is produced by further attack of the alkyl chain of acet-
amide (P7) and butan-1-amine (P9) by hydroxyl radicals. At the end of
the degradation process, all final by-products undergo a complete
transformation to CO»,, Hy0, and inorganic ions [99].

The removal efficiency of ACT in the proposed FeNi-CA electro-
Fenton system was also compared to other reported EF and EF-based
technologies, as summarized in Table 3. Although some of the EF-
based processes listed demonstrate higher rate constants than those
achieved in our study, they require additional chemical inputs such as
iron catalysts and hydrogen peroxide, external air/oxygen aeration, or
supplementary energy sources like solar light. This results in higher
chemical and energy costs compared to our proposed FeNi-CA system,
which eliminates the necessity for extra Fenton reagents or aeration.
Furthermore, high current densities, such as 50 mA/cmz, lead to
increased energy consumption, raising concerns for future industrial-
scale applications. The developed FeNi-CA EF system offers significant
advantages in terms of reaction rate, cost-effectiveness, and environ-
mental compatibility, positioning it as a promising advanced oxidation
process technology for wastewater treatment.

4. Conclusions

This study constructed a hetero-EF system composed of OER and

P11

‘OH

H,0, CO,, NH,*, NO;

Fig. 10. Proposed degradation pathways of ACT (grey-C atom, red-O atom, white-H atom, blue- N atom). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Table 3
Comparison with other EF and EF-based technologies for ACT removal.

Study Electrochemical method Experimental conditions Current Cacr ACT removal  kops
density (mA/ (mg/L) (min~")
cm?)

This Electro-Fenton 0.05 M Na,SO4 at pH 3 4.44 10 99.4 % within 0.054

work 90 min

[95] Dynamic cross-flow electro-Fenton [Fe?t] = 0.2 mM, with 0.05 M Na,SO4 at pH 3 (Cathode: 4.42 15.1 / 0.011

process coupled to anodic oxidation graphite membrane, anode: Ti/Ti4O7 rod)

[98] Electro-Fenton 0.05 M Na,SO4 at pH 3, aeration rate = 1 L/min (Cathode: 2.5 30.2 95 % within /

carbon-felt, anode: Ti4O ceramic) 60 min

[100] HNPs/electro-Fenton 0.01 M Na,SO4 at pH 5, hematite nanoparticles (HNPs) = 0.15 5.11 20 / 0.030

g/L (Cathode: carbon felt, anode: platinum sheet)
[101] CuCoFe-LDH /electro-Fenton 0.05 M NaySO4 at pH 5, 10 20 0.0593
CuCoFe-LDH = 0.5 g/L, 0.4 L/min air(Cathode: graphite felt,
anode: dimensionally stable anode (DSA)
with IrO, and RuO, coating)

[102] Goethite/electro-Fenton At pH 3, goethite = 0.5 g/L (Cathode: carbon- 12 100 0.0029

polytetrafluoroethylene, anode: Pt)

[103] Electro-Fenton 122.5 pL/L H;0, and 100 mg/L KCl at pH 2.75 (Cathode and 8 5.75 0.6718

anode: iron plate)

[96] Electro-Fenton 0.087 mM Fe®" and 16.3 mM H,0, at pH 3 (Cathode: stainless 3.8 755 98 % within /

steel, anode: titanium coated RuO,/IrO,-coated DSA) 120 min

[99] Electro-Fenton 0.2 mM Fe?' and 0.05 M Na,SO,4 at pH 3, oxygen aeration. 8.3 151 100 % within /

(Cathode: carbon felt, counter electrode: platinum cylindrical 240 min
mesh)
[104] Solar photo electro-Fenton 0.4 mM Fe?*, 0.05 M Na,SO, at pH 3, (Cathode: air-diffusion 50 157 0.062

electrode, anode: Pt sheet)

ORR processes using a novel FeNi alloy carbon aerogel as a bifunctional
cathode for ACT removal. The FeNi-CA exhibited a typical carbon aer-
ogel structure with a large surface area, nano alloy particles (FeNis),
carbon defects, and oxygen-functional groups, resulting in enhanced 2e™
ORR reactivity and selectivity. Incorporating Fe and Ni components on
FeNi-CA endowed it with a fast electron transfer rate, high oxygen uti-
lization efficiency, and superior electrocatalytic properties. In this EF
system, FeNi-CA exhibited dual functionality as an efficient cathode
enabling 2e” ORR and as a Fenton-like catalyst for HyO, activation into
‘OH radicals through proposed heterogeneous and homogeneous path-
ways. FeNi-CA can achieve efficient removal of ACT across a broad pH
range of 3-9 while maintaining good catalytic activity after 5 consecu-
tive cycles. Importantly, this was achieved without the requirement for
external aeration, making the process significantly more industrially
applicable. Optimization of reaction parameters enabled up to 99.9 %
removal of ACT through electro-Fenton oxidation and electro-sorption
process after 120 min. Furthermore, ACT degradation intermediates
were identified and a reasonable degradation pathway has been pro-
posed. This research has provided valuable insights for the advancement
of innovative bifunctional cathodes for electro-Fenton systems with a
target of sustainable wastewater treatment. We believe this system to be
highly efficient and cost-effective compared to other reported EF pro-
cesses and, as such, plan further experiments with other candidate
pollutants and integration into a continuous flow system.
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